
Incorporation of silver nanoparticles 

and eucalyptus oil onto electrospun 

hemp/PVA nanofibres and their 

antibacterial activity 
 

 

 

 

 

 

 

 

A Dissertation submitted to the Faculty of Applied and Computer Sciences,  

Vaal University of Technology, in fulfilment of the requirement for the degree 

of Magister Technologiae: Chemistry.  

by 

Student Name: Ms Lebogang Mogole 

Student Number:  217240682 

Supervisor : 

Prof. Makwena Justice Moloto (VUT, Department of Chemistry) 

Co-supervisors: 

Dr. Elvera Viljoen (VUT, Department of Chemistry) 

Dr. Wesley Nyaigoti Omwoyo (Maasai Mara University) 

 

 

Academic year 2021 



i 
 

DECLARATION  

I, Lebogang Mogole, student number 217240682, declare that this research is my own. It has 

been submitted in partial fulfilment for the degree of Magister technologiae Chemistry in the 

faculty of Applied and Computer Sciences at the Vaal University of Technology. It has not 

been submitted for any degree or examination in any other university.  

 

Signature ………………………………. Date……………………………………….. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



ii 
 

DEDICATION      

 

 

 

 

 

 

 

I dedicate this dissertation to my dear parents, 

 Caroline Gaolebale Mogole and Pule Abel Mogole 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

CONFERENCE PRESENTATIONS   

 

1. Oral presentation: Mogole L, 3rd VUT interdisciplinary research and postgraduate 

conference (Vaal University of Technology) (17/8/2018), Antioxidant activity and α-

amylase inhibition study using different extracts of Eriobotrya japonica 

2. Poster presentation: Mogole L, 43rd National convention of the South African chemical 

institute held at the CSIR-ICC in Pretoria, South Africa (12/2018): Antioxidant activity and 

α-amylase inhibition study using different extracts of Eriobotrya japonica 

3. Mogole L, 9th annual DAAD South Africa conference; Science communication, (9/2019), 

Johannesburg: Incorporation of silver nanoparticles and Eucalyptus oil into PVA/CNC 

polymer fibres and their antibacterial activity. 

 

LIST OF PUBLICATIONS  

 

Publications  

1. L. Mogole, W N Omwoyo, F M Mtunzi, Phytochemical screening, anti-oxidant activity, 

and α-amylase inhibition study using different extracts of loquat (Eriobotrya japonica) 

leaves, doi.org/10.1016/j.heliyon.2020.e04736, 6 (8),2020. 

 

Manuscripts under preparation 

2. L. Mogole, M. J. Moloto, W. N. Omwoyo, E. L. Viljoen,   Synthesis of silver nanoparticles 

from aqueous extracts of Citrus sinensis peels to be submitted to„ Journal of nanoparticles 

synthesis“.  

3. L. Mogole, M. J. Moloto, W. N. Omwoyo, E. L. Viljoen, Hemp generated cellulose 

nanocrystals and their polyvinyl alcohol blended fibres using electrospinning technique, to 

be submitted to the journal„ Polymers and Fibres“.  

 

 

 

 



iv 
 

ABSTRACT  

 

The world is continuously losing the battle against superbugs (resistant bacteria towards 

commonly used antibiotics), hence there is an urgent need to develop novel antibacterial agents. 

In this study, green synthesized silver nanoparticles (AgNPs) and eucalyptus oil, were 

incorporated into the polymer blend fibres of polyvinyl alcohol (PVA) and cellulose 

nanocrystals (CNC’s). Various techniques were used to characterize the AgNPs, PVA/CNC 

polymer fibres, and PVA/CNC incorporated with AgNPs/eucalyptus oil. The morphology of 

AgNPs synthesized using an increasing concentration of the Citrus sinensis peels (CSP) extract 

was obtained from transmission electron microscopy (TEM). AgNPs synthesized using 1 and 

2 % m/v (CSP) were agglomerated and whereas those synthesized using 3 % m/v  of the extract 

were spherical with an average particle size 10 ± 1.2 nm. UV/Visible absorption spectra for all 

the synthesized AgNPs exhibited a surface plasmon resonance (SPR) peak at around 400 nm 

which is a characteristic peak of silver. Significant shifts in the absorption peaks or maxima 

were observed to signify changes in the shape and size of the nanoparticles.   

 

Scanning electron microscopy (SEM) was used to study the morphology of the fabricated 

polymer fibres. The Addition of CNC’s to PVA resulted in an increase in fibre diameter due to 

an increase in viscosity of the solution. An increase in the concentration of silver nanoparticles 

and the eucalyptus oil in the PVA/CNC resulted in a decrease in fibre diameter due to an 

increase in conductivity of the material. The fibres with AgNPs were smooth while the ones 

with the eucalyptus oil were beaded. X-ray diffraction (XRD) showed the presence of the 

AgNPs in the polymer fibres and Fourier transform infrared (FTIR) showed the presence of the 

functional groups that are available in the eucalyptus oil. The antibacterial efficiency of the 

PVA/CNC incorporated with AgNPs, eucalyptus oil, and the mixture of AgNPs and the 

eucalyptus oil was investigated using S. aureus and K. pneumoniae. All the materials showed 

significant inhibition of the growth of the selected bacterial strains. PVA/CNC polymer fibres 

incorporated with AgNPs showed higher antibacterial activity compared to PVA/CNC polymer 

fibres incorporated with eucalyptus oil.  
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OUTLINE OF DISSERTATION 

This dissertation consists of four chapters, where Chapter one gives the overall background of 

the study, literature review, rationale, and lastly, the aim and specific objectives of the study. 
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Chapter two provides detailed experimental procedures that were carried out to achieve the set 

objectives. Chapter three presents the results from various characterization techniques and their 

discussion. Chapter four provides the overall conclusion of the study and recommendations, 

respectively. 

Chapter one  

This chapter begins with the background study where the topic of the project is briefly 

described, this is followed by the literature reviews that surveys various studies that relate to 

the specific project and this includes studies that were based on the synthesis of nanoparticles 

(silver nanoparticles), The combination of metal nanoparticles (silver nanoparticles) and 

natural products (essential oils) as potential antibacterial agents with improved properties, the 

incorporation of both the nanoparticles and essential oil into polymer fibres to minimise the 

toxicity of the materials while providing controlled release of the metals nanoparticles/essential 

oils at effective levels. This chapter also consists of the rationale, aim, and specific objectives 

of the study. 

 

Chapter two 

Chapter two begins with a list of reagents that were utilised in conducting experiments, 

followed by the various techniques that were used to characterize the resultant samples. 

Specific methods that were used to extract bioactive compounds from Citrus sinensis peels and 

the synthesis of silver nanoparticles are described in this chapter. Furthermore, the fabrication 

of polymer nanofibres incorporated with silver nanoparticles and eucalyptus oil using the 

electrospinning technique is explained. Lastly, the antibacterial activity methods are covered.  

 

Chapter three 

This chapter presents the experimental results and discussion for each objective. The chapter 

begins with quantification of the bioactive compounds from the Citrus sinensis peels and the 

characterization of silver nanoparticles. This is followed by the characterization of the 

electrospun nanofibres. Lastly, the antibacterial efficiency of all the synthesised nanomaterials 

is discussed.   

Chapter four  
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This chapter gives the overall conclusion of the research and recommendations for future work.  
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CHAPTER ONE 
    

1.1 INTRODUCTION 

1.1.1. BACKGROUND  

The resistance of pathogenic bacteria towards commonly used antibiotics is increasing at an 

alarming rate worldwide. The resistant bacteria do not only increase the morbidity and 

mortality rate, but the treatment is also not cost-effective (Cavassin et al., 2015). Novel 

strategies and methods are required to overcome this problem. Silver containing systems and 

especially their nanoparticles are considered the strongest alternatives due to their previously 

reported interesting antibacterial activity against a broad spectrum of pathogenic bacteria at 

low concentrations and this is due to their unique chemical and physical properties and also the 

fact that they have a high surface to volume ratio (Hashim et al., 2020; Vilela et al., 2017). A 

stronger antibacterial activity can be achieved through the combination of metal nanoparticles 

and other antibacterial agents such as natural antimicrobials (Prasad et al., 2017). Essential oils 

are derived from non-woody parts of the plants through hydro-distillation. They contain a 

mixture of various compounds, mainly terpenoids and aromatic groups such as phenols, esters, 

aldehydes, and ketones. Throughout history, essential oils have been used as fragrances, 

condiments and in medicine, they are also used as antimicrobial agents and also used as a 

repellent for insects (Kaliamurthi et al., 2019). Eucalyptus oil (EO) is amongst the most traded 

essential oils in the world and this is due to its antibacterial, antiviral, and antifungal activity 

and also its long use against the effects of colds, influenza, other respiratory infections, rhinitis, 

and sinusitis through history (Sadlon & Lamson, 2010).  

 

Direct application of either silver nanoparticles, eucalyptus oil, or their combination have some 

drawbacks. Silver nanoparticles have been reported to be toxic when exposed to them for a 

long time at high concentration and also the problem with the use of essential oils, is their high 

volatility and high sensibility towards light and oxygen which decreases their biological use 

thus multiple application is required to maintain its activity (Wu et al., 2015). The incorporation 

of silver nanoparticles and eucalyptus oil into polymer fibres will provide controlled release of 

both the silver nanoparticles and eucalyptus oil, at an effective level and this is due to the 

unique structure of polymer fibres, a high porosity, high surface to volume ratio, and many 

others (Dias Antunes et al., 2017; Ravindra et al., 2010; Syafiq et al., 2020).  
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Polyvinyl alcohol (PVA) is a semi-crystalline polymer known for its biocompatibility, 

biodegradability, excellent solubility in water, good spinnability, and ability to interact with a 

wide range of hydrophilic materials, and hence it has large industrial application (Augustine et 

al., 2018b). PVA is often combined with other polymers or fillers to enhance its performance 

and barrier properties. Cellulose nanocrystals are promising composite reinforcements to 

produce polymer composite with physicochemical properties (thermal, mechanical, and 

optical) even when added in small amounts (Ahmed et al., 2004). The main advantages of 

cellulose nano-crystals are low density, recyclable, positive ecological effects, and their high 

abundance in nature (Börjesson & Westman, 2015). The source of the cellulose controls the 

structure and size of the isolated cellulose nano-crystals and the functional groups present on 

the cellulose nanocrystals (CNC). Cellulose nanocrystals (CNCs) are derived from cellulose, 

which is one of the most abundant biopolymers that can be found in plants such as hemp, flex, 

and sugarcane bagasse (Slavutsky & Bertuzzi, 2014; Symington et al., 2009). 

 

Different techniques such as chemical vapour deposition, phase separation, sol-gel method, 

thermal oxidation, and electrospinning can be used to incorporate metal nanoparticles into 

synthetic and natural polymers. However, the electrospinning technique is considered the best 

technique because it is simple, efficient, and cost-effective to set up, thus makes it more 

versatile compared to the other techniques (Kim et al., 2019; Leidy & Ximena, 2019). 

Schematic diagram 1:1 below shows the electrospinning set-up. An electric field is applied to 

a polymer solution that is held together by its surface tension in the capillary tube. The 

application of the electric field induces a charge on the surface of the liquid.  An opposite force 

to the surface tension is formed due to the mutual repulsion. An increase in the intensity of the 

electric field results in the elongation of the surface of the solution to a conical shape. The 

polymer solution is released from the tip of the Tyler cone when the applied electric field 

reached a point in which the surface tension force is overcome by the repulsive force, As the 

jet is released from the tip, it travels in the air to the collection screen where it will form a non-

woven mat from the continuous fibres  (Doshi & Reneker., 1995). 
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Scheme 1.1: Electrospinning set-up (Greiner & Wendorff, 2007). 

 

1.2 LITERATURE REVIEW 

1.2.1. Properties of silver nanoparticles 

The science that deals with the preparation of materials in their nanoscale (1-100 nm) is known 

as nanotechnology (Sharma et al., 2009a). Metal-based nanoparticles are used in a broad range 

of applications from daily life products such as textiles, food products, and personal care 

products. Nanomaterials provide solutions to environmental and technological changes in areas 

such as water treatment, medicine, solar energy conversion, and catalysis. Decreasing the size 

of the material to its nanoscales improves its optical, electrical, and biological properties thus 

justify its use in different fields such as physics, medicine, organic and inorganic chemistry. 

Silver, platinum, and gold metallic nanoparticles have been reported to have health benefits 

compared to their bulk material. These materials are used in catalysis and sensor technology 

(Govindrao et al., 2019; Thomas et al., 2019). 

 

Silver nanoparticles specifically are extensively applied in many fields due to their unique 

properties such as thermal, electrical conductivity, and antimicrobial activities (Logeswari et 

al., 2013; Mochochoko et al., 2013). Silver nanoparticles have a surface plasmon resonance 

absorption in the ultravioletvisible region, when the free electron in the conduction band of the 

metal nanoparticles interact with light at a certain wavelength, an oscillation of electron occurs 
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in resonance and that results in the surface plasmon resonance band. Factors such as the size 

of the nanoparticles, chemical surroundings, the dielectric constant, and the species absorbed 

on the surface of the silver nanoparticles cause the surface plasmon band to shift. A shift in the 

higher wavelength (Red-shift) has been related to the presence of nanoparticles with bigger 

particle diameter while a shift in the lower wavelengths (Blue-shift) is due to a decrease in the 

diameter of the particle size. Further on change in absorption or wavelength provides 

information about the particle size, shape, and other inter particles properties (Smitha et al., 

2008; Vasileva et al., 2011; Yeshchenko et al., 2012). 

1.2.2. Synthesis of nanoparticles   

Top-down and bottom-up are the two strategies that can be used to synthesize nanoparticles. 

The top-down method involves the breaking down of bulk material into nano-sized materials 

while the bottom-up approach involves the development of molecular structure into the 

nanometer range using atoms and molecules. The major drawback with synthesizing 

nanoparticles through the top-down approach is that the synthesized nanoparticles may have 

defects on their surfaces which may influence both the physical and chemical properties of the 

nanoparticles (Thakkar et al., 2010). Different methods such as chemical reduction, 

electrochemical changes, photochemical reductions, and biological can be used to prepare 

nanoparticles. The selection of the method of preparation of nanoparticles is of importance 

since factors such as the interaction between the metal ion and the reducing agent as well as 

the interaction between the nanoparticles and the stabilizing agent influence the size, shape, 

stability, Physico-chemical properties, and yield of the synthesized nanoparticles (Barberia-

roque et al., 2019; Ibrahim, 2015).  

 

Physical methods used to prepare nanoparticles such as milling and the use of a furnace are 

expensive since they require a high amount of energy. For example (Darezereshki et al., (2011) 

synthesized zinc oxide (ZnO) nanoparticles by decomposition of the precursor ZnCO3 at 825 

°C for one hour which was prepared by mixing ZnSO4 and Na2CO3  at 70 ℃ for 45 minutes. 

In another study, Hosseinpour-mashkani & Ramezani, (2014) synthesized AgNPs and Ag2O 

by decomposition of silver salicylate complex at 400 °C for three hours which was prepared 

by mixing AgNO3 and salicylate. Jeevanandam et al., (2010) also synthesized silver 

nanoparticles through the decomposition of silver acetate in diphenyl ether in the presence of 

oleylamine and oleic acid, the reaction was carried out for 5 hours at 120 °C. 
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Furthermore, chemical methods using complex organic capping molecules are not eco-friendly 

since they often require toxic chemicals as starting material and also release toxic or hazardous 

chemicals, leaving the environment devastated (Ren et al., 2019). Chemical reduction is the 

commonly used method to prepare nanoparticles. The method uses chemicals such as citrate, 

borohydride, and ascorbate as reducing agents. With this method, silver ion (Ag+) in the 

solution is reduced to silver nanoparticles (Ag0) with a diameter in the nano range. Borohydride 

ion is considered a strong reducing agent and often results in the synthesis of smaller 

nanoparticles. However, the generation of nanoparticles with a larger diameter is also 

uncontrollable. Citrate ion on the other hand is a weak reducing agent which results in slower 

reaction rates with better size distribution. The chemical reduction method often requires 

stabilizers to prevent agglomeration of nanoparticles (Luty-błocho et al., 2011). 

1.2.3. Green synthesis of silver nanoparticles  

Green chemistry has received significant attention from researchers because of the growing 

need to develop environmentally friendly material that focuses on the elimination or 

minimization of the usage of toxic chemicals. A method is considered “green’’ depending on 

three aspects, the first one is the kind of solvent that was used, whether water was used or an 

organic solvent. The second one is, the type of reducing agent used (chemical or biological) 

and the third aspect covers the capping/stabilizing agent used (Li et al., 2007).  

 

The biological synthesis of nanoparticles involves the use of fungi, bacteria, yeast, and viruses. 

Biological synthesis is regarded as safe, cost-effective, sustainable, and environmentally 

friendly. Biological microorganisms such as enzymes and bacteria can act as both reducing 

agents and stabilizing agents (Narayanan & Sakthivel, 2010; X. Zhang et al., 2011). The 

method is environmentally friendly but chemically complex. Biological synthesis has 

drawbacks which include culturing of microbes which is time-consuming. Further on, 

controlling the shape, size, and crystallinity of the biologically synthesized nanoparticles is 

difficult and the method is slow (Narayanan & Sakthivel, 2010). Kumar & Mamidyala, (2011) 

synthesized silver nanoparticles using the supernatant culture of Pseudomonas aeruginosa. The 

method required the pre-preparation of the Pseudomonas aeruginosa which took 72 hours. The 

synthesis reaction took 8 hours. TEM results showed the successful synthesis of the silver 

nanoparticles. Syed & Ahmad, (2012)  synthesized platinum nanoparticles using the fungus 

Fusarium oxysporum and according to their method, 5 days was required to grow the fungus, 
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and this was followed by preparation of the subculture which required an additional 5 days to 

complete. The synthesis reaction was carried out for 96 hours. X-ray photon spectroscopy 

confirmed the successful synthesis of platinum nanoparticles with Pt, C, O and N as prominent 

elements.  

 

The use of plant extracts has not been fully explored. Various plants have been used to 

synthesize silver nanoparticles. The plant extracts play a dual role in the synthesis of 

nanoparticles, firstly as reducing agents and secondly as stabilizers. Stabilization occurs to 

maintain distance between the particles, thereby avoiding aggregation which would result in 

fusion and finally forming bigger particles. In general, stabilization provides steric hindrance 

or electrostatic repulsion. This specific study will focus on the green synthesis of silver 

nanoparticles. This method is considered cost-effective. Plants are known for their intrinsic 

biological activity such as their antioxidant, antibacterial, antifungal, and anti-hypoglycaemic 

activity and it has been reported that the biological may also manifest in the final synthesized 

nanoparticles (Bar et al., 2009a; Ruíz-baltazar et al., 2019). 

1.2.4. Effect of experimental parameters on the synthesis of silver nanoparticles 

Experimental conditions such as time, temperature, pH, the concentration of the reducing 

agent, stabilizing agent, and precursor affect the stability, size, and morphology of the 

synthesized nanoparticles. Irrespective of whether the nanoparticles were physically and 

chemically synthesized. 

(a) The effect of pH  

The pH of the resultant solution, after mixing the metal precursor and the reducing 

agent/capping agent is one of the critical factors in controlling the shape and size of the 

synthesized nanoparticles. pH induces the reactivity of the leaf extract with silver ions and it 

has been reported to influence the yield, stability, and synthesis rate (Iravani & Zolfaghari, 

2013). Abdel-halim & Al-deyab, (2011) studied the effect of pH on the formation of silver 

nanoparticles. Briefly, silver nanoparticles were synthesized using hydroxypropyl cellulose as 

both a reducing agent and stabilizing agent. The pH was adjusted using sodium hydroxide and 

sulphuric acid to pH 4, 7, 10, and 12.5. According to the UV-vis spectra, there were changes 

in the absorption spectra as the pH changes and the SPR band started to appear at pH 10 and 

maximum intensity was recorded at pH 10 with a narrow peak. No distinct peak was observed 

at pH 4 and 7 thus acidic conditions are not suitable for the synthesis of silver nanoparticles. 
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Mochochoko et al., (2013) also studied the effect that pH has on the synthesis of silver 

nanoparticles at different pH, 4, 7, and 11. It was observed that, as the pH increased the surface 

plasmon band became narrower, indicating that alkaline solution favours the synthesis of silver 

nanoparticles and according to the TEM images, the smallest nanoparticles in diameter (2.68 

nm) was obtained at pH 11. Acidic environments promote the agglomeration of nanoparticles 

(Jorge de Souza et al., 2019). Further on, according to many other studies, it was found that as 

the pH increased, the colour of the reaction mixture turned brown which signified successful 

synthesis of the silver nanoparticles. In summary, lower pH/acidic mediums promote the 

formation of larger nanoparticles since the aggregation of the nanoparticles is favoured over 

nucleation. While higher pH/basic mediums promotes the formation of smaller nanoparticles 

as higher pH facilitates the nucleation and subsequent formation of a large number of 

nanoparticles with a smaller diameter. 

(b) The effect of quantity of the plant extracts as reducing and a capping agent. 

The quantity of the plant extract used affects the synthesis of the nanoparticles and also the 

characteristics of the synthesized nanoparticles. The concentration of the biological extract 

used, either plants or microorganisms is directly related to the phytochemicals present which 

can act as both the reducing and capping agent (Sadhasivam et al., 2020). Bar et al., (2009b) 

synthesized silver nanoparticles using plant extract of latex of Jatropha curcas. The effect that 

the increasing concentration of the plant extract (1,2 and 3 % m/v)  on the synthesis of silver 

nanoparticles was studied, According to the UV-vis spectra, 3% m/v of the latex extract gave 

a more distinct and narrow SPR band. El Raey et al., (2019)  synthesized silver nanoparticles 

using plant extracts of Acalypha wilkesiana flowers. The volume of the plant extract added to 

the silver nitrate solution was varied from 100 µL to 400 µL while the concentration of AgNPs 

and the volume were kept constant. The UV-vis spectrum of all the samples showed an SPR 

band at 446-462 nm which shows the successful synthesis of silver nanoparticles. According 

to the TEM images, the nanoparticles were separated from each other and were found to be 

mainly spherical. Nesrin et al., (2020) synthesized silver nanoparticles using Rhododendran 

penticum extracts of water and ethyl alcohol, according to the UV-vis spectra of AgNPs 

synthesized using water extract of the plant had and an SPR band at 431 while the AgNPs 

synthesized using ethyl alcohol showed an SPR band at 439 nm. The difference in the 

absorption band showed variation in particle size, further on according to the TEM images, the 

AgNPs synthesized using water extract of the plant showed good particle distribution of 12-19 

nm while the particle size of AgNPs synthesized using ethyl alcohol had a particle distribution 
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of 16-40 nm. Hajji et al., (2017) studied the effect that different volumes (0.1, 1, and 5 mL) 

has on the synthesis of silver nanoparticles using Chitosan/PVA composite as a reducing agent 

and a stabilizing agent. The XRD results showed peaks at 2θ 43.18o, 44.14o and, 73.6o which 

can be indexed to characteristic Bragg diffraction planes (111), (200), and (311) of the face 

centred cubic crystalline structure of silver nanoparticles. The FTIR spectra of AgNPs showed 

characteristic peaks of both chitosan and PVA however with decreased intensities and a shift 

in the frequency. The change in frequency and wavenumbers shows possible interaction 

between the CS/PVA blend and the AgNPs. 

1.2.5. Citrus sinensis 

Among the different plants used Citrus sinensis peels are an attractive source of many 

biological compounds, such as phenols. Approximately 140 million of citrus fruits are 

produced annually worldwide, thus considered one of the important fruits. Citrus sinensis, 

commonly known as the orange fruit, accounts for about 70 % of the produced citrus species. 

Citrus sinensis is often consumed as fresh fruits or used to make orange juice, and after 

consumption, the peels which contribute to about 50 % of the mass of the fruit are discarded 

(Abbate et al., 2012; Balasundram et al., 2006).  

 

Organic compounds found in plants, such as phenols, flavonoids alkaloids, and steroids can aid 

in the synthesis of nanoparticles. Orange peels also contain compounds such as phenolic and 

flavonoids that have been reported to have human health benefits such as antimicrobial and 

antioxidant activity (Gorinstein et al., 2001). The following compounds can also act as 

potential reducing and capping agents for the synthesis of stabilized silver nanoparticles 

(Behravan et al., 2019; Garriga et al., 2019). Flavonoids found in Citrus plants are known for 

their broad spectrum of biological effects including anticancer, antiviral, antifungal, and 

antibacterial activities. Flavonoids can also function as antioxidants. Dhanavade et al., (2011)  

extracted biological active compounds from Citrus aurantuium (lemon) using acetone, 

methanol, and ethanol and tested their antibacterial activity against Micrococus aureus, 

Pseudomanas aeruginosa, and Salmonella typhimurium. The results showed that all the 

extracts gave significant antibacterial activity. Kaviya et al., (2011) synthesized silver 

nanoparticles using the extracts of Citrus sinensis peels at 25 and 60 ℃. As the metal precursor 

(AgNO3) was added to the plant extracts the colour of the solution changed to brown due to 

the excitation of the surface plasmon vibrations. According to the UV-vis spectra, the 

wavelength decreased from 445 nm to 425 nm as the temperature was raised from 25 ℃ to 60 
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℃ which shows higher temperature favours the formation of smaller nanoparticles. The TEM 

results support the UV-vis spectroscopy results since smaller nanoparticles with the particle of 

10 nm were observed at 60 ℃, while at 25 ℃ the average particle size was 35 nm. 

1.2.6. Extraction methods 

During the extraction of bioactive compounds from plants, selective solvents and extraction 

methods are used to separate medicinally active portions in plants. The main objective of 

extraction is to separate the soluble plant metabolites from the insoluble residue. Biologically 

active compounds occur in low concentrations thus selection of a suitable extraction technique, 

solvent, and optimisation of various parameters is essential. Ideal extraction techniques are 

those that give a higher percentage yield of the desired compounds at shorter extraction times, 

using minimum solvents and energy, thus minimising costs. The technique should also be 

environmentally friendly, safe, and reliable to use (Barba et al., 2016). The fundamental step 

in the investigation of bioactive compounds from plants is extraction; this involves steps such 

as rinsing the plant with water to remove dust, drying of the plant material at room temperature 

or freeze-drying, and, grinding of the plant material. 

(a) Soxhlet extraction method 

The Soxhlet extraction method operates at low pressure and solvents boiling point. The 

technique is quite selective; it is usually used for the recovery of oil and fatty constituents. The 

principle of the Soxhlet extraction method involves filling the boiling flask with a suitable 

solvent as seen in the Schematic diagram 1.2. below, followed by loading the crushed plant 

material into the thimble. Upon heating, of the boiling flask, the solvent will evaporate passing 

through the left sidearm of the extractor, cooling down to suitable temperature while 

condensing in the condenser. The condensate will then drip into the thimble. As soon as the 

level of the solvent reaches the siphon arm, it is discharged back into the flask through the 

siphon sidearm and the cycle begins again (Luque-García & Luque De Castro, 2004). The 

method requires quite a large solvent volume and takes a longer time, thus it is considered 

expensive since it also uses electricity. Prolonged extraction time and excessive temperature 

result in the degradation of significant components, hydrolysis, and oxidation of compounds 

(Luque de Castro & García-Ayuso, 1998). Sati et al., (2018) investigated the antimicrobial, 

antioxidant, and yield of the ginkgo plant using the Soxhlet and maceration extraction methods. 

The soxhlet extraction method was found to be more effective compared to maceration. Xu et 

al., (2017) optimised and compared the ultrasonic-assisted extraction (UAE) and Soxhlet-
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assisted extraction of natural antioxidants from the flowers of Limonium sinuatum. The 

operating conditions for UAE were 60 % ethanol, 40 ℃ and the extraction time was 9.8 

minutes. On the other hand, the optimum operating conditions for the Soxhlet technique were 

60 % ethanol solution, 95 ℃ and the extraction time was 4 hours. The comparative study 

showed that the antioxidant activities of the flower extracts using UAE were significantly 

higher than that of the Soxhlet technique. Lopresto et al., (2014) evaluated a non-conventional 

method to extract D-limonene from waste lemon peels and compared it with the traditional 

Soxhlet extraction technique. The optimum operating conditions for the Soxhlet technique 

were as follows: 1:25 solid/liquid ratio, 68 °C, and the extraction time was 4 hours.Another 

study by (Rodríguez-Solana et al., 2014) optimised and compared accelerating solvent 

extraction (ASE) with the Soxhlet technique for the extraction of fennel from estragole. The 

optimum conditions of accelerated solvent extraction were 125 ℃, 7 minutes at three cycles. 

The optimum operating extraction time for the Soxhlet extraction technique was 8 hours, 

however, a yield of 6.60 g/kg was obtained for ASE when operated for 30 minutes and a yield 

of 6.99 kg was obtained for the Soxhlet technique when operated for 8 hours. ASE was 

considered more efficient compared to the Soxhlet technique since it requires less solvent and 

saves time. 

 

Scheme 1.2: Typical apparatus of the soxhlet extraction (Yue et al., 2018). 
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(b) Maceration extraction method 

Maceration involves soaking of the plant material usually in the form of a powder obtained 

from grinding in a stoppered container, containing a solvent of interest. The process involves 

stirring the material at desired intervals and temperature (Albuquerque et al., 2017). The 

process releases soluble bioactive compounds into the solvent by breaking the plant cell walls. 

The efficacy of maceration is determined by the solubility and effective diffusion (Cheok et 

al., 2012). However, this method is considered time-consuming and requires a lot of solvents 

(Yolmeh et al., 2014). Milić et al., (2013) optimised and compared maceration extraction 

method and ultrasonic-assisted extraction of resinoid from aerial parts of Gallium mollugo 

using 50 % aqueous ethanol solution at various temperatures. The optimum extraction 

temperature for maceration was 80 and 40 °C for ultrasonic-assisted extraction. A yield of 22 

g/100 g for four hours and 25.1 g/100 g in 30 minutes was obtained for maceration-assisted 

extraction and ultrasonic assisted extraction, respectively. Ultrasonic assisted extraction was 

shown to be more effective in extracting resinoid since it gave a better yield at low temperatures 

and in minimum time. Another comparative study was done by (Vieira et al., 2017) to optimise 

and compare maceration and microwave-assisted extraction of phenolic compounds from 

Juglans regia. The optimum operating conditions for maceration were 112.5 minutes, 61.3 ℃ 

and the concentration of ethanol solution used was 50.4 %, while the operating conditions for 

microwave-assisted extraction were 3.0 minutes, temperature 107.5 °C and 67.9 % for the 

ethanol solution. Microwave-assisted extraction was shown to have a higher yield at a shorter 

timer compared to maceration, thus considered more efficient.  

Deng et al., (2017)  also optimised maceration and ultrasonic-assisted extraction of phenolic 

compounds from fresh olives. The optimum conditions for maceration were 50 ℃, 4.7 hours 

and the liquid-solid ratio was 24 mL/g. The optimum operating conditions for ultrasonic-

assisted extraction were 47 ℃, 30 minutes and the liquid-solid ratio was 22 mL/g. A yield of 

22 and 5.98 mL/g was observed for ultrasonic-assisted extraction and maceration-assisted 

extraction, respectively. Ultrasonic-assisted extraction exhibited higher amounts of phenolics 

at shorter periods, thus considered more efficient. Ćujić et al., (2016) optimised maceration 

assisted extraction of polyphenols from dried chokeberry. The optimum operating conditions 

were 0.75 mm size of berries, 50 percent ethanol, and the solid to liquid ratio of 1:20. The 

predicted values of 27.7 mg GAE/g for phenolics and 27.7 mg GAE/g were obtained for the 

experiment. 
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(c) Microwave-assisted extraction method 

The principles of microwave-assisted extraction is based on two steps; the first step is known 

as the dielectric heating step, which involves the movement of solvent based on their dipole 

moments, which results in heating of the solvent. The second step is called ionic conduction 

and is based on the heating of a solvent as a result of ions rubbing against the solvent (Sanchez-

Prado et al., 2015). The technique is based primarily on immersing a sample in a clear solvent 

and placing the mixture of the solvent and sample inside the microwave, which results in 

heating of the sample, then rupturing the cell wall, which increases mass transfer. The method 

is considered rapid, simple, economical, and efficient since it requires minimal amounts of 

solvent and the extraction period is quite short (Chan et al., 2014). Dong et al., (2016)  extracted 

Chuonminshen violaceum polysaccharides (CVPs) using conventional heated reflux extraction, 

ultrasonic-assisted extraction, and microwave-assisted extraction (MAE). The results revealed 

that MAE gave the highest percentage yield of polysaccharides at a lower temperature and 

shorter extraction time compared to all the extraction methods. In another study, (Lefsih et al., 

(2017) extracted pectin from opuntia ficus- using MAE and evaluated the optimum conditions.  

The optimum conditions for extraction of pectin were pH 2.26, 517 W microwave power, 2 

g/30.66 mL of solid to liquid ratio, and 12.56 % of pectin was recovered.  

Wang et al., (2007) extracted pectin from apples pomace using microwave-assisted extraction 

method and optimised the extraction method using response surface methodology (RSM). 

Factors such as the duration in which the extraction takes place, pH of HCl solution, the ratio 

of solid to liquid, and the microwave power were varied. The optimum conditions for the 

extraction of pectin were as follows, time 20.8 min, pH 1.01, solid to liquid ratio 0.069, and 

the microwave power of 499 W. A yield of 0.315 g of pectin was extracted from 2 g of an 

apple. Lianfu & Zelong (2008) conducted a comparative study on the extraction of lycopene 

from tomatoes using microwave-assisted extraction and ultrasonic-assisted extraction. The 

optimum conditions for the extraction of lycopene were 98 W, 40 kHz, the solvent ratio was 

10.6:1 (w/v), extraction time 367 s. In the UAE, optimum conditions were 86.5 ℃, the solvent 

ratio was 8.0:1 (v/w) and the extraction time was 29.1 min. A percentage yield of 97.4 and 89.4 

was observed for microwave-assisted extraction and ultrasonic-assisted extraction, 

respectively. Microwave-assisted extraction was found to be more efficient compared to 

ultrasonic-assisted extraction. 
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(d) Ultrasonic assisted extraction method 

The technique is commonly used due to its simplicity, decreased processing time, less energy, 

small solvents amount, and the possibility of handling multiple samples at the same time 

(Chemat et al., 2017). The technique is based on the removal or recovery of organic compounds 

from a permeable solid matrix by means of a solvent, which is energised by sound energies. 

(Vinatoru, 2001). The recovery of the bioactive compounds from the plant extract using UAE 

is affected by several elements such as solvent type, solvent ratio, pH, extraction time, and 

ultrasound power (Khan et al., 2010). Bayar et al., (2017) extracted pectin from Opuntia ficus-

indica using the ultrasonic-assisted extraction method. The optimum conditions obtained were 

70 minutes, 70 ℃, pH 1, 5, and 30 mL/g for sonication time, temperature, pH, and water 

material ratio respectively. A percentage yield of 18.4 % was obtained.  

Heleno et al., (2016) also optimised the ultrasound-assisted extraction method for the 

extraction of  mycosterols from Agaricus bisporus L by RSM and compared it to conventional 

Soxhlet extraction. About 4 g of the plant material was extracted in 150 mL of different solvents 

(limonene, hexane, ethanol) for 4 hours (12 cycles) using the Soxhlet extraction method, for 

UAE the sound power between 100-500 W was applied at a frequency of 20 kHz. 3,0 g of the 

plant material was extracted in 100 mL of the three different solvents. The optimum conditions 

for the extraction of ergosterol using UAE were 15 minutes and 375 W. This method was 

considered more efficient compared to the Soxhlet. Hammi et al., (2015) also optimized UAE 

of antioxidants compounds from Tunisian Zizphus lotus fruit using RSM. High phenolic 

content was observed at the operating conditions of 25 minutes, 63 ℃,  and 67 mL/g for the 

extration time, temperature, and solvent ratio respectively.  

(e) Decoction extraction method 

Decoction is a method used to extract bioactive compounds by boiling the plant material to 

dissolve chemicals of the material which may include stems, roots, and the bark of the tree. In 

this process, the plant material is boiled in a specified volume of water for a defined time 

followed by filtering or straining. Decoction involves first the mashing of the plant material to 

allow maximum dissolution and the boiling of the extract essential oil, volatile organic 

compounds, and other various compounds. This procedure is suitable for water-soluble and 

heat-stable constituents  Poonam et al., (2011). Jovanović et al., (2017) evaluated the influence 

of different techniques and conditions on the extraction of polyphenolic compounds from 

Serpylli herba. Maceration, decoction, and ultra-assisted extraction were used. Ethanol was 
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used as a solvent for all three techniques. A greater yield was obtained using UAE. According 

to the total phenol yield, the efficiency of the extraction method for all variables was ranked in 

the following order UAE ˃ Decoction ˃ Maceration. Martins et al., (2015) evaluated and 

compared the antioxidant and antibacterial properties of thyme using decoction, infusion, and 

hydroalcoholic extraction methods. Decoction showed the highest concentration of 

polyphenolic compounds followed by infusion and hydroalcoholic extracts. 

1.2.7. Incorporation of nanoparticles into polymer fibres 

Apart from all the excellent antibacterial activity that silver provides towards a broad scope of 

bacteria, Silver induces serious health-related problems. Silver nanoparticles can be oxidised 

to produce silver ions (Ag+) which can be toxic to both humans and the environment. The direct 

and excessive contact to silver may result in allergic reactions, cause skin problems and in more 

adverse case, it can be carcinogenic when used in animals, silver nanoparticles promotes the 

production of the reactive oxygen species thus causing oxidative stress in human being. Since 

AgNPs are also used in water treatment, their release into the aquatic ecosystem results in the 

accumulation of the metal nanoparticles in fish tissues, mainly in the intestine, liver, and gill 

(Minghetti & Schirmer, 2016). 

 

The incorporation of silver nanoparticles into polymer fibres prevents direct contact of the skin 

to silver nanoparticles and provides controlled release of the nanoparticles (Ng et al., 2013). 

Bakhsheshi-Rad et al., (2020)  also reported that the incorporation of nanoparticles into 

polymer fibres is a promising method to prevent the growth of microbes on the surface of 

materials. Further on, the incorporation of nanoparticles into polymer fibres improves the 

mechanical, physical, thermal, and antibacterial properties of the fibres. Thus these polymer 

fibres are used in many fields such as biotechnology, energy, sensors, and optoelectronics 

(Islam et al., 2020). Two different approaches can be used to produce polymer fibres 

incorporated with nanoparticles using the electrospinning method. In the first approach, 

nanoparticles are dispersed into the polymer solution and the resultant solution is electrospun 

to fabricate fibres. The second approach involves dissolving the metallic precursor and the 

polymer in one solution and electrospinning the resultant solution. Deniz et al., (2011)  

incorporated gold (Au) nanoparticles into PVP polymer fibres using laser ablation. The SEM 

images showed uniform diameter polymer fibres without beads. TEM images showed the 

presence of gold nanoparticles dispersed homogenously with the average diameter in the range 

of 5-20 nm. A similar study was conducted by Bai et al., (2007) where different concentrations 
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(0.024, 0.04, and 0.07%) of gold nanoparticles were incorporated into  PVA fibres. The SEM 

images showed that as the concentration of the Au NPs increased, the diameter of the fibres 

decreased due to an increase in conductivity (038 ms/nm to 0.75 ms/cm). In contrast Selvaraj 

et al., (2018)  Incorporated  AgNPs into Casein-Peo polymer solution and electrospun the 

solution to fabricate fibres. The SEM images show that the addition of silver nanoparticles into 

the Casein-Peo polymer solution increased the diameter of the fibres. 

       

Similarly, Sekar et al., (2018) incorporated Fe-doped ZnO into PVA polymer fibres as potential 

antibacterial agents. Neat PVA fibres were found to have a smooth surface with a diameter in 

the range of 120-150 nm. The addition of the Fe-doped ZnO at increasing concentrations (4 - 

12%) resulted in the formation of beaded fibres with a rough surface and this was due to the 

aggregation of the nanoparticles in fibres. The diameter of the fibres was found to increase as 

the concentration of the nanoparticles increased. Yang et al., (2013) reported that the 

aggregation of nanoparticles in fibres occurs when the attractive interaction forces (Van der 

Waals forces) outcompetes the repulsive interaction and forces, such as steric hindrance and 

electrostatic forces. Aktürk et al., (2019) synthesized AgNPs using starch as both a reducing 

and capping agent. The AgNPs were incorporated into PVA at increasing concentrations (5, 

7.5, and 10 %) and electrospun to fabricate fibres. According to the SEM images, all the fibres 

has a smooth surface with no beads. There was no significant difference in the diameter of the 

fibres before and after the addition of the AgNPs. The disk diffusion method was used to test 

the fibres antimicrobial activity against gram-positive bacteria S. Aureus and gram-negative E. 

coli. No antibacterial activity was observed for plain PVA fibres while those incorporated with 

the AgNPs gave more antibacterial activity against gram-positive bacteria. Jatoi., (2020)  also 

evaluated the antimicrobial activity of polyurethane (PU) fibres incorporated with Zinc and 

silver (Ag-Zn) composite nanoparticles. The SEM images demonstrated regular beadles fibres 

for both the neat PU and after the addition of the nanoparticles. The addition of the Ag-Zn 

composite to the polymer solution resulted in a decreased diameter of the fibres due to higher 

conductivity of the AgNPs. The polymers fibres with the AgNPs exhibited antimicrobial 

activity against gram positive S. aureus and B. subtilis and gram-negative E. coli. 

1.2.8. Fabrication of polymer nanofibres using the electrospinning technique 

Nanofibres are favoured among many other nanostructures that have been recently developed, 

and this is because nanofibers can be easily produced from both natural and synthetic polymers. 

The functional properties of the nanofibers can be manipulated during the synthesis step. 
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Nanofibres are further known for their excellent physicochemical properties, such as high 

porosity, large surface to mass ratio and their superior mechanical performance thus can be 

exploited for a wide variety of applications. 

Various processing techniques, such as chemical vapour deposition, sol-gel method, phase 

separation, drawing, and electrospinning can be used to produce fibres from a polymer solution. 

Electrospinning is considered the best and has proved to be simple, efficient, and a versatile 

method due to its cost-effective setup. Electrostatic spinning, commonly known as 

electrospinning is a fibre spinning technique that uses a high voltage electric field to produce 

fibres in the nanoscale from a polymer solution (Kim et al., 2005). The electrospinning 

technique was first introduced in 1934 by Formhals and Gastel and was applied in many 

industries around the 1990s (Rezaei et al., 2015).  A typical electrospinning technique is made 

up of a pump, high voltage, power supply, a collector, and a syringe as shown in the schematic 

diagram (Scheme 1.1) in page 16. Different parameters such as ambient conditions (humidity 

and temperature), properties of the polymeric solution (viscosity, surface tension, and 

conductivity), hydrostatic pressure in the needle, and the electric potential at the tip of the 

needle influence the diameter of the fibres produced through electrospinning technique. The 

reduced diameter of fibres is desired since it comes with improved mechanical properties, large 

surface area, and flexible functionalities thus have many applications. Nanofibers have a large 

surface area, small pore sizes, and also have a diameter that is about 100 nm (Subbiah et al., 

2004). 

(a) Ambient conditions 

Humidity and temperature are ambient parameters that also influence both the morphology and 

diameter of the fibres. The influence that humidity has on the morphology of the fibres, greatly 

depends on the composition of the polymer solution. Humidity can also be used to control the 

rate at which the solvent that was used to prepare the polymer evaporates. Low humidity 

promotes the fabrication of polymer fibres with bigger diameter and this is because, at low 

humidity, the solvent evaporated quickly from the polymer, solidifying the polymer as soon as 

it leaves the needle thus leading to the polymer jet experiencing the induced voltage for a short 

period. With high humidity, solidification of the polymer occurs more slowly which allows the 

jet to experience voltage-induced stretching for a long period, resulting in polymer fibres with 

a thinner diameter (Medeiros et al., 2008; Pelipenko et al., 2013).  The temperature influences 

the rate at which the solvent evaporates and also the viscosity of the solution. Increasing the 

temperature increases the rate at which the solvent evaporates while decreasing the viscosity 
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of the solution thus results in the formation of fibres with a decreased diameter (Haider et al., 

2018).  

(b) Effect of Solution parameters (Viscosity and concentration) 

One of the important parameters when electrospinning a polymers solution is viscosity. The 

viscosity is important since it describes the entanglement of the polymer molecule chains. Low 

viscosity which means minimum entanglement of polymer molecule chains often results in the 

formation of beads or drops instead of fibres. On the other hand, high viscosity results in no 

formation of fibres, since no polymer jets will be ejected from the needles thus optimum 

viscosity is one of the requirements for electrospinning. The concentration of the polymer 

solution is also one of the critical parameters when electrospinning. A low concentration of 

polymers has been observed to result in the formation of beads while a high very concentration 

results in the formation of fibres with large diameters.  

 

The formation of beads or droplets mainly depends on the surface tension of the polymer 

solution. A lower electric field is required to electrospun a solution with lower surface tension, 

while a solution with higher surface tension requires a high electric field. Droplets are formed 

when a solution of high surface tension is electrospun and this is because the jet is unstable and 

spray out to prevent the electrospinning process to take place. Bhardwaj & Kundu, (2010)  

stated that the electrospinning of a polymer solution with lower conductivity results in fibres 

with large diameters due to shorter stretching of the electrified jet. Polymer solutions with high 

conductivity often result in the formation of polymer nanofibres with decreased diameters. 

Different studies have been conducted to investigate the influence of electrospinning 

parameters on the diameter and length of polymer nanofibres. The effect of concentration on 

the conductivity and viscosity of the electrospun polyacrylic acid (PAA) nanofibers was 

investigated by  (Kim et al., 2005). Scanning Electron Microscopy (SEM) was used to evaluate 

the morphology of all the electrospun fibres and it was observed that no fibres were synthesized 

when 1 M of NaCl was added to PAA solution and all the other synthesized polymer fibres of 

PAA gave beaded structures. The smallest diameter was observed with the polymer fibres that 

had 0.01 M NaCl while larger diameters was observed with polymer fibres that had no NaCl. 

It was further observed that an increase in the concentration of NaCl in the polymer solution 

decreased the viscosity and conductivity of the solution. In all SEM images beaded structures 

were observed and this is mainly due to low wt. % of polyacrylic acid prepared which is related 
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to low viscosity. Consequently, it was imperative to optimise the concentration of PAA to avoid 

the formation of beads. 

 

Another study evaluated the effect of different solvent ratios of ethanol and water on the 

electrospinning of polyacrylic acid solution (Ding et al., 2005). Polyacrylic acid dissolved in 

plain water (0/100) gave beaded fibres with an average diameter of 1.1 um and conductivity of 

149.2 ms/m. Plain ethanol gave fibres with a diameter of 2 um and the mixture of water and 

ethanol (50/50) gave fibres with a diameter of 6.7 um with no beads on the fibres. The beaded 

fibres were due to high conductivity and low viscosity, the introduction of ethanol to the water 

solution increased the viscosity and decreased the conductivity thus nanofibers with no beads 

were formed. 

(c) Effect of Process parameters (Applied voltage and flow rate of the polymer solution) 

In the electrospinning technique given in Schematic diagram 1.1, the polymer solution in the 

metal needle experiences current that flows from the high voltage supplier, this results in the 

polymer solution forming a spherical shaped droplet at the tip of the needle which later deforms 

to form polymer fibres at a critical voltage. While the morphology of the fabricated fibres 

depends on the strength of the applied voltages other studies also reported that various 

polymers have different critical voltages (Haider et al., 2018; Sill & von Recum, 2008).  

 

Many studies have brought about different theories with regards to the relationship between 

the strength of the voltage applied and the diameter of the resultant polymer fibres. Some 

studies suggested that an increase in voltage increases the power in which the polymer solution 

is ejected from the needle. Thus results in the formation of fibres with a diameter that is large.  

In contrast, other studies suggested that an increase in voltage resulted in decreased fibre 

diameter and this is because when the voltage is increased, electrostatic repulsive forces on the 

fluid jet, leads to intense stretching of the polymer solution (Bhardwaj & Kundu, 2010). Other 

studies, such as those conducted by Tan et al., (2005) have reported that applied voltage does 

not have any influence on the diameter of the electrospun fibres. The effect of applied voltage 

on the morphology of the fabricated poly(ethylene oxide) fibres was studied. It was observed 

that a lower voltage of 5 kV resulted in the formation of irregular beaded fibres, the voltage 

between 10-17.5 kV, resulted in thicker fibres and 20 kV resulted in polymer fibres with a 

reduced diameter. Awal et al., (2011) also conducted a study on the influence that applied 

voltage has on the fabrication of 6 % nylon polymeric fibres and they reported that an increase 
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in the applied voltage results in fibres with a reduced diameter. The rate at which a polymer 

solution flows out of the metallic needle tip has an influence on the morphology of the polymer 

fibres. Even though various polymers require different flow rates to fabricate the desired 

beaded free polymer, a minimum flow rate is recommended to maintain a balance between the 

leaving polymeric solution and replacement of that solution with a new one during jet 

formation. Also low flow rates allows the solvent sufficient time for evaporation. High flow 

rate results in the formation of bigger drops at tip of metallic needle thus resulting in the 

formation of polymer fibres with an increased diameter and beads (Zargham et al., 2012). 

1.2.9. Blending of PVA with natural fibres using the electrospinning technique 

Petroleum-based polymers such as polystyrene, polyethylene terephthalate, and polypropylene 

have been used throughout history in everyday human activities however they often leave the 

environment devastated through plastic pollution and global warming. Presently, both the 

industrial and scientific communities are focusing on the development and application of 

biodegradable and renewable materials (Kargarzadeh et al., 2017). Polyvinyl alcohol (PVA) 

has gained considerable attention from various industries: food, medical, and cosmetics this is 

due to its desirable properties, such as non-toxicity, biocompatibility, biodegradability, wide 

availability, and low cost. PVA given in Figure 1.1 below is a water-soluble, hydrophilic, semi-

crystalline polymer with good thermal and chemical stability (Augustine et al., 2018b; Jiang et 

al., 2011). Apart from its great properties, PVA has its setbacks such as its high solubility in 

water, thus its outstanding properties are compromised when it comes in contact with water. It 

also has defects like poor decomposition temperature, high glass transition temperature, and 

low elongation at break (Popescu et al., 2018). Nevertheless, many studies have reported on 

the blending of polymers with fillers or reinforcing agents to improve their physical properties 

(Zou et al., 2020). Nanofillers offer enhances mechanical, thermal, and water barrier properties 

of the polymer due to their enormous advantages such as a high surface area and high surface 

energy (Ali et al., 2017). Panichpakdee et al., (2019) electrospun a polymer blend of natural 

rubber latex (NRL) with PVA at different ratios and evaluated the change in diameter of the 

electrospun fibres. Firstly, according to the SEM images, pure electrospun PVA mats were 

found to be smooth with no beads. The polymer blends ratio of NRL/PVA were as follows: 

10:90, 70:30, 50:50 and 70:30 and all their surfaces were found to be rough which implies 

phase separation between the NRL and the PVA. The average diameter increased as the 

concentration of the NRL increased in the blend. The viscosity polymer solutions also 

increased as the concentration of the NRL in the polymer blend increased. Zou et al., (2020)  
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blended polycaprolactone and chitosan using the electrospinning technique, continuous 

uniform fibres were produced with improved thermal stability. 

 

Figure 1.1: Chemical structure of polyvinyl alcohol (PVA) 

 

(a) Natural fibres (Hemp) 

Natural fibres are also known to yield composites of lighter weight and cost less compared to 

fibre glass reinforced polymer (Çomak et al., 2018; Pickering et al., 2016). Cellulose 

nanocrystals are considered an ideal reinforcing agent for polymers due to their advantages 

including, abundantly available, biodegradability and biocompatibility, low density, high 

surface area, and unique morphology abundance (Xu et al., 2013). Cellulose nanocrystals are 

derived from cellulose, which is the most abundant and renewable carbon resource in nature. 

Ren et al., (2017) observed an improvement in thermal stability of the electrospun 

Polyacrylonitrile polymer fibre when they incorporated both CNC’s and silver nanoparticles. 

The fibres were uniform in size and the surface was smooth. 

One of the largely used natural fibres in industries is hemp fibres scientifically known as 

Cannabis sativa L. Hemp as illustrated in Figure 1.2  is a herb that belongs to the family 

Cannabaceae. It is native to Eastern Asia but has been domesticated in many other parts of the 

world due to its large use in textiles (Shahzad, 2012). Hemp fibres are highly used due to their 

short cropping cycles and easily grows in different environments. Also, Hemp contains fibres 

that are considered the strongest amongst all types and this is due to its tensile strength of about 

1110 MPa. Hemp fibres are considered a source of cellulose fibrils held together by pectin’s 

(Kostic et al., 2008; Sair et al., 2018). Natural fibres are found naturally in blends of cellulose, 

hemicellulose, and lignin. 
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Figure 1.2: Picture of the species Cannabis sativa (L) (Hemp) (Luyckx et al., 2021) 

 

(b) Cellulose 

Cellulose shown in Figure 1.3 below is a natural polymer that is made up of repeating units of 

anhydro-D-glucose (C6H11O5) linked together with β-1,4-glycosidic bonds by C1 and C4. As 

shown in Figure 1.3 each of the anhydro-D-glucose units contains about 3 hydroxyl groups. 

The hydrogen bonding between these hydroxyl groups plays a major role in both the physical 

properties and the crystalline packing of the cellulose fibrils. Cellulose can be extracted from 

natural fibres such as flex, bagasse, and hemp.  

 

 

Figure 1.3: Chemical structure of cellulose 
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(c) Hemicellulose  

Hemicellulose given in Figure 1.4 below are polysaccharides that are made of 5 and 6 carbon 

rings. The difference between hemicellulose and cellulose is that hemicellulose is made up of 

different types of sugar units where else cellulose is only made up of 1,4-β-D-glucopyranose. 

Hemicellulose is also considered amorphous since it’s highly branched with different side 

groups while cellulose is a linear polymer and lastly, the degree of polymerization for 

hemicellulose is around 50-300 while the degree of polymerization for cellulose is about 10-

100 times high than that of hemicellulose (Bhat et al., 2019). Hemicellulose is a link between 

lignin and cellulose, its hydrophilic, can be hydrolysed by acids, and is soluble in alkaline 

solutions 

  

Figure 1.4: Chemical structures of hemicellulose 

 

(d) Lignin 

Lignin, Figure 1.5 are known to consist of both aromatic and aliphatic constituents with high 

molecular weight, thus considered complex hydrocarbon polymers. Lignin does not easily 

break down into its monomeric units, they are hydrophobic, insoluble in most solvents, and 

amorphous. The main function of lignin in the plant is to provide rigidity for protection against 

the wind and gravity forces,  it also protects the plant from biological attack. Pectins are hetero-

polysaccharides and waxes are considered the last part of the fibres and they are made up of 

different alcohols. The difference between hemicellulose and cellulose is that hemicellulose is 

made up of different types of sugar units where else cellulose is only made up of 1,4-β-D-

glucopyranose.  
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Figure 1.5: Chemical structures of lignin 

(e) Extraction of cellulose from natural fibres 

Natural fibres cannot be directly combined with polymers and this is due to their hydrophilic 

nature which results in high moisture absorption leading to high swelling and voids on the 

interface thus poor mechanical properties. The difference between the polarity of the natural 

fibres and polymer will also result in the non-uniform distribution of the natural fibres in the 

polymer matric. Another major drawback that limits the application of the natural fibres in their 

raw state, is their susceptibility to rotting and their low microbial resistance. The mentioned 

deficiencies of using natural fibres in their natural state can be overcome through various 

chemical and physical treatments that can remove the undesirable material such as the pectin, 

waxes, hemicellulose, and lignin while leaving behind cellulose with desirable properties. 

Pectin and waxes are highly soluble in hot water thus easily removed, hemicellulose can be 

easily hydrolysed using acid and is highly soluble in alkali solution. Lignin is not soluble in 

many solvents thus not easily broken down into monomeric units. Even though lignin is not 

hydrolysed in acid, many studies reported on the solubility of lignin using hot alkali solutions. 

Alkali treatment is among the many methods that can be used to treat natural fibres since both 

ester and the ether groups found in the lignin and hemicellulose are susceptible to the OH attack 

(Oriez et al., 2020). The Lignin and hemicellulose are linked together by ferulic acid and that 

is where the reaction takes place. According to the schematic diagram 1.3 given below, which 

shows the mechanism in which the alkali treatment takes place, the OH from the NaOH attacks 

the carbon in the ester bond of the ferulic acid, this results in the formation of a tetrahedral 

intermediate which quickly collapses to form a carboxylic acid when the negatively charged 

alkoxide is expelled by the negative oxygen. Finally, the alkoxide deprotonates the resultant 

carboxylic acid (Modenbach & Nokes, 2014). The treatment is based on the removal of the 

hydrogen bond in the network and it has two main effects on the natural fibres: It increases the 
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number of reactive sites by exposing cellulose to the surface and lastly it increases the 

roughness of the material thus proving better mechanical interlocking (Zimniewska et al., 

2011). 

 

Scheme 1.3: Mechanism that illustrates the removal of lignin(Y) and hemicellulose(X) from 

cellulose. 

The need for the development of environmentally friendly material is on the rise and this is 

because fossil fuels often leave the environment devastated. Extraction of cellulose from 

natural fibres, pre-treatment to remove non-cellulosic material such as lignin and hemicellulose 

Alkalization, and bleaching are some of the most utilized methods to remove lignin and 

hemicellulose. Kim et al., (2011) evaluated the spinnability of raw lignocellulosic biomass 

(Hemp) using ionic liquid and further evaluated the effect that lignin has on the spinnability of 

hemp. Various alkaline solutions were used to treat hemp to remove lignin. The two alkaline 

solutions were 17.5 % NaOH and 0.7 % NaClO2. They found that the lignin content decreases 

as the treatment time increased. They also reported that further treatment also decomposed 

cellulose. The optimum conditions for better spinnability of hemp are 17.5 %, 0.7 %, and 5 

hours for  NaOH,  NaClO2 treatment and time respectively. Elkhaoulani et al., (2013) also 

evaluated the effect of treating Hemp fibres with sodium hydroxide and acetic acid. After 

treatment of the fibres, a peak which appears at 1736 cm-1 which corresponds to the presence 

of the carboxylic ester found in pectin on the surface of the untreated hemp was absent on the 

treated hemp further on, the peak that corresponds to the presence of lignin around the range 

1268 cm-1 was significantly reduced in the treated hemp. 

 

Montaño-Leyva et al., (2011) treated wheat straw with an alkaline solution of NaClO2 and 

NaOH to extract cellulose and used trifluoroacetic acid to dissolve the cellulose fibres obtained 

after treatment. The glass transition temperature for wheat straw before treatment was 1300 ℃ 

and for the cellulose fibres was 1220 ℃. FTIR spectra confirmed that cellulose fibres were 
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successfully extracted from the wheat straws since peaks ascribed to the presence of lignin and 

hemicellulose disappeared after treatment. XRD also further confirmed the extraction of 

cellulose fibres from wheat straw since a change in the crystallinity was observed. The wheat 

straw gave a crystallinity of 37 % and 52 % for the cellulose nanofibres. The optimum 

conditions for the fabrication of nanofibres were 4 % concentration of polymer dissolved in 

pure TFA at a voltage of 15 kV and a flow rate of 1.5 mL/h.  Kim et al., (2011) treated hemp 

fibres with NaOH and NaClO2 at different rates to remove lignin and further dissolved the 

resultant fibres in 1-ethyl-3-methylimiazolium acetate and electrospun the polymer solution, 

DMF was also added to improve the spinnability of the fibres. The optimum conditions 

observed were treatment with 17.5% NaOH for one hour and treatment with NaClO2 for 5 

hours. They also found that when the lignin content was greater than 6%, it resulted in spray 

drying of the polymer solution due to the large drops formed on the nozzle end. Cellulose is 

known to contain both the amorphous and crystalline regions, acid hydrolysis of cellulose 

results in the hydrolysis of the amorphous region of cellulose, leaving behind the crystal regions 

intact often referred to as cellulose nanocrystals due to its structural stability (Spagnol et al., 

2018) 

1.2.10. Synthesis of cellulose nanocrystals  

The cellulose polymers in the crystalline region, are packed together by hydrogen bonding, 

while in the amorphous region, the polymers are randomLy distributed. Different types of acids 

can be used to synthesize cellulose nanocrystals with different properties such as morphology, 

surface functionality, and thermal properties. Sulphuric acid has been extensively used in the 

synthesis of cellulose nanocrystals because it does not require a long reaction time and is simple 

compared to other processes. Kassab et al., (2020) did a comparison study where they used 

two different acids, namely sulphuric acid and citric/hydrochloric acid mixture to extract 

sulphated CNC’s and carboxylated CNC respectively. The needle-like structure of cellulose 

nanocrystals were extracted using the two acids, however with different diameters. The 

crystallinity was found to be 81 and 83 % for Sulphuric acid CNC’s (S-CNC’s) and Citric acid 

CNC’s (C-CNC’s). The C-CNC was found to be more thermally stable. The use of C-CNC in 

the biomedical field is limited since they have insufficient dispersion.  The stability of the 

colloidal suspension can maintained by mixing CNC’s with water soluble polymers. The 

polymer chains spread throughout the aqueous solution preventing the aggregation of cellulose 

nanocrystals. Xing et al., (2020) studied the different conditions including temperature (45 and 

60 ℃), the concentration of  H2SO4 (56 – 64 %), and time (10-20 minutes) required to 
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hydrolyse cellulose from eucalyptus using sulphuric acid at concentration 58 % at 45 ℃, the 

suspension was yellow. However, a sulphuric acid concentration above 60 % resulted in a 

transparent solution indicating the dissolution of cellulose or swelling. Temperature greater 

than 60 ℃ and concentration greater than 62 % resulted in a brownish colour due to over 

hydrolysis of cellulose. 

1.2.11. Synergistic effect of silver nanoparticles and essential oils incorporated into 

polymer fibres 

Some studies have reported on the combination of antibacterial agents, specifically silver 

nanoparticles and natural products (essential oils) to provide synergistic effects against a broad 

spectrum of bacterial strains. The approach is based on the combination of different 

antibacterial agents that exhibit antibacterial activity through different mechanisms while 

reducing the dosage of the individual antibacterial agents and expand the spectrum of 

antibacterial activity. Pei et al., (2009) studied the mechanism in which carvacrol and zinc 

oxide nanoparticles exhibited antibacterial activity towards Campylobacter jejuni. Treatment 

with the individual antibacterial agent, either the zinc oxide or carvavrol generated a 

bacteriostatic effect while the combination of both gave enhanced antibacterial activity. 

carvacrol exhibited antibacterial activity by damaging the cell wall and the ZnO nanoparticles 

interacted with the cell wall and induce cell leakage. Patil., (2013) Evaluated the synergistic 

effect of silver nanoparticles synthesized using sodium citrate and cinnamaldehyde against 

bacterial species found in food. The combination exhibited a synergistic effect against all the 

tested bacterial strains. Scandorieiro et al., (2016) also combined the bio-synthesized silver 

nanoparticles with Origanum vulgare essential oil and evaluated their antimicrobial activity 

against multi-drug resistant strains. According to their MIC results, the combination of the 

essential oil combined with the silver nanoparticles presented lower MIC values compared to 

when treated with silver nanoparticles or the essential oil individually. 

1.2.12. Incorporation of eucalyptus oil into polymer fibres 

The essential oils are also known as volatile oils or ethereal can be extracted from different 

parts of the plants such as the leaves, stem, bark, roots, and the fruits through steaming or 

hydro-distillation (Burt, 2004). The extracted liquid is volatile and hydrophobic and is known 

to contain a mixture of terpenoids particularly monoterpenes and sesquiterpenes that mainly 

serve as defense mechanisms for plants against pathogenic fungi and pests. Essential oils are 

also known to contain various aromatic esters, phenols, alcohols, aldehydes, ketones, and 
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oxides which determines their characteristic aroma and the odour of the plant from which the 

essential oil was extracted. Historically essential oils were added in food as potential 

preservatives and this was until their medical properties were discovered, antimicrobial, anti-

hyperglycaemic and anticarcinogenic properties. They are now extensively used in 

aromatherapy and conventional treatment as anti-inflammatory and disinfecting agents. The 

use of essential oils in various fields is due to their low or no toxicity against both human beings 

and animals. They are also environmentally friendly since they do not persist in soil and water 

and are easily extractable.  

 Among various aromatic plants, the genus Eucalyptus L Herit comes from the mitraceae 

family and is represented by 700 species, distributed across the world. The plant is native to 

Australia where it was used traditionally to treat colds, fever, diarrhoea, toothache, and snake 

bites. Presently it is among the most planted species due to its extensive use in the 

pharmaceutical industry as an antiseptic and also as an additive in cough tablets and medicated 

skin creams. Eucalyptus oil is a colourless or yellow oil that can be extracted from the leaves 

of tall evergreen trees such as lemon (E. citriodora), river red gum (E. camalulensis), blue 

malle (E. polybacteria), and Tasmanian blue gum (E. globulus) (Tarabet et al., 2012). Among 

the other various complex compounds that the eucalyptus oil contains, 1,8 cineole is considered 

the characteristic compound of the genus since it takes up at least 70 % of the mixture.  1.8 

cineole is also considered the important compound in eucalyptus oil due to its toxicity against 

a wide range of microbes such as bacteria and fungi (Ait-ouazzou & Conchello, 2011; Darben 

et al., 1998). Essential oils exhibit antibacterial activity by disturbing the cytoplasm membrane, 

disrupting the electron flow and proton motive flow active transport, and hinders the synthesis 

of protein (Rafiq et al., 2018). El-baz et al., (2015) evaluated the antimicrobial activity of 

eucalyptus comaldulenis essential oil. The results showed that the essential oil was highly 

active against Escherichia Coli, Listeria monocytogenes, and Candida albican. The observed 

antimicrobial activity was due to the presence of eucalyptol and α- pinene which are the major 

compounds in the eucalyptus oil. Ghalem & Mohamed, (2008) studied the antibacterial activity 

of the essential oils from E.globulus and E.camaldulensis, the essential oil from the leaves of 

the two plants showed excellent antibacterial activity against gram-positive S.aureus and gram-

negative E.Coli with E.globulus giving high antibacterial activity demonstrated by the larger 

zone of inhibition. Mulyaningsih et al., (2011) also studied the antibacterial activity of 

E.globulus, E.radiata, and E.citriodora against multidrug-resistant bacteria, all the plants 

exhibited minimum antibacterial activity against gram-negative bacteria. E.globulus showed 
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higher antibacterial activity once more, compared to all the plants and this can be related to the 

high content of 1.8 cineole which has been reported to be in the plant as compared to the other 

plants. 

  

Despite their numerous benefits, the application of essential oil has been limited and this is 

because of their instability in the presence of oxygen, light and temperature influences, high 

volatility, and their unpleasant aroma. Incorporation of the Essential oils into polymer fibres 

will prevent the oxidation of the oil from taking place and also reduce the rate of evaporation 

while releasing the oil slowly at effective levels (Hafsa et al., 2016;  Wu et al., 2015). 

Nanofibres are preferable for encapsulation because they have a high surface area and high 

porosity thus provides a controlled release. Ardekani et al., (2019) reported the inhibition of S. 

aureus, P. aeruginosa, and C. albican when they evaluated the antibacterial activity of Zataria 

Multiflora essential oil incorporated into electrospun PVA polymer fibres. Rieger & 

Schiffman, (2014) also observed significant antimicrobial activity when they incorporated 

Cinnamaldehyde into chitosan blended with poly(ethylene oxide).  Liakos et al., (2017) 

reported on the antibacterial activity of electrospun cellulose-based polymer fibres 

incorporated with essential oils. 

1.2.13. Antibacterial activity 

60 years ago antibiotics were referred to as miracle drugs. The excessive use of these miracle 

drugs resulted in most pathogenic bacteria becoming resistant. The emergence of resistance of 

pathogenic bacteria to antibacterial agents is considered a major threat to public health since 

only fewer antibacterial agents are effective. Some bacterial infections are almost untreatable 

with the current antibiotics. Drug-resistant bacterial infections cause mortality and morbidity 

in patients. The rise in resistant pathogenic bacteria has been activity driven by human activity 

through the extensive use or misuse of antibiotics in humans, veterinary and also through 

agriculture (Andersson, 2003; Gullberg et al., 2011; Magiorakos et al., 2011). Bacteria can be 

categorised as either being gram-positive or gram-negative due to the difference in composition 

of their envelopes. Gram-positive bacteria such as Staphylococcus aureus, are known to have 

a thick layer of peptidoglycan which is made up of linear polysaccharides chains cross-linked 

by short peptides thus forming a rigid structure. The thick peptidoglycan layer acts as a cell 

wall that surrounds the inner plasma membrane. In contrast, gram-negative bacteria such as 

Klebsiella pneumoniae is made up of a thinner peptidoglycan layer (Worthington & Melander, 

2013).  The emergence and rise of antibacterial resistance affect both gram-positive and gram-
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negative bacteria. S. Aureus and K. Pneumonia were selected as they are most predominant in 

water, air, and soil. they happen to be the most opportunistic human pathogens that can grow 

and reproduce causing serious illnesses in both human and animals, also these bacteria can 

survive in different conditions thus considered multidrug-resistant pathogens. 

Bacteria can adapt easily to changes in their environment. This allows them to respond to a 

wide array of environmental threats including the presence of antibiotics that may threaten their 

existence. For microorganisms to survive they develop ways that make them resistant to 

antimicrobial agents (Jindal et al., 2015). Factors that promote antimicrobial resistance are 

exposure to sub-optimal levels of antimicrobials, exposure to broad-spectrum antibiotics, 

exposure to microbes carrying resistant genes, Lack of hygiene in clinical environments, Use 

of antibiotics in food/agriculture, and lastly inappropriate antimicrobial uses. There are several 

resistance mechanisms that are proposed. The mechanism of resistance includes the following; 

drug inactivation, modification of drug binding sites, efflux pump, and porin loss (Vila et al., 

2007). 

As the problem with resistant pathogenic bacteria towards antibiotics continuous to grow, the 

urgent need to develop new antibacterial bacterial agent is also increasing. Silver (silver 

nanoparticles) and natural products (essential oils) have been identified as potential 

antibacterial agents. 

(a) Antibacterial activity of silver nanoparticles and essential oils 

The use of silver or silver salt as antibacterial agents is an extremely old method that was used 

to treat open wounds and skin burns. This was due to the high reactivity of silver and its binding 

efficiency to proteins which allows the silver to cause changes within the cell membrane of the 

bacteria and nuclear membrane which results in cell disruption and cell death. Silver 

nanoparticles are more reactive than their bulk material and the size of nanoparticles is small, 

which allows the nanoparticles to penetrate the cell which results in the dis-functioning of the 

cell (Jazmín Silvero et al., 2018; Lee & Nagajyothi, 2011). Even though researchers have 

reported on the antimicrobial activity of silver nanoparticles, the mechanisms behind this 

phenomenon are still not completely understood. Hamedi & Shojaosadati, (2019) reported the 

different mechanisms of silver nanoparticles antimicrobial activity. Silver nanoparticles are 

reservoirs for Ag+ ions, nanoparticles are often oxidised by oxygen from the air to form Ag+  

ions. The nanoparticles can release the Ag+ ions that can enter the bacterial cell wall and cause 

cell death. Another mechanism involves biological/organic species such as carboxylic acid, 
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amines, thiols, and phosphate that contain elements such as sulphur, oxygen, and nitrogen can 

act as ligands and react with Ag+ ions to form complexes which lead to protein denaturation 

and disturbs the functioning of the protein. Further on the silver has been reported to have a 

high affinity towards the S, O, and N elements thus gives high antimicrobial activity. The Ag+ 

ions can also bind to the DNA that is negatively charged thus prevents replication. Lastly the 

silver ion can also induce the production of reactive oxygen species such as superoxides and 

hydroxyl radicals which then disturbs the cycle of cellular respiration (Siddiqi et al., 2018). 

Rafique et al., (2019) reported that Ag+ ions from AgNO3 have lower antimicrobial activity 

compared Ag+ ions released from AgNPs with equal concentrations.  

Since ancient times, essential oils (EOs) were used in folk medicine. Besides their important 

roles in the protection of plants from pests, essential oils present a broad range of secondary 

metabolites that can inhibit or slow the growth of bacteria. The antibacterial activity of essential 

oils mainly depends on their chemical composition. Essential oils exhibit antimicrobial activity 

through the combined effect. The oil vapour that can be absorbed on the surface of the 

microorganisms, and also the vapour that is absorbed by the medium. They can inhibit or slow 

down the growth of bacteria through various mechanisms and this includes, damaging the cell 

wall and membrane proteins which might lead to leakage of the cell content, they can disturb 

the cell permeability, and also essential oils can alter the intracellular and external adenosine 

triphosphate (ATP) balance. The structure of various chemical compounds in essential oils and 

their functional groups can also induce a complete morphological change of the bacterial cells 

(Nazzaro et al., 2013). 

 

1.3. RATIONALE OF THE STUDY 

The world is continuously losing the battle against superbugs, Bacteria that are resistant to 

antibiotics. Infectious diseases are the leading cause of mortality and morbidity, claiming about 

15 million deaths per year worldwide (Bhattacharya et al., 2020).  The antibiotic resistance 

crisis has been attributed to the overuse and misuse of these medications. According to the 

World Health Organization, the top three pathogens that directly affect human health can be 

categorised into three groups. ‘’Medium priority” includes bacteria such as Streptococcus 

pneumoniae and, Shigella. They are rated medium priority since they are still responsive to 

antibiotics, however, researchers fear soon they will become resistant. Gram-positive bacteria 

such as Staphylococcus Aureus are rated high priority and lastly gram-negative bacteria such 
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as Klebsiella pneumoniae and Escherichia coli are rated ‘’critical priority’’ since they can 

cause deadly infections in the intestinal tract. These gram-negative bacteria pose a particular 

threat for people with weak or not yet fully developed immune systems, including new-borns, 

ageing populations, people undergoing surgery and cancer treatment. 

 

Because of the rapid increase in the number of bacteria towards commonly used bacteria and 

costs required for treatment. Scientists are constantly looking for new effective antimicrobial 

agents that can combat the problem with superbugs and treatment that is cost-effective. Metal 

nanoparticles have been receiving considerable attention from researchers, due to their unique 

biological, optical, and electrical properties which makes them applicable in many fields. 

Amongst other nanoparticles such as Au and Cu, Ag nanoparticles are of particular interest 

because of their efficient antimicrobial activity towards resistant bacteria. Silver nanoparticles 

have been widely used for biological applications. However, their utilization has been limited 

due to their toxic nature and accumulation in cells when directly applied. To overcome this 

problem, silver nanoparticles can be incorporated into polymer nanofibres using the 

electrospinning technique. Polymer nanofibres are considered a good host for volatile 

compounds due to their unique properties such as high porosity and high surface-to-volume 

area.  

 

The use of petroleum-based polymer to produce polymer nanofibres often leaves the 

environment devastated and causes global warming while threatening human health. To 

eliminate the threats, biodegradable materials generated from renewable stock are promising 

materials to replace synthetic polymers. Cellulose nanocrystals are needle-like structured 

materials that can be prepared from cellulose. Cellulose found in natural fibres such as hemp 

is considered eco-friendly, renewable, and bio-compatible compared to synthetic polymers. 

Even with all the advantages associated with cellulose, its use has not been fully explored and 

this is due to its limited solubility in many solvents thus cannot be easily fabricated into 

polymer nanofibres. Compounding cellulose nanocrystals with other polymers such as 

polyvinyl alcohol makes it possible to produce fibres using the electrospinning technique. The 

production of bead-less fibres with smaller diameters using the electrospinning technique is 

crucial for various applications. Fibres formation can be affected by the following 3 main 

parameters: (a) ambient conditions (temperature), process parameters (applied voltage,) and 

lastly solution parameters (concentration). Thus, optimization of parameters is essential to 

produce desired fibres. Another problem that directly affects human health is the resistance of 
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microorganisms towards commonly used antibiotics due to the misuse and overuse of 

antimicrobials. Factors such as inadequate sanitary conditions, poor infection control, and 

inappropriate food-handling encourage the spread of antimicrobial resistance. The speed of 

new antibiotics development can't keep pace with the growth of bacterial drug resistance, which 

leads to increasingly serious antimicrobial resistance. The resistance of microorganisms often 

leads to increased mortality, prolonged hospitalisation, and higher medical costs. 

 

Due to the above-mentioned problems with the resistance of bacteria towards commonly used 

antibiotics and the disadvantages that comes with using silver nanoparticles and essential oils 

in their pure state. This study will focus on the incorporation of silver nanoparticles and 

Eucalyptus oil into PVA/CNC composite polymer nanofibres for antimicrobial application.  

 

1.4. AIM AND OBJECTIVES 

Aim 

To evaluate the antibacterial efficiency of silver nanoparticles and eucalyptus oil incorporated 

into PVA/CNC polymer nanofibres.  

Objectives  

 To analyse the total phenol and flavonoid content of aqueous extract of Citrus sinensis 

peels. 

 To synthesize silver nanoparticles using Citrus sinensis peels extract and characterize 

them using TEM, XRD, UV-Vis, and FTIR spetroscopy. 

 To extract cellulose from hemp fibres and to characterize the hemp fibres before and 

after extraction using FTIR spectroscopy, XRD, and SEM. 

 To synthesize cellulose nanocrystals from the extracted cellulose and to characterize 

the isolated cellulose nanocrystals using FTIR, XRD, and TEM. 

 To fabricate PVA/CNC polymer blend optimizing the concentration of CNC (1, 2, 

and 3%) and optimization of voltage (20, 25, and 30 kV).  

 To incorporate different concentrations (1, 2, and 3%) of silver nanoparticles into the 

PVA/CNC composite polymer nanofibres.  

 To incorporate different concentrations of the eucalyptus oil (1, 2, and 3%) into the 

PVA/CNC composite polymer nanofibres. 

 To incorporate both silver nanoparticles and eucalyptus oil into PVA/CNC composite 

polymer nanofibers. 
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 To characterize the PVA/CNC composite polymer nanofibers, the PVA/CNC 

composite polymer nanofibres loaded with Ag nanoparticles and lastly the PVA/CNC 

composite polymer nanofibres loaded with eucalyptus oil for using FTIR, SEM, TEM, 

XRD, and thermal properties using TGA.  

 To determine the efficacy of the Ag nanoparticles and the eucalyptus oil loaded 

polymer blends against S. aureus and K. pneumoniae. 

 

 

CHAPTER TWO 
 

 

2. RESEARCH METHODOLOGY 

2.1. Materials and chemical reagents 

Hemp fibres were collected from the Institute of Chemistry and Biotechnology, Vaal 

University of Technology, Sebokeng campus in the Gauteng Province of South Africa. The 

hemp materials were washed with distilled water, to remove impurities and oven dried at 50 

°C for 24 hours. All the chemicals were of analytical grade and were all purchased from Sigma 

Aldrich. Sodium hydroxide pellets, silver nitrate (99.8%), sodium chlorite (0.7 % ), sulphuric 

acid (95-97%), Folin ciocalteu reagent, gallic acid (97.5 %), aluminium chloride, ammonia 

(32%), quercetin (>95.5 %), methanol (99.5 %), sodium carbonate (99 %). Nutrient broth, 

Muller Hinton Agar, and the bacteria culture were acquired from the Department of 

Biotechnology laboratories, Vaal University of Technology, South Africa.   

2.2. Experimental procedures 

2.2.1. Preparation of plant extract from Citrus sinensis peels. 

(a)  Plant extract preparation 

Citrus sinensis peels were collected, air dried, and ground to a fine powder using a grinder. 

Different concentrations (1, 2, and 3 % m/v) of the plant extract were prepared by briefly 

immersing the ground citrus sinensis peels into ultra-pure water. The mixture was boiled on 

the stove at 50 ℃ for approximately 40 minutes. The mixture was allowed to cool, centrifuged, 

and filtered using the Whattman No 1 filter paper. The supernatant was stored at 4 ℃ until the 

experiments were conducted.  
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(b)  Determination of the Total Phenolic content (TPC) 

The total phenolic content in the different concentrations (1, 2, and 3 % m/v) of the plant 

extracts of the Citrus sinensis was evaluated using the Folin ciocalteu reagent. Briefly, 0.5 mL 

of the plant extract was mixed with 0.5 mL Folin ciocalteu reagent. This was followed by 

adding 8.5 mL distilled water. UV-Vis spectroscopy was used to measure the absorbance at 

725 nm and the results were compared to the gallic acid calibration curve (y=0.1180-0.058 

r2=0.998). The total phenolic content (TPC) was expressed as gallic acid equivalent (Cappellari 

et al., 2013). 

(c) Determination of the Total flavonoid content (TFC) 

The total flavonoid content in the increasing concentration (1, 2, and 3 % m/v) in the Citrus 

sinensis was determined using the aluminium chloride colorimetric method briefly 0.5 mL of 

the extract was mixed with 10% aluminium chloride prepared in methanol and this was 

followed by the addition of 0.1 mL of 1.0 M potassium acetate. The mixture was allowed to 

stand for 60 minutes and the absorbance was measured at 510 nm. Quercetin was used to 

prepare the calibration curve and the results were expressed as mg quercetin equivalent per g 

dry weight (Khaleghnezhad et al., 2019). 

2.2.2. Synthesis of silver nanoparticles using Citrus sinensis peels extracts 

AgNO3 solution (0.15 M) was prepared in 20 mL ultra-pure water. The silver nitrate solution 

was transferred into a 250 mL three-neck flask followed by the addition of 40 mL Citrus 

sinensis aqueous extract (1 %). Ammonia solution was added dropwise to adjust the pH to 10. 

The solution was allowed to stir at room temperature for 2 hours, thereafter it was centrifuged 

at 5000 rpm for 20 minutes. The synthesized silver nanoparticles were re-dispersed in methanol 

and centrifuged to remove impurities. Finally, silver nanoparticles were collected, dried at 

room temperature, and characterized. Silver nanoparticles capped with 2 % and 3 % Citrus 

sinensis were synthesized using the same method.  

2.2.3. Extraction of cellulose 

Dried hemp fibres were alkaline treated according to a method developed by (Mohamed et al., 

2017) with slight modification. Briefly, 10 g of the fibres was mixed with 5 % NaOH at 80 ℃ 

for two hours under continuous stirring. The resultant fibres were washed with distilled water 

until pH 7 was achieved. The alkalization treatment was followed by the bleaching process, 

and this process was carried out by briefly immersing the fibres in NaClO2 (0.7 %) v/v and 

continuously stirring the mixture for 2 hours at 80 ℃. The bleaching process was repeated 
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about twice until a snowy white powder was achieved, this was followed by washing with 

distilled water until a pH of 7 was achieved. 

2.2.4. Synthesis of cellulose nanocrystals 

A method developed by (Chen et al., 2016) was followed for the synthesis of cellulose 

nanocrystals from the cellulose powder that was extracted according to method 1. Briefly, 1.0 

g of the cellulose powder was dispersed in 100 mL H2SO4  (64 %) v/v. The mixture was allowed 

to stir for 45 minutes at 45 ℃. The resultant solution was centrifuged to wash away the excess 

sulphuric acid using distilled water. The cellulose nanocrystals were washed until pH 7 was 

obtained. 

2.2.5. Fabrication of polymer fibres 

(a) Fabrication of CNC/PVA blended polymer fibres using the electrospinning 

technique 

PVA was weighed and dissolved in water to prepare 10 % (wt/wt). The solution was allowed 

to stir for 25 hours at 50 ℃ until complete dissolution. The concentration of PVA was chosen 

according to a method by (Luzi et al., 2014). Different amounts of CNC (1, 2, and 3 %) that 

were prepared according to the method described above, ware added to the PVA solution and 

stirred for two hours at room temperature. The different concentrations of CNC were added to 

optimize the concentration. The solutions were electrospun to produce polymer nanofibres. The 

optimum concentration of the CNC was further used to optimize the voltage, the voltage was 

varied from 15-25 kV. 

(b) Incorporation of Ag nanoparticles into CNC/PVA fibres using electrospinning 

technique  

A polymer solution containing 2 % CNC and 10 % PVA was prepared by dissolving the 

CNC/PVA powder in distilled water. The resultant solution was stirred for 2 hours at 70 ℃ 

until a homogeneous solution was attained. Different concentrations of AgNPs (1,2 and 3 %) 

m/v were added into the polymer solution. The resultant solution was stirred until a uniform 

solution was achieved and electrospun using the optimum conditions. 

(c) Incorporation of eucalyptus oil into CNC/PVA fibres using the electrospinning 

technique 

A polymer solution containing 2 % wt/w CNC and 10 % wt/wt PVA was prepared by dissolving 

the CNC/PVA powder in distilled water. The resultant solution was stirred for 2 hours at 70 ℃ 

until a homogeneous solution was attained. Different concentrations of eucalyptus oil (1, 2, 
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and 3 % m/v ) were added into the polymer solution. The resultant solution was stirred until a 

uniform solution was achieved and electrospun using the optimum conditions (Bonadies et al., 

2019). 

2.2.6. Antimicrobial activity: Minimum inhibitory concentration (MIC) of Ag 

nanoparticles 

The antibacterial activity of the synthesized silver nanoparticles using different concentrations 

of Citrus sinensis (1, 2, and 3 %) was tested against both gram-positive and gram-negative 

bacteria, namely S. aureus and K. pneumonia respectively. MIC was carried out to evaluate the 

lowest concentration of the silver nanoparticles required to prevent the visible growth of the 

microorganisms. Neomycin was used as positive control and water/Extract was used as a 

negative control. Briefly in this test, a multichannel pipette was used to pour 100 μl of the 

prepared Mueller Hinton broth into all the wells of the 96 well plate, this was followed by the 

addition of 100 μl silver nanoparticles (1 mg/mL) into the first row of the 96 well plate. Serial 

dilution of the silver nanoparticles /neomycin was done by taking 100 μl of the solution in the 

first row and transferring it into the second row of the plate and taking the 100 ul of the solution 

in the second row and transferring it into the third row, this dilution was carried out until the 

last row of the 96 well plate to prepare decreasing concentration solution of the silver 

nanoparticles. 100 μl of the prepared microbial (S. aureus / K. pneumoniae) suspension (1.0 x 

106 Cfu/mL) was added in all the wells of the 96 well plates. Lastly 50 μl of the 0.2 mg/mL of 

the p-iodonitrotetrazolium chloride (INT) was added also in all the wells of the plate as an 

indicator. The plates were incubated at 37 ℃ for 24 hours and Activity was recorded as the 

blue colouration (Behravan et al., 2019). 

2.2.6.1.Antimicrobial activity of Ag nanoparticles/Eucalyptus oil/CNC/PVA nanofibres. 

The disk diffusion method was used to assess the antimicrobial activity of Ag/CNC/PVA 

nanofibres. A sterile cotton swab was used to apply the bacterial culture onto the agar plate 

containing Mueller Hinton. PVA nanofibres (no CNC), PVA/CNC nanofibres (No AgNPs), 

and AgNPs/CNC/PVA polymer nanofibres were placed under ultraviolet for a minute to 

disinfect them. The fibres were cut into small disks (5 mm) and placed onto the Petri plate 

containing the bacterial culture. Neomycin was used as a positive control. The plates were 

incubated over at 37 ℃ under continuous stirring. The formation of a halo around the fibres 

disk on the plates is referred to as the zone of inhibition and indicates the inhibition of growth 

against the bacteria (Alipour et al., 2019). 
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2.3.Instrumentation 

An ultraviolet-visible spectrophotometer (Perkin Elmer Lambda 25) was used to study the 

optical properties of the synthesized silver nanoparticles. The synthesized silver nanoparticles 

were dispersed in double-distilled water (1.0 mg/mL) transferred into 1.0 cm pathlength 

cuvettes and ran at a scan range of 200 - 800 nm. The double-distilled water was also used as 

a blank. Fourier-transform infrared spectrometer (Perkin-Elmer Spectrum 400 FT-IR) was used 

to study the functional groups present in the Citrus sinensis peels extract and also on the 

synthesized Ag nanoparticles. The sample was placed on a diamond sample holder and 

subjected to infrared radiation the measurements were taken in the region of 500 – 4000 cm−1. 

Transmission electron microscopy (JEOL JEM-2100) operated at 80 kV was used to study the 

morphology of the synthesized silver nanoparticles, the samples for TEM analysis were 

prepared by dispersing the silver nanoparticles in distilled water, placed on a copper grid dried 

under the infrared lamp. X-ray diffraction (FEI TECNAI SPIRIT) secondary graphite 

monochromated Co K alpha radiation (l = 1.7902 Å) was used to study the crystallinity nature 

of the synthesized dried powdered cellulose nanocrystals, silver nanoparticles, and polymer 

nanofibres. The scattered radiation was detected in the range 2θ= 10°-60°at a scan rate of 

2°/min. The Segal equation given below in equation 1 was used to study the crystallinity index 

(CRi) of all the isolated cellulose nanocrystals, where I200 represented the maximum intensity 

and Iam was the peak at 2θ=18 

Equation 2.1: Crystallinity index (CrI): =
𝐼200−𝐼𝑎𝑚

𝐼200
 

The Scherrer equation given below was used to study the crystal size of the synthesized silver 

nanoparticles. Where θ is the diffraction pattern, K = 0.94 (correction factor), λ is the corrected 

angular width in radians at half maximum intensity. 

Equation 2.2: Crystal size (W) = 
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

Scanning electron microscopy (SEM, JEOL Model JSM − 6390LV) was used to study the 

surface morphology of the neat fibres and the fibres incorporated with the essential oil and the 

silver nanoparticles. The fibres were coated with platinum as a conductive material that 

improves images quality, placed on the sample holder and the analysis was performed at an 

accelerating voltage of 5 kV. 
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CHAPTER THREE 
 

3.0. RESULTS AND DISCUSSION 

 

3.1. Total phenolic and flavonoid content  

The total phenolic and flavonoid content of Citrus sinensis extracts are shown in Figure 3.1. 

The total phenolic content ranged from 31-78 mgGAE/mg and the flavonoid content ranged 

between 7-32 mg QAE/mg. The highest concentration for both phenols and flavonoids was 

found in the 3 % m/v extract probably due to the high plant material that was immersed in 

water. Thus the extract can be used both as a reducing and stabilizing agent for the synthesis 

of silver nanoparticles compared to the 1 % and 2 % m/v. In other similar studies, Jridi et al., 

(2019) analysed both the total phenolic and flavonoid content in the dried orange peels extracts, 

the results that were observed for the total phenolic and flavonoid content were 8.86 GAE/g 

and 6.30 GAE/g, respectively. These results are different compared to our study. The difference 

observed might be due to several factors such as the climate, seasons, and geographical 

conditions of the locations (A. F. Ahmed et al., 2019). 

 

Figure 3.1: The total phenolic content in different concentrations (1, 2 and 3% m/v) of Citrus 

sinensis. Data are mean ± SD (n=3). 
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3.2. Green synthesis of Ag nanoparticles using Citrus sinensis peels extract and their 

antibacterial activity. 

Silver nanoparticles have attracted considerable attention due to their unique optical, electronic 

and antibacterial activity. Various chemical and physical methods have been used to synthesize 

silver nanoparticles. However, these approaches may require toxic chemicals and are 

considered toxic to the environment. In this section, silver nanoparticles were synthesized using 

an increasing concentration of the aqueous extract of Citrus sinensis peels.  

3.2.1. UV–Visible spectral analysis 

 UV–Vis spectroscopy was used to evaluate the formation of the silver nanoparticles. Figure 

3.2 below shows the UV-Vis spectra of silver nanoparticles synthesised using the increasing 

concentration (1, 2, and 3 %) of Citrus sinensis. A colour change of yellow to dark brown 

(scheme 3.2)  was observed at pH 10 when both the Citrus sinensis and AgNO3 were mixed . 

This illustrates the successful reduction of Ag+ ions to produce silver nanoparticles (Thomas et 

al., 2019). 

 

Scheme 3.1: Pictures showing the colour change of the solution when the orange peels extract 

is mixed with silver nitrate to form silver nanoaparticles (brown). 
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Figure 3.3: UV/Visible absorption spectra of Ag nanoparticles synthesized using three 

concentration of Citrus sinensis, (a) 1 %, (b) 2 % and (c) 3 % m/v for two hours at room 

temperature. 

All the samples as shown in Figure 3.2 showed the surface Plasmon resonance (SPR) 

absorption band which is a characteristic for all Nobel metals including silver (Bindhu & 

Umadevi, 2013). The SPR peaks for the three concentrations occurred at the same wavelength 

of approximately 420 nm. The position of the SPR band gives more information about the 

shape and size of the synthesized silver nanoparticles and according to the results, the SPR 

bands shifted to lower wavelengths compared to the bulk material which absorbs at a 

wavelength of 1000 nm thus showing a decrease in particle size. Silver nanoparticles of smaller 

sizes are known to have a large surface-to-volume ratio thus giving the desired physical, 

chemical and biological properties (Chahar et al., 2018).   

3.2.2. FT-IR spectroscopic analysis 

FTIR spectroscopy was used to investigate the presence of the different functional groups that 

are present in the aqueous Citrus sinensis peels extracts. FTIR was also used to confirm the 

functional groups involved in both the reduction of the silver ion and stabilization of the silver 

nanoparticles. Figure 3.3 shows the FTIR spectra of the aqueous Citrus sinensis peels extracts 

and the synthesized silver nanoparticles. The band at 3400 cm-1 is due to the presence of O-H 

band of the phenolic compounds and carbohydrates, the band at 2900 cm-1 is due to the C-H 
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band of the stretching vibration of the aliphatic hydrocarbons chains, either from the methylene 

or methyl group from the lipids in the aqueous extract. The band at 1600 cm-1 is due to the 

C=O stretch vibration of the phenolic compounds in the aqueous extracts such as aromatic 

alkenes. The band at 1400 cm-1 is a characteristic of the amide band. The strong peak at 1100 

cm-1 is due to the C-N stretching vibration of aromatic amines and the band at 900 cm-1 is 

attributed to the O-H bonding. The FTIR spectrum for the three different silver nanoparticles 

synthesized using the different concentrations of the Citrus sinensis peels were similar to that 

of the aqueous extract of Citrus sinensis, however, a shift in peak position was observed. A 

decrease in intensities of the peaks was also observed especially the OH band at 3500 cm-1. 

 

The results described above suggests that the orange peels extract contains bio-molecles with 

functional groups such as the O-H and COOH. These functional groups are responsible for the 

reduction of the Ag+ to  Ag0,  also they act as stabilizing agents (Ren et al., 2019). This was 

further confirmed by the absorption bands that appear on the FTIR spectra of the AgNPs 

(Chahar et al., 2018). The results also correspond to the results given in Figure 3.1 where both 

the total phenolic and flavonoid content were quantified. Schematic diagram 3.2 given below, 

shows the proposed mechanism in which the silver ion (Ag+) interacts with the bio-molecules. 

Briefly, the electron is released from an enol of a phenolic compound. The electron released 

during the breaking of the H from the –OH bond reduces the Ag+ to Ag0 which is the silver 

nanoparticles. The shift in –OH band at around 3500 cm-1 in the FTIR spectra confims the 

proposed mechanism. (Logeswari et al., 2015).  

 

Scheme 3.2: Proposed mechanism for the synthesis of silver nanoparticles using the extract of 

Citrus sinensis peels 
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Figure 3.4: FTIR spectra of the plant extracts and silver nanoparticles synthesized using 

different concentration of Citrus sinensis peels extract  (a) 1 %, (b) 2 %, (c) 3 % m/v and (d) 

Citrus sinensis peels extract 

3.2.3. Transmission electron microscopic analysis 

The morphology of the synthesized nanoparticles was evaluated using transmission electron 

microscopy (TEM). TEM images of the silver nanoparticles using the different concentrations 

of Citrus sinensis are presented in Figure 3.4. According to Figure 3.4 (A) and (B) the 

synthesized nanoparticles were agglomerated, with those synthesized using 1 % Citrus sinensis 

peel extract being the most agglomerated. Low concentration of the citrus sinensis peels (1 and 

2 % m/v) means low concentration of the biological compound (Figure 3.1) thus the compunds 

are not efficient enough for the stabilization and dispersion of the nanoparticles. The silver 

nanoparticles synthesized using 3% Citrus sinensis were found to be polydispersed and 

spherical Figure 3.4 (C), with a particle size distribution of 5 to 25 nm. Thus as the 

concentration of the Citrus sinensis peels increased, the agglomeration decreased. The high 

conentraion of the Citrus sinensis peels (3 % m/v) does not only accelerate Ag+ but it is also 

more effective in preventing aggregation. The synthesized nanoparticles were found to have 

smaller particle sizes compared to other similar studies. Basavegowda & Rok Lee, (2013) 

synthesized silver nanoparticles using the Citrus unshiu, the average particle size was 20 nm. 

Majumdar et al., (2020) reported the synthesis of silver nanoparticles using Citrus macroptera 
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extract and their observed TEM images displayed particles with an average particle size of 16 

(±2.96) nm.  

 

Figure 3.5: TEM images of silver nanoparticles (A, B, and C) synthesized using different 

concentrations of Citrus sinensis 1, 2, and 3 % m/v respectively and particle size distribution 

of silver nanoparticles synthesized using 3 % m/v Citrus sinensis peels extract. 

3.2.4. XRD analysis 

XRD spectroscopy was used to study the crystallinity of the synthesized nanoparticles and their 

structures. Figure 3.5 shows the XRD patterns of the silver nanoparticles synthesized using the 

different concentrations of Citrus sinensis. According to Figure 3.5, four diffraction peaks with 

2 theta values were observed at 38, 44, 64, and 80° respectively. The diffraction peaks can be 

indexed to 111, 200, 220, and 311 (JCPDS file NO. 04-0788) this proves the formation of silver 

nanoparticles. Samrot et al., (2018) reported a similar characteristic peak when they 

synthesized silver nanoparticles using edible fruits. Konwarh et al., (2011) also reported a 

similar XRD pattern when they synthesized silver nanoparticles using the Citrus sinensis peels 

extracts. The XRD patterns were further used to evaluate the crystallite sizes of the silver 

nanoparticles, the following sizes were observed 5.3, 5.1 and 4.9 nm for 1 %, 2 % and 3 % m/v 

AgNPs respectively. There is a decrease in size as the concentration is increased. Although the 

decrease was slight and could be influenced by the small intervals of the concentrations used. 

The calculated average particle size from the TEM images (Figure 3.5) were found to be 

different from the XRD sizes. This is because TEM images are obtained by placing a drop of 
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a sample onto the carbon film thus the drop cannot adequately represent the bulk of the sample 

and XRD technique is considered a bulk technique, further on nanoparticles can be 

polycrystalline (contain multiple crystalline domains)  thus the crystalline domain does not 

necessarily corresponds to the particles size (Chahardoli et al., 2018).  

 

Figure 3.6: XRD diffraction patterns of silver nanoparticles synthesized using different 

concentrations of Citrus sinensis (a) reference spectra of silver (b) 1 %, (c) 2 % and (d) 3 % 

m/v. 

3.2.5. Anti-bacterial activity of the synthesised nanoparticles 

The antimicrobial activity of the synthesised nanoparticles was evaluated using MIC which is 

defined as the minimum concentration of the sample required to inhibit growth against the 

tested microorganisms. The synthesised nanoparticles (AgNPs 1, 2, and 3 %) were tested 

against gram-negative K pneumoniae and gram-positive Staphylococcus aureus (S. aureus). 

While neomycin was used as a positive control. According to the results are given in Table 1.1, 

all the synthesised silver nanoparticles were found to have antimicrobial activity against both 

K. pneumonia and S. aureus. This was probably because silver nanoparticles can change both 

the chemical and physical properties of the cell walls and cell membranes. This is achieved by 

attaching themselves onto the cell which is negatively charged and as a result disturbs the 

important functions such as respiration and osmoregulation (Sharma et al., 2009a). Further on 
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the synthesised nanoparticles causes damage within the bacteria cell by interacting with 

proteins and DNA after they permeate the bacteria cell wall (Ahn et al., 2019).  

The synthesised nanoparticles and the neomycin which was used as a positive control were 

found to have higher antimicrobial activity against gram-negative K. pneumonia compared to 

the gram-positive S. aureus. Logeswari et al., (2015) also reported a similar trend when they 

synthesized silver nanoparticles using the Citrus sinensis peels extracts, their silver 

nanoparticles were found to have higher antimicrobial activity against gram-negative K. 

pneumonia compared to the S. aureus.  The high activity that was observed against the gram-

negative bacteria was attributed to the cell wall. Gram-negative bacteria are known to have 

thinner walls as compared to the gram-positive bacteria thus easier to permeate (Dakshayani et 

al., 2019; Vigneshwaran et al., 2007); On the other hand, silver nanoparticles cannot easily 

permeate and interact with gram-positive bacteria S. aureus due to the rigid structure that comes 

about the thick peptidoglycan which consists of peptides cross-linked together giving linear 

and chains of polysaccharides (Rashid et al., 2019). The synthesised silver nanoparticles gave 

better activity compared to the neomycin that was used as a positive control. The difference in 

activity was due to the fact that silver nanoparticles are known to be smaller in size and have a 

higher surface area. Therefore they have a higher adsorption capacity thus more likely to 

interact with bio-molecules (Ren et al., 2019; Sharma et al., 2009b).  

 

According to Table 3.1 above, 3 % Ag nanoparticles gave the lowest MIC values of 0.06250 

and 0.1250 mg/mL against K. pneumoniae and S. Aureus respectively. While 1% Ag 

nanoparticles gave 0.2500 mg/mL for both the K. pneumoniae and S. aureus. The high 

antimicrobial that was observed with 3 % AgNPs was due to the small size of the silver 

nanoparticles as shown in the TEM images in  Figure 3.4 compared to the other silver 

nanoparticles that were synthesized using 1 % and 2 % AgNPs at were found to be 

agglomerated  (Hernández-morales. et al., 2019). Smaller nanoparticles are known to have high 

surface area thus can easily interact with the cell,  permeate and destroy the cell (Jemilugba et 

al., 2019). 
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Table 1.1: Antibacterial activity of silver nanoparticles synthesized using different 

concentrations of Citrus sinensis peels extract 

 

Test organisms 

Silver nanoparticles (mg/mL) 

1% AgNPs-Cs 2% AgNPs-Cs 3% AgNPs-Cs Neomycin 

Staphylococcus aureus 0.2500   0.2500 0.1250 2.5000 

Klebsiella pneumonia 0.2500 0.1250 0.0625 0.6250 

 

3.3. Synthesis of cellulose nanocrystals (CNCs) from hemp fibres 

In the previous section, green synthesized Ag nanoparticles showed desirable antibacterial 

activity towards both the bacterial strains, however, the reported toxicity of Ag nanoparticles 

when applied in their pure state cannot be ignored. The challenges that accompany the 

application of AgNPs in their pure state can be overcome by the incorporation of these AgNPs 

into polymer fibres. In this study, the synthesised AgNPs were incorporated into the PVA/CNC 

polymer fibres. In this section, cellulose was extracted from hemp fibres using an alkaline 

solution and bleach to remove the unwanted material. The extracted cellulose was further 

hydrolysed using sulphuric acid to prepare the cellulose nanocrystals.  

3.3.1. Extraction of cellulose from hemp fibres 

Schematic diagram 3:2 shows the images of the raw hemp fibres before and after treatment 

with NaOH, NaClO2, to remove lignin, hemicellulose, and other impurities such as pectin. The 

raw hemp fibres exhibited a brownish/yellowish colour which changed to pale yellow after the 

alkaline treatment with sodium hydroxide and pure white after bleaching with NaClO2. The 

change in colour during different stages of the treatment is due to the difference in chemical 

composition such as hemicellulose, lignin, and cellulose. Both the NaOH and NaClO2 are 

known to remove all the impurities, lignin, hemicellulose, pectin and waxed as shown in the 

FTIR spectra  Figure 3.5 with the disappearances of peaks at around 1200 cm-1 and 1700 cm-1, 

as the treatment progressed. The change in colour was due to the treatment with NaClO2 which 

removed the phenolic compounds of the chromophore groups present in lignin through the 

oxidization of the quinoid and carbonyl structure of lignin (Wu et al., 2019) 
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Scheme 3.3: Pictures showing the ground hemp fibres (A) after the alkaline treatment (B) and 

after bleaching (C) 

(a) Scanning electron microscopic (SEM) analysis  

SEM was used to demonstrate the effect treatment using the alkaline solution and bleach has 

on the morphology of the hemp fibres. According to Figure 3.6 which shows the untreated raw 

hemp fibres, their strands were bound together in bundles with some smooth surface due to the 

presence of oils, waxes and other cementing material on the surface (Haghighatnia et al., 2017). 

The oil and waxes further cover the cellulose from interacting with any material. Treatment 

Figure 3.6. (B) resulted in a rougher surface and the diameter of the fibres was reduced which 

shows that some of the non-cellulosic material was removed (Sillard et al., 2017).  

 

 

Figure 3.7: SEM images of hemp fibres before (A) and after treatment (B). 

(b) FTIR spectroscopic analysis 

FTIR spectroscopy was used to study the functional groups of hemp fibres, before and after 

treatment with NaOH and NaClO2 and the results are shown in Figure 3.7 below. Both the 

treated and untreated fibres showed characteristic peaks of cellulose. The broad peak observed 

at around 3500 cm-1 can be assigned to the stretching O-H group while the peak at 2900 and 
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1640 cm-1 can be assigned to the sp3 C-H stretching vibration and the OH bending of the 

absorbed water respectively (Yang et al., 2020). The absorption band at around 1400 cm-1 can 

be assigned to the C-H2 symmetric bending. The band at 1300 cm-1 can be assigned to the 

bending vibration of C-H and C-O groups of the aromatic ring in polysaccharides. Lastly, the 

peaks at around 1000 cm-1 can be attributed to C-O and OH (Kalpana & Perarasu, 2020). 

There was a complete disappearance of an absorption band at around 1700 cm-1 which was 

present only in the pure hemp fibres following both the alkaline and bleaching treatment, the 

disappearance of the peak can be assigned to C=O of the ferulic and p-Coumaric acid of lignin 

and the hemicellulose or the acetyl group in hemicellulose. Thus the disappearance of this 

peaks indicates the removal of both the lignin and the hemicellulose (Gao et al., 2019),). 

Further on, the spectra showed the disappearance of another peak at around 1200 cm-1  which 

can be assigned to the C-O stretching of the aryl group in lignin and the CO-OR stretching 

vibration of hemicellulose (Gabriel et al., 2020; Melikoğlu et al., 2019). Another peak at 

around 820 cm-1 which can be assigned to the wagging vibration of the CH in the 1.4-

substitutional aromatic ring in lignin was also found to have disappeared after treatment. 

 

Figure 3.8: FTIR spectra of (a) untreated raw hemp fibres, (b) alkaline, and (b) bleached hemp 

fibres. 
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(c) XRD analysis 

Powder XRD was used to establish the change in crystallinity of hemp fibres after treatment 

with NaOH and NaClO2. The XRD patterns of the raw hemp fibres before and after treatment 

(alkaline and bleaching) are given in Figure 3.8. There are 4 peaks at around 2θ values of 15, 

16 23, and 34. The peaks at 15 and 16 correspond to (110) and (110) the other peaks at 23 and 

34 corresponds to (200) and (004) planes. The large distinct peak at 2θ value of 23 corresponds 

to the crystallographic planes of cellulose I (I200) (Zhang et al., 2020). Significant changes can 

be observed regarding the intensity of the peaks from the raw hemp fibre, all the way to the 

bleached fibres. Further on, as the treatment progressed from alkaline to bleaching, the peak 

around 16 for which was observed with the untreated hemp fibres developed into two distinct 

peaks and this can be attributed to the high concentration of cellulose. Since when compared 

to the untreated hemp fibres, the peak at 16 ° was broad and this was due to the amorphous 

material such as the amorphous cellulose, hemicellulose, and lignin.  The XRD pattern 

corresponds with the FTIR spectra in  Figure 3.7 were the characteristic peaks of cellulose 

structure were observed in all the FTIR spectrum before and after treatment. The crystallinity 

index for the raw hemp fibres, alkali-treated fibres, and the bleached fibres was calculated 

according to the equation given in Equation 2.1 and it was found to be 28.97, 56.59, and 59.06, 

respectively. The increase in crystallinity as the treatment continued can be attributed to the 

relaxation of the cellulose chains and also better packing of the cellulose chains due to the 

removal of the amorphous constituents (John & Thomas, 2008). The increase in crystallinity 

index shows an improvement in chemical and thermal stability.  
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Figure 3.9: XRD patterns of the reference spectra of cellulose (a), raw hemp fibres (b) alkaline 

teated hemp fibers (c) and bleached hemp fibers (d) . 

 

3.3.2. Synthesis of cellulose nanocrystals from the extracted cellulose 

(a) FTIR spectroscopic analysis 

The effect that hydrolysis has on the chemical structure and composition of the extracted 

cellulose (Bleached hemp fibres) was studied using FTIR spectroscopy and the results were 

compared to that of commercial cellulose. In general, no significant difference was observed 

between the FTIR spectra of the bleached fibres Figure 3.8 cellulose nanocrystals (CNC), and 

commercial cellulose Figure 3.9. The absorption band at 3500 cm-1 can be assigned to the O-

H stretching group of the intramolecular hydrogen bonds in cellulose (i). The bands between 

2800-2900 cm-1 can be attributed to the asymmetric and symmetric aliphatic CH2 and CH3 

stretching vibrations (Baskar et al., 2018). The band at around 1600  cm-1 can be assigned to 

the bending mode of adsorbed moisture on the surface of the samples and as well as the 

carboxylate group (Wang & Zhao, 2021). The band at 1400 cm-1 can be attributed to the CH2 

asymmetric bending motion in cellulose. The absorption band at 1350 cm-1 was due to 

asymmetric C-H deformation and the band at 1300 cm-1 may be due to the CH2 wagging. The 

band at around 1160 cm-1 can be assigned to C-O-C asymmetric bridge stretching vibration in 



51 
 

the cellulose structure (Singh et al., 2020). The peak at 1020 cm-1  was due to the C-C and C-

O stretching in cellulose. This suggests that the cellulose nanocrystals were synthesised from 

the extracted cellulose (Ba, 2020). 

 

Figure 3.10: FTIR spectra of cellulose nanocrystals (a) synthesised by hydrolysing the 

extracted cellulose using sulphuric acid compared to the FTIR spectrum of commercial 

cellulose (b). 

(b) XRD analysis 

Figure 3.10 shows the XRD patterns of the cellulose nanocrystals (CNC’s) isolated from the 

treated hemp fibres using sulphuric acid and commercial cellulose. The XRD pattern of the 

CNC’s and the synthetic cellulose showed similar peaks at 16.5, 22.5, and 34.5 o which were 

also observed in  Figure 3.8. This proves that the cellulose structure was still not destroyed 

after hydrolysis with the sulphuric (Bao et al., 2021; Khanjanzadeh et al., 2019) The 

crystallinity index of the isolated CNC’s was found to be 70.92. The increase in the crystallinity 

index was due to the release of the crystallites segments from the cellulose chains, which takes 

place when the hydronium ion (H30
+) from the sulphuric acid penetrated readily into the 

amorphous region of the extracted cellulose to cause hydrolytic cleavage of the β-1,4-

glycosidic linkages in the cellulose. The high crystallinity index also means high mechanical 

strength and also means better reinforcements for composites (Chougan et al., 2020; Prasanna 

& Mitra, 2020; Verma et al., 2021). 
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Figure 3.11: XRD patterns of synthesized cellulose nanocrystals (a) and pure cellulose (b) 

(c) Transmission electron microscopic (TEM) analysis of CNC 

The structure of the isolated CNC’s from the hemp fibres was elucidated using transmission 

electron microscopy as shown in Figure 3.11 below. According to the micrograph, the isolated 

CNC’s presented needle-like structures with some degree of agglomeration. This shows that 

the sulphuric acid managed to hydrolyse the amorphous part of the cellulose leaving behind 

the crystalline part. The overlapping of the individual CNC’s as shown in the TEM image made 

the accurate dimension measuring difficult.  Tan et al., (2015) also observed similar results 

when they tried to isolate CNC’s from cotton linters. According to their TEM results, some 

parts of the CNC’s were found to be agglomerated white the other part were found to be 

separated. Evans et al., (2019) isolated CNC’s from sugarcane bagasse and according to their 

results, the CNC’s were found to be spherical and agglomerated. 
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Figure 3.12: TEM micrograph of cellulose nanocrystals 

3.3.3. Fabrication of PVA/CNC polymer fibres using the electrospinning technique. 

In this study, the cellulose nanocrystals (CNCs) that were synthesized from the cellulose, was 

extracted from hemp fibres were blended with polyvinyl alcohol (PVA) to improve its 

conductivity and electro spinnability. The blending of PVA with CNC significantly improves 

the mechanical strength of PVA fibres, since CNC’s are stiff and contain many hydroxyl groups 

which render good compatibility with PVA molecules The blended fibres were also compared 

with unblended PVA fibres and lower percentages of CNCs were used as a result of pure CNC 

solution inability to electrospun. The 10 % PVA was deemed optimum for use and combined 

with 3 % of CNC’s. 

3.3.3.1.Comparison of neat PVA fibres and PVA/CNC polymer fibres 

(a) SEM of neat PVA and PVA/CNC 

Figure 3.12 shows the morphology of the electrospun fibres of neat PVA and PVA loaded with 

cellulose nanocrystals (10 % PVA/3 % CNC). Pure CNC solution produced no fibres as the 

solution was spraying which resulted in the formation of droplets on the aluminium foil. PVA 

solution, in contrast, yielded flat-like beaded free fibres Figure 3.12 (A). According to Figure 

3.12  (B) addition of CNC’s to PVA resulted in the fabrication of cylindrical, uniform, and 

beaded free fibres. Any concentration above 3% CNC was difficult to electrospun. This is due 

to the phase separation between the PVA and CNC and also the high viscosity of the resultant 

solution. The fibre diameter of the neat PVA 186 (±36) nm increased with the addition of the 

CNC’s 438 (±175) nm . The increase in fibre diameter was due to the increase in viscosity 
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when the cellulose nano-crystals were added to PVA (Zou et al., 2020). Ago et al., (2020) also 

observed an increase in the diameter of the fibres when they added lignin into PVA. 

 

Figure 3.13: SEM images of A) Pure PVA and B) PVA/CNC 

(b) FTIR spectroscopic analysis of PVA and PVA/CNC 

The FTIR spectra of CNC, PVA, and the bio-composite of PVA and CNC is shown in Figure 

3.13  . The spectra show common bands at 3500, 2900, 1400, and 1300 cm-1. The band at 3500 

cm-1 can be attributed to the OH- stretching while the band at 2900, 1400, and 1300 can be 

assigned to bending, stretching, rocking, and wagging modes of C-H bands. The absorption 

band at 1700 cm-1  can be assigned to the C=O from the poly acetate residue which was used 

as a starting material to produce PVA (Kim et al., 2019). The peak at 3500 cm-1, which is 

attributed to the hydroxyl (OH) stretching due to the intermolecular and intramolecular bonds. 

The addition of CNC to PVA caused a slight shift in the OH bands and this was due to the 

interaction between the OH in PVA and the OH found on the surface of the Cellulose nano-

crystals (Fortunati et al., 2013). The band at 2900 cm-1 corresponds to the alkyl group –CH 

stretching. The addition of CNC resulted in the appearance of two additional peaks at 1170 cm-

1 and 1030 cm-1. The band at 1030 cm-1 can be attributed to the asymmetric ring breathing 

mode of cellulose while the band at 1170 cm-1 can be assigned to the C-OH bending vibration 

s of alcohol found in cellulose. The absorption band at 850 cm-1 can be assigned to the β-1,4-

glycosidic linkages. 
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Figure 3.14:  FTIR spectra of Pure PVA (a), CNC (b) and PVA/CNC (c). 

(c) XRD analysis of PVA and PVA/CNC polymer fibres 

XRD was used to study the crystallinity of PVA, CNC’s, and the bio-composite of PVA/CNC. 

According to Figure 3.14  the diffractogram for PVA shows a strong peak at 19.8 ° and a 

shoulder peak at 22 ° which can be attributed to its crystalline structure (Koosha et al., 2019). 

PVA has another peak at 40 ° and that peak can be assigned to PVA’s amorphous region thus 

confirming the semi-crystalline nature of PVA (Popescu, 2017). The XRD pattern for cellulose 

nanocrystals showed four distinct peaks at 14.8 °, 16.5 °, 20.4  °, and 22° assigned to 101, 101, 

102, and 200 planes of cellulose respectively. The addition of CNC’s to PVA increased the 

intensity of the characteristic peak of PVA at around 23 °. Adding CNC to PVA reduces the 

amorphous region of PVA in the bio-composite material. The incorporation of CNC’s into 

PVA did not change the crystalline structure of PVA (Singh et al., 2018). Sriupayo et al., 

(2005) incorporated chitin whiskers into PVA nanocomposite films and according to their 

results, the nanocomposite became more crystalline as they increased the concentration of 

chitin whiskers.  
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Figure 3.15: XRD pattern of CNC’s (a), Pure PVA (b) and,  PVA/CNC (c) polymer fibres. 

 

3.3.3.2.Optimization of parameters 

(a) Optimization of the concentration of CNC’s (1, 2, and 3% m/v) in the PVA polymer 

fibres. 

Figure 3.15  shows the SEM of pure PVA fibres and PVA/CNC polymer fibres loaded with 

increasing content of CNC’s (1 %, 2  %, and 3 % m/v). According to the results, the fibres were 

more uniform compared to the pure PVA fibres. The improvement in the fibre structure may 

be due to better molecular interaction between PVA and CNC’s which results in more 

entanglement and more uniform flow upon fibre formation (Peresin et al., 2014). No obvious 

beads were observed on the fibres. The addition of cellulose nanocrystals PVA resulted in a 

decreased fibre diameter from 454, 441, and 438 nm for 1 %, 2 %, and 3 % CNC’s, respectively. 

This behaviour could be attributed to the increase in conductivity and viscosity. The increase 

in conductivity increases the electrostatic force which made it easier to overcome the surface 

tension of the polymer solution and allowing stretching of the polymer jet leading to 

homogeneous fibres. Cellulose nanocrystals are negatively charged due to the sulphate group 

present on the surface of the cellulose nanocrystals. Increasing concentration of CNC’s 

enhanced the conductivity of the polymer solution resulting in a decrease in fibre diameter. 
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Patel et al., (2020) added cellulose nano-crystals poly (lactic acid) and the diameter of the fibres 

decreased. Sobolčiak et al., (2017) also observed similar results when CNC was loaded into 

PVA polymers fibres. There was a decrease in diameter and this was due to an increase in 

conductivity. The PVA/CNC concentration of 3 % CNC’s was taken as the optimum 

concentration due to the beadles' fibres with a lower diameter compared to the other PVA/CNC 

with 1 % and 2 % CNC content. 

 

Figure 3.16: SEM images of the reinforced PVA nanofibres at different loading of CNC A) 1 

%, B) 2 % and C) 3 % wt/wt. And their respective distribution curves. 

 

(b) Optimization of the applied voltage 

Error! Reference source not found. Figure 3.16 shows the SEM images PVA/CNC polymer 

fibres. The concentration of PVA/CNC was 10:3 while the distance was kept constant at 10 

cm. The voltage was varied between 17 and 21 kV. According to the SEM images, the diameter 

of the fibres decreased as the voltage increased. At high voltage the ejected jet experience 

greater stretching which results to decreased fibre diameter. The decrease in fibre diameter may 

also be due to the rapid evaporation of the solvent. More et al., (2015) also observed a similar 

trend, where the diameter of the fibre decreased when they electrospun PVP and the voltage 

was increased. Although the diameter of the fibres decreased as the voltage increased, the fibres 

obtained when 21 kV was used showed visible beads. Thus 20 kV was taken as the optimum 

voltage. 

A C B 
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Figure 3.17: SEM images of PVA/CNC nanofibres at different voltages A) 17 kV, B) 20 kV 

and C) 21 kV and their distribution curves. 

3.3.4. Incorporation of silver nanoparticles into PVA/CNC polymer fibres at increasing 

concentration 

In this section, silver nanoparticles were incorporated into the PVA/CNC polymer fibres using 

the electrospinning technique to provide the controlled release of either the Ag+ or the AgNPs 

at effective levels. further on the incorporation of the AgNPs into the PVA/CNC polymer fibres 

enabled the fabrication of functionalized nanofibrous composite by combining the unique 

properties of both the nanofibers and AgNPs. The antibacterial activity of the PVA/CNC 

incorporated with the AgNPs was evaluated using gram-positive S. aureus and gram-negative 

K. Pneumoniae as models.  

(a) Scanning electron microscopic (SEM) analysis  

Figure 3.17 shows the SEM micrographs of PVA/CNC polymer fibres incorporated with 

increasing concentrations of silver nanoparticles (1  %, 2 %, and 3 % m/v). Uniform flat-like, 

beaded free fibres were obtained. The diameter of the fibres was found to decrease as the 

concentration of the silver nanoparticles loaded into the PVA/CNC polymer fibre was 

increased. The average fibre diameter was 385, 306, and 295 nm for 1, 2, and 3 % AgNPs 

respectively. The decrease in fibre diameter can be explained as follows; the Addition of silver 

nanoparticles into the PVA/CNC polymer solution increases the charge density of the ejected 
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jet thus strong elongation forces are exerted on the ejected jet resulting in fibres with a smaller 

diameter (Nguyen et al., 2011). Ren et al., (2017) also observed a decrease in the fibre diameter 

of Polyacrylonitrile polymer fibres (129 nm) when they incorporated silver nanoparticles (118 

nm). 

 

Figure 3.18: SEM image of variation of concentration of silver nanoparticles, 1 % (A), 2 % 

(B), and 3 % (C) incorporated into the PVA/CNC polymer fibres and their respective 

distribution curves. 

(b) FTIR spectroscopic analysis 

Figure 3.18 shows the FTIR spectra of PVA/CNC and PVA/CNC loaded with increasing 

concentrations of AgNPs (1 %, 2 %, and 3 % m/v). The spectra for all AgNPs-PVA/CNC 

showed all the PVA/CNC typical characteristic peaks at 3200, 900, 1400, and 1030 cm -1. The 

peak at 3500 cm-1   is attributed to the presence of the OH group stretching, 2900 cm -1: C-H, 

1416 cm -1: CH2, and 1100 cm -1  is related to the CH2 scissoring and stretching C-O.  According 

to the spectra, there was no obvious difference between the spectra of pure PVA/CNC fibres 

and the PVA/CNC loaded with AgNPs. However, the addition of the AgNPs into the 

PVA/CNC affected the PVA absorption bands at, 1244 and 1370 cm-1 which can be attributed 

to C-OH out-of-plane vibration and the coupling OH vibration, respectively. The change 

signifies interaction between the AgNPs and OH in PVA. Since no new peaks were observed, 

the FTIR spectra indicated that the addition of Ag nanoparticles does not affect the functional 

groups with the PVA/CNC (George et al., 2014). 
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Figure 3.19: FTIR spectra of PVA/CNC (a) incorporated with AgNPs 1 % (b), 2 % (c) and 3 

% wt/wt (d). 

(c) XRD analysis 

Figure 3.19 shows the XRD patterns of PVA/CNC polymers and PVA/CNC loaded with 

increasing content of silver nanoparticles (AgNPs-PVA/CNC).  The diffraction pattern shows 

five distinct peaks. The peak at approximately 2 theta, 20 o can be assigned to the PVA/CNC 

while the other peaks at 38, 44 , 65 and 78 o can be attributed to the reflection plane 111, 200, 

331, and 222 planes of metallic silver with a face-centred cubic lattice. Some of the peaks of 

AgNPs were not visible due to the resolution limit of XRD analysis (Abdel-Mohsen et al., 

2019). The XRD patterns of the PVA/CNC incorporated with the increasing amount of AgNPs 

were similar to that of the original synthesized nanoparticles before the incorporation Figure 

3.12  Which shows that the incorporation of the silver nanoparticles into the polymer fibres 

does not change the crystalline structure of the original synthesized silver nanoparticles. As the 

concentration of AgNPs increased, the main crystalline peak at 40 ° corresponding to the main 

plain at 111 increased. Augustine et al., (2018a)  observed a similar diffraction pattern when 

they incorporated silver nanoparticles into PVA polymer fibres. 
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Figure 3.20: X-ray diffraction pattern of Ag reference spectra (a) and PVA/CNC incorporated  

1 % (b), 2 % (c) and 3 % (d) AgNPs 

(d) Antibacterial assay: Disk diffusion 

The disk diffusion assay was used to study the antibacterial activity of PVA/CNC polymer 

fibres incorporated with increasing concentrations of AgNPs (1, 2, and 3 %). Gram-positive S. 

aureus and gram-negative K. pneumoniae were used as models. The disk diffusion assay was 

taken as a qualitative test, rather than a quantitative test since no defined halos were observed 

around the samples (Spagnol et al., 2018). The zone of inhibition is influenced by the degree 

of leaching of the silver nanoparticles from the PVA/CNC polymer fibres. According to the 

digital images shown in Figure 3.20, all the AgNPs-PVA/CNC exhibited antibacterial 

activities towards both the bacteria. This was due to the interaction between the silver 

nanoparticles and the constituents on the cell wall of the bacteria which result in structural 

changes and degradation that eventually leading to cell death (Sondi & Salopek-sondi, 2004). 

further on, the highest AgNPs 3 %, exhibited higher antibacterial activity compared to the 1 % 

and 2 % AgNPs-PVA/CNC. According to Xu et al., (2013) silver nanoparticles that are less 

than 15nm in size have efficient antibacterial activity as they can easily penetrate through the 

cell wall of the bacteria and interact with the sulfur/phosphorous compound on the DNA thus 

causing more damage. The antibacterial efficiency that was observed can be linked to the TEM 
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images given in Figure 3.4. The Silver nanoparticles that were synthesized using 3 % Citrus 

sinensis peels extracts had an average particle size of 12 nm while the other (2 % and 1 %) 

were found to be agglomerated thus unable to penetrate the inside of the bacteria. Aadil et al., 

(2018) also observed similar antibacterial results when they loaded silver nanoparticles into 

PVA/Lignin and tested their antibacterial activity against gram-positive (S. aureus ) and gram-

negative (B. Circulans). The PVA/lignin polymer fibres loaded with the AgNPs were active 

against both the bacterial strains, however, the halos were also not defined thus the zone of 

inhibition could not be measured. 

 

Figure 3.21: Digital images of petri-dishes of AgNPs-PVA/CNC inhibiting the growth of S. 

aureus and K .pneumoniae. 

3.3.5. Incorporation of eucalyptus oil into PVA/CNC polymer fibres under various 

concentrations 

Various types of essential oils such as the eucalyptus oil are derived from secondary 

metabolisms of some plants and are widely known for their broad antimicrobial activity. 

However pure essential oils tend to be volatile, sensitive to air/sunlight, and may impart their 

odours. To overcome the challenge, in this section; the eucalyptus oil was incorporated into 

PVA/CNC polymer fibres using the electrospinning technique and their antibacterial activity 

was evaluated using gram-positive S. aureus and gram-negative K. pneumoniae. 
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(a) Scanning electron microscopic (SEM) analysis  

Figure 3.21 shows the SEM images of PVA/CNC loaded with the increasing amount of 

eucalyptus oil. The fibrous mats showed spindle-like beads. The beads were shown to increase 

as the concentration of the oil increased. The average fibre diameters were 280, 252, and 231 

nm for 1, 2, and 3 % oil, respectively. The increase in the concentration of the oil promoted the 

formation of the beads and reduced the formation of the fibres. The presence of beads in 

polymer fibres materials compromises their unique properties.  Balasubramanian & Kodam, 

(2014) reported a decrease in specific surface area with an increase beads. The change in 

morphology of the fibres from beaded free PVA/CNC polymer fibres to the resultant beaded 

fibres as the oil was added was is due to the difference in liquid phase properties between the 

oil, CNC, and the PVA. Amiri & Bahrami, (2014) reported that the change in morphology may 

also be attributed to the change in the entanglement of the polymer chains when the oil was 

added. The poor electrospinning behaviour may also be due to the low viscosity which results 

in the formation of an unstable Tyler cone. The reduction in the diameter of the fibres when 

eucalyptol was added may be attributed to the increase in conductivity of the solution when the 

oil was added which results in greater elongation forces exerted on the polymer jet thus causing 

a reduction in diameter of the fibres. Even though polymer fibres with 3 % eucalyptol oil had 

small diameter as compared to the others, 1 % was taken as the optimum since it had minimum 

beads. 
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Figure 3.22: SEM image of PVA/CNC polymer fibres incorporated with increasing 

concentration of Eucalyptus oil A) 1 % B) 2 % and C) 3 % and their respective distribution 

curves. 

(b) FTIR spectroscopic analysis 

FTIR spectroscopy was used to study the interaction between the Eucalyptus oil and the 

PVA/CNC polymer fibres. Figure 3.22 shows the FTIR spectra for pure PVA/CNC polymer 

fibres and Eucalyptus oil/PVA/CNC. The spectrum of the bio-composite showed all the typical 

peaks of PVA/CNC. The peak at 3500 cm-1 can be attributed to the O-H stretching vibrations, 

the absorption bands at 2900, 1400, and 1300 cm-1 can be assigned to bending, stretching, 

rocking, and wagging modes of C-H bands. According to Figure 3.22 (B) which shows the 

zoomed version of Figure 3.22(A), The Eucalyptol oil/PVA/CNC polymer fibres further 

showed additional peaks at around 990 cm-1 and 1049 cm-1 which can be assigned to the CH2 

and C-O-C  of the γ-Terpene and 1.8-Cinoele, respectively (Hernández-lópez et al., 2019). 

Miletić et al., (2019) Observed a similar FTIR spectrum when they incorporated pomegranate 

seed oil into both poly (vinyl alcohol) and polyacrylic acid. The spectrum of pure polymer 

fibres was similar to that of the PVA/PVP incorporated with pomegranate seed oil. 
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Figure 3.23: FTIR spectra of eucalyptus oil (a) and PVA/CNC incorporated with Eucalyptus 

oil 1 % (b), 2 % (c) and 3 % (d) And their respective FTIR spectra zoomed (B). 

(c) XRD analysis 

The XRD diffractogram of neat PVA/CNC polymer fibres compared to PVA/CNC polymer 

fibres incorporated with the increasing amount of eucalyptus oil is given in Figure 3.23. The 

diffractograms of both the neat PVA/CNC and the bio-composite (eucalyptus oil/PVA/CNC) 

were similar. The Addition of the eucalyptus oil in the PVA/CNC polymer solution did not 

influence the structure. However, the peaks became a bit wider as the concentration of the oil 

increased. According to (Bastos et al., 2012) the peaks became broader due to the disorientation 

of the molecules in the composite. Krumreich et al., (2019) also observed slight changes in the 

XRD diffractograms of zein polymer fibres when they incorporated avocado oil into the fibres. 



66 
 

 

Figure 3.24: X-ray diffraction Patten of neat PVA/CNC (a) incorporated with Eucalyptus oil 

1 % (b), 2 % (c) and 3 % (d). 

(d) Antibacterial assay: Disk diffusion 

The disk diffusion assay was used to study the antibacterial activity of the pure eucalyptus oil 

and PVA/CNC polymer fibres incorporated with increasing the concentration of the eucalyptus 

oil (1, 2, and 3 %). Gram-positive S. aureus and gram-negative K. pneumoniae were used as 

models. The disk diffusion assay was taken as a qualitative test, rather than a quantitative test 

since no defined halos were observed around the samples. According to the digital images 

given in Figure 3.24, Pure oil, exhibited a clear zone of inhibition with an undefined shape 

against gram-negative bacteria (K. pneumoniae) and no antibacterial activity against gram-

positive bacteria (s. aureus) . In contrast, when the oil was incorporated into the PVA/CNC 

polymer fibres, a small halo which indicates possible inhibition of S. aureus, was observed 

around the polymer fibres. Also, the PVA/CNC incoparated with oil the inhibition of K. 

pneumoniae.  The observed antibacterial activity may be due to the synergistic effect between 

the PVA/CNC and the oil. All the PVA/CNC polymer fibres incorporated with an increasing 

concentration of the eucalyptus oil exhibited antibacterial activity against both the bacterial 

strains. However not as good as the PVA/CNC incorporated with silver nanoparticles, Figure 

3.20. Hafsa et al., (2016) observed similar results when they incorporated eucalyptus oil into 
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chitosan fibre, pure chitosan did not show any antibacterial activity, High antibacterial activity 

was exhibited against gram-negative K. pneumoniae and the lowest inhibition was observed 

against gram-positive S. aureus. The hydrophobic nature of the essential oils allows them to 

penetrate lipid layers of the bacterial cell membrane and disturb its structures (Tang et al., 

2019). 

 

Figure 3.25: Digital images of petri-dishes of eucalyptus oil-PVA/CNC inhibiting the growth 

of S. aureus and K. pneumoniae. 

3.3.6. Incorporation of AgNPs and eucalyptus oil into the PVA/CNC polymer fibres. 

The antibacterial activity of the silver nanoparticles incorporated into the PVA/CNC polymer 

fibres and eucalyptus oil incorporated into PVA/CNC polymer fibres has been reported in the 

previous sections. This specific section focussed on the incorporation of both the silver 

nanoparticles and the eucalyptus oil into the PVA/CNC polymer fibres using the 

electrospinning technique and also to study their antibacterial synergistic effect against gram-

positive (S. aureus) and gram-negative (K. pneumoniae) bacteria.  

(a) Scanning electron microscopic (SEM) analysis  

Figure 3.25 shows the SEM of pure PVA/CNC and the bio-composite of AgNPs/eucalyptus 

oil/ PVA/CNC and their respective distribution curves. The PVA/CNC polymer fibres 

presented no defects (beads) on the surface while the AgNPs/eucalyptus oil/ PVA/CNC bio-

composite had a negligible number of beads on the surface. The beads observed in 
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AgNPs/oil/PVA/CNC polymer fibres were not as many as the beads on the PVA/CNC 

incorporated with the eucalyptol. Thus the addition of silver nanoparticles improved the 

morphology of the polymer fibres. Further on, the diameter of the pure PVA/CNC is 438 nm 

while the fibres incorporated with both the AgNPs and the eucalyptol oil showed a lower 

diameter of 260 nm. The reduction in diameter can be attributed to the increase in conductivity 

when both the AgNPs and the eucalyptol oil were added which resulted in larger elongation 

forces for the polymer jet. 

 

Figure 3.26: SEM image of neat PVA/CNC fibres (A) and AgNPs/ eucalyptus oil /PVA/CNC 

(B) polymer fibres with their respective distribution curves. 

(b) FTIR spectroscopic analysis 

FTIR spectroscopy was used to study the interaction between the green synthesised silver 

nanoparticles, Eucalyptus oil, and the PVA/CNC polymer fibres. Figure 3.26  shows the FTIR 

spectra for pure PVA/CNC polymer fibres and bio-composite AgNPs/Eucalyptol oil/PVA/ 

CNC. The spectrum of the bio-composite showed all the typical peaks of PVA/CNC. The peak 

at 3500 cm-1 can be attributed to the O-H stretching vibrations, the peaks at 2900, 1400, and 

1300 cm-1 can be assigned to bending, stretching, rocking, and wagging modes of C-H bands. 

The AgNPs/Eucalyptol oil/PVA/CNC polymer fibres gave additional peaks at around 990 cm-

1 and 1049 cm-1 which can be assigned to the CH2 and C-O-C of the γ-terpene and 1.8-Cinoele, 
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respectively thus proving the presence of the eucalyptus oil in the bio-composite

 

Figure 3.27: FTIR spectra of Pure PVA/CNC (a), Eucalyptus (b), and oil/AgNPs/PVA/CNC 

(c) and their respective FTIR spectra zoomed (B). 

(c) XRD analysis 

XRD pattern was used to study the presence of silver nanoparticles (AgNPs) in the bio-

composite of AgNPs/Eucalyptol oil/PVA/CNC. The XRD pattern is shown in Figure 3.27 

below. The XRD pattern of AgNPs/Eucalyptol oil /PVA/CNC  was similar to that of the 

AgNPs/PVA/CNC shown in Figure 3.19. The peak at 2 theta 20 ° can be attributed to 

PVA/CNC semi-crystalline peak while the other four peaks at 40 ° correspond to the (111), 

(111), (200) crystal planes of Ag. Sofi et al., (2019) observed a similar XRD pattern when they 

incorporated lavender oil and the silver nanoparticles into polyurethane polymer fibre. The 

XRD pattern of polyurethane incorporated with silver nanoparticles was similar to that of 

polyurethane fibres incorporated with both the silver nanoparticles and lavender oil. 
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Figure 3.28: X-ray diffraction Patten of Pure PVA/CNC (a) and AgNPs/eucalyptus 

oil/PVA/CNC (b) polymer fibres. 

(d) Antibacterial assay 

The disk diffusion assay was used to study the synergistic effect of PVA/CNC incorporated 

with both the AgNPs and the eucalyptol oil (AgNPs/oil/PVA/CNC).  S. Aureus and K. 

Pneumoniae were used as models. PVA/CNC polymer fibres showed no antibacterial activity 

against gram-positive S. aureus, however, a small halo was observed around the PVA/CNC on 

the petri dish containing the gram-negative bacteria Figure 3.28. This may be due to the 

difference in cell walls between the gram-positive and gram-negative bacteria. The minimum 

antibacterial activity that was observed was because the PVA/CNC cannot diffuse into the 

plate, thus only inhibits the growth of the bacteria that is in direct contact with the active site 

of PVA/CNC polymer fibres (Hafsa et al., 2016). In contrast, the PVA/CNC incorporated with 

both the eucalyptol oil and the AgNPs was effective in inhibiting the growth of both the gram-

positive S. aureus and gram-negative K. pneumonia as they showed a larger zone of inhibition 

compared to the PVA/CNC fibres containing AgNPs only Figure 3.20, and also the PVA/CNC 

fibres containing the eucalyptus oil. The observed synergistic effect can be attributed to the 

various antibacterial mechanisms of the essential oils and silver nanoparticles. The essential 

oil constituents can attacks the cell membrane through the phospholipids bilayer, disrupt the 
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enzyme systems which compromise the genetic material of bacteria. Thus forming fatty acid 

hydroperoxidases caused by oxygenation of unsaturated fatty acid. In case of the silver 

nanoparticles, there is controversy in antibacterial activity. Many studies have reported that 

various parameters such as the size, shape, stability, and concentration of the AgNPs influence 

the antibacterial activity.  However in general the AgNPs interacts with the sulphur on the 

proteins located on the bacterial membrane. The interaction disrupts the membrane 

permeability causing the intercellular content to leak and compromising the respiration of the 

cell (Srikhao et al., 2020).  

 

According to the size of the zone of inhibition, the bio-composite was more active against 

gram-negative bacteria than the gram-positive. The difference in the inhibition of growth of 

the gram-positive bacteria and gram-negative bacteria can be linked to the difference in the 

structure of the cell walls and the thickness of the cell walls. Gram-negative bacteria have a 

thinner (7 – 8 nm) peptidoglycan layer when compared to the gram-positive strain, which has 

thicker peptidoglycan (20-80 nm). Peptidoglycan is a complex structure that is made of linear 

polysaccharides chains cross-linked together by peptides. Further on the gram-positive bacteria 

strains have a layer with strong negative charges from teichoic acids and lipoteichoic acid. This 

makes it difficult for both the essential oil and silver nanoparticles to penetrate the gram-

positive cytoplasmic membrane cell death (Arqués et al., 2008). 

 

 

 

Figure 3.29: Images of petri-dishes of AgNPs/eucalyptus oil/ PVA/CNC inhibiting the growth 

of S. aureus and K. pneumoniae. 
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CHAPTER FOUR 
 

4.1. CONCLUSIONS 
 

Ag nanoparticles were synthesized using increasing concentrations of the aqueous extract of 

the Citrus sinensis peels. The total phenolic and flavonoid content in the plant extracts were 

found to have increased as the concentration of the crude extract increased from 1-3 %. The 

AgNPs were characterised using various techniques. According to the UV-Vis spectra, the 

synthesized Ag exhibited an SPR peak at around 420 nm confirming the successful synthesis 

of silver nanoparticles. XRD pattern of all the synthesized AgNPs indicated the crystalline 

structure having face centered cubic planes. FTIR analysis proved the presence of bio-

chemicals which played a dual role of reducing Ag+ to Ag0 and stabilizing the AgNPs. TEM 

images showed that the nanoparticles that were synthesised using 1 and 2 % plant extracts were 

agglomerated, while 3 % resulted in the formation of polydispersed, spherical nanoparticles 

with an average particle size of 10 (±1.2) nm. 

 

Pure cellulose was extracted from hemp fibres through alkalization using sodium hydroxide 

followed by bleaching using sodium hypochlorite. FTIR spectroscopy proved efficient removal 

of both hemicellulose and lignin and this can be seen by the disappearance of peaks at 1200 

cm-1 and 1700 cm-1 while the structure of cellulose was maintained as the treatment progressed. 

Polymer blended fibres of PVA and CNC were fabricated using the electrospinning technique. 

SEM images showed that the addition of an increasing amount of CNC’s into PVA resulted in 

straight-like fibres with an increased diameter as compared to the neat PVA polymer fibres. 

The change in morphology of the polymer fibres may be attributed to an increase in viscosity 

as the CNC’s were added into the PVA polymer solution. Another parameter that was 

optimised was the voltage and according to the SEM images, as the voltage was increased from 

17 -21 kV, a decrease in fibres diameter was observed. 

 

The silver nanoparticles that were synthesized using increasing concentration of the aqueous 

extract of the Citrus sinensis peels were incorporated into the PVA/CNC polymer fibres using 

the electrospinning technique. SEM images showed that the incorporation of silver 

nanoparticles into the PVA/CNC polymer fibres resulted in flat-like fibres with reduced 
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diameter and this can be attributed to the increase in conductivity. XRD pattern proved the 

presence of the AgNPs in the PVA/CNC polymer composite. 

Increasing concentrations of the eucalyptus oil were incorporated into the PVA/CNC fibres 

using the electrospinning technique. According to the SEM images, the addition of an 

increasing amount of the eucalyptus oil into the PVA/CNC polymer fibres resulted in spindle-

like beaded fibres with a decreased diameter and this can be attributed to the decrease in 

viscosity of the polymer solution. FTIR spectroscopy confirmed the presence of the Eucalyptus 

oil in the PVA/CNC composites and this was due to the appearance of additional peaks at 990 

and 1049 cm-1 which can be assigned to the CH2 and C-O-C of the γ-terpene and 1.8-Cinoele, 

respectively. 

Both the AgNPs and the eucalyptus oil were incorporated into the PVA/CNC polymer fibres. 

The SEM images showed a decrease in fibres diameter when both the AgNPs and the 

eucalyptus oil were incorporated into the PVA/CNC polymer fibres. FTIR proved the presence 

of the eucalyptus oil in the AgNPs/OIL/PVA/CNC composite and XRD proved the presence 

of silver in the composite. The synthesized silver nanoparticle showed antibacterial activity 

against both gram-positive and gram-negative bacteria. While Pure PVA/CNC polymer fibres 

showed no antibacterial activity. PVA/CNC incorporated with AgNPs and the eucalyptus oil 

showed effective inhibition of both the gram-positive and gram-negative bacteria that were 

used as models. 

 

4.2.  RECOMMENDATIONS  
 

(a). As the concentration of the aqueous extract of the Citrus sinensis peels moved from 2 % 

to 3 %, the AgNPs became more distinct. Thus it is recommended that further optimization of 

the concentration of the aqueous extract of the Citrus sinensis may be conducted using a wider 

range. Since the shape and size of the synthesised nanoparticles depend on several parameters; 

it is also recommended to study the effect that other parameters such as the pH of the solution 

and the concentration of the precursor has on the morphology of the nanoparticles. 

(b). The main ingredients of natural fibres are cellulose, lignin, hemicellulose, pectin and waxes 

thus the extraction of cellulose from the fibres depends on various factors. It is therefore 

recommended that the rate of reaction and the concentration of both the NaOH and NaOCl that 

was used to remove unwanted material be optimised.  
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(c). PVA is known to be highly soluble in water and also absorbs water due to the high amount 

of the hydroxyl groups thus is recommended to study the water absorption ability and also the 

solubility of PVA/CNC polymer fibre composite. 

(d). The incorporation CNC’s into PVA polymer fibres has been reported to improve the 

mechanical strength of the polymer fibre due to the stiffness of the CNC’s. It is therefore 

recommended to study the tensile strength of the polymer fibres. Several studies have reported 

on the toxicity of silver nanoparticles when exposed to them at high concentrations. However, 

is reported that the incorporation of these silver nanoparticles into polymer fibres provides a 

slow release. It is therefore recommended to study the release study of the AgNPs/Ag + from 

the PVA/CNC polymer fibres. 

 

(e). Essential oils are volatile and highly sensitive to air and light. The incorporation of essential 

oils into polymer fibres has also been reported to provide the slow release of the oil while 

protecting them from the external environment. Therefore, it is recommended to conduct the 

release study of the essential oil from the polymer fibres. The incorporation of the eucalyptus 

oil into the PVA/CNC polymer fibres resulted in the formation of beads on the surface of the 

polymer fibres thus compromising the surface area of the fibres. It is, therefore, recommended 

to add a surfactant to eliminate the formation of beads on the surface of the fibres.  

 

(f). The antibacterial bacteria activity of the Ag nanoparticles, PVA/CNC polymer fibres 

incorporated with Ag nanoparticles, and also polymer fibres incorporated with eucalyptus oil 

has been reported in this study. Gram-positive bacterium S. aureus with gram-negative 

bacterium K. pneumoniae were used as models. It is recommended to further study the 

antibacterial activity of all the samples using more bacterial strains and the mechanism in which 

either the Ag nanoparticles or the eucalyptus oil exhibits antibacterial activity. Also, the 

toxicity of all the samples should be studied against different cell lines.   
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