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ABSTRACT 

The demand for antimicrobial cotton fabrics in hospitals is increasing due to exposure 

to microbes and susceptibility of cotton to microbial attack. Silver nanoparticles 

(AgNPs) offer antimicrobial properties, but their production is expensive and chemical 

intensive; necessitating environmentally friendly sustainable nanoparticle synthesis 

techniques. Therefore, the main objective of this research was to investigate the use of 

potato peel extracts in the synthesis of silver nanoparticles for the production of 

antibacterial finishes for textile fabrics. The specific objectives were: to characterise 

the phytochemical constituents and antibacterial properties of potato peel extracts, to 

investigate the green synthesis of silver nanoparticles using potato peel extracts and the 

characteristics of the nanoparticles, to evaluate the synergy of silver nanoparticles and 

potato peel extracts applied on cotton fabrics against bacteria and to characterise the 

physical and chemical properties of the treated fabrics. Potato peel extracts were 

characterized using classical phytochemical screening, Fourier Transform Infrared 

(FTIR) Spectroscopy and antibacterial agar well diffusion assay against staphylococcus 

aureus (S.aureus) and escherichia coli (E.coli). AgNPs were synthesized using the 

reduction method and characterised using the scanning electron microscope, X-Ray 

diffractometer, FTIR, zeta-sizer, UV-Visible spectroscopy (UV-vis) and the agar well 

diffusion assay. In-situ synthesis of AgNPs onto cotton fabrics was optimised using a 

Central Composite Design with synthesis time, incubation time and curing temperature 

as variables. The responses were bacterial reduction(%) of the AgNP-treated fabrics 

and loss in antibacterial activity(%) after washing. Developed models were statistically 

analysed using two-way ANOVA. In-situ synthesis was then performed using the 

optimised parameters. The treated fabrics were assessed for their antibacterial 

properties against S. aureus and E.coli using ISO-20743:2021, their morphology, 

tensile strength, elongation and air permeability. The results showed that potato peel 

extracts contain several phytochemicals including phenols and flavonoids; this was also 

observed in the FTIR spectra. The extracts displayed good antibacterial efficacy against 

S. aureus and E.coli. AgNP synthesis was confirmed by the formation of a golden-

brown solution and a UV-vis peak at 418 nm. The nanoparticles were spherical in 

shape, crystalline in nature, moderately stable, with an average size of 50.18 nm and 

antibacterial efficacy against both E.coli and S.aureus. Regression models for the in-

situ synthesis were significant with p-values less than 0.005 and R2 values of 90.28% 

and 87.99% for E.coli and S. aureus respectively. The optimum values were found to 

be: 42.18 hours incubation time, 3 hours synthesis time and 180 ℃ curing temperature. 

AgNP-treated fabrics demonstrated a 99.52 % and 99.01 % bacterial reduction after 20 

washes for E.coli and S. aureus respectively. The AgNP-treated fabrics had a rougher 

surface, less air permeability, higher tensile strength and less percentage elongation 

than the untreated fabrics. In conclusion, potato peel extracts contain the necessary 

phytochemicals and can be utilized in the green synthesis of silver nanoparticles. The 

results of the research also showed that potato peel extracts and green synthesized silver 

nanoparticles can be employed as durable antibacterial finishes for cotton fabrics. The 

study’s findings recommend using the optimised parameters for in-situ synthesis of 

AgNPs onto cotton fabric to achieve a higher percentage bacterial reduction and 

improved antibacterial finish durability. 
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CHAPTER ONE: INTRODUCTION 

1.1 Background to the Study 

Consumer’s attitudes towards hygiene and comfort have created an increasing market 

for textiles possessing more functions than those of traditional textile fabrics.  Cotton, 

like other natural fibre-based textile materials is highly susceptible to microbial attack. 

This is due to its porous hydrophilic nature, which holds nutrients, oxygen and water, 

creating ideal conditions for bacterial growth (Boryo, 2013). According to a previous 

study, microbes such as methicillin-resistant staphylococcus aureus can contaminate 

the gowns or uniforms of health care workers as they administer treatment to patients. 

These microbes have the capacity to live on the fabric surface and then be transmitted 

to another person (Neely & Maley, 2000). The microbes can also continue to grow on 

the fabric and possibly convert human perspiration into foul smelling substances 

resulting in an unpleasant odour. Heavy microbe infestation can cause the fabric to rot 

and break down, resulting in physical changes such as loss of strength, less flexibility 

and ultimately reduce the performance of the fabric (Boryo, 2013). These challenges 

can be mitigated by the production of multifunctional fabrics. 

Multifunctional fabrics have properties and applications such as antibacterial, antiviral, 

antifungal, water repellence, flammability, easy clean and anti-odour. Antibacterial and 

antifungal finishes are used in textiles to control bacteria, moulds and fungi on the 

textile substrate. These properties have been very useful in the health sector particularly 

in the production of hospital products such as linen, towels, gowns, scrubs, and masks. 

Socks with antimicrobial finishes have also been created for use by diabetes patients 

and also for the treatment of ulcers. These finishes may contact the skin of an individual 

and also affect their surroundings. As a result, it is critical to ensure that the finishes are 

environmentally friendly and have no detrimental effects on human health.  
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Inorganic finishing agents such as metal oxides, gold, silver, copper, titanium, zinc and 

magnesium have been used for durable antimicrobial and antifungal finishes on natural, 

regenerated and synthetic textile materials (Afraz et al., 2019). They have been used in 

nanoparticle form due to their durability to textile fabrics, their higher antimicrobial 

properties and their lower environmental risks. Nanoparticles are defined as materials 

with all dimensions in the nanometre range (less than 100 nm). Silver, zinc, titanium 

and silicon are the most commonly utilised nanoparticles in textiles. Silver 

nanoparticles (AgNPs) and iron nanoparticles have displayed antiviral properties 

against viruses like H1N1 influenza, HIV-1 and African swine fever (Dung et al., 2019; 

Lara et al., 2010; Mori et al., 2013) and could potentially be used to incorporate antiviral 

properties in textiles. These finishes have exhibited good durability for protein, 

cellulose, regenerated and synthetic materials.  

Silver is the most commonly used inorganic antimicrobial finish because of its high 

thermal and electrical conductivity, lower contact resistance and also because it occurs 

in several oxidation states. Silver kills microorganisms by blocking and disengaging 

the intracellular proteins (Afraz et al., 2019). Silver nanoparticle has been shown to 

exhibit antibacterial properties against Escherichia coli when applied on cotton and 

viscose fabrics; the treated fabrics showed good results even after washing (Mirjalili et 

al., 2013). The application of silver nanoparticles and cotton fabric with protein capping 

has resulted in fabrics displaying antimicrobial activities against Candida albicans, 

candida parapsilosis and xanthomonas axonopodis (Ballottin et al., 2017).  

The efficacy of silver nanoparticles against staphylococcus aureus (S. aureus) and 

escherichia coli (E. coli) has been reported by other researchers who applied silver 

nanoparticles onto cotton fabrics (Y. N. Gao et al., 2021). The antibacterial efficacy of 

chitosan-silver nanoparticles against S. aureus and E. coli was observed when applied 
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as a coating onto linen fabric. The silver nanoparticle/chitosan composites were also 

shown to have antiviral activity against influenza A virus. The antiviral activity of the 

composites increased as the amount of silver nanoparticles increased. Chitosan alone 

did not exhibit antiviral activity suggesting that silver nanoparticles are essential for the 

antiviral activity (Mori et al., 2013). Another study also showed the capability of silver 

nanoparticles to inhibit non-envelop viruses at low concentrations, particularly 

poliovirus (Huy et al., 2017).   

Numerous studies have agreed that silver nanoparticles possess antimicrobial and 

antiviral properties. However, environmental concerns have been raised on the use of 

metal particles for multifunctional finishes as they tend to be toxic to human organs 

including the brain, the lungs, the liver and the reproductive organs (Ahamed et al., 

2010).  They may also be detrimental to the environment during and after use (Uddin, 

2014). The issue of toxicity of metal oxide nanoparticles has been the subject of much 

systematic investigation with many studies highlighting the challenge of the silver 

particles being released into the washing or rinsing effluent and subsequently into waste 

water disposal sites (Lorenz et al., 2012; Reed et al., 2016).  

These silver particles can inhibit the nitrification of waste water and hence reduce the 

effectiveness of water treatment (Tan et al., 2014). Another challenge is that if they 

make their way to the aquatic systems they result in oxidative stresses in marine 

organisms from the dissolution of the metal ions thus leading to chronic health impacts 

(Baker et al., 2013). It has also been observed that silver nanoparticles can be 

transferred to the skin through sweat and this can be harmful to the user especially when 

in close contact to the skin. There is a chance of the nanoparticles being absorbed into 

the body through skin pores and any other openings (Kulthong et al., 2010). It is 
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therefore important to curb the toxicity challenges associated with the use of these metal 

oxide nanoparticles. 

Recent trends have seen the production of greener AgNPs by eco-friendly chemical 

reduction of silver nitrate (AgNO3) using chemical and biological routes such as 

biodegradable polymers, sugars, plant extracts and food waste (N. A. Ibrahim, 2015). 

The synthesis of nanoparticles using plants is enhanced by the presence of different 

functional groups in plants such as phenols, ketones, amines, hydroxyl groups, carbonyl 

groups and flavonoids that enable the synthesis by reduction. Several parts of plants 

can be explored in the synthesis of nanoparticles such as the stem bark, seeds, leaves, 

fruits, flowers and roots. Although plant extracts have numerous merits such as being 

environmentally green, cost effectiveness, good synthesis rate and improved stability 

of the nanoparticles; careful consideration should be taken in the use of plant extracts 

as it could lead to further degradation of the environment through deforestation 

(Mathew, 2020). Studies have explored the use of food and agro-industrial waste as 

multifunctional finishing agents as well as reducing agents in the production of 

nanoparticles. The presence of carboxyl, amine and hydroxyl groups in banana peels 

has enabled the reduction of silver nitrate in the production of silver nanoparticles 

(Bankar et al., 2010). Extracts from garlic cloves have also been used in the synthesis 

of silver nanoparticles due to the bioactive compounds found in the plant (Ahamed et 

al., 2011). Lemon peel extracts, potato peel extracts and tea extracts have also been 

studied and have shown that the nanoparticles synthesized using green methods are 

more stable and can replace the toxic nanoparticles (Almadiy & Nenaah, 2018; 

Bhuvaneswari, Subashini, & Subramaniyam, 2017; Ibrahim, 2015; Sun et al., 2014; 

Wolela, 2020). Green synthesized silver nanoparticles have been used not only to 

impart antibacterial properties but also for colouration of the textile substrate. 



5 

 

 

 

Colouration of polyester fabric was achieved with green synthesized silver 

nanoparticles using chitosan as a natural eco-friendly reducing agent. Improved 

colouration and fastness properties were observed due to the surface plasmon resonance 

of the nanoparticles. Antibacterial properties of fabric were found to be excellent as 

more than 80 % bacterial reduction was noticed even after 10 washing cycles (Hasan et 

al., 2019).  

Potatoes (Solanum tuberosum) are the second most consumed starch in Kenya and are 

widely used globally resulting in considerable amounts of peels that end up in waste. 

In 2019, approximately 376,626,967 metric tonnes of potatoes were produced globally 

(Pieter, 2020). In Kenya, potatoes are supplied from the farmers to the consumers in 

several ways; through county markets, supermarkets, restaurants and for processing 

into products such as crisps, flakes and other snacks. One of the most commonly grown 

potato varieties in Kenya is the Shangi potato due to its high yield, strong market 

demand and early maturity. Other advantages of the Shangi potato are the fast-cooking 

time and the versatile uses (Sophie, 2018), making it popular for processing into crisps 

and chips as well for domestic use. The percentage of potatoes sold to the different 

sectors is shown in Table 1:1. 

Table 1:1. Estimated Proportion of Potatoes Sold to Different Sectors in Kenya 

Sector Estimated Percentage Sold 

Open County Markets 80% 

Supermarkets 1% 

Institutions/ Restaurants 10% 

Processing (Crisps, Flakes, Snacks, Potato Flour etc.) 9% 

Source: (Kaguongo et al., 2014) 

In urban centres the major consumption of potatoes is in restaurants that serve the 

potatoes as chips, chips bhajia (spiced potato slices) and as mashed potatoes (Kaguongo 

et al., 2014). These processed potatoes all require the need for peeling either by hand 
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or machine before cooking. The creation of waste from potato peels is therefore 

inevitable.  The use of potatoes generates approximately 70000 to 140000 tonnes of 

potato peels globally every year. These potato peels generate waste which is among the 

highest contributors to the global waste streams  (see Table 1:2); in the year 2018 they 

contributed 70 % to the total waste streams together with other by-products such as 

slivers and grey starch. 

Table 1:2. Breakdown of Waste Streams in 2018 

Type of Waste Stream Percentage contribution to 

waste 

By-products : slivers, potato peels, grey starch  70 % 

Clean (tare) soil 12 % 

Struvite : natural fertilizer 0.8 % 

Organic : composted externally 4 % 

Organic : fermented on-site 7 % 

Used cooking oil 0.4 % 

Native potato starch 3 % 

Water treatment sludge 2.6 % 

Metals 0.0 % 

Mixed company waste 0.1 % 

Plastics 0.1 % 

Paper 0.3 % 

Source: (Hintzen et al., 2018)   

To reduce the possible problems associated with the disposal of potato peels, they could 

be converted into useful products. Results from several studies have shown that potato 

peel extracts have bioactive compounds that exhibit antimicrobial, antiviral, antioxidant 

and antifungal properties (Friedman et al., 2018; Salawu et al., 2015; Silva-Beltrán et 

al., 2017). These properties have been utilized and found to be very useful in industries 

such as the pharmaceutical industry and the food industry. Studies on edible biofilm 

from potato peel extract showed that the extract has high antibacterial activity against 

both gram negative and gram positive bacteria (Gebrechristos et al., 2020).  They have 

also been used for the production of biogas, lactic acid, enzymes, biochar, bio-oil and 

bio fertilizer (Daimary et al., 2022). However, there is still very little utilisation of the 
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bioactive compounds in potato peels for their value addition and for use as antibacterial 

agents. These extracts can therefore be explored in the textile industry by applying them 

directly onto textiles or by using them for the synthesis of nanoparticles that can be 

incorporated into textile fabrics. Although the use of potato peels in the synthesis of 

nanoparticles and in the textile industry is likely to contribute a small percentage in the 

reduction of potato peel waste; it will be useful in the value addition of the waste and 

will provide background information for further utilization of the waste. The 

application of potato peel extracts on the fabrics will result in the production of 

environmentally friendly multifunctional textiles. Furthermore, the application of 

green-synthesized silver nanoparticles onto the fabric will encourage the use of 

environmentally friendly techniques in the production of silver nanoparticles for 

multifunctional textiles. The use of the green nanoparticles reduces the use of chemicals 

in nanoparticle synthesis while promoting the value addition of agro -waste. 

1.2 Statement of the Problem 

The increasing demand for multifunctional textiles with enhanced properties such as 

antibacterial activity and durability has led to a growing interest in incorporating silver 

nanoparticle finishes onto fabrics. However; current silver nanoparticle finishes for 

textile substrates are synthesized using chemicals which are poisonous and can degrade 

in the environment. Furthermore, chemically synthesized nanoparticles require the use 

of additional capping agents to improve the stability of the nanoparticles, resulting in 

the use of even more chemicals. By exploring the green synthesis approach using potato 

peels and comprehensively evaluating the multifunctional cotton fabrics, this research 

seeks to reduce the use of toxic chemicals in the synthesis of silver nanoparticles. 
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1.3 Justification of the Study 

The study addresses the important issues of environmentally friendly production of 

antibacterial finishes for textile substrates. Green synthesis of nanoparticles reduces the 

use of chemicals through the use of plant extracts (Shafey, 2020). Solanum Tuberosum 

potato peels are biodegradable and are therefore not harmful to the environment. Their 

use in the synthesis of nanoparticles will result in the production of greener and more 

stable nanoparticles for textile finishes due to the presence of bioactive compounds in 

the peels (Bhuvaneswari et al., 2017; Rodríguez-Martínez et al., 2021). The 

combination of the functional properties of silver and extracts of potato peels will result 

in nanoparticles with higher efficacy against bacteria, fungi and viruses. Also, the use 

of potato peels will create additional alternatives for the valorisation of waste and 

address challenges of waste disposal.  

1.4 Objectives of the Study 

The main objective of the study was to investigate the use of plant extracts (potato 

peels) in the green synthesis of silver nanoparticles for the production of antibacterial 

finishes for textile fabrics. The specific objectives were: 

1. To characterise the phytochemical constituents and antibacterial properties of 

potato peel extracts. 

2. To investigate the green synthesis of silver nanoparticles using potato peel 

extracts and the characteristics of the nanoparticles.  

3. To evaluate the efficacy and synergy of silver nanoparticles and potato peel 

extracts applied on cotton fabrics against bacteria. 

4. To characterise the physical and chemical properties of cotton fabrics treated 

with silver nanoparticles.  
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1.5 Significance of the Study 

There are many challenges in multifunctional textiles related to toxicity of the fabric as 

well as the effects of the washing effluent on the environment. The use of greener 

nanoparticles will reduce the amount of toxic waste in the environment. Potato peels 

are easily accessible, require a simpler synthesis process and possess numerous 

functional groups that can be utilized in several fields. This study of the potato peels 

will not only lead to a wider variety of greener nanoparticles for textile finishes but will 

also create knowledge for future research. It will also result in value addition of potato 

peels and utilization of the functional properties that they possess.  

1.6 Scope of the Study 

This study focuses on the synthesis of silver nanoparticles from potato peel extracts as 

well as the application of the extracts and nanoparticles onto cotton fabric for the 

incorporation of antibacterial properties. The potato peels used were from the Shangi 

potatoes and these potatoes were collected from a local farm in Tulwop village, Uasin 

Gishu County Kenya. Another set of potatoes was purchased from the market in Eldoret 

town. The potatoes were peeled using the mechanical peeling method, which is the most 

used peeling method; it also preserves the Potato peels were extracted using two 

different solvents: ethanol through solvent extraction and distilled water through 

ultrasound-assisted extraction. The fabric used was 100 % plain woven bleached, 

mercerized and scoured cotton fabric and was purchased from Rivatex East Africa 

Limited. These parameters were selected because these fabrics have been shown to 

increase fixation and durability of nanoparticles on fabrics. The fabric had the following 

characteristics: 72 ends/inch, 34 picks/inch, 28 tex warp count, 128 g/m2 and a thickness 

of 0.002 mm. Antibacterial tests were performed against gram - negative Escherichia 

Coli and gram - positive Staphylococcus Aureus because these strains of bacteria are 
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the most common causes of various infections. Green synthesis of the nanoparticles 

was done through the reduction method using potato peel extracts to reduce silver 

nitrate to silver nanoparticles. The following properties of the treated fabrics were 

assessed to determine their properties after treatment as well as their suitability for their 

intended end-use: morphology using the scanning electron microscope, chemical 

bonding using the FTIR, thermal analysis using the TGA analyser, air permeability 

using the air permeability tester and tensile strength using the universal tensile tester. 

Optimization and characterisation were done using multiple regression analysis using 

Design expert and Minitab statistical software. 

1.7 Thesis Outline 

The thesis contains five chapters organised as follows: 

Chapter 1 provides a background of the study area, the problem statement as well as 

the justification for doing the research. The chapter also gives the objectives and 

significance of the study.  

Chapter 2 gives a survey of reviewed literature on potato peels and their bioactive 

components as well as their antibacterial properties. It outlines the use of plant extracts 

and agro-waste in the green synthesis of silver nanoparticles, the effect of process 

parameters as well as the characterisation techniques for these nanoparticles. It provides 

information on the different antibacterial assays used to investigate the efficacy of 

nanoparticles and plant extracts against different strains of bacteria. Methods of 

application of plant extracts and nanoparticles onto fabric are presented and a 

comparison is made to determine the most suitable method. The chapter also gives 

literature on the different characterisation tests for treated fabrics and their suitability 

for different end-uses of the treated fabrics. Finally, a summary of the research gaps is 

provided. 
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Chapter 3 gives the different methods used to achieve the objectives of the study. It 

provides the methods used for the extraction, phytochemical screening, functional 

group analysis and antibacterial testing of the potato peel extracts. A description of the 

method used in the green synthesis of silver nanoparticles using potato peel extracts is 

given as well as the characterisation techniques for the nanoparticles. The chapter also 

describes the methods for application of potato peel extracts and nanoparticles onto 

cotton fabric, their antibacterial properties and the characteristics of the treated fabric. 

It also gives details of the optimisation parameters for the in-situ synthesis of the silver 

nanoparticles onto cotton fabric. 

Chapter 4 presents the discussion of results. It gives the phytochemical constituents, 

antibacterial properties and characteristics of the potato peel extracts. The effect of 

process parameters in the green synthesis of nanoparticles is given as well as their 

characteristics and antibacterial properties. Results for the antibacterial efficacy of 

fabrics treated with potato peels and silver nanoparticles are also given. It also gives 

the effect of process parameters on the antibacterial properties of fabrics treated with 

silver nanoparticles using in-situ synthesis. The properties of the treated fabrics in 

comparison with untreated fabrics are also given. 

Chapter 5 provides the conclusions of the study; that is the main findings as well as the 

limitations of the study. It also provides recommendations based on the study and also 

recommendations for further study. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Overview 

This chapter presents an extensive review of the existing body of literature pertinent to 

this research and is organized into four distinct sections aligning with the specific 

objectives of the study. The objective of this comprehensive literature review is to 

establish a strong foundation for the research by not only understanding the relevant 

background but also identifying the gaps in knowledge that form the rationale for this 

study. The first section of this chapter undertakes an in-depth exploration of the 

composition of potato peels and their antibacterial potential. Through an extensive 

review of scientific literature, the section aims to elucidate the chemical composition 

of potato peels, focusing on the compounds responsible for their antimicrobial 

properties. This section also discusses the mechanisms by which these compounds exert 

their antibacterial effects, shedding light on their potential applications in various 

contexts. The second section gives an overview of the green synthesis of nanoparticles. 

This entails a detailed examination of the methods employed in the environmentally 

friendly production of nanoparticles, with particular attention to the factors that 

influence the synthesis process. Additionally, the section delves into the 

characterisation techniques employed for assessing the properties and qualities of green 

synthesized nanoparticles. The section also explores the antibacterial properties of 

nanoparticles, discerning their mechanisms of action and relevance to the study.  

The third section discusses the impartation of antibacterial properties onto textile 

fabrics and assessment of antibacterial properties of the treated fabrics; a vital 

component of this study. The various antibacterial agents used to treat fabrics are 

investigated, analysing their mechanism and efficacy in inhibiting antibacterial growth. 

Furthermore, the section delves into the durability of the antibacterial treatments, 
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exploring their ability to withstand repeated washing and wear. In the final section of 

this chapter, an overview of the characterisation methods used to assess the fabrics 

treated with antibacterial agents is provided. The techniques play a pivotal role in this 

study, enabling the comprehensive evaluation of the performance and properties of the 

treated fabrics. The conclusion of the chapter summarises the literature review findings 

and identifies gaps in existing knowledge, highlighting the importance of the research 

in bridging these gaps. In general, the chapter provides a comprehensive understanding 

of the relevant background, the intricacies of green synthesized nanoparticles, the 

antibacterial properties of treated fabrics, and the expected outcomes of the research.  

2.2 Valorisation of Potato Peel Waste 

The ever-increasing consumption of potatoes and their processed products has resulted 

in the upsurge of potato peel production. According to data published by the United 

Nations’ Food and Agriculture Organization (FAO), global potato output has increased 

in recent years with data from 2000 to 2019 predicting that the production will continue 

to increase in the coming years (Rodríguez-Martínez et al., 2021). The potato peel is 

the outermost tissue of the fruit and is usually removed or peeled before cooking or 

processing. It is the outer skin or covering of the potato and its colour may vary 

depending on the potato variety. The peel functions to safeguard the inner potato flesh, 

providing resilience against microbial infections and mechanical harm, while also 

contributing to freshness preservation(Junwei et al., 2018). The potato peel is a useful 

and functional material that can be utilized as a low-cost raw material because of its 

availability as agro-industrial waste. Potato peels have been identified as a valuable 

resource in the production of building materials. The potato peel waste provides an 

environmentally friendly and cost free material for the fabrication of medium-density 

fibre board (Miller, 2019). Potato peels contain high levels of starch which have made 
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them useful in the production of ethanol by acid and enzymatic hydrolysis followed by 

fermentation (Arapoglou et al., 2010). The production of bioplastics from potato peels 

has been reported by (Arikan & Bilgen, 2019). In their study they concluded that potato 

peel bioplastic can be produced and has higher water absorption capacity than 

commercial bioplastic with potential applications in the food industry.  

Potato peel waste has also been used for the production of activated carbon and carbon 

nanotubes for use in heavy metal removal with a potential to get rid of approximately 

84% of lead ions (Pb2+) in just one hour of operation (Osman et al., 2019). Additionally, 

potato peels have been utilized as animal feed as well as manure in the agricultural 

sector.  However, although these potato peel disposal methods have benefited some 

industries and have also reduced the challenges of potato peel waste, some of these 

methods have low added value and do not fully utilise the active compounds that are 

present in potato peels. Furthermore, there are large quantities of potato peels that still 

remain underutilized and end up being disposed of, thus resulting in environmental 

pollution due to decomposition (Javed et al., 2019). Hence there is need for exploring 

other potential uses of potato peels that get the full benefit out of their active compounds 

and add value to the peels.  

2.2.1 Composition of Potato Peels 

Potatoes are composed of several compounds which can be utilized in different ways 

when extracted. Potato peels and the core of potatoes differ in their composition. Potato 

peels exhibit significantly higher levels of protein, fibre, ash and minerals (excluding 

magnesium) compared to the flesh. However, the flesh contains the highest 

concentrations of dry matter and total soluble solids. In both the peel and flesh, 

potassium has the highest content followed by phosphorus, magnesium, calcium, iron, 

zinc, boron, manganese and copper (Vaitkevičienė, 2019).  The composition of potatoes 
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and hence those of potato peels may differ based on their geographical location. The 

different planting and cultivating areas have diverse breeds, varieties and colours of 

potatoes resulting in variations in the compositions and morphology of the potato peels 

produced (Escuredo et al., 2020).  

Another factor that affects the chemical and physical composition of potato peels as 

well as the yield of bioactive components in potato peel is the peeling procedure. The 

methods that have been used for peeling potatoes are the steam, lye, manual and 

abrasion peeling. These methods also affect the suitability of the potato peel for further 

exploitation (Javed et al., 2019). In wet lye peeling, the peel is softened by immersing 

into a hot concentrated solution of alkali for a predetermined time. The peel of the 

chemically treated potato peel can then be removed by washing off with water spray or 

by abrasive drums. The most commonly used lye solution is caustic soda due to its low 

cost. The main challenge of this method is that it is not environmentally friendly due to 

the discarding of the lye solution to the environment. Another challenge is that the peel 

may not be reusable after peeling due to the immersion in lye solution (Kohli et al., 

2021). Steaming produces more dietary fibre and less starch than abrasion which is used 

in potato chip manufacturing. Steam peels have increased lignin and dietary fibre 

content with decreased starch. Potato peels from manual peeling produce about 63 % 

of fibre on a dry weight basis, which is further categorised into hemicellulose, lignin, 

cellulose and pectic substances (Javed et al., 2019). The abrasive and manual peeling 

techniques are time and labour consuming but have the advantage that the peel can be 

re-utilized in another value addition process. Generally, potato peels contain beneficial 

compounds mainly composed of carbohydrates, starch, dietary fibre and protein (See 

Table 2:1),  that affect the subsequent properties as well as their use in several 

applications. 
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Table 2:1. Chemical Composition of Raw Potato Peel  

Compound Range (grams per 100grams) 

Water 83.3 – 85.1 

Protein 1.2 – 2.3 

Total lipids 0.1 – 0.4 

Total carbohydrate 8.7 – 12.4 

Starch 7.8 

Total dietary fibre 2.5 

Ash 0.9 – 1.6 

Total phenolic content 1.02 -2.92 

Total flavonoids 0.51 – 0.96 

Source: (Javed et al., 2019) 

2.2.2 Bioactive Properties of Potato Peels 

Potatoes have phenolic compounds that provide their antioxidant, anti-inflammatory, 

antifungal and antibacterial properties. Phenolic compounds are secondary plant 

metabolites and their main function is to defend the plant against invading pathogens 

such as fungi, bacteria and viruses (Friedman & Levin, 2009). Their main defence 

function in plants is what gives them the antimicrobial properties. The peels of potatoes 

have a higher phenolic content than the flesh (Joly et al., 2020; Kim et al., 2019).  The 

phenolic compounds that are present in potato peels are flavonoids and phenolic acids. 

The main phenolic acids found in potato peels are chlorogenic acid, gallic acid, 

protocatechuic acid, caffeic acids, ferulic acids, vanillic acid and salicylic acids 

(Gebrechristos et al., 2020; Kim et al., 2019; Susarla, 2019; Torres & Domínguez, 

2020).  These compounds have been shown to have antibacterial activities against 

Escherichia coli, Salmonella typhimurium and Bacillus cereus. Caffeic acid is an 

antioxidant that has also shown anti-inflammatory and immunomodulatory activity 

while chlorogenic acid also has anti-inflammatory activity (Susarla, 2019).   

Potato peels contain the following flavonoids; quercetin, naringenin, catechin and 

epicatechin. Quercetin possesses anti-inflammatory and antioxidant properties while 

catechin has properties that prevent type II diabetes, cancer and cardiovascular 
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complications (Susarla, 2019). Quercetin has also displayed antifungal properties 

against candida parapsilosis species complex and can be considered as an alternative 

for the control of fungal biofilms (Rocha et al., 2019). Research has also shown that 

quercetin, catechin and epicatechin have enhanced antifungal activity when used as a 

co-treatment with fluconazole (C. R. Da Silva et al., 2014; M. Gao et al., 2016). 

Phenolic compounds have also been reported as possessing antimicrobial properties 

against gram-negative bacteria. In a study carried out by (Puupponen-Pimiä et al., 2001) 

myricetin had the highest antimicrobial activity against most bacterial strains. Other 

phenolic compounds that inhibited bacterial activity were quercetin, pelargonidin 

chloride, delphinidin chloride, cyanidin glucose, caffeic acid, ferulic acid and 

chlorogenic acid. (Sotillo & Hadley, 1998) reported that the extracts of potato peels 

inhibited the growth of E. coli, S. typhimurium and B. cereus for up to 72 hours. 

According to the authors, the presence of caffeic acid in the potato peels may have 

contributed to the antibacterial action. Potato peel extracts have demonstrated antiviral 

properties against human enteric viruses. In a study carried out by (Silva-Beltrán et al., 

2017), the human enteric viral surrogates of MS2 and Av-05 are successfully inhibited 

by the potato peel extracts thus suggesting that these extracts can effectively be used 

against human enteric viruses. The study also indicated that potato peels have a strong 

antioxidant activity. 

Although potato peels have been shown to contain the necessary bioactive compounds 

for antibacterial, antiviral, antioxidant and antifungal properties. The yield and efficacy 

of these compounds may differ from one potato plant to the other based on the planting 

conditions, soil type, geographical location, post-harvesting as well as processing 

conditions (Ezekiel et al., 2013; Samaniego et al., 2020). When comparing Colorado 

potato tubers to those grown in Texas, researchers discovered that Colorado tubers 
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contained higher levels of anthocyanins; hence showing that the location of the potato 

growing has an impact on phytochemical content. Colorado’s colder temperatures and 

longer days were hypothesized to be the reason for these disparities (Reyes et al., 2004). 

A study was conducted in the Czech Republic on the total phenolic content of different 

potato cultivars in relation to environmental and fertilizing conditions. The 

geographical location with a greater altitude, the lowest average annual temperature and 

the highest quantity of precipitation had a higher total phenolic content (Hamouz et al., 

2007). It is therefore important to consider these factors while deciding which potato 

peels to use for optimal phytochemical output.   

2.2.3 Determining the Bioactive Compounds of Plants and Plant By-Products 

Due to the differing properties of potatoes and potato peels based on their geographical 

location and other factors; it is important to determine the bioactive compounds of 

potato peels before exploiting their antimicrobial activity. There are several stages in 

the attaining of bioactive components of plants and plant by-products. These stages are 

shown in Figure 2:1 and can also be applied in acquiring the bioactive components of 

potato peels. 

 

Figure 2:1. Stages Involved in Attaining Bioactive Molecules from Plants and Plant 

By-Products (Source: Author Elucidation based on  Abubakar & Haque). 
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2.2.3.1 Selection of Appropriate Solvent 

The extraction solvent is a significant parameter because it has an impact on the yield 

of bioactive chemicals, as well as the extraction time and other features. It is therefore 

vital to consider several important factors when choosing a solvent. The factors include 

safety, viscosity, polarity, reactivity and the boiling temperature of the solvent (Pandey 

et al., 2014). The chosen solvent should be non-flammable, non-toxic and should have 

the ability to extract the required bioactive compounds while leaving out the inert 

material. To allow for easy penetration, it is vital for the solvent to have a low viscosity 

and it should not react with the extract. Where boiling is necessary for extraction, the 

solvent ought to have a boiling temperature that is as low as possible so that sample 

degradation by heat is prevented (Abubakar & Haque, 2020).  

Polar solvents such as alcohols and water, intermediate polar solvents such as 

dichloromethane and acetone as well as nonpolar solvents such as chloroform, n-hexane 

and ether; are often utilized in plant extraction (Akyol et al., 2016; Dorta et al., 2012; 

Fu et al., 2016). The polarity of the solvent determines the suitability of a solvent for 

the extraction of different compounds from a sample. The influence of different polarity 

of solvents on the recovery and antioxidant activity of polyphenols from sweet potato 

leaves was investigated. The highest total flavonoid content was found in the 70 percent 

ethanol extract, while the highest total phenolic content was found in the 50 percent 

acetone extract (Fu et al., 2016). Some commonly used solvents and their properties are 

shown in Table 2:2. 

Water and ethanol have gained popularity as solvents because they are environmentally 

friendly and can be used in applications where safety is of great concern. The efficiency 

of the two solvents differs based on the extraction technique used as well as the 

compound being extracted. Although water has been frequently employed in effective 
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extraction, the extract contains a considerable quantity of water-soluble contaminants, 

which might reduce the extract’s efficacy for further exploitation (Q. W. Zhang et al., 

2018).   

Table 2:2. Properties of Extraction Solvent 

SOLVENT PROPERTIES ADVANTAGES DISADVANTAGES 

Alcohol -Polar 

-Used for extraction 

of polar secondary 

metabolites 

- Miscible with 

water 

- Does not require 

special preservation 

at concentrations 

above 20% 

-Extraction can be 

done at low 

temperatures. 

-Non-toxic at low 

concentrations. 

 

-It is volatile and 

flammable. 

-It cannot dissolve 

wax, gums and fats. 

Water -Polar 

-Used for extracting 

several polar 

compounds. 

- Cheap, non-

flammable and non-

toxic 

- Highly polar and 

can therefore 

dissolve many 

substances. 

- May require high 

heat for extraction. 

- Promotes the growth 

of bacteria and 

moulds. 

- May cause 

hydrolysis. 

Ether -Non-polar 

- Mainly used for 

the extraction of 

terpenoids, fatty 

acids, alkaloids and 

coumarins. 

-Very stable 

compound and 

therefore does not 

react with bases, 

acids and metals. 

- Miscible with 

water. 

- Low boiling point. 

- Flammable 

- Highly volatile 

Chloroform -Non-polar 

-Used for extracting 

compounds such as 

flavonoids, 

terpenoids, oils and 

fats. 

-Sweet smelling and 

colourless 

-Soluble in alcohols. 

- Well absorbed and 

broken down in the 

body. 

- Carcinogenic 

- Sedative 

Source: (Abubakar & Haque, 2020) 

 

In the extraction of antioxidants, ethanol extracts outperformed water extracts in terms 

of antiradical, reducing and chelating activities (Samotyja, 2019). Ethanol extracts also 

showed superior properties in the extraction of phenols from potato peels attaining the 
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highest total phenolic content when compared with methanol extracts and petroleum 

extracts (Gebrechristos et al., 2020; Joly et al., 2020). Furthermore, in a study carried 

out by (Silva-Beltrán et al., 2017) total phenolics and flavonoids were found to be 

greater in the acidified ethanol extract than in the water extract. However, when 

different solvents were used in the extraction of bioactive compounds from potato peels, 

extraction using water resulted in a higher yield of the extract as well as a higher 

phenolic content as compared to the ethanolic extracts. Moreover, the use of water as 

an extract has proven to be a non-toxic and efficient option. Water is the most 

environmentally friendly solvent available; it dissolves a variety of bioactive substances 

and can be used as a solvent in various extraction techniques, whether they are 

traditional or modern (Mihaylova & Lante, 2019). 

2.2.3.2 Commonly Used Extraction Methods 

Several procedures are used for the extraction of bioactive compounds in plants and 

plant products. These procedures differ and can affect the properties of the resultant 

extract. Different factors need to be considered in the selection of the extraction 

technique to be used; such as the intended use, the nature of the solvent, the final volume 

required, the duration of the extraction process as well as stability to heat (Abubakar & 

Haque, 2020). Maceration, Soxhlet extraction, ultrasound-assisted extraction and 

microwave-assisted extractions are all examples of extraction processes.  

i. Maceration 

This is a method of extraction in which a powdered sample, such as leaves, root bark 

or any other plant material is placed in a container and the extraction solvent is poured 

over it until the powder is entirely covered. The container is covered and stored for 48 

to 72 hours while periodically stirring or shaking it occasionally to guarantee complete 

extraction. Once the extraction is complete, the solution is filtered and then evaporated  
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(Bandar et al., 2013). This is a very convenient method particularly for thermolabile 

plant materials that are easily deactivated or destroyed by heat (Q. W. Zhang et al., 

2018). This technique has produced extracts with superior phenolic compounds in 

comparison with other techniques when used for the extraction of chlorogenic acid as 

reported in an earlier study. In that study, maceration, heating, reflux, ultrasound, 

percolation and Soxhlet techniques were used for extraction of potato peels with 

methanol. The best technique was heating-assisted extraction, which was followed by 

maceration and then the ultrasound-assisted technique (Joly et al., 2020). However, 

despite its simplicity, this technique has the drawbacks of a long extraction time and 

low extraction effectiveness. 

ii. Soxhlet Extraction 

Soxhlet extraction, also known as hot continuous extraction, ensures thorough 

extraction while using the least quantity of solvent possible (Gopalasatheeskumar, 

2018). In this method, a powdered sample is placed in an extraction thimble , covered 

with glass wool and then placed in the Soxhlet extractor for extraction with the 

appropriate solvent (Redfern et al., 2014). This is a continuous process that can take 

several hours or days for complete extraction to take place. It works on the basis of 

backflow and siphoning of the solvent, and extracts the required bioactive components 

from the liquid and solid mixture (Kumar, 2020). 

This approach is beneficial when the desired compound’s solubility in a solvent is 

limited and the impurities are insoluble in the solvent. This technique was used in 

comparison with other techniques and was shown to be less effective in the extraction 

of chlorogenic acid from potato peels (Joly et al., 2020).  The main advantage of this 

method of extraction is that it results in efficient extraction of the bioactive compounds, 
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however, the process is very lengthy as it can take several hours or days for complete 

extraction. 

iii. Microwave-Assisted Extraction 

Microwave-assisted extraction includes heating a solvent that is in contact with a 

sample by use of microwave energy in order to extract bioactive compounds from the 

sample into the solvent (I. Akhtar et al., 2019). Because of its increased extraction 

efficiency, shorter extraction time, less labour and high extraction selectivity, this 

technique is often preferred for extraction (Bandar et al., 2013).  

This approach has so far been utilized by (Singh et al., 2011) in the extraction of potato 

peel components. In their study, microwave-assisted extraction was shown to be more 

efficient than the conventional solid-liquid extraction techniques in extracting phenolic 

compounds from potato peels. Additionally, a higher yield of phenolic compounds was 

extracted using less solvent and at a reduced extraction time than in earlier 

investigations. This approach, however, is restricted to compounds that are stable under 

high heating conditions of the microwave such as small-molecule phenolic acids, 

isoflavone and quercetin (Trusheva et al., 2007). Secondary metabolites such as 

anthocyanins and tannins may not be suited for microwave-assisted extraction since 

they are susceptible to temperature degradation (Altemimi et al., 2017; Azwanida, 

2015; Doughari, 2012). In order to  examine the applicability of microwave assisted 

extraction in recovering different biomolecules from potato by-products, more study 

effort focusing on the utilization of this technique is required. 

iv. Ultrasound-Assisted Extraction 

Ultrasound extraction involves the application of ultrasonic waves at a very high 

frequency higher than 20 KHz causing the solute to diffuse swiftly from the solid to the 
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liquid phase (Abubakar & Haque, 2020; Akyol et al., 2016). The main advantage of 

this technique is that it is an economical method with reduced extraction time and 

reduced quantities of solvent used. It also reduces energy expenditure while resulting 

in an increased yield of the bioactive compounds. The ultrasound-assisted extraction 

has been shown to preserve the secondary metabolites and extracted compounds with 

greater efficiency and effective functional activities (Quiroz et al., 2019). While using 

this technique, it is important to find the best position for the container holding the 

sample and solvent inside the bath since the effect of the ultrasound waves differs based 

on the position. This is a disadvantage because it affects consistency of the extraction 

(Carreira-Casais et al., 2021). 

The use of methanol in the extraction of potato peel components has been described, 

and two alternative extraction procedures, that is, ultrasound assisted extraction and 

traditional solvent extraction, were utilized. The ultrasonic extraction method yielded 

extracts with a greater total phenolic content (Samarin et al., 2012). In the extraction of 

potato peels using different solvents, such as ethanol/water mixtures and glycerol/water 

mixtures, ultrasound assisted extraction was used. The study’s findings demonstrated 

that high yields of polyphenolic phytochemicals were successfully recovered from the 

extracts. This was attributed to the fact that ultrasonic energy speeds up diffusion by 

increasing the permeability of solid particles to the solvent, allowing for easier 

polyphenol release (Paleologou et al., 2016).  

The efficacy of this technique in the extraction of phenolic compounds from potato peel 

powder has also been assessed in a study comparing the direct ultrasound assisted 

extraction, indirect ultrasound extraction and conventional shaking extraction. The 

results showed that ultrasound approaches provided a larger yield of phenolic 

compounds in less time, ranging from 1 to 5 minutes compared to 60 minutes with 
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conventional shaking extraction (Wang et al., 2020). It has also been reported that 

ultrasound-assisted extraction yielded a much higher recovery rate of phenolics from 

potato peels in comparison to the solid-liquid extraction procedure alone (Kumari et al., 

2017).  

The major challenge with this technique is that a very high ultrasound energy may affect 

the active phytochemicals by forming free radicals (Azwanida, 2015). It is therefore 

important to take note of the ultrasound energy used in the extraction process. Overall, 

these studies suggest that the ultrasound assisted extraction technique is a reliable 

technique for the extraction of phenolic compounds as it saves on extraction time while 

increasing the yield.  

2.2.3.3 Phytochemical Screening Procedures 

Preliminary procedures to detect the presence of primary and secondary metabolites in 

an extract are known as phytochemical screenings. Phytochemical screening aids in the 

discovery of plant extract constituents and the ones that are more abundant than the 

others, as well as the search for bioactive compounds that can be employed in the 

development of therapeutic medications (Pant et al., 2017). Flavonoids, alkaloids, 

saponins, tannins, terpenes, flavones, cardiac glycosides, sterols, carbohydrate, proteins 

and fats were detected using the qualitative analyses shown in Table 2:3. 
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Table 2:3. Techniques for Phytochemical Screening of Extracts 

Phytochemical Test Methods Reagents Used Observation Indicating 

Presence of Phytochemical 

Alkaloids Dragendorff’s 

Test 

Solution of Potassium 

Bismuth Iodide 

Red precipitate 

 Wagner’s Test Iodine in Potassium 

Iodide 

Brown/reddish precipitate 

 Mayer’s Test Potassium Mercuric 

Iodide 

Yellow coloured Precipitate 

 Hager’s Test Saturated Picric Acid 

Solution 

Yellow coloured Precipitate 

Glycosides Bontrager’s Test Ferric Chloride Solution 

and then ammonia 

solution 

Rose-pink colour in the 

ammoniacal layer 

 Legal’s Test Sodium Nitroprussidein 

in sodium hydroxide and 

pyridine 

Pink to a blood red colour 

 Keller-Kiliani 

Test 

Ferric chloride then 

concentrated sulphuric 

acid 

Brown or red layer at the 

interface and blue to green at 

the upper acetic layer 

 Kedde’s Reaction 3,5-dinitrobenzoic acid in 

methanol and sodium 

hydroxide 

Violet colour 

Saponins Froth Test Distilled water with 

shaking 

Formation of one centimetre 

of foam. 

 Foam Test Distilled water with 

shaking 

Foam persisting for ten 

minutes. 

 Blood hemolysis 

Test 

Erythrocites in saline 

solution 

Hemolysis 

Phytosterols Salkowski’s Test Concentrated Sulphuric 

Acid 

Golden yellow colour 

 Liebermann 

Burchard Test 

Chloroform then acetic 

anhydride and finally 

sulphuric acid 

Brown ring at the junction 

Phenols Ferric Chloride 

Test 

Ferric Chloride Solution Bluish-black Colour 

Tannins Gelatin Test Gelatin Solution (1%) 

containing sodium 

chloride 

White precipitate 

Flavonoids Alkaline Reagent 

Test 

Sodium hydroxide 

solution 

Intense yellow colour that 

turns to colourless when a 

dilute acid is added. 

 Lead Acetate Test Lead acetate solution Yellow precipitates 

Proteins and 

Amino Acids 

Xanthoproteic 

Test 

Concentrated Nitric Acid Yellow colour 

 Ninhydrin Test Ninhydrin Reagent Blue colour 

Quinones    

Terpenoids Test for 

Terpenoids 

Chloroform and then 

concentrated sulphuric 

acid. 

Grey colour 

Steroids Test for Steroids Chloroform and 

concentrated sulphuric 

acid 

Red colour in the lower 

chloroform layer 

Anthraquinones Test for 

Anthraquinones 

Benzene then ammonia Pink, violet or red colour. 

Source: (Alam & El-Nuby, 2019; Gul et al., 2017; Pandey et al., 2014) 
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Plant wastes from eight plants, including potato peels, were subjected to preliminary 

phytochemical screening. The researchers were able to determine the presence of many 

secondary metabolites such as flavonoids, tannins, alkaloids and anthraquinones, 

demonstrating the value of the assays (Alam & El-Nuby, 2019). Results from 

phytochemical screening often predict the extracts’ efficacy against bacteria, fungi and 

viruses as well as their antioxidant properties and are an important step in the 

preliminary testing of these properties. 

2.2.3.4 Fractionation Techniques 

Various chromatographic techniques, such as thin-layer chromatography, paper 

chromatography, high-performance liquid chromatography and gas chromatography 

are used to fractionate and purify phytochemical compounds (Abubakar & Haque, 

2020). The Folin-Ciocalteu method is often used to determine the total phenolic 

components in potato peel extracts. However, techniques such as the High-Performance 

Liquid Chromatography, Diode array Detector (DAD), Electrospray Ionization and 

Mass Spectrometer can be used to identify and quantify particular phenolic chemicals 

found in potato peel extracts (Al-Weshahy & Venket Rao, 2009; Benavides-guerrero et 

al., 2020; Martinez et al., 2020; Poulikakos et al., 2017).  

Potato peel phenolic acids have been purified using microporous membrane filtration, 

and their content was evaluated using high-performance liquid chromatography 

(HPLC) and reference compounds such as chlorogenic acid, caffeic acid and 

neochlorogenic acid. According to the study, the main constituents detected in potato 

peel extracts are chlorogenic, caffeic, and neochlorogenic acids which are responsible 

for the antimicrobial capabilities (Gebrechristos et al., 2020). HPLC and proton nuclear 

magnetic resonance (1H NMR) studies conducted by (Devi et al., 2018) also confirmed 

the presence of phenolic compounds in potato peels such as  gallic acid, chlorogenic 
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acid and caffeic acid.  A previous study also reported the use of fractionation techniques 

to identify and quantify phenolic components in ethanolic extracts of five potato by-

products and twelve different compounds were detected in the extracts (Riciputi et al., 

2018). The importance of these techniques is that they ensure the purity of the 

compound and also aid in isolating the specific phytochemical compounds present in 

the extract. 

2.2.3.5 Characterisation Techniques of Plant Extracts 

Several identification techniques, including mass spectroscopy, nuclear magnetic 

resonance spectroscopy, ultraviolet spectroscopy and infrared spectroscopy, are used to 

characterise the compounds produced. The approaches are primarily used to detect 

functional groups, numerous bonds and rings, carbon and hydrogen arrangement, and 

complete structural elucidation (Abubakar & Haque, 2020). The Fourier Transform 

Infrared Spectroscopy (FTIR) has been used to assess the functional groups present in 

potato peels and their potential use in subsequent studies and the main characteristics 

observed are due to the presence of cellulose, lignin and protein (Aschale et al., 2021; 

Attia et al., 2020; Liang & McDonald, 2014).  X-ray diffraction analysis has also been 

used for characterisation of potato peel extracts and has revealed that they are more 

amorphous in nature and only semi-crystalline (Aschale et al., 2021; Devi et al., 2018; 

Osman et al., 2019). The morphological analysis of potato peels using the Scanning 

Electron Microscope and the Transmission Electron Microscope showed that the 

structure consisted of a rough surface with a long-range pore system and are useful in 

the modification of potato peels  (Aschale et al., 2021; Devi et al., 2018; Wang et al., 

2020). Thermal analysis has also been done on potato peels using the thermal 

gravimetric analysis (TGA) to determine the purity, composition and stability 

temperatures of the extract (Bouhadjra et al., 2021; Liang & McDonald, 2014; Osman 
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et al., 2019). These characterisation are not only useful for determining the properties 

of the raw potato peel extract but can also be used to show the change in the properties 

of the extracts after modification and treatment with other substances. 

2.2.4 Antibacterial Assessment of Plant Extracts 

Antibiotic – resistant bacteria are on the rise, posing a threat to global health. Due to 

the loss of effectiveness of traditional bacteria over time; there has been a need to 

develop novel antibiotics to address these issues. Plants possess bioactive compounds 

with extensive therapeutic potential. Flavonoids, terpenes, flavanols and alkaloids have 

been shown in studies to have promising antimicrobial activity when isolated or as part 

of extracts (Álvarez-Martínez et al., 2021). The antimicrobial activity of plant extracts 

can be evaluated and screened using a variety of bioassay techniques, including 

diffusion methods, thin-layer chromatography, dilution methods, time-kill tests, ATP 

bioluminescence, and the flow cytofluorometric method (Balouiri et al., 2016). The 

most common and fundamental antimicrobial testing methods are diffusion and dilution 

techniques.  

The disk-diffusion testing method is one diffusion method that is used for antimicrobial 

susceptibility testing in many clinical microbiology laboratories. This method is used 

to test different bacterial pathogens by using specific culture media, incubation 

conditions and by measuring the inhibition zones. Several researchers have used this 

method for the efficacy testing of various plant extracts such as cumin, clove, 

pomegranate, ginger, thyme, guava, olive, sage and mulberry against gram-negative 

and gram-positive bacterial strains. The tested bacterial strains include bacillus cereus, 

escherichia coli, staphylococcus aureus, pseudomonas aeruginosa, salmonella typhi, 

pasteurella multocida, salmonella enteritidis and mycoplasma gallisepticum (Hemeg 

et al., 2020; Mohamed et al., 2020; Mostafa et al., 2018). In this method, agar plates are 
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inoculated with a standardized inoculum of the test microorganism, as shown in the 

schematic diagram in Figure 2:2.  

 

Figure 2:2. Disc Diffusion Assay for Antimicrobial Susceptibility Testing (Source: 

Author elucidation) 

 

Filter paper discs (about 6 mm in diameter) containing the test antimicrobial compound 

at the desired concentration are placed on the agar surface. The petri dishes are then 

incubated at the suitable conditions; the antimicrobial agent diffuses into the agar and 

inhibits the growth of the test bacteria. The diameters of zones of inhibition that appear 

around the antimicrobial discs are measured.  

Another diffusion technique that has been used in the antimicrobial testing of plant 

extracts is the agar well diffusion method (Gebrechristos et al., 2020; Gonelimali et al., 

2018; Helal et al., 2020). This method uses similar culture media and incubation 

conditions as the disc diffusion technique. The difference between the two methods is 

that the agar well diffusion method involves creating a hole or a well on the solid 

medium and then adding the plant extract to the well, whereas the disc diffusion method 

involves adding the extract to a filter paper disc then placing it on the agar surface 

(Balouiri et al., 2016). Both methods measure the zone of inhibition around the 

antimicrobial agent to determine its efficacy against the test bacteria. The agar well and 

disc diffusion methods have various advantages, including ease of use, simple and 
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quick interpretation of data, and the ability to test a large number of antibiotics per test. 

The main disadvantages of these assays are that some antibiotics cannot be examined 

and that the test does not determine the minimum inhibitory concentration (Gajic et al., 

2022). As a result, while establishing the efficacy of the bacterium, extra quantitative 

tests may be required. 

A fundamental and commonly used quantitative antimicrobial susceptibility testing 

method is broth macro or micro dilution and has been used in the antimicrobial testing 

of various plant extracts (Gebrechristos et al., 2020; Helal et al., 2020; Hemeg et al., 

2020). This method is used to determine the minimum inhibitory concentration of the 

antimicrobial agent, that is, the minimum concentration of the antimicrobial agent 

required to completely inhibit the growth of bacteria. The technique involves the 

preparation of two-fold dilutions of antimicrobial agent in 96 well plates, inoculating 

the wells with microbial inoculum, and incubating them under suitable conditions 

depending on the test microorganism (Balouiri et al., 2016; Qidwai et al., 2018).  

The antimicrobial activity of potato peels has been assessed against gram-negative E. 

coli, salmonella typhumurium and salmonella enterica as well as gram-positive bacillus 

subtilis and staphylococcus aureus. A study on the antimicrobial properties of potato 

peel extracts using the agar well diffusion showed a distinct zone of inhibition against 

all tested bacteria except klebsiella pneumonia and listeria monocytogenes.  The MIC 

was found to be 7.5 ± 2, 5.8 ± 2, 4.7 ± 1 mg/ml for E. coli, S. enterica and S. aureus 

respectively (Gebrechristos et al., 2020). In another earlier study the zone of inhibition 

was found to be suitable with a range of 2.5 mm to 7 mm for the different bacterial 

strains and was higher than that of ampicillin (positive control) which had a zone of 

inhibition in the range of 2.2 mm to 5 mm for the different bacteria (Helal et al., 2020). 

The disc diffusion assay has also been used together with the MIC to determine the 
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antibacterial effects of potato peels extracts and the results are in agreement with other 

studies and show that the peels have antibacterial properties against several bacterial 

strains but have no effect against klebsiella pneumonia (Amanpour et al., 2015). These 

studies confirm the antimicrobial activity of potato peels; however, tests need to be 

done on different potato varieties because the presence of the bioactive compounds 

responsible for the antimicrobial activity is dependent on the variety and geographical 

location of the potatoes. 

2.3 Synthesis of Nanoparticles  

Nanoparticles are synthesised using different approaches, namely, top-down, bottom-

up and self-assembly methods. The bottom-up method involves the generation of 

nanoparticles by the arrangement of the molecular components into more complex 

assemblies’ molecule by molecule, cluster by cluster from the bottom. In the top-down 

method, the size of the bulk participate materials is diminished into smaller and smaller 

particles. The self-assembly method is one that allows structures to organise themselves 

into configuration of the lowest-energy using local forces (Daraio & Jin, 2011). In the 

green synthesis of nanoparticles, they are formed from the oxidation/reduction process 

of the metallic ions by biomolecules. This is a bottom-up nanoparticle synthesis 

approach (Prabhu & Poulose, 2012). 

Additionally, nanoparticle synthesis can be classified using a variety of methods, 

including chemical, physical and green synthesis. These different techniques can 

further be categorised based on the physical, chemical and biological components 

employed in the process. Physical methods include the vapour condensation method, 

the laser ablation method and the arc discharge method. Chemical methods include the 

microemulsion method, the chemical reduction method, the tollens’ method and the 

polyol process (Harish et al., 2022). The physical and chemical methods that have been 
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used in the synthesis of metal and metal oxide nanoparticles have some drawbacks in 

that they are costly and hazardous due to the use of toxic ingredients, high production 

costs and the generation of hazardous by-products (Bhardwaj et al., 2020). Greener 

methods have therefore been considered as they are safe, inexpensive and 

environmentally friendly. 

2.3.1 Green Synthesis of Nanoparticles  

Green approaches have been shown to be beneficial for the production of nanoparticles, 

with the benefits of lower failure rates, lower costs and easier characterisation. Different 

techniques are used in the green synthesis of nanoparticles such as chemical reduction, 

electro-chemical methods, green synthesis from enzymes, green synthesis from 

vitamins, microwave-assisted synthesis and utilization of environmentally friendly 

solvents . Other techniques include bio-based methods such as bacteria and 

actinomycetes, yeasts and fungi, algae as well as plants and phytochemicals (Gour & 

Jain, 2019; N. A. Ibrahim, 2015).  

In the green synthesis of nanoparticles plants are gaining more attention than other 

agents. The phytochemicals in plants such as phenols, and flavonoids act as reducing 

as well as stabilizing agents in the synthesis procedure (Mathew, 2020). The plants can 

be washed, dried and then powdered prior to use. Plants with known medicinal 

properties have been used in order to incorporate the properties onto the textile fabrics 

and have exhibited superior antibacterial properties with potential for use in medical 

textiles (B. S. Kumar, 2016). Food wastes have also been used such as banana peels (H. 

M. M. Ibrahim, 2015), potato peels (Bhuvaneswari et al., 2017) and orange peels (Skiba 

& Vorobyova, 2019) and have been effective in the production of nanoparticles.  
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2.3.2 Factors Affecting the Green Synthesis of Nanoparticles 

In the synthesis of nanoparticles using green methods challenges were still observed in 

the stability, size, shape and subsequently the performance of the nanoparticles. This 

was attributed to the different factors affecting the synthesis of the nanoparticles. Earlier 

researchers found that synthesis of nanoparticles with varying operating parameters 

such as silver metal salt concentration, incubation and reaction time, pH as well as 

temperature were found to be more stable and uniformly dispersed (Patra & Baek, 

2014). This section goes over some of the key physical and chemical reaction 

parameters that determine silver nanoparticle size, shape and stability. 

2.3.2.1 Capping Agents 

Silver nanoparticles are not normally stable in solution under typical conditions and 

have a tendency to agglomerate. In the synthesis of nanoparticles capping agents are 

used to prevent silver nanoparticle aggregation. They also regulate the size and the 

shape of the silver nanoparticles and also affect their physicochemical properties 

(Restrepo & Villa, 2021). Four capping agents were tested in a study to investigate the 

influence of capping agents on the synthesis of silver nanoparticles, namely; 

polyethylene glycol (PEG), ethylenediaminetetraacetic acid (EDTA), 

polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA). The study showed that the 

size of the nanoparticles, their stability and their antibacterial activity were affected by 

the capping agent used (Ajitha et al., 2016).  

It is therefore important to select the appropriate capping agent for stabilizing the 

nanoparticles during synthesis. In the green synthesis of nanoparticles plant extracts 

such as neem leaves, ligustrum ovalifolium fruits and banana peels not only act as the 

reducing agents but also as the capping agents and aid in stabilizing the nanoparticles 

(H. M. M. Ibrahim, 2015; Moldovan et al., 2018; Verma & Mehata, 2016). The 
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presence of functional groups in plant extracts that can be useful as reducing and 

capping agents can be detected by use of characterisation techniques such as the FTIR 

(Sithara et al., 2017). The results will serve as proof that the extracts can act as capping 

agents thus eliminating the need for any additional capping agents.  

2.3.2.2 Precursor-Extract Volume Ratio 

The volume ratio of the extract to the silver nitrate solution influences the nanoparticle 

production rate and size. The size of the nanoparticles produced increases as the volume 

ratio of the extract increases, as evidenced by the shape and placements of the surface 

plasmon resonance peaks (Asif et al., 2022; Kaur et al., 2021). Several studies agree 

that the volume of the silver nitrate solution should be higher than that of the plant 

extract for effective nanoparticle synthesis to be achieved. The rate of the nanoparticle 

synthesis reaction depends on the availability of reactants. When the silver nitrate 

concentration is higher than that of the plant extract, there are more Ag+ ions available 

for reduction by the phytochemicals present in the plant extract. This can lead to a faster 

and more efficient synthesis process (Bamsaoud et al., 2021). Different optimum 

volume ratios have been recorded based on the different plant extracts used in the green 

synthesis procedure. In a research conducted by (Azarbani & Shiravand, 2020) different 

volume ratios of ferulago macrocarpa flower extract to the silver nitrate solution, that 

is; 1:1, 1:2, 1:4, 3:4 and 3:2 were used in the green synthesis of silver nanoparticles. 

The absorption peak changed towards a lower wavelength as the silver nitrate volume 

ratio was increased, indicating a reduction in particle size. The study concluded that a 

ratio of 3:4 produced smaller nanoparticles. In another study, the optimum volume ratio 

of ligustrum ovalifolium fruit extract to the silver nitrate solution was found to be 1:3 

(Moldovan et al., 2018).  
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Other researchers also got different optimum volume ratios such as 1:10 (Sithara et al., 

2017), 2:5 (Seifipour et al., 2020), and 0.06:1 (Sharma et al., 2020). Although the 

volume ratios differed for all studies, in all the results the silver nitrate volume ratio 

was higher than the extract ratio.  Other parameters, for instance the concentration of 

the precursor, such as silver nitrate solution, and the extract employed are expected to 

influence the effect of the precursor-extract volume ratio on nanoparticles formation, 

explaining the large variances in the volume ratios used by different researchers. It is 

therefore necessary to determine the combined effect of these different parameters to 

achieve the optimum conditions for the synthesis of nanoparticles.  

2.3.2.3 The pH of the Solution 

The pH of the solution has a big impact on the synthesis of silver nanoparticles because 

it changes the electrical charge of the biomolecules, which affects their capping and 

reducing properties (Liaqat et al., 2022). A higher pH has been shown to increase the 

synthesis rate of nanoparticles, reduce their size and also produce more stable 

nanoparticles in comparison with acidic pH (Phongtongpasuk & Poadang, 2015). In a 

previous study on the effect of pH on silver nanoparticle green synthesis; on the tenth 

day of the experiment, nanoparticles generated in low pH (2, 4 and 6) solutions began 

to lose their stability. The nanoparticles generated in higher pH (8 and 10) solutions, on 

the other hand, were more stable (Velgosová et al., 2016). A study carried out by 

(Kredy, 2018) found that a higher pH resulted in a higher nanoparticle synthesis rate. 

In their research, the impact of pH was investigated in three separate scenarios: acidic 

(4.0), neutral (7.0) and basic (9.0). The reaction’s colour intensity was highest at a basic 

pH of 9, and there was no response at an acidic pH of 4.   
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At higher pH increases the amount of OH- ions in the solution which can connect with 

the silver ions resulting in enhanced nanoparticle synthesis as well as smaller 

nanoparticles (Kaur et al., 2021; Mahiuddin et al., 2020). However, if the pH is too high 

it may lead to agglomeration and the formation of larger nanoparticles. Another study 

carried out by (Verma & Mehata, 2016) reported that higher pH promotes the synthesis 

of nanoparticles while lower pH suppresses synthesis. The study also revealed that at a 

very high pH above 13 the nanoparticles become unstable and agglomerate thus making 

pH 13 the most suitable for synthesis. Several other researchers have reported that 

alkaline conditions are the most conducive in the synthesis of nanoparticles with 

optimum pH being recorded at 9 (Sharma et al., 2020), 10  (Moldovan et al., 2018; 

Seifipour et al., 2020), and 11 (Azarbani & Shiravand, 2020; Sana & Dogiparthi, 2018).   

Other researchers, however, have contradicted these findings and reported that acidic 

pH is more suitable for the synthesis of nanoparticles than alkaline pH. In the green 

synthesis of nanoparticles using pistiastratiotes extract, the researchers found that an 

acidic medium gave smaller size nanoparticles than in a basic medium 

(Traiwatcharanon et al., 2015). Similar results were reported by Ibrahim who 

discovered that the creation of silver nanoparticles with banana peel extract was best 

done at an acidic pH of 4.5 (H. M. M. Ibrahim, 2015). It has been suggested that the 

effect of the pH can also be based on the degradation properties of the extract; some 

extracts may be denatured or degraded by acidic conditions thus resulting in a reduced 

rate of nanoparticle synthesis (Melkamu & Bitew, 2021). It is also important to 

understand the reason for these disparities and to determine the most suitable pH for a 

particular synthesis reaction.   
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2.3.2.4 Silver Nitrate Concentration 

The concentration of silver ions has a significant impact on the size, shape and extent 

of production of silver nanoparticles. A modification in the concentration of metal salt 

employed in the synthesis of nanoparticles has been proven in several investigations to 

alter the synthesis result. In most biological synthesis processes, and the rate at which 

the surface plasmon resonance is attained rises with increasing silver ion intensity 

(Dada et al., 2018). In a previous study, silver nanoparticles were produced utilizing 

silver nitrate as the metallic salt and banana peel extract as the reductant and capping 

agent. Results of the study showed that at lower concentrations of silver nitrate, 

yellowish brown and light reddish colours were observed. Darker shades of reddish 

brown were detected as the concentration increased. The surface plasmon resonance 

absorption peak also increased and became more distinct at higher concentrations of 

silver nitrate (Ibrahim, 2015).  

There is a positive correlation between initial metal ion concentration and the average 

nanoparticle size; an increase in silver nitrate concentration results in the formation of 

larger nanoparticles (Htwe et al., 2019). Synthesis of nanoparticles has mostly been 

conducted with silver nitrate concentrations varying from 0.25 mM up to 1 mM with 

some studies using concentrations up to 300 mM. However, the results have revealed 

that at concentrations below 0.5 mM, the silver concentration is too low for synthesis 

(Kaur et al., 2021). Furthermore, synthesis at extremely high silver nitrate 

concentrations may result in the development of particles that are larger than the 

requisite nanoparticle sizes, eventually leading to the formation of bulk silver. This was 

observed in a research where concentrations of 300 mM resulted in the formation of 

particles with a size of 630 nm (Janardhanan et al., 2009).  

 



39 

 

 

 

When establishing the optimum concentration of silver nitrate in the synthesis of silver 

nanoparticles, it is critical to take into account both the nanoparticle size and the 

heterogeneity of the sample depending on size, that is, the polydispersity index (Rao & 

Tang, 2017). Another factor to consider is the relationship between the volume of the 

extract and the silver nitrate concentration. According to one investigation, the strength 

of the SPR peak stabilized beyond 2.0 mM due to a lack of plant extract needed for the 

reaction with the silver ions. As a result, they recommended that smaller concentrations 

of silver nitrate should be utilized to get better quality and quantity of silver 

nanoparticles (Mahiuddin et al., 2020).  

2.3.2.5 Synthesis Temperature 

Another reaction parameter that has a significant impact on the synthesis rate, shape 

and size of silver nanoparticles is reaction temperature. The majority of research has 

been carried out at room temperature so that the procedure is simple, non-toxic and low 

cost (J. M. Ashraf et al., 2016; Y. Gao et al., 2014; T. Liu et al., 2020). Other 

researchers, on the other hand, have looked into the effect of temperature on the 

synthesis of silver nanoparticles in order to speed up the process and ensure that all 

silver ions are converted into silver nanoparticles. The synthesis of silver nanoparticles 

using lawsonia inermis leaf extract was investigated at three distinct temperature: 25 

℃, 35 ℃ and 45 ℃. With increasing temperature, the rate of production of silver 

nanoparticles increased and it also resulted in the formation of smaller nanoparticles 

this is due to the rapid consumption of the reactants and particle growth kinetics  

(Kredy, 2018).  

 

In a study on the influence of temperature on the green synthesis of silver nanoparticles 

using neem leaves at temperatures ranging from 10 ℃ to 50 ℃, the reduction of silver 
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salt accelerated as the temperature increased with an optimum temperature of 50 ℃, as 

evidenced by a quick change in the colour of the solution. (Verma & Mehata, 2016). 

Similarly, an optimum reaction temperature of 50 ℃ was inferred by (Sithara et al., 

2017) when synthesis temperature was varied from 30 ℃ to 70 ℃. Additionally, 

(Azarbani & Shiravand, 2020)  investigated a temperature set with slightly higher 

values, that is, 30 ℃, 60 ℃ and 80 ℃ for ferulago macrocarpa flower extract - 

mediated silver nanoparticles and found a positive correlation between temperature and 

the rate of synthesis of silver nanoparticles with optimum conditions observed at 80 ℃. 

A higher temperature results in an increase in the kinetic energy of the molecules 

resulting in an increased rate of silver ion consumption therefore reducing the chances 

of further nanoparticle size growth (Azarbani & Shiravand, 2020).  

A recent research however showed that there was no discernible rise in peak intensity 

at higher temperatures from 60 ℃ to 80 ℃ suggesting that the nanoparticle size or 

shape had not changed. As a result, 40 ℃ was chosen as the optimum temperature for 

nanoparticle synthesis (Seifipour et al., 2020). The differences in the optimum 

temperatures could be affected by the degradation temperatures of the bioactive 

components of some of the extracts used in synthesis. In a previous study on the effect 

of temperature on the synthesis of silver nanoparticles using acalypha hispida leaf 

extract; a decrease in rate of synthesis was observed at temperatures higher than 50 ℃. 

This could have been attributed to the breakdown of metabolites found in the leaf 

extract at higher temperatures (Sithara et al., 2017).  

2.3.2.6 Reaction Time 

Reaction time is an important factor in the synthesis of silver nanoparticles. It is critical 

for ensuring total silver ion consumption. By adjusting the reaction time, the form and 

size of the nanoparticles may also be adjusted. In most synthesis, the formation of the 
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nanoparticles becomes more visible as time increases until it reaches a point where 

complete nanoparticle synthesis takes place. This time of complete synthesis is different 

for every synthesis reaction based on other conditions of synthesis. When neem leaves 

were used in the green synthesis of silver nanoparticles, complete colour change which 

indicated complete synthesis of nanoparticles, occurred in 30 minutes (Verma & 

Mehata, 2016). Likewise, (Kaur et al., 2021) reported complete nanoparticle formation 

after 30 minutes of reaction time and an extension of the synthesis time had no further 

influence on the production of nanoparticles as evidenced by the lack of change in the 

surface plasmon resonance peaks. Other researchers reported longer synthesis times 

where complete synthesis took 60 minutes (Rao & Tang, 2017), 90 minutes (Melkamu 

& Bitew, 2021) and between 1 and 6 hours (Mahiuddin et al., 2020). These all used 

different extracts and different synthesis conditions which greatly affect the time. These 

studies further show the importance of optimising the nanoparticle synthesis because 

every procedure differs based on the extract used and the synthesis conditions 

employed. 

2.3.3 Characterisation of Nanoparticles 

Nanoparticles have different properties which influence their efficacy, bio-distribution 

and behaviour. Nanoparticle characterisation is therefore important to determine the 

size, shape and other functional aspects of the synthesized nanoparticles. Analytical 

techniques such as Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction 

(XRD), UV-visible spectroscopy (UV-vis), Dynamic Light Scattering (DLS), Scanning 

Electron Microscopy (SEM), and Transmission Electron Microscopy (TEM) are used 

to characterise nanoparticles (Mourdikoudis et al., 2018).  
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2.3.3.1 UV-Visible Spectroscopy (UV-Vis) 

The extinction (scatter and absorption) of light flowing through a material is measured 

using UV-Vis. This is a useful technique for recognizing, characterizing and analysing 

nanomaterials because nanoparticles have unique optical properties that are sensitive to 

shape, size, refractive index, aggregation sate, and concentration near the nanoparticle 

surface (X. F. Zhang et al., 2016). In the synthesis of silver nanoparticles, the 

biosynthesis and reduction of silver ions is measured by analysing the surface plasmon 

resonance using the UV-vis usually in the scanning range of either 200 nm to 800 nm 

(Melkamu & Bitew, 2021; Rao & Tang, 2017). The appearance of a characteristic 

surface plasmon resonance (SPR) peak between 400 nm to 500 nm confirms the 

formation of silver  nanoparticles. The SPR peak is based on the nanoparticles’ size and 

shape as well as the nature and composition of the dispersion medium (Jana et al., 

2016). The SPR peak also shows the concentration of the nanoparticles in the solution 

which is directly proportional to the absorbance (Elbagory et al., 2016; Tyavambiza et 

al., 2021). As a result, process parameters such as pH, synthesis time, synthesis 

temperature and precursor volume ratio influence the position and intensity of the peak. 

The observation of this peak in the characterisation of  green synthesised silver 

nanoparticles has been documented by several researchers with SPR peaks ranging 

from 417 to 424 nm (Htwe et al., 2019), 419 nm (Asif et al., 2022) and 440 nm (Rautela 

et al., 2019); with all of them falling within the required range of 400 nm to 500 nm. 

2.3.3.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The Fourier Transform Infrared Spectroscopy (FTIR) technique is used to obtain the 

infrared spectrum of emission, absorption and photoconductivity of gases, liquids and 

solids. It is a cost effective, non-invasive and simple technique and is used to identify 

the different functional groups in compounds (X. F. Zhang et al., 2016).  The FTIR 
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analysis method scans test samples with infrared light to observe the chemical 

properties. The instrument passes infrared radiation ranging through a sample and the 

resulting signal at the detector appears as a spectrum typically ranging from 4000 cm-1 

and 400 cm-1. The observed intense bands in the spectrum are compared with standard 

values to identify the functional groups (Karthik et al., 2020). The technique has been 

used in nanoparticle synthesis studies to determine whether biomolecules are involved 

in the formation of nanoparticles. The identified characteristic functional groups from 

spectral bands allow for the determination of the conjugation between the nanomaterial 

and the adsorbed biomolecules ( Lin et al., 2014).  

FTIR is suitable for the identification of the role of bioactive molecules in the reduction 

of silver nitrate to silver.  In the green synthesis of silver nanoparticles using litchi 

chinensis leaf extract, FTIR was used to identify the presence of phenols, flavonoids, 

amides and hydroxyl groups responsible for the reduction of silver nitrate to silver 

(Kaur et al., 2021).  Many other studies are reported in which FTIR has been used to 

successfully identify the biomolecules responsible for silver nanoparticle synthesis  

(Jyoti et al., 2016; Mahiuddin et al., 2020; Rao & Tang, 2017). Because each molecule 

or chemical structure produces a distinct spectral fingerprint, FTIR analysis is an 

excellent tool for chemical identification. 

2.3.3.3 X-Ray Diffractometer (XRD) 

The XRD is a non-destructive analytical technique that uses X-rays to penetrate deeply 

into a material to observe its crystallinity. The crystallinity of nanoparticles is a 

fundamental aspect that influences their properties such as hardness, melting point, 

density and chemical reactivity; their behaviour and suitability for various applications 

(L. Lin et al., 2023). When X-ray radiation reflects on a crystal, many diffraction 

patterns are formed. These diffraction patterns confirm the formation of crystalline 
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nanoparticles and also reflects the physicochemical properties of the crystal structures 

(Holder & Schaak, 2019; Varberg & Skakuj, 2015). The formation of diffraction 

patterns is crucial in the analysis of these materials. Each material has a distinct 

diffraction beam that can be defined and identified by comparing diffracted beams to 

reference standards. The diffracted patterns reveal whether the sample materials are 

pure or contaminated (X. F. Zhang et al., 2016). As a result, XRD can be used to 

investigate the structural properties of various materials such as polymers, 

biomolecules, forensic samples and industrial materials. Furthermore, XRD is an 

effective method for studying nanomaterials. The Debye-Scherrer equation is used to 

calculate crystalline size from XRD data by determining the width of the Bragg 

reflection law according to Equation 1 (Almatroudi, 2020). 

d = Kλ /β cos θ        Equation 2.1 

where: 

 d is the crystalline size (nm),  

K is the Scherrer constant,  

λ is the wavelength of X-ray,  

β is the full width half maximum  

θ is the diffraction angle (half of Bragg angle) that corresponds to the lattice plane 

XRD analysis of green synthesized nanoparticles has confirmed the crystallinity of the 

nanoparticles and has shown them to have a face centred cubic structure. The technique 

has also been able to detect additional compounds through the presence of unassigned 

peaks in the diffraction pattern. The size of the nanoparticles obtained is also in 

agreement with those attained using other analytical techniques (Kaur et al., 2021; 

Melkamu & Bitew, 2021; Rao & Tang, 2017). This is therefore a useful analytical 

technique in the characterisation of nanoparticles.  
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2.3.3.4 Scanning Electron Microscopy (SEM) 

The Scanning Electron Microscope creates detailed magnified images of materials by 

scanning their surfaces to generate a high-resolution image. It accomplishes this by 

focusing a beam of electrons at the surface of the sample material and the secondary 

electrons produced provide information about the sample’s topography, morphology 

and the size at the nano and micro scales (K. Akhtar et al., 2018). These properties have 

been detected in several studies of green synthesized silver nanoparticles. The 

nanoparticles were found to be mostly spherical in shape with a homogeneous 

morphology and a narrow size distribution (Kaur et al., 2021; Mahiuddin et al., 2020; 

Rao & Tang, 2017).  

SEM can be used together with the Energy-Dispersive X-ray spectroscopy (EDX) to 

examine the chemical composition of the nanoparticles. All elements have distinct 

atomic structures, resulting in a distinct set of peaks in the x-ray spectrum, which can 

be used to investigate the elemental composition of any nanoparticle (Scimeca et al., 

2018). EDX of silver nanoparticles shows a very strong signal for silver atoms and may 

also detect adjacent elements such as carbon (C) and oxygen (O). C and O are associated 

with organic compounds adsorbed on the surface of the nanoparticles. These play an 

important role in the reduction and stability of the nanoparticles (Rao & Tang, 2017). 

SEM and EDX are therefore essential characterisation techniques in confirming the 

complete synthesis of nanoparticles. SEM however, does not provide information about 

the internal composition. To do so, characterisation with a transmission electron 

microscope is required (Akhtar et al., 2018).  

2.3.3.5 Transmission Electron Microscopy (TEM) 

The Transmission Electron Microscope is an extremely powerful tool for characterizing 

nanoparticles. It is used to obtain quantitative measurements of materials such as size 
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distribution, particle size and morphology. In this technique an electron beam is 

transmitted through an ultra-thin sample and then forms an image on a photographic 

plate showing the characteristics of the test sample (Subramanian et al., 2013). Using 

this technique, the electronic and chemical structure of individual nanoparticles can be 

detected and quantified. TEM has advantages over SEM in that it has a much higher 

resolution and magnifying power. TEM also has the ability to give details about the 

internal composition of materials and thus illustrate several material properties such as 

crystallization, morphology and stress (K. Akhtar et al., 2018). TEM studies of green 

synthesized nanoparticles also showed their spherical shape which is in agreement with 

the results attained in SEM (Kaur et al., 2021; Mahiuddin et al., 2020). Furthermore, 

the images revealed selected area diffraction patterns with circular spots, confirming 

the nanoparticles’ crystalline nature ( Ibrahim, 2015). 

2.3.3.6 Dynamic Light Scattering (DLS) 

The most versatile and useful set of techniques for measuring the size, size distribution 

and zeta potential of nanoparticles in liquids is dynamic light scattering (Pecora, 2000). 

Using a monochromatic light source, DLS can probe the size distribution ranging in 

size from a few nanometres to several micrometres in solution or suspension. By 

analysing the fluctuating scattered intensity from the nanoparticles in the solution, the 

DLS technique determines the diffusion coefficient of suspended nanoparticles in a 

solution undergoing Brownian motion. The scattered light from a nanoparticle 

suspension fluctuates on a specific time scale, which is inversely proportional to the 

particle diffusion coefficient (Elamawi et al., 2018). The dynamic light scattering is 

also used to assess the zeta potential, which is the stability of a suspension over time. 

The zeta potential is used to characterise the surface charge of nanoparticles in order to 

learn about their stability and surface interactions with other molecules (Carvalho et al., 
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2018). High zeta potential particles are highly charged, which prevents particle 

aggregation due to electric repulsion. Table 2:4 gives summary of the different zeta 

potential values and the corresponding levels of stability of the nanoparticles.   

Table 2:1. Guideline for Zeta Potential Analysis 

Zeta Potential (mV)  Stability behaviour of the particles 

0 to ±5  Rapid coagulation or flocculation 

±10 to ±30  Incipient instability 

±31 to ±40  Moderate stability 

±41 to ±60  Good stability 

More than ±60  Excellent stability 

Source : (Raja & Barron, 2022) 

When the zeta potential is low, attraction overcomes repulsion and the mixture 

coagulates. A zeta potential of +/- 30 mV is thought to be optimal for good stability of 

the nanoparticles (Samimi et al., 2018). Although the DLS technique produces more 

robust data on the polydispersity index and size distribution, it has the disadvantage that 

the measurements are insufficient to evaluate the real size of nanoparticles. This is 

because they measure a hydrodynamic size rather than a physical size (Bhattacharjee, 

2016; Carvalho et al., 2018). The size obtained is also different, often larger than that 

of other characterisation techniques that measure the physical size (Anand et al., 2017; 

Mahiuddin et al., 2020; Mollick et al., 2019). Therefore, to get the physical size of the 

dry nanoparticles and the shape, it is necessary to also use other characterisation 

techniques such as the SEM and the TEM. 

2.3.4 Antibacterial Action of Silver Nanoparticles 

Green synthesized silver nanoparticles have been reported to be potential antibacterial 

agents against a variety of gram-negative and gram-positive bacteria, including, E. coli, 

S. aureus, Asiatic cholera, proteus vulgaris, enterococcus faecalis, salmonella typhi, 

Citrobacter, bacillus cereus, salmonella enteritidis and klebsiella pneumoniae (Labulo 
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et al., 2022; Loo et al., 2018; Saravanakumar et al., 2017). The exact antibacterial 

mechanism of silver nanoparticles is still not fully understood; however, several 

hypotheses are presented in Table 2:5 to explain the antibacterial activity of silver 

nanoparticles. These mechanisms take into account the morphological properties of the 

silver nanoparticles which allow them to adhere to or even penetrate through the 

bacterial cell walls or membranes and then directly affect the bacteria’s intracellular 

components (Bruna et al., 2021; Dakal et al., 2016; Qing et al., 2018). 

Table 2:2. Antibacterial Mechanism of Silver Nanoparticles  

Antibacterial mechanism Resulting activity 

Adhesion of the cell membrane Alters structure of the membrane and 

permeability 

 Leakage of the cellular content and 

adenosine triphosphate 

 Impairing of transport activity 

Penetration inside the cell and nucleus Mitochondrial dysfunction 

 Destabilization and denaturing of proteins 

 Destabilization of ribosomes 

 Interaction with DNA 

Cellular toxicity and generation of 

reactive oxygen species 

Oxidising of proteins and lipids 

 Oxidising of DNA base 

Modulation of cell signalling Alters phosphotyrosine profile 

Source: (Dakal et al., 2016) 

The antibacterial potential of silver nanoparticles has mainly been assessed using the 

agar well diffusion assay and the Kirby-Bauer disk diffusion assay. These tests have 

shown that the antibacterial activity is influenced by physicochemical parameters such 

as shape, size, surface charge and stability (Abbaszadegan et al., 2015; Chen et al., 

2016; Raza et al., 2016).  Studies have shown that smaller silver nanoparticles exhibit 

more significant antibacterial activity than larger nanoparticles. This is because of their 

superior surface area which results in good contact with the bacteria and enables the 
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nanoparticles to reach the nucleus of microbes (Lok et al., 2006). The antibacterial 

activity of different-sized nanoparticles was tested against various bacteria strains, and 

the results indicated that as the size of the silver nanoparticles decreased, the 

antibacterial activity increased (Korshed et al., 2019). Smaller nanoparticles have a 

higher surface area-to-volume ratio, which allows for greater interaction and binding 

with bacterial membranes. This interaction can cause damage to the membrane 

resulting in bacterial death. Additionally, the size of silver nanoparticles can also affect 

their ability to penetrate the bacterial cell wall. Smaller nanoparticles are more likely to 

penetrate deeper into the bacterial cells, leading to higher bactericidal activity. The 

shape of nanoparticles influences their interaction with bacteria, viruses and fungi. 

When the activity of different shaped nanoparticles was compared, spherical silver 

nanoparticles demonstrated superior antibacterial activity against E. coli and P. 

aeruginosa (Raza et al., 2016). As a result, nanoparticles with the right shape, size and 

surface properties are essential for effective use in a wide range of medical applications.  

 

2.4 Imparting Antimicrobial Properties onto Textile Fabrics 

2.4.1 Application of Plant Extracts onto Textile Fabrics 

Plant extracts are a valuable source of antimicrobial agents with numerous medical 

applications. Plants have been used since ancient times to treat and prevent common 

ailments such as skin diseases, colds, diarrhoea and nausea (Cowan, 1999). Plants with 

antimicrobial properties against both gram-negative and gram-positive bacteria include 

cumin, ginger, pomegranate, thyme, cloves, guava, mulberry, sage, olives, hibiscus and 

rosemary. Extracts of various plant parts, such as peels, flowers, leaves and stems have 

been used and shown to have antibacterial properties against various bacterial strains 

(Hemeg et al., 2020; Mostafa et al., 2018). The antimicrobial activity of plant extracts 
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is attributable to the presence of phytochemicals such as alkaloids, phenols, tannins, 

quinones, terpenes and flavonoids. When these phytochemicals interact with bacteria, 

they either cause cell membrane rupture (Álvarez-Martínez et al., 2021), prevent 

bacterial adhesion (Famuyide et al., 2019) or inhibit biofilm formation (Maisetta et al., 

2019), thus resulting in their antimicrobial properties. Due to the efficacy of these plant 

extracts against bacteria, they have been applied onto textile fabrics for the production 

of fabrics with antimicrobial properties.  

Several techniques have been used for the application of plant extracts onto textile 

fabrics. The exhaust method has been used by several researchers because it produces 

high quality dyed or treated fabrics at a lower cost  (Choudhury, 2017). This technique 

allows molecules to move from the solution to the fabrics until the molecule is 

exhausted. All of the material comes into contact with the extract or dye liquor and the 

fabric absorbs the dyes. As a result, the dye concentration in the bath gradually 

decreases. This is followed by rinsing to remove any excess dyestuff or extract on the 

fabric. This can also be followed by curing the fabric for fixation of the extract onto the 

fabric (M. Ashraf et al., 2021).  Another method that is commonly used is the pad-dry-

cure (see Figure 2:3) which has been successfully used in the development of bandages 

with antibacterial properties using tea tree and rosemary oils (Koyuturk & Soyastan, 

2021).  This technique has also been used in the application of plant extracts on cotton 

fabrics and the fabrics displayed excellent antimicrobial activity even after 10 to 40 

washing cycles (El-Shafei et al., 2018; Ketema & Worku, 2020).  
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Figure 2:1. Antibacterial Finishing of Textile Fabric Using the Pad-Dry-Cure 

Technique (Source : Author elucidation based on: (Tania et al., 2021)) 

 

Most studies have shown that a crosslinking agent is required when applying extracts 

of fruits and other plants onto textile fabrics. The purpose of the crosslinking agent is 

to improve the fixation of the plant extracts onto the fabric and also improve the 

durability of the extracts on the fabrics. Chamomile, sage and green tea were applied 

onto textile fabrics and formaldehyde was used as the crosslinking agent between the 

extracts and the textile fabrics for increased fixation of the extracts on the textile fabrics 

(El-Shafei et al., 2018). Sodium bicarbonate has also been used as a crosslinking agent 

when lemon peel extracts were applied on cotton fabric (Qutaba et al., 2017).  

Citric acid is another crosslinking agent that has been used in the application of stinging 

nettle plant leaf extract onto cotton fabric. In this study citric acid was used to crosslink 

cellulose in cotton fabric and the phenolic compounds isolated from stinging nettle 

plant leaves. The two carboxylic groups in citric acid were linked to the phenol and 

hydroxyl groups of the cellulose by covalent bonding (Ketema & Worku, 2020). Citric 

acid, a bio-based polycarboxylic acid found in fruits, has grown in popularity as a 

crosslinking agent due to its low cost and non-toxicity (W. Zhang et al., 2023). The use 

of citric acid as a crosslinking for dye application on cotton fabrics improves surface 

colour depth (K/S) values by approximately 160 %. It also improves light resistance 
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stability, rubbing fastness, washing fastness and antibacterial properties (Cai et al., 

2021). It is therefore a recommended crosslinking agent in the application of plant 

extracts onto textile fabrics. 

2.4.2 Methods of Applying Nanoparticles onto Textile Fabrics 

There are various methods of applying nanoparticles onto textile fabrics such as 

impregnation, dipping, coating, printing and electrospinning. These are ex-situ 

synthesis techniques whereby the nanoparticles are first synthesized separately and then 

applied onto the textile fabrics. Chitosan-silver nanoparticles have been applied onto 

fine cotton fabric by immersion of the fabric in aqueous solution containing the 

nanoparticles along with a penetrant, antifoaming agent and an acidic buffer. The fabric 

was then passed through a padding mangle and then dried and cured (Arif et al., 2015). 

The same technique has been used in the application of magnesium oxide nanoparticles 

onto cotton fabrics (Dhineshbabu et al., 2014). In another study, the coating of silver 

nanoparticles was achieved by dipping the cotton fabric samples in nano-silver solution 

and then kept on a shaker for 1 hour at room temperature. The samples were then dried 

at 60 ℃ (Kumar, 2016). Nanoparticles have also been applied to textile fabrics by 

coating using electrospinning techniques. However the challenge with this application 

method is that the nanofiber layer delaminated easily from the textile surface (Heikkilä 

et al., 2007). Previous studies have shown that the most ideal ex-situ method of 

application of the nanoparticles onto textile fabrics is the pad-dry-cure method because 

it is a continuous process and it is simple, economical, consumes less energy and 

provides higher yields than other methods (Koyuturk & Soyastan, 2021).   

Although ex-situ synthesis has been used widely by many researchers, there have been 

challenges such as the aggregation of nanoparticles, low adhesion affinity, non-uniform 

distribution and the procedure is time consuming which make the ex-situ process 
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difficult (Simoncic & Klemencic, 2015). There are weak adhesive forces between the 

nanoparticles and the fabric surface; therefore, the nanoparticles are rapidly released 

from the fabric resulting in unsatisfactory laundering durability due to the leaching out 

of the nanoparticles during washing (Huang et al., 2022). The use of a binding agent in 

the application of nanoparticles onto textile fabric has been explored by several 

researchers. In this method, the surface of the fabric is modified with a binder before 

silver nanoparticles are bonded to it. This improves the silver nanoparticles’ adhesion 

to the cotton fabric (Hebeish et al., 2011; H. Liu et al., 2014; Xu et al., 2017). The 

drawbacks of these binders include the use of additional chemicals, as well as non-

uniform deposition of silver nanoparticles on fabrics and a reduction in the 

antimicrobial activity of the nanoparticles (Jain et al., 2022). The in-situ route is thus 

proposed for the formation of stable and non-leaching nanoparticle-coated textile 

fabrics. The in-situ technique shown in Figure 2:4 involves the direct synthesis of 

nanoparticles onto textile fabrics in a one step process using synthesis methods such as 

chemical reduction, green synthesis or electrochemical reaction. AgNO3 is added to the 

fabric then in the same container, the reducing agent is added resulting in the synthesis 

of the silver nanoparticles directly onto the fabric. 
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Figure 2:2. In-Situ Synthesis of Silver Nanoparticles onto Cotton Fabric by the 

Reduction Method (Source: Author elucidation based on Huang et al., 2022) 

 

The in-situ synthesis of silver nanoparticles onto textile fabrics has been investigated 

by several researchers using silver nitrate as the precursor and plant extracts as the 

reducing agent. A comparison of the in-situ and ex-situ techniques for producing 

polyester/cellulosic fabrics with Ag-TiO2 was conducted. According to the findings, 

fabrics coated with in-situ synthesis had smaller and more evenly distributed 

nanoparticles, a higher concentration of nanoparticles on the fabric surface and higher 

wash durability (Mahdieh et al., 2021). Other advantages of in-situ synthesis are that; 

there is reduced synthesis time because there is a one-step preparation and simultaneous 

deposition of nanomaterials on the textile substrate, there is improved nanoparticle 

stabilization efficiency and reduced agglomeration (Čuk et al., 2021; Harifi & 

Montazer, 2015; Huang et al., 2022; Jacob, 2022). Several factors influence the 

efficiency of in-situ synthesis of nanoparticles onto fabrics, including fabric surface 

properties, fabric composition and processing parameters. Surface properties of textile 

fabrics, such as surface roughness, hydrophilicity, surface charge, and fabric treatment, 

can all have a substantial impact on nanoparticle synthesis. These properties can 
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influence the adsorption of precursor agents onto the fabric surface, thereby influencing 

nanoparticle nucleation growth (Montes-Hernandez et al., 2021). Furthermore, the 

chemical composition of the fabric affects the functional groups present on the fabric 

surface, which can influence precursor agent adsorption and nanoparticle formation. 

That is the case in the in-situ synthesis of silver nanoparticles onto cotton fabric; the 

functional groups in cellulose also act as a reducing agent in the synthesis of silver 

nanoparticles (Pourreza et al., 2015). Processing parameters and reaction conditions 

such as pH, reaction temperature and time, drying temperature and time, incubation 

time and curing can all have an impact on the in-situ synthesis and durability of 

nanoparticles on fabric. These factors affect the coating efficiency, that is, the content 

and distribution of the nanoparticles deposited on the fabric surface, the nanoparticle 

size and subsequently affect the antibacterial activity of the treated fabrics (Abazari et 

al., 2023). The optimal reaction conditions should be chosen based on the type of 

precursor agent, the required properties of the nanoparticles, and the textile substrate. 

By optimizing these factors; it is possible to achieve efficient synthesis of stable 

nanoparticles onto textile fabrics.  

2.4.3 Assessment of Antibacterial Properties of Textile Fabrics 

Several tests have been done on multifunctional textiles to determine efficacy against 

gram-positive Staphylococcus aureus (S. aureus) and gram-negative Escherichia coli 

(E. coli) (Dhineshbabu et al., 2014; El-Nahhal et al., 2020; B. S. Kumar, 2016). Testing 

for antibacterial properties can be done qualitatively or quantitatively. Qualitative tests 

can be done by use of the Agar Disc Diffusion method based on International Testing 

Standards which has also been referred to as the fabric disc diffusion assay. In this 

technique, treated fabric discs are prepared for use in the assay instead of the antibiotic 

discs used in the disc diffusion method (Gulati et al., 2022). The fabric discs are placed 
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on inoculated agar surfaces and then incubated at suitable conditions. Thereafter the 

diameters of the zones of inhibition that appear around the antimicrobial discs are 

measured.  

Researchers who have used the fabric disc diffusion assay have followed a similar 

general procedure to test for antibacterial activity against different bacterial strains 

(Gesese et al., 2022; Ibrahim et al., 2020; Jain et al., 2022). The steps in the procedure 

may differ from one test to another based on the antimicrobial substance and the 

bacterial of fungal strain used. The steps are as follows: 

i. Agar plate preparation – a nutrient agar (solid growth medium) is first prepared 

and poured into a sterile petri dish to form a solid agar plate. 

ii. Bacterial or fungal strain preparation and inoculation – the strains are grown in 

liquid broth culture until they reach a specific standard density of microbial 

cells. The microbial culture is then streaked evenly across the agar plate with a 

sterile cotton swab or inoculating loop, creating a thin, even layer of bacteria or 

fungi on the agar’s surface. 

iii. Impregnation of fabric discs – the fabric discs are impregnated with a solution 

containing the antimicrobial substance being tested. This substance can be an 

antifungal, antibiotic or any other antimicrobial agent. 

iv. Placement of fabric discs – the impregnated fabric discs are then placed on the 

agar plate, gently pressing them down to ensure good contact with the agar 

surface. 

v. Incubation – the agar plate is incubated at a specific temperature for a set period 

of time. This allows bacteria or fungi to grow, and if the impregnated substance 

is effective against them, it inhibits their growth and creates a clear zone around 

the fabric disc. 
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vi. Inhibition zone measurement – after incubation, the agar plate is examined and 

the zones of inhibition are measured. These zones are visible as clear areas 

around the fabric discs where microbial growth is completely inhibited due to 

the diffusion of the antimicrobial substance into the surrounding agar. 

vii. Interpretation of data – the size of the inhibition zone in millimetres can be used 

to determine the potency and effectiveness of the tested antimicrobial substance 

against the microbial strain. The larger the zone of inhibition, the greater the 

antimicrobial agent’s effectiveness against the tested strain. 

The fabric disc diffusion assay is a simple and inexpensive way to assess the 

antimicrobial activity of substances. Researchers can determine a microbial strain’s 

susceptibility or resistance to specific antimicrobial agents by comparing the size of the 

inhibition zones to known standards. However, the fabric disc diffusion assay has 

challenges in that it may not accurately reflect the actual conditions under which the 

textiles are used such as wearing or contact with bodily fluids as it is an in-vitro testing 

method (Balouiri et al., 2016; Mia et al., 2023). The results of the assay may also be 

influenced by factors such as fabric thickness, porosity, disc size, inoculum size and 

moisture content; as a result, it may not detect subtle differences in antimicrobial 

activity between fabrics or treatments. Additionally, some antimicrobial agents with 

low diffusion rates or high binding affinity to the fabric or agar may not be suitable for 

use with this technique and may give inaccurate results (Haase et al., 2017; Jain et al., 

2022). It is therefore important to also consider quantitative antibacterial analysis of the 

treated fabrics. Quantitative testing provides precise and numeric results regarding the 

antibacterial properties of textile fabrics. This data quantifies the extent of bacterial 

inhibition or reduction provided by the antibacterial agent. The quantitative tests are 

generally more reliable and more accurate than the qualitative tests (Pinho et al., 2011).  
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Different standard testing methods have been used to quantitatively assess the 

antibacterial activity of antimicrobial-treated textile fabrics. Some of these methods are 

AATCC 100 – Test method for antibacterial finishes on textile materials; ISO 20743- 

Determination of antibacterial activity of textile products and JIS L 1902 – Textiles: 

Determination of antibacterial activity and efficacy of textile products. AATCC 100 is 

the most commonly used method because of it is inexpensive, sensitive and realistic 

(Ristic et al., 2011). The method measures the reduction of bacterial population on the 

fabric after a specified contact time. However, the protocol does not specify the exact 

concentration of bacteria to be tested but only states that it should be adjusted to 

appropriate dilution (Nicoloro et al., 2020). The ISO 20743 and JIS L 1902 are similar 

methods with some minor differences in the parameters and procedures. They measure 

the antibacterial activity of the fabric by comparing the number of viable bacteria 

recovered from the fabric with those recovered from a reference material. The 

antibacterial activity is expressed as a log reduction value or as a percentage reduction 

(Abramova et al., 2021; Agnhage et al., 2017). Although these methods are more 

complex, time-consuming and expensive to perform they have the advantage that they 

are more comprehensive and rigorous. Furthermore, the JIS L 1902 has been shown to 

be more sensitive to the quantity of antimicrobial agent than the AATCC 100 method, 

allowing it to distinguish the efficacy in serial dilutions of the antimicrobial agent 

(Pinho et al., 2011). These tests have all revealed various benefits and drawbacks. The 

most suitable method should be chosen based on the fabric sample being tested, the 

nature of the bacteria being tested, and the expected antibacterial results.  

2.4.4 Assessment of Durability of Treated Fabrics 

The end use of fabrics treated with silver nanoparticles may result in them going 

through conditions that may lead to the reduction of the treatment on the fabric. 
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Processes such as washing, exposure to light and rubbing may cause the treatment to 

be detached from the fabric, thus reducing the antibacterial properties. It is therefore 

important to ensure that there is good fixation of the antibacterial treatment on the fabric 

even after several uses. Researchers have explored several methods in an attempt to 

improve the durability of the treatment on the fabric such as fabric pre-treatment, use 

of binders and curing of the fabric. 

The pre-treatment of cotton fabrics involves processes such as desizing, scouring and 

bleaching. Desizing grey fabric involves removing previously added starch, scouring 

uses alkali to remove oils, fats and waxes and bleaching uses oxidizing agents to 

improve the whiteness of the fabric (Harane & Adivarekar, 2017). A comparison has 

been made between untreated cotton and bleached cotton in the in-situ synthesis of 

silver nanoparticles. On both fabrics, very fine silver nanoparticles of approximately 20 

nm were formed. However, morphology studies revealed that the untreated cotton 

fabric had a higher aggregation degree and a higher concentration of silver 

nanoparticles on the fabric. As a result, the untreated fabrics had higher antibacterial 

properties and a higher durability (Montes-Hernandez et al., 2021). A more recent study 

has shown that the additional process of mercerization increased the durability. 

Mercerization is a widely used alkali pre-treatment process in the textile industry for 

the improvement of the dyeability of the fabric by activating the cellulose, which is the 

main constituent of cotton (Holme, 2016). In this study, green synthesis of silver 

nanoparticles using Azadirachta indica leaf extract was done on both mercerized and 

un-mercerized cotton fabrics. Mercerization of the fabric resulted in a more uniform 

deposition of the silver nanoparticles at a higher concentration and also made the silver 

nanoparticle treatment wash resistant even up to 20 washes (Jain et al., 2022). 

Mercerization reduces the crystalline regions and increases the amorphous properties 
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of the cotton fibre, resulting in more pores and hydroxyl groups in the fibre, which 

could potentially increase the fixation and durability of nanoparticles on the fabric ( Lin 

et al., 2022). 

Another method that has been used to improve durability of finishes on textile fabrics 

is heat curing. The process of heat curing is used in textiles to improve the properties 

and durability of coatings and finishes applied on textile fabrics. The process entails 

exposing the treated fabric to a high temperature, approximately 120 ℃ to 220 ℃ for 

a set period of time in an oven or other specialized equipment. The curing temperature 

and the duration are determined by the type of finish used and the desired outcome. The 

effect of concentration, temperature of curing and reaction time on the antimicrobial 

properties of the fabric have been reported ( Zhou et al., 2016), who padded a cotton 

fabric with 5,5-dimethylhydantoin (DMH) followed by nitrogen plasma treatment. 

Concentration and time were positively correlated to the antimicrobial efficacy while 

the optimal curing temperature was 120 ℃ and efficacy reduced at higher temperatures. 

Curing temperature is affected by the melting point of the coating; at curing 

temperatures higher than the melting point, the coating may get detached from the 

fabric, resulting in poor fixation and lower durability ( Zhou & Kan, 2014).  

To avoid any negative effects on the fabric’s properties, the curing temperature should 

be carefully controlled. Excessive heat during the curing process can cause fabric 

damage such as discolouration, shrinkage, or loss of tensile strength. Damages to the 

fabric can compromise its overall performance and durability. Additionally, very high 

curing temperatures may lead to poor fabric handle as a result of the formation of 

extensive crosslinks (Poon & Kan, 2016). Curing of cotton fabric for 2 minutes at 160 

℃ resulted in excellent antibacterial activities up to 20 washes against E. coli and S. 

aureus (Abdel-Mohsen et al., 2012). Other researchers achieved optimal curing 
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temperatures of 110 ℃ for 60 minutes (Hebeish et al., 2011) and at 150 ℃ for 2 minutes 

(Fouda & Shaheen, 2017). These differences make it necessary to optimize the curing 

temperature to achieve desirable antibacterial properties and durability; while 

maintaining suitable fabric properties. 

2.5 Characterisation of Treated Fabrics 

The application of various treatments to textile fabrics is necessary to enhance their 

aesthetic appeal, improve comfort and performance and to add functional properties. 

However, these finishes can alter the physical and chemical properties of the fabrics, 

affecting their performance in their intended end use. Table 2.6 gives some of the tests 

and standards that have been used in the characterisation of multifunctional textiles.  

Properties such as tensile strength, wear resistance, tear resistance, abrasion resistance, 

UV protection, water absorption and air permeability have been shown to be affected 

by treating textile fabrics with various finishes (Chowdhury, 2018; Perera et al., 2013). 

Fabrics treated with chamomile, sage and green tea; with and without a crosslinking 

agent, had reduced tensile strength, elongation at break, abrasion resistance, water 

permeability, air permeability and stiffness of the fabric. However, the properties were 

still acceptable for their intended end use (El-Shafei et al., 2018).  

Cotton fabrics coated with green synthesized silver nanoparticles had a higher tensile 

strength than the uncoated cotton fabrics due to the electrostatic interaction between the 

silver nanoparticle coating and the cotton fabric. As the amount of silver nanoparticles 

on the fabric increased, the tensile strength also increased (Balamurugan et al., 2017). 

The application of green synthesized silver nanoparticles on cotton fabrics also resulted 

in a decrease in air permeability and thermal conductivity with  no effect on the change 

in breaking strength or the elongation of fabrics (Čuk et al., 2021).  
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Table 2:1. Tests and Standards for Characterisation of Multifunctional Textiles 

Test Method/ Equipment used Reference 

Water repellent 

property 

Water Contact Angle (WCA) 

measurement 

(Dhineshbabu et al., 

2014) 

(Syafiuddin et al., 2020) 

(Shateri-Khalilabad et 

al., 2017) 

Durability to washing Wash fastness tests 

ISO 105:C06 

AATCC 61 (2006) 

 

(Dhineshbabu et al., 

2014) 

(El-Nahhal et al., 2020) 

(Jain et al., 2022) 

Stiffness in the bending 

length 

AATCC 115:2005 

Profile stiffness tester 

(Mahmud et al., 2020) 

Degradation 

temperature of fabrics 

Thermogravimetric Analysis 

(TGA) 

(Dhineshbabu et al., 

2014) 

(Mahmud et al., 2020) 

Flame retardancy ASTM D6413 (Dhineshbabu et al., 

2014) 

Crease recovery angle AATCC 66-2003 (Mahmud et al., 2020) 

Surface morphology 

analysis of coated 

textile fabric 

Scanning Electron Microscope (B. S. Kumar, 2016) 

(Balamurugan et al., 

2017) 

(Mahmud et al., 2020) 

(Montes-Hernandez et 

al., 2021) 

Distribution of 

nanoparticles and other 

elements 

Energy Dispersive X-ray 

Spectroscopy 

(Syafiuddin et al., 2020) 

(Mahmud et al., 2020) 

(Shateri-Khalilabad et 

al., 2017) 

Tensile strength Strip method on tensile strength 

testing machine (IS EN ISO 

29073) 

(Balamurugan et al., 

2017) 

Absorbance and 

reflectance  

UV-Vis (Balamurugan et al., 

2017) 

Crystallinity of the 

sample 

X-Ray Diffractometer (Balamurugan et al., 

2017) 

(Shateri-Khalilabad et 

al., 2017) 

Air permeability Air permeability tester (ISO 

9273) 

(Čuk et al., 2021) 

Thermal conductivity Lee’s disc method (Čuk et al., 2021) 

Breaking strength and 

elongation 

ISO 13934-1:1999 (Čuk et al., 2021) 

Functional group 

analysis 

Fourier Transform Infrared 

(FTIR) 

(Mahmud et al., 

2020)(Montes-

Hernandez et al., 2021) 

UV protective 

characteristics 

AS/NZS 4399 : 1996 (Mahmud et al., 2020) 
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Other properties that have been shown to be affected by the application of extracts and 

nanoparticles on textile fabrics are crease recovery angle, colour strength, bending 

length (Mahmud et al., 2020), water absorption capacity and cotton woven fabric 

density (Syafiuddin et al., 2020). Tests have also been done to show the change in the 

morphology of the fabrics using the scanning electron microscope as well as the 

modification of the functional groups on the textile fabrics using the FTIR (Novoa et 

al., 2022). These tests are all necessary to determine the properties of the treated fabrics 

and their suitability for their applications.  

When performing any characterisation on the fabric, it is important to consider the 

intended end-use of the fabric as well as the property requirements for that use. The 

requirements for hospital textiles are clearly stipulated in the EN 13795 series of 

standards. These textiles should be durable, breathable, soft, resistant to fluids, resistant 

to odour, have good fastness properties, easily washable and resistant to staining 

(Nocker, 2011). Durability of the fabrics is an important property due to the constant 

washing and heavy use of the hospital textiles. This can be assessed by testing the 

tensile strength of the fabric using the textile standard ISO 13934:2013 as well as the 

durability to different properties after several washes using the textile standard ISO 

105:C06 or AATCC 61 (2006). Hospital clothing should allow airflow and moisture 

evaporation to help maintain comfort and reduce the risk of infections. Therefore, 

fabrics need to have good air permeability; this can be assessed using the air 

permeability tester and the standards ISO 9237 or D737 – 96 (Čuk et al., 2021). 

Furthermore, the clothing should be soft and comfortable to wear even for long hours, 

therefore cotton is a preferred fabric for that (Behera & Arora, 2009). However, the 

treatments on the cotton fabric may affect its softness and other properties. That is why 

it is important to check the properties of the treated fabric against the untreated fabric 
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and also against the required standard parameters for the end use. This will ensure that 

the textiles protect the wearer from any infectious microbes that may penetrate the 

fabric while also providing comfort. 

2.6 Summary of Findings and Gaps from Literature 

The literature survey highlighted several findings and gaps in the use of potato peels in 

the green synthesis of silver nanoparticles for the production of antibacterial finishes 

for textile fabrics. The main gaps and findings are explained in this section. 

Although several methods of disposal of potato peel waste are available; there is need 

of exploring other potential uses of potato peels that get to utilize the full benefit of 

their active compounds and add value to the peels. Peels from different potato varieties 

contain different types and quantities of bioactive compounds in different varieties. 

Tests are required to determine the phytochemicals in each variety, quantitative testing 

is also necessary. Different plant extracts have been applied onto cotton fabrics as dyes 

and also for the impartation of antibacterial properties. Potato peels which potentially 

have antibacterial properties have so far not been used on textile fabrics. They could 

therefore be explored as antibacterial agents for textile fabrics. Tests will still need to 

be done to determine the antibacterial efficacy after application on the textile fabric 

because the efficacy may change after application. 

Although studies have been done to confirm that potato peels generally consist of the 

bioactive compounds required for the green synthesis of nanoparticles, so far, they have 

only been used in the synthesis of zinc nanoparticles. There is therefore a gap in 

exploring the potato peel extracts for the green synthesis of silver nanoparticles. 

Synthesis parameters vary based on the extract used because all extracts have different 

types and concentrations of phytochemicals required for the reduction of Ag+ to Ag0. 

Therefore, optimisation is necessary to determine the most suitable parameters. 
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The literature has shown the advantages of using direct in-situ synthesis of 

nanoparticles onto fabric in comparison with other methods such as ex-situ synthesis, 

aerosol deposition and electrospinning. The method is simple, less expensive and 

produces more durable nanoparticle treated fabrics. However, there is still need to 

optimise the process to determine the parameters that will provide the best durability 

while still providing suitable properties of the fabric. Treatment of the fabrics has an 

effect on their properties. Physical tests need to be done on the fabric to determine their 

properties after treatment as well as their suitability for their intended end use. These 

properties differ based on the quantity of nanoparticles deposited on the fabric, and 

therefore need to be assessed with every different treatment. The results need to be 

compared with standard requirements for the end-use, for example, with the required 

standards for hospital use. 
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CHAPTER THREE: MATERIALS AND METHODS 

3.1 Materials used in the Study 

The potatoes used in this study were the Shangi solanum tuberosum potatoes and 

harvested from a farm in Tulwop village in Uasin Gishu County, Kenya. The potatoes 

were planted during the rainy season and were harvested 3 months after the planting 

date. Hundred percent plain woven, bleached, mercerized and scoured cotton fabric was 

purchased from Rivatex East Africa Limited in Eldoret, Kenya and had the following 

characteristics: 72 ends/inch, 34 picks/inch, 28 Tex warp count, 128 g/m2 and a 

thickness of 0.002 mm. Materials and reagents for extraction phytochemical screening: 

ferric chloride, potassium hydroxide, hydrochloric acid, sodium hydroxide, benzene, 

ammonia, ethanol (95%), methanol (99%), chloroform, acetic acid, sulphuric acid and 

Whatmann filter paper No. 1 were supplied by Centrihex Limited, Nairobi, Kenya. The 

standards for total flavonoid content and total phenolic content: pure gallic acid (99.5 

%) and quercetin hydrate (99.5 %)  were purchased from Loba Chemie Pvt Ltd, India 

and Gigma Aldrich respectively. Silver nitrate (99 %) was supplied by Science Lab, 

Nairobi, Kenya. Alamar blue was purchased from ThermoFisher Scientific (Waltham, 

MA, USA). Mueller Hinton agar, Mueller Hinton broth, gram-negative E. coli (ATCC 

25922), gram-positive methicillin resistant staphylococcus aureus (MRSA) (33591), 

gram-positive S. aureus (ATCC 25923) and ampicillin (positive control) were 

purchased from Sigma-Aldrich (St. Louis, Mo, USA). All chemicals and reagents were 

of analystical grade and were used without further purification. 

3.1.1 Preparation and Characterisation of Potato Peel and Potato Peel Powder 

For control purposes, two sets of Shangi solanum tuberosum potatoes were used for 

this experiment. One set was collected from a farm in Tulwop village, Uasin Gishu 

County, Kenya; another set was purchased from the market in Eldoret town, Kenya. It 
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was important to have a set of potatoes planted under specific monitored conditions as 

the positive control, that is, the planting area (Tulwop); the planting time (from March 

to June); and the fertilizers used  (NPK with nitrogen, phosphorus and potassium) and 

(DAP with diammonium phosphate). The potatoes from the market are the negative 

control because the planting conditions are not known.  The potatoes were washed and 

then peeled using a ceramic peeler. The hand-peeling technique was used and it results 

in peels with some potato flesh on them. Although there is no way of standardizing the 

amount of flesh that remains with the peel, this technique was selected because it is the 

most preferred method by potato processing companies and potatoes peeled with this 

technique have similar characteristics (Javed et al., 2019). The peels were washed with 

distilled water, dried at 55°C for 12 hours and then ground to form a powder 

(Bhuvaneswari et al., 2017; Gebrechristos et al., 2020) as shown in Figure 3:1.  

 

Figure 3:1. (A) Shangi Potatoes (B) Wet Potato Peels (C) Dry Potato Peels (D) Potato 

Peel Powder 

The importance of using dried potato peels was demonstrated in a study conducted by 

(Alam & El-Nuby, 2019), in which phytochemical screening found a higher presence 

of bioactive compounds in dry potato peel samples compared to fresh ones. The 

removal of water from the peels through drying, results in peels with a higher 
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concentration of bioactive compounds.  As a result, it is recommended that samples are 

dried before use.  

Calculations were then made to determine the percentage potato peels attained from the 

potatoes as well as the moisture content of the potato peels using Equation 3.1 and 

Equation 3.2. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑝𝑜𝑡𝑎𝑡𝑜 𝑝𝑒𝑒𝑙𝑠 𝑎𝑡𝑡𝑎𝑖𝑛𝑒𝑑 =
𝑊1

𝑊2
 × 100 

Equation 3.1 

Where: W1 is the weight of potato peels 

 W2 is the weight of unpeeled potatoes 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑝𝑜𝑡𝑎𝑡𝑜 𝑝𝑒𝑒𝑙𝑠 (%) =  
𝑊1 − 𝑊4

𝑊1
 × 100 

Equation 3.2 

Where:  W1 is the weight of potato peels before drying 

 W4 is the weight of potato peels after drying 

 

3.1.2 Preparation of Potato Peel Extracts 

Different extracts were prepared from the potato peels from the farm and those 

purchased from the market using ethanol and water as solvents.  

3.1.2.1 Extraction Using Ethanol 

The preparation of the potato peel extract using ethanol solvent was  carried out 

according to the methods reported by (Gebrechristos et al., 2020; Helal et al., 2020). A 

total of 10 grams of potato peel powder was extracted overnight on a magnetic stirrer 

at room temperature with 100 ml of ethanol. The sample was then sonicated in a digital 

ultrasonic machine (Rico Scientific Industries, New Delhi) and then filtered through 

0.45 µm pore size filter paper. The residue from filtration was re-extracted using the 
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same method. The filtrates were all combined and then evaporated at 50 ℃ in a rotary 

evaporator. The extracted dried powder was weighed to determine the extraction yield 

using Equation 3.3 and then kept at 4 ℃ until use; this is the refrigeration temperature 

and is suitable to avoid any negative influence of temperature. The growth of bacteria 

is slowed down at temperatures below 4 ℃ thus preserving the extracts until use.  

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 =  
𝑊𝑃𝐸

𝑊𝑃𝑃
 × 100 

Equation 3.3 

Where:  WPE is the weight of the dry potato peel extract 

 WPP is the weight of the potato peel powder 

3.1.2.2 Extraction Using Distilled Water 

The preparation of aqueous potato peel extract from distilled water was carried out 

according to the methods used by (Gebrechristos et al., 2020; Helal et al., 2020) with 

modifications, as follows. 10 grams of potato peel powder was dispersed in 100 ml 

distilled water at 50 ℃ while stirring for 60 minutes using a magnetic stirrer to obtain 

a homogenous solution. The solution was sonicated in ultrasonic equipment at 50 ℃ 

for 20 minutes. The extracts were then chilled, filtered first with Whatman number one 

filter paper and then at a pore size of 0.45 µm. The residue was re-extracted and filtered 

under the same conditions. The different filtrates were combined and then freeze-dried 

using the SP Scientific BenchTop Pro freeze-dryer at -54.5 ℃ for 48 hours. The dried 

extracts were weighed to determine the extraction yield using Equation 3.3 and then 

stored at 4 ℃ until use. 
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3.1.3 Characterisation of the Potato Peel Extracts 

3.1.3.1 Qualitative Phytochemical Screening of the Potato Peel Extracts 

Phytochemical screening of both the aqueous extract and the ethanolic extract was done 

using several qualitative analysis techniques to determine the presence of secondary 

metabolites in the potato peel extracts. Tests were done to determine the presence of 

saponins, tannins, alkaloids, quinones, glycosides, steroids, flavonoids, phenols, 

anthraquinones, terpenoids, sterols and cardiac glycosides. 

i. Test for saponins 

The frothing test was used for testing for saponins. Approximately 10 ml of the potato 

peel extract was mixed with 5 ml of distilled water. The mixture was then shaken 

vigorously and then observed for changes. A persistent froth indicated the presence of 

saponins (Senthilkumar et al., 2018). 

ii. Test for tannins 

The ferric chloride test was used according to the method outlined in (Melkamu & 

Bitew, 2021). Briefly, 1 ml of the potato peel extract solution was mixed with 2 ml of 

distilled water and then 4 drops of ferric chloride solution were added to it. The 

formation of a blue-black colour confirmed the presence of tannins in the extracts. 

iii. Test for alkaloids 

The Hager’s test was used to determine the existence of alkaloids in potato peel extract. 

The test was done according to the method described by (Kancherla et al., 2019) with 

modifications. 1 ml of solution of the potato peel extract was placed into a test tube and 

then 1 ml of Hager’s reagent, that is, saturated ferric solution was added to it. The 

formation of a yellow-coloured precipitate confirmed the presence of alkaloids in the 

potato peel extracts.  
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iv. Test for quinones 

The test for determining the presence of quinones in the potato peel extracts was done 

using the Alcoholic Potassium Hydroxide test. In this method 1 ml of the potato peel 

extract was mixed with three drops of alcoholic potassium hydroxide. The red to blue 

colour confirmed the presence of quinones in the extract (Shaikh & Patil, 2020). 

v. Test for glycosides 

A modified Bontrager’s test method was used for testing the presence of glycosides in 

the extracts. 1 gram of the crude of the extract was placed in a test tube and then 

dissolved in 5 ml of dilute hydrochloric acid. 5 ml of 5% ferric chloride solution was 

then added and the mixture was shaken and then placed over a hot water bath. It was 

then allowed to boil for 10 minutes, cooled and then filtered. The resultant mixture was 

extracted again using benzene and an equal quantity of ammonia solution was added to 

the benzene extract. The appearance of a pink colour confirmed the presence of 

glycosides in the potato peel extracts (Shaikh & Patil, 2020). 

vi. Test for flavonoids 

For the determination of the presence of flavonoids, the alkaline reagent test was used 

(Abubakar & Haque, 2020). In this test 1 ml of extract was placed in a test tube then a 

few drops of sodium hydroxide solution were added and the mixture was shaken. The 

appearance of an intense yellow colour that turned to colourless after adding dilute acid 

indicated the presence of flavonoids in the potato peel extracts. 

vii. Test for phenols 

The Ferric Chloride test outlined in (Senthilkumar et al., 2018) was used to determine 

the presence of phenols in the extracts. Approximately 5 ml of the potato peel extract 

was mixed with a few drops of 5 % ferric chloride solution. The colour-change to dark 

green confirmed the presence of phenolic compounds in the extract.  
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viii. Test for anthraquinones 

The Bontrager’s test was used for determination of the presence of anthraquinones in 

the extract. Approximately 3 ml of the potato peel extract was mixed with 3 ml of 

benzene and then filtered. About 5 ml of 10 % ammonia solution was then added to the 

filtrate. The presence of a red, pink or violet colour after shaking, confirmed the 

presence of anthraquinones in the extract (Senthilkumar et al., 2018). 

ix. Tests for terpenoids, sterols and steroids 

The presence of terpenoids and steroids was determined using the Salkowski test. About 

2 ml of chloroform was added to 5 ml of the potato peel extract. 3 ml of concentrated 

sulphuric acid was then added to form a layer. The formation of a reddish brown colour 

at the interface indicated the presence of terpenoids in the extract (Senthilkumar et al., 

2018). The presence of steroids and sterols is shown by a red colour on the lower layer 

(Melkamu & Bitew, 2021; Shaikh & Patil, 2020). 

x. Test for cardiac glycosides 

The Keller-Killani test method was used to determine the presence of cardiac 

glycosides in the extract. 2 ml of the potato peel extract was treated with 0.5 ml of 

glacial acetic acid and 2-3 drops of 5% ferric chloride. 1 ml of concentrated sulphuric 

acid was added along the sides of the test tube. The formation of a blue colour in the 

acetic acid layer of the solution indicated the presence of cardiac glycosides  (Kancherla 

et al., 2019). 

3.1.3.2 Quantitative Analysis 

Total Phenolic Content 

The total phenolic content of the extracts was determined using the Folin and Ciocalteu 

reagent method using gallic acid as the standard as outlined by (Chandra et al., 2014). 

In this method 0.2 ml of potato peel extract was mixed with 0.2 ml of Folin-Ciocalteu’s 
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reagent (1:10 in distilled water) and 0.6 ml distilled water. The mixture was made to 

stand for 5 minutes after which 1 ml of 7.5% sodium carbonate was added to it and then 

distilled water to make the volume up to 3 ml. The reaction was incubated in the dark 

at room temperature for 30 minutes. The absorbance of the blue colour from the 

different samples was measured at a wavelength of 765 nm using the Beckman Couter 

DU720 general purpose UV/Vis spectrophotometer against a prepared blank. All of the 

tests were done in triplicate and the phenolic content was calculated as gallic acid 

equivalents GAE/g of the potato peel powder using a standard calibration curve of gallic 

acid at different concentrations in the range of 5 – 30 mg/L.  

Total Flavonoid Content 

The total flavonoid content (TFC) of the extracts was determined using the aluminium 

chloride colorimetric complex forming assay according to the procedure used by 

Mohdaly et al., 2010 and Sulastri et al., 2018. Quercetin was used as the standard to 

make the calibration curve. Briefly, a stock solution of 100 µg/L was created by 

dissolving 0.01 g of quercetin in 100 ml of methanol. Standard solutions containing 5, 

10, 20, 40 and 80 µg/mL were prepared by serial dilution. 1.5 ml of methanol, 0.1 ml 

of 10 % aluminium chloride, 0.1 ml of 1 M potassium acetate and 2.8 ml of distilled 

water were combined with 0.5 ml of each of the concentrations of standard solutions 

and 0.5 ml of each sample solution. The mixture was incubated for an hour at room 

temperature while being shaken periodically. Using a Beckham Coulter DU 720 UV-

Vis Spectrometer (Beckham Coulter Inc, USA) set to a fixed wavelength of 420 nm, 

the absorbance of the reaction mixtures was measured against a prepared blank reagent. 

The quercetin standard absorbances were used to create a calibration curve, from which 

the TFC of the extracts; measured as the milligram quercetin equivalents per gram of 
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dry weight (mg QE/g DW) of the potato peel extracts was derived (Mohdaly et al., 

2010; Sulastri et al., 2018). 

3.1.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Dry aqueous potato peel extract was used for the identification of the active components 

of the extract using the FTIR. A KBr pellet was prepared from the dry extract and was 

characterised by a Jasco FT/IR-6600 type A equipped with a standard light source and 

a triglycine sulphate (TGS) detector. Spectrum was obtained at a resolution of 4 cm-1 

and scans ranging from a wavelength of 400 cm-1 to 4000 cm-1. 

3.1.3.4 Thermal Analysis  

Thermal analysis of the potato peel extracts was performed using thermogravimetric 

analysis (TGA). A simultaneous TGA/DSC analyser was used to investigate the 

thermal degradation of the potato peel extracts between room temperature and 800 ℃. 

Experiments were carried out with a sample size of 5 mg and at a heating rate of 10 ℃/ 

minute. Results for TGA analysis were presented graphically. 

3.1.4 Antibacterial Tests of the Extracts 

3.1.4.1 Agar Well Diffusion Assay 

The agar well diffusion method was used to examine the antibacterial properties of the 

potato peel extracts according to the method described by (Balouiri et al., 2016; 

Gebrechristos et al., 2020). Gram-negative E. coli (ATCC 25922), and gram-positive 

MRSA (33591) and S. aureus (ATCC 25923) were used as references for the 

antibacterial assay of the potato peel extracts. MRSA is a prevalent, highly virulent 

infectious agent, causing high morbidity and mortality rates; it easily becomes resistant 

to new therapeutic agents (Raygada & Levine, 2009).  S. aureus causes toxic shock, 

wound infections and other diseases and E.coli is responsible for a number of infectious 

diseases (Frickmann et al., 2019); therefore, it is important to determine the efficacy of 
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the extracts against these bacterial strains. Mueller Hinton agar (38 g) was dissolved in 

1 litre sterile deionized water and then autoclaved at 121 ℃ for 30 minutes in a Huxley 

vertical type steam sterilizer HL340, supplied by Gemmy Industrial Corp, Taiwan. The 

media was cooled to a temperature of 50 ℃ under a laminar flow, poured into sterile 

petri-dishes and then left in the laminar flow until the nutrient agar solidified.  

The suspensions of the bacteria were cultured in broth and then diluted until they met 

the 0.5 McFarland threshold for turbidity which is approximately 1 x 108 CFU/ml 

(CLSI, 2012). The turbidity was determined by  testing the optical density of the 

suspension at 600 nm (OD600) using the UV-Vis; a 0.5 McFarland standard should 

have an OD600 between 0.07 and 0.1 (Daly et al., 2018).  The Mueller Hinton agar 

plates with a diameter of 92.4 mm were then inoculated with bacterial strain of 

approximately 1 x 108 CFU/ml, under sterile conditions. Wells of approximately 6 mm 

diameter were made in the solidified agar and 50 µl of the potato peel extract was 

poured into each well. The petri dishes were kept at room temperature for about an hour 

to allow the extracts to diffuse onto the agar. They were then incubated in a Forma 

Scientific water jacketed incubator (model number 3164),  at 37 ℃ for 24 hours after 

which the zone of inhibition was measured using a ruler in mm to determine the 

inhibitory effects of the extract. The samples that showed a distinct zone of inhibition 

were then used to calculate the minimum inhibitory concentration (MIC). All tests were 

carried out in triplicate. 

3.1.4.2 Minimum Inhibitory Concentration (MIC) Assays 

The minimum inhibitory concentration assay determines the minimum concentration 

of a specific antimicrobial agent required to inhibit the growth of bacteria. The MIC 

assay in this study was carried out using the broth microdilution method that was 

reported by (Tyavambiza et al., 2021). In the agar well diffusion test, samples displayed 
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a distinct zone of inhibition against E. coli and S. aureus but there was no zone of 

inhibition against MRSA. Therefore, MIC was determined against E. coli and S. aureus. 

96 well plates were used for the assay; 50 µl of potato peel extract diluted in broth were 

added to the wells in decreasing concentrations, that is, 10 mg/ml, 5 mg/ml, 2.5 mg/ml, 

1.25 mg/ml, 0.62 mg/ml and 0.31 mg/ml.  

Microbial suspensions of the bacteria were cultured in broth and diluted to a 0.5 

McFarland standard and then a volume of 50 µl of the suspension was added to each 

well containing broth and extract. The positive control used was ampicillin (10 mg/ml) 

a known antimicrobial agent and the negative control was deionized water with no 

antimicrobial treatment. Incubation of the well plates was done at 37 ℃ for 24 hours. 

Following incubation, 10 µl of alamarBlueTM dye was added to each of the wells after 

which the plate was incubated in the dark for 3 hours. In the presence of viable bacteria, 

the non-fluorescent alamarBlueTM dye (resazurin) was reduced to resofurin which emits 

a pink fluorescence, a colour change that can be observed visually. The colour change 

from blue to pink therefore indicated the existence of bacterial growth in the wells while 

a blue colour indicated the inhibition of bacterial growth (Henshaw, 2018). The MIC 

was concluded as the lowest concentration of the potato peel extract that was required 

to inhibit bacterial growth.  

3.2 Green Synthesis of Silver Nanoparticles Using Potato Peel Extract  

The green synthesis of silver nanoparticles involved the mixture of silver nitrate with 

potato peel extract for the reduction of the silver ions to silver nanoparticles according 

to the method described by Seifipour 2020. Briefly, 300 µl of 1mM silver nitrate 

solution was poured into an Eppendorf tube and brought to a temperature of 100 ℃. 

Potato peel extract was then added to it to make a volume of 400 µl and the mixture 

shaken in the dark on an Eppendorf, Themomixer Comfort (Merck Chemical (Pty) Ltd, 
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South Africa) at 500 rpm for 1 hour.  Visually, the colour change of the mixture from 

colourless to a yellowish-brown colour indicated the formation of silver nanoparticles 

(H. M. M. Ibrahim, 2015; Rautela et al., 2019). The phytochemicals in plant extracts 

such as phenols and flavonoids act as reducing agents in the synthesis of silver 

nanoparticles. Plants differ in phytochemical composition (Mohammadi Bazargani et 

al., 2021), and thus in their ability to synthesize nanoparticles. As a result, it is critical 

to optimize the synthesis of nanoparticles from each plant extract.  

3.2.1 Single Factor Varying of Parameters for Nanoparticle Synthesis 

The effect of different parameters was studied by varying one parameter at a time while 

keeping the other parameters constant (Mahiuddin et al., 2020; Rao & Tang, 2017; 

Seifipour et al., 2020).  This was done by observing the surface plasmon resonance 

(SPR) peaks of the solutions on the Beckham Coulter DU 720 UV-visible absorption 

spectrophotometer. A peak in the range of 400 - 500 nm indicated the presence of silver 

nanoparticles (J. M. Ashraf et al., 2016; De Leersnyder et al., 2020). For each of the 

parameters, the value with a peak that displayed higher intensity, that is a higher 

absorbance value and lower polydispersity observed by a narrower peak was selected 

for the next stage of experiments. 

3.2.1.1 Concentration of Extract 

The concentration of the extract affects the amount of phytochemicals available for the 

reduction of silver nitrate thus affecting the rate of synthesis of nanoparticles (H. M. M. 

Ibrahim, 2015). Potato peel extracts of different concentrations were prepared by serial 

dilution (100 %, 50 %, 25 %, 12.5 % and 6.25 %). Serial dilution was done by diluting 

1 ml of the extract with distilled water at a ratio of 1:1 to form an extract of 50 % water 

and 50 % extract; the same method was repeated until the PPE was at a concentration 

of 6.25 %. The different PPE concentrations were then used for the green synthesis of 
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silver nanoparticles using the method outlined in the previous section. The temperature 

was kept constant at 100 ℃, and the solution thoroughly mixed at 500 rpm for 1 hour. 

The presence of silver nanoparticles was observed both visually and from the UV-vis 

spectra. The optimum extract concentration was used for the subsequent experiments. 

3.2.1.2 Extract to Silver Nitrate Volume Ratio 

Different volume ratios of the silver nitrate to potato peel extract were used to determine 

the effects of the silver nitrate ratio on the synthesis of silver nanoparticles as shown in 

Table 3.1 (Kaur et al., 2021; Mahiuddin et al., 2020). All other parameters were kept 

constant and the SPR peak was used to determine the optimum extract to silver nitrate 

ratio which was used for the next experiments. 

Table 3:1.Potato Peel Extract to Silver Nitrate Volume Ratio 

Potato peel extract to silver nitrate 

volume ratio 

1 mM silver nitrate 

solution (µl) 

Potato peel extract 

(µl) 

1:1 200 200 

1:2 133 267 

1:3 100 300 

1:4 80 320 

1:5 67 333 

1:6 57 343 

1:7 50 350 

 

3.2.1.3 Combined Effect of pH and Temperature 

To evaluate the effect of pH on the green synthesis of silver nanoparticles, different pH 

values were used for the synthesis. The pH of the potato peel extracts was measured 

and found to be 5.8, which is acidic. Studies have shown that an alkaline extract is more 

suitable in the green synthesis of silver nanoparticles (Kredy, 2018; Velgosová et al., 

2016). Therefore, values higher than 5.8 were varied to determine the effect of pH, that 

is; 6, 7, 8, 9, 10, 11 and 12. To adjust the pH to acidic values, 1M hydrochloric acid 

was used and 1M sodium hydroxide was used to adjust the pH to alkaline values.  The 

mixture containing the silver nitrate and the potato peel extract at a volume of 400 µl 
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and in the optimum silver nitrate to PPE ratio determined in the previous section; was 

thoroughly mixed for 1 hour at different temperatures (100 ℃, 70 ℃, 50 ℃ and 25 ℃). 

The SPR peaks were observed on the UV-vis and the optimum pH and temperature 

were used for the next stage of experiments.  

 

3.2.1.4 Effect of Stirring Speed 

The rate of stirring is critical in the formation of silver nanoparticles. When the stirring 

rate is too slow or too fast, it can result in the formation of larger nanoparticles and 

agglomeration (Junaidi et al., 2016). The green synthesis of the silver nanoparticles was 

done at different speeds, that is, 0 rpm, 300 rpm, 500 rpm and 700 rpm to determine the 

effect of reaction speed on the synthesis of nanoparticles. The other parameters were 

constant and were based on the results obtained in preceding experiments. The SPR 

peaks were observed on the UV-Vis and the optimum stirring speed was used for the 

subsequent experiments. 

3.2.1.5 Synthesis Time 

The effect of synthesis time was studied by incubating the reaction mixture and 

recording the UV-visible absorption spectra at different time intervals, that is, 10 

minutes, 30 minutes, 1 hour, 2 hours, 3 hours and 4 hours (Mahiuddin et al., 2020). The 

optimum values of the extract concentration, PPE to silver nitrate ratio, pH of PPE, 

reaction temperature and stirring speed obtained in previous experiments; were used in 

the synthesis of the nanoparticles. 

3.2.2 Washing and Drying of Nanoparticles 

The PPE-AgNPs were synthesised using the determined optimum conditions. The 

obtained nanoparticles were then centrifuged at 10000 rpm for 20 minutes to separate 

them from the solution (Liaqat et al., 2022) using the Centrifuge 5417R (Hamburg, 
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Germany). The separated nanoparticles formed a pellet at the bottom of a supernatant 

solution as shown in Figure 3:2. 

  

 

Figure 3:1. Separated Solution after Centrifugation 

 

The pellet was resuspended in distilled water and centrifuged again to remove 

pollutants and any unreacted potato peel extract. The process was repeated three times 

for the formation of the washed silver nanoparticles, and the washed nanoparticles were 

then dried for 24 hours in an oven at 60 ℃ (Seifipour et al., 2020; Tyavambiza et al., 

2021). The dried nanoparticles were stored in an air tight container in the dark for 

further analysis. 

 

3.2.3 Characterisation of Nanoparticles 

3.2.3.1 UV-Visible Spectroscopy 

The POLARstar Omega microplate reader (BMG-Labtech, Ortenberg, Germany) UV-

visible spectroscopy was used to confirm the presence of silver nanoparticles in solution 

by observing their surface plasmon resonance peaks. The samples were scanned at a 

wavelength range of 300 – 800 nm. A single peak in the 400 – 500 nm range indicated 

the presence of silver nanoparticles (J. M. Ashraf et al., 2016; Kredy, 2018). 
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3.2.3.2 Fourier Transform Infrared (FTIR) 

FTIR analysis was performed to identify the bioactive compounds responsible for 

reducing silver ions to silver nanoparticles based on a previously reported method 

(Swidan et al., 2022). The dried silver nanoparticles were used to make a KBR pellet, 

which was then tested using a Jasco FT/IR-6600 type A equipped with a standard light 

source and triglycine sulfate (TGs) detector. The spectrum was obtained with a 

resolution of 4 cm-1 and scans ranging from 400 cm-1 to 4000 cm-1. A comparison was 

made between the FTIR spectra of the green synthesized silver nanoparticles and that 

of the potato peel extract in order to identify potential biomolecules involved in the 

reduction of Ag+ to Ag0 nanoparticles (Liaqat et al., 2022). 

 

3.2.3.3 Dynamic Light Scattering (DLS) 

The DLS technique was used to determine the particle size distribution and zeta 

potential of the prepared silver nanoparticle suspension using the Zetasizer Nano ZS90 

(Malvern, UK) with a size measurement from 0.3 nm to 5 microns using 90 degree 

scattering optics. A sample size of 1 ml was transferred into a cuvette and automatically 

equilibrated in the instrument for 2 minutes to measure the hydrodynamic diameter. 

The hydrodynamic diameter was determined by taking an arithmetic average of 5 runs. 

For the zeta potential analysis, 1 ml of the nanoparticle suspension was injected into a 

zeta cell and measured automatically (Clogston & Patri, 2011; Rao & Tang, 2017). All 

the information was recorded in triplicate. 

 

3.2.3.4 X-Ray Diffraction (XRD) 

The Rigaku Miniflex 600 x-ray diffractometer, which uses Cu-Kα radiation with a 

wavelength of 0.15406 mm and a scanning angle of 2θ from 0° to 100°, was used to 

reveal the crystallographic nature of the green synthesized silver nanoparticles. The 
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colloidal nanoparticles were deposited to form a thin film on a glass slide, allowed to 

dry, and then the XRD pattern was recorded (Almatroudi, 2020). 

 

3.2.3.5 Scanning Electron Microscopy (SEM) 

The Zeiss high resolution electron microscope equipped with energy dispersive 

spectroscopy was used to examine the morphological properties of the green 

synthesized nanoparticles.  The samples were prepared by affixing the powdered 

nanoparticles to the sample holder with a conducting carbon strip and then placing them 

in the electron microscope’s vacuum chamber. The SEM images were then captured at 

a voltage of 5.0 kV and magnification from 100 X to 100.00 K X (Khan et al., 2019; 

Rautela et al., 2019). 

 

3.2.4 Antibacterial Efficacy of the Nanoparticles 

3.2.4.1 Agar Well Diffusion Assay 

The agar well diffusion method was used to assess the antibacterial activity of the 

biosynthesised silver nanoparticles according to the method described in previous 

studies (Balouiri et al., 2016; H. M. M. Ibrahim, 2015). Efficacy was tested against 

three different bacterial strains, that is, gram-negative E. coli, gram positive S. aureus 

and gram-positive MRSA as described in section 3.1.4.2. Ampicillin (10 mg/ml) was 

used as the positive control and distilled water as the negative control. The zone of 

inhibition was measured in millimetres and was used to assess the antibacterial efficacy 

of the green synthesized nanoparticles. Samples with a distinct zone of inhibition were 

used to determine the minimum inhibitory concentration (MIC). All tests were done in 

triplicate. 
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3.2.4.2 Minimum Inhibitory Concentration 

The microdilution method outlined in a previous study (Tyavambiza et al., 2021), was 

used to determine the minimum inhibitory concentration of the green synthesized 

nanoparticles against E.coli and S.aureus as described in section 3.1.4.2. Deionized 

water was used as the negative control and ampicillin (10 mg/ml) was used as the 

positive control. The MIC was determined by the colour change on addition of  

alamarBlueTM to an incubated mixture of bacteria, broth and nanoparticle solution in 

different concentrations. The colour-change from blue to pink indicated the presence of 

bacterial growth in the wells, whereas blue indicated the inhibition of bacterial growth. 

The MIC was determined to be the lowest concentration of the silver nanoparticles 

required to inhibit bacterial growth. 

 

3.3 Assessment of Antibacterial Efficacy of Treated Fabrics 

3.3.1 Application of the Potato Peel Extract onto the Textile Fabric 

The application of the potato peel extract was done in two stages based on methods 

used by (Ketema & Worku, 2020; Rajendran et al., 2011). First, the cotton fabric was 

treated with 6 % citric acid at 60 ℃ for 20 minutes. This served as the catalyst for the 

crosslinking of the potato peel extract and the cotton fabric. The fabric was then 

immersed in the prepared extract solution at 9 % of weight of fabric (o.w.f) and the 

mixture was brought to a boil over an 80 ℃ water bath for 30 minutes. The treated 

fabric was removed from the solution, allowed to cool, gently washed in cold water and 

then air dried. One set of the treated  fabric was stored for further analysis and another 

set was washed according to ISO 105C10:2006 and then used to assess the durability 

of the treated samples to laundering. 
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3.3.2 In-Situ Synthesis of Silver Nanoparticles onto Textile Fabrics  

Deposition of the silver nanoparticles onto the cotton fabric was done by a one-pot in-

situ synthesis method with 1 mM silver nitrate solution as the precursor and potato peel 

extract as the reducing agent according to methods outlined by several researchers and 

based on the optimum conditions attained in the synthesis of the silver nanoparticles 

(Aladpoosh et al., 2014; H. Liu et al., 2014; Shaheen & Abd El Aty, 2018). Bleached, 

mercerized and scoured 100 % cotton fabric were first washed with non-ionic 

detergents at 60 ℃ for 40 minutes. The fabric was cut into pieces of approximately 300 

mg and were placed in tubes containing 333 µl of 1 mM of silver nitrate solution. The 

mixture was heated on a stirrer to 50 ℃ and then 67 µl of potato peel extract; previously 

prepared to 25 % concentration and a pH of 12, were added to the mixture. The mixture 

was stirred at a speed of 500 rpm for 3 hours (See Figure 3:3).  

 

 

Figure 3:1. Direct In-Situ Synthesis of Nanoparticles onto Cotton Fabric 

 

When the reaction was complete, the fabrics were rinsed to remove any excess reagents 

on the fabric. The colour changes of the cotton fabrics from white to golden brown 

indicated the successful in-situ synthesis of the silver nanoparticles onto the fabric. The 

wet treated samples were dried in a drying cabinet at room temperature for 24 hours. 

The samples were then used for the fabric disc diffusion assay against E. coli and S. 

aureus to qualitatively determine the antibacterial properties of the treated fabrics.  
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3.3.3 Qualitative Efficacy Testing of the Treated Fabrics Against Bacteria 

The agar disc diffusion assay was performed for the efficacy testing of the treated 

fabrics against bacteria according to the method outlined by (Jain et al., 2022). Briefly, 

a loop of bacterial cultures that had been grown overnight was uniformly streaked on 

nutrient agar plates, according to the method described in section 3.1.4.1. Treated and 

untreated fabrics were cut into 6 mm discs and placed in the centre of bacteria-streaked 

nutrient agar plates. The plates were then incubated at 37 ℃ for 16 – 18 hours. The 

zone of inhibition that appeared around the fabric discs after incubation was measured 

in millimetres. Discs impregnated in antibiotic were used as the positive control. All 

experiments were carried out in triplicates for each of the bacterial strains.   

 

3.3.4 Experimental Design for In-Situ Synthesis of Nanoparticles onto Cotton 

Fabrics 

A four-factor inscribed central composite design was used to identify the relationship 

existing between the response functions and the process variables in the in-situ 

synthesis of nanoparticles onto cotton fabrics. A rotatable design was used and the 

factors were tested at 5 levels with 20 runs and 3 replicas. The optimum reaction time 

in the green synthesis of silver nanoparticles using potato peel extract was found to be 

3 hours. However, studies have shown that cotton aids in the in-situ synthesis of silver 

nanoparticles due to the presence of the hydroxyl groups in cellulose that act as 

reducing agents in the synthesis of silver. These groups also make the cotton fibre ideal 

for binding of metal ions onto the surface and may potentially reduce the reaction time 

(Haji et al., 2013; Tania et al., 2019). Therefore, the reaction time was varied from 1 

hour to 3 hours.  Earlier research has shown that curing of fabrics treated with silver 

nanoparticles can be done effectively at temperatures ranging from 110 ℃ to 180 ℃ 

and may be lower or higher depending on the curing time, the fabric used and the end 
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use (Fouda & Shaheen, 2017; Hebeish et al., 2011). In order to get the most suitable 

curing temperature, the values were varied from 80 ℃ to 180 ℃. The factors that were 

varied, their levels and their coding are shown in Table 3:2.  

 

Table 3:1. Factors that were Varied in the Application of Nanoparticles onto Fabric 

FACTOR Coding LOWER LIMIT UPPER LIMIT 

Reaction Time X2 1 hour 3 hours 

Curing Temperature X3 80 ℃ 180 ℃ 

Incubation Time X4 0 hours 72 hours 

 

The factors and levels for the application of the nanoparticles onto cotton fabric are 

shown in Table 3:3. 

 

 

Table 3:2. Factors and Levels for the In-Situ Synthesis of Silver Nanoparticles onto 

Cotton Fabric 

Factors Levels 

 -α Low Medium High +α 

Coding  -1.682 -1 0 1 1.682 

Synthesis Time (hours)  X1 1 1.4 2 2.6 3 

Incubation Time (hours) X2 0 15 36 57 72 

Curing Temperature (℃)  X3 80 100 130 160 180 

 

Using the experimental design, the in-situ synthesis of the nanoparticles was done 

according to the method in section 3.3.2 with modifications in the reaction time, 

incubation time and curing time based on the values acquired in the experimental design 

in Appendix A. The reaction was carried out for periods ranging from 1 to 3 hours based 

on the experimental designed. When the reaction was complete, the fabrics were 

incubated in their solutions and in the dark for periods ranging from 0 to 72 hours, 

according to the experimental design shown in Appendix A. The cotton fabrics that had 
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been loaded with silver nanoparticles were then rinsed with distilled water to remove 

any excess reagents on the fabric. The wet treated samples were dried in a drying 

cabinet at room temperature for 24 hours. Following drying, the samples were cured 

for 5 minutes at temperatures ranging from 80 ℃ to 180 ℃, according to the 

experimental design shown in Appendix A. The wet treated samples were dried in a 

drying cabinet at room temperature for 24 hours. The samples were then used for the 

bacterial reduction assay against E. coli and S. aureus. 

 

Experimental responses of antibacterial efficacy of the fabrics before washing and loss 

in antibacterial activity after washing were considered using regression analysis to 

predict the optimum and interaction effects. The untreated fabric was used as the 

negative control and fabric treated with ampicillin was used as the positive control. 

 

3.3.5 Quantitative Antibacterial Testing of Treated Fabrics 

Antibacterial testing was performed quantitatively using the ISO 20743:2021 method 

for the determination of antibacterial activity of textile products. The absorption method 

was used to determine the antibacterial effectiveness of the treated fabrics against gram-

negative E. coli and gram-positive S. aureus. The treated and untreated fabrics were cut 

into sample sizes with a mass of approximately 0.4 g (test specimen). Six test specimens 

of the untreated fabric (control) and six test specimens of the treated fabrics were used. 

Three control samples and three antibacterial samples were used immediately after 

inoculation for zero time. The remaining six specimens were used for contact time after 

the incubation period. The samples were sterilized by autoclaving; then 0.2 ml of the 

bacterial suspension was soaked into several points on each test specimen. This was 

followed by shaking out in 20 ml of saline; five serial dilutions were then prepared 

repeatedly by adding 1 ml of the shake out bacteria into a test tube containing 9 ml of 
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nutrient broth and shaken well. Thereafter 1 ml of the last dilution was added to each 

petri dish followed by 15 ml of Mueller Hinton agar and then incubated at 37 ℃ for 24 

hours.  After incubation, the number of colonies on the petri dishes were counted. The 

antibacterial treatment’s efficacy was determined by comparing the reduction in the 

number of bacteria on the treated sample to that of the control sample expressed as a 

percentage reduction as shown in Equation 3.4.  

 

𝑅% = (
𝐵 − 𝐴

𝐵
) 𝑋 100 

Equation 3.4 

 

Where: R% is the percentage reduction of bacteria; A is the number of bacteria 

recovered from the inoculated treated fabric samples after 24 hours incubation; B is the 

number of bacteria recovered from the inoculated control fabric samples after 24 hours 

incubation. 

 

3.3.6 Durability to Washing 

The fabric samples were washed according to ISO C10:2006 wash fastness standard 

procedure. Washing was done at 70 ℃ for 45 minutes with 100 steel balls, which is 

equivalent to 5 regular washes. This was followed by a 10 - minute hot rinsing in plain 

water at 40 ℃. Thereafter, the fabrics were air-dried in a conditioned lab overnight. 

The washing procedure was repeated to give an equivalent of 10 and 20 regular washes. 

Antibacterial tests against E. coli and S. aureus were performed on the treated and 

washed fabric samples. The results were used in comparison to the unwashed treated 

fabrics to determine the durability of the fabrics to washing. The reduction in 

antibacterial efficacy was expressed as a percentage and calculated using Equation 3.5. 
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L % = R2 % - R1 % 

Equation 3.5 

 

Where: L % is the Percentage loss in bacterial activity, R2 % is the percentage bacterial 

reduction before washing and R1 % is the percentage bacterial reduction after washing. 

 

3.3.7 Statistical Analysis 

Statistical analysis was performed using Design Software and Minitab Software. A 

regression model was generated representing the relationship between the response 

variables and the parameters. Analysis of variance (ANOVA) was used to determine 

the significance of the independent variables, that is, incubation time, synthesis time 

and curing temperature on the dependant variables, that is, percentage bacterial 

reduction before washing and percentage loss in bacterial activity after washing. 

Significance was set at a level of 5 %.  Interaction plots, variance inflation factors, lack-

of-fit, the optimum values and other statistical data analysis were calculated using the 

software.  

 

In-situ synthesis of the cotton fabrics was then performed using the optimum values for 

synthesis time, incubation time and curing temperature. Quantitative antibacterial 

testing was performed on the treated fabrics before and after 20 washes to determine 

the effect of using the optimum conditions. The treated fabrics were then characterised 

for their different physical properties. 
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3.4 Characterisation of the Physical and Chemical Properties of the Treated 

Fabric Samples 

3.4.1 Scanning Electron Microscopy 

Morphological analysis of the fabric was assessed using the Zeiss high resolution 

scanning electron microscope equipped with energy dispersive spectroscopy. Sample 

sizes of 5 mm X 5 mm of both the treated and untreated fabrics were prepared were 

prepared and mounted on the conductive carbon strip and then sputter coated with gold 

(Jain et al., 2022). The deposition of the silver nanoparticles on the samples was then 

observed as images displayed on the SEM. 

 

3.4.2 Fourier Transform Infrared (FTIR) 

The presence of chemical bonding between the untreated cotton fabric and fabric 

treated with silver nanoparticles was determined using a Jasco FT/IR-6600 type A 

equipped with a standard light source and a triglycine sulphate (TGS) detector. A KBr 

pellet was prepared from ground fabric pieces and potassium bromide. The analysis 

was performed with the prepared KBr pellet and the spectrum was obtained at a 

resolution of 4 cm-1 and scans ranging from a wavelength of 400 cm-1 to 4000 cm-1.  

 

3.4.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was performed on a Simultaneous TGA/DSC analyser 

under air atmosphere at a heating rate of 10 ℃/ minute, with temperatures ranging from 

room temperature to 800 ℃. Samples were cut into very small powder like pieces and 

then placed in an aluminium oxide pan. Approximately 10 mg of the sample was used 

in each pan. 
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3.4.4 Air Permeability 

Air permeability of the fabric samples was measured based on ISO 9237 using the Air 

Permeability Tester at standard atmospheric testing conditions. Measurements were 

performed under constant air pressure of (Pa) for a 20 cm2 fabric. Five samples from 

each fabric were measured and an average value was determined. The air permeability 

was expressed as the speed of airflow through a given area of fabric and the results are 

presented in mm/second. 

 

3.4.5 Tensile Strength 

The tensile properties of the untreated cotton fabric and the fabric treated with silver 

nanoparticles tested using a Testometric Micro 500 model universal tensile tester in 

accordance with ISO 13934:2013 Textiles – Tensile properties of fabrics. Samples were 

preconditioned to standard atmospheric conditions and then cut into rectangular strips 

for testing. The samples were clamped on the machine with the longer side parallel to 

the direction to be tested. Testing was done at a speed of 100 mm/min. The fabric 

sample was stretched at a constant rate until it broke and the maximum breakage force 

was recorded. Five samples were measured and an average value determined. 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

 

4.1 Characteristics of the Potato Peel Extracts 

4.1.1 Yield of Extraction 

The extraction yields of both the ethanol and water extracts of potato peels were 

calculated using Equation. A higher percentage yield of 7.52 % was obtained with the 

water extract compared to a percentage yield of 5.75 % with the ethanol extracts. The 

trend is similar to what was observed by (Samarin et al., 2012), who discovered that the 

percentage extraction yield was positively correlated to the polarity of the solvents. 

Water had the highest percentage yield of 11.2 % in their study; this was followed by 

methanol at 7.9 % with ethanol having the lowest yield at 5.6 %.  

 

4.1.2 Phytochemical Screening 

The phytochemical screening of the different extracts of potato peels showed the 

presence of several secondary metabolites such as saponins, alkaloids, flavonoids, 

tannins, quinones, steroids, terpenoids, sterols, cardiac glycosides and phenols as 

shown in Table 4:1. However, glycosides were not present in both extracts while 

anthraquinones were not detected in the aqueous extract but were moderately present 

in the ethanol extract. Flavonoids and phenols, which are the main focus of this study 

were revealed to be present in both the aqueous and the ethanol extracts. This confirms 

results obtained by (Alam & El-Nuby, 2019) which confirmed the presence of different 

phytochemicals in potato peel water extracts; namely saponins, flavonoids, alkaloids, 

tannins, sterols, cardiac glycosides and triterpenoids. Other researchers also confirmed 

the presence of phenols, glycoalkaloids, flavonoids and anthocyanins in potato peels 

extracted with different solvents (Ben Jeddou et al., 2021; Elkahoui et al., 2018; Silva-

Beltrán et al., 2017). There was no difference in the phytochemicals present in the 
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potato peel extracts from the farm and those purchased from the market. This could be 

explained by results from earlier studies showing that the genetic type of a potato has 

more effect on the phytochemical content than the planting conditions and the location 

(Lombardo et al., 2013; Reddivari et al., 2007). Therefore, since all potatoes used in the 

study were Shangi potatoes, it is expected that the potato peel extracts would contain 

the same phytochemicals.  

 

Table 4:1. Secondary Metabolites Identified in Solanum Tuberosum Potato Peel 

Extracts 

Constituents Inference 

Aqueous Extract Ethanol Extract 

Farm PPE Market PPE Farm PPE Market PPE 

Saponins +++ +++ + + 

Tannins + + + + 

Alkaloids +++ +++ ++ ++ 

Quinones ++ ++ ++ ++ 

Glycosides - - - - 

Steroids + + ++ ++ 

Flavonoids +++ +++ +++ +++ 

Phenols ++ ++ ++ ++ 

Anthraquinones - - ++ ++ 

Terpenoids ++ ++ ++ ++ 

Sterols + + ++ ++ 

Cardiac Glycosides + + +++ +++ 
Note: +++ represents very high, ++ indicates moderate, + indicates low/traces, and – indicates absent. 

 

4.1.3 Total Phenolic Content 

The total phenolic content of solanum tuberosum potato peel extract was determined 

using the Folin-Ciocalteu method. A calibration curve was prepared for quantitative 

analysis and the linearity for gallic acid standard was established from the range of 5 

mg/L to 30 mg/L which was fitted on the line y = 0.0381x + 0.010x with R2 = 0.9967 

as shown in Figure 4:1.  
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Figure 4:1. Gallic Acid Standard Calibration Curve 

 

Calculations for the total phenolic content against gallic acid as the standard were then 

done by substitution using the linear Equation 4.1 from the gallic acid standard 

calibration curve.  

 

y = 0.0381x + 0.0102       Equation 4.1 

 

Where: x is the concentration of gallic acid and y is the absorbance. 

Therefore: x = (y – 0.0102) ÷ 0.0381 

Hence, the gallic acid equivalent for the aqueous extract with an absorbance of 0.449 

is: 

x = 11.517 mg GAE/g dry weight 

The gallic acid equivalent for the ethanol extract with an absorbance of 0.315 is: 

x = 8 mg GAE/g dry weight 

 

y = 0.0381x + 0.0102
R² = 0.9967
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The total phenolic content was higher for the aqueous extract with a value of 11.517 

mg GAE/g DW as compared to a value of 8 mg GAE/g DW for the ethanol extract. An 

earlier study also revealed that the total phenolic content of potato peels was highest for 

ultrasonic water extracts when compared with ultrasonic extracts from methanol, 

acetone, ethanol and hexane (Samarin et al., 2012). Water is a polar solvent that can 

dissolve a wide range of substances and can therefore dissolve more substances than 

any other liquid.  

 

4.1.4 Total Flavonoid Content 

The aluminium chloride colorimetric method was used to determine the total flavonoid 

content of the extract using quercetin as the standard. The absorbance values that were 

obtained at various quercetin concentrations were used to create a calibration curve 

shown in Figure 4:2.  

 

Figure 4:2. Quercetin Standard Calibration Curve 

 

The total flavonoid content was then calculated against quercetin as the standard by 

substituting the linear equation (Equation 4.2) from the quercetin standard calibration 

curve. 
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y = 0.066x + 0.0138       Equation 4.2 

Where: x is the concentration of quercetin and y is the absorbance. 

Therefore: x = (y – 0.0138) ÷ 0.066 

Hence, the quercetin equivalent for the ethanol extract with an absorbance of 0.202 is : 

x = 2.85 mg QE/g dry weight 

The quercetin equivalent for the water extract with an absorbance of 0.423 is: 

x = 6.2 mg QE/g dry weight 

 

The total flavonoid content was higher for the aqueous extract with a value of 6.2 mg 

QE/g dry weight as compared to a value of 2.85 mg QE/g dry weight for the ethanol 

extract which is agreement with results observed by (Samarin et al., 2012). 

Additionally, the total flavonoid content was lower than the total phenolic content for 

both extracts which supports the theory that flavonoids are also phenols and therefore 

contribute to the total phenolic content of the extracts (Mutha et al., 2021). This was 

also observed by several researchers including (Friedman et al., 2018; Mohdaly et al., 

2010; Silva-Beltrán et al., 2017). Aside from the fact that water extracts have a higher 

total phenolic content, total flavonoid content and a higher yield than the ethanol 

extracts; the use of water as a solvent has numerous advantages as a green extraction 

solvent. Water is abundant in nature and thus economical; its non-toxicity, non-

flammability, and low pollution in production make it popular as a green solvent. 

Therefore; based on the results and the advantages of using water as a solvent, the 

aqueous extracts were selected for further experiments in this study. 
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4.1.5 Fourier Transform Infrared Spectrum of Potato Peel Extract 

The results from the FTIR characterisation of the potato peel extract are shown in 

Figure 4:3. The representative bands indicated the potential presence of the compounds 

shown in Table 4:2. 

 

Figure 4:3. FTIR Spectrum for Potato Peel Extract 

 

The peak at a wavelength of 3336 cm-1 is caused by the O-H stretching modes of the 

hydroxyl groups and is characteristics of cellulosic materials (Devi et al., 2018; Liang 

& McDonald, 2014). The absorption peak at 2926 cm-1 can be assigned to the stretching 

mode of aromatic C-H (El-Sakhawy et al., 2018). The peak at 1644 cm-1 is linked to 

aryl OH and can therefore indicate the presence of the phenyl group with conjugated 

systems such as ketoester, diketone and quinone. The same peak at 1644 cm-1 also 

indicates the existence of amides in the potato peels which can be linked to the proteins 

and lipids in the potato peels. The peak at 1406 cm-1 is the OH bend and is an indication 
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of the existence of phenols or tertiary alcohols in the potato peel extract (Nandiyanto et 

al., 2019). The absorption at 1032 cm-1 can be assigned to the C-O-C pyranose ring 

which is characteristic of saccharides thus indicating the occurrence of carbohydrates 

in the potato peels (El-Sakhawy et al., 2018). The weak absorption bands at 852 cm-1 

to 658 cm-1 can be attributed to the tri and di distribution in the phenols (Devi et al., 

2018). Overall, the FTIR spectra confirms the presence of carbohydrates, phenols, 

lipids and proteins in the potato peel powder.  

 

Table 4:2. Characteristic IR Bands of Potato Peel Extracts 

Wavenumber 

(cm-1) 

Band Assignment Potential Compounds 

3336 O-H stretching  H-bonded hydroxyl groups 

2926 Aromatic C-H bond Methylene CH2 

2144 Aromatic C=C stretching mode   

1972 C=O bond Carbonyls 

1644 Combination of amide and aryl 

OH 

Phenyl group and proteins 

1406 OH bending Phenols or tertiary alcohol 

1032 C-O-C pyranose ring Cellulose 

852  Aromatic C-H Aryl 

658 OH, out of plane bending Di and tri substitution in 

phenols 

Source: ((Nandiyanto et al., 2019; El-Sakhawy et al., 2018; Devi et al., 2018) 

 

With the major bonds being carbon or oxygen based, we can confirm that carbon and 

oxygen are the main elements in potato peels. This also supports elemental analysis 

studies conducted by (Bouhadjra et al., 2021) which revealed that the proportions of 

carbon and oxygen in potato peels were the highest when compared to other elements, 

thus confirming their organic nature. Additionally, it contains nitrogen and oxygen in 

lower quantities (Javed et al., 2019).  
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4.1.6 Antibacterial Activity of Potato Peel Extracts 

4.1.6.1 Agar Well Diffusion 

Antibacterial activity of the potato peel extracts was investigated against three bacterial 

strains, namely; E. coli, S. aureus and MRSA using disc diffusion method and the results 

are shown in Figure 4:4.  

 

Figure 4:4. Test Results of Agar Well Diffusion of Potato Peel Extract Against MRSA, 

E. coli and S. aureus 
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Table 4:3 shows the results of the extract’s antibacterial activity evaluation. The results 

revealed a distinct zone of inhibition against E. coli and S. aureus, but no distinct zone 

of inhibition against MRSA. E. coli had a larger zone of inhibition than S. aureus. In 

their study (Gebrechristos et al., 2020) confirmed the antibacterial activity of potato 

peel extracts against several bacteria strains including E. coli and S. aureus. The study 

revealed a clear zone of inhibition against S. aureus and a vague zone of inhibition 

against E. coli. Another study also confirmed the antibacterial efficacy of potato peel 

extracts against different bacterial strains; with a zone of inhibition of 7 mm and 2.5 

mm against S. aureus and E. coli respectively (Helal et al., 2020). 

 

Table 4:3. Zone of Inhibition of Potato Peel Extracts Against Selected Bacteria 

Strains 

Bacterial Strain  Inhibition Zone (mm) 

Staphylococcus aureus  5.60 ± 0.32 

Escherichia coli  6.50 ± 0.09 

Methicillin resistant staphylococcus aureus (MRSA)  0.00 ± 0.00 

 

4.1.6.2 Minimum Inhibitory Concentration of the Potato Peel Extract 

A microdilution minimum inhibitory concentration assay was used to accurately 

determine antimicrobial activity of the extracts against S. aureus and E. coli. When the 

concentration of potato peel extract fell below 5 mg/ml, the colour of alamarBlueTM 

dye changed from blue to pink, indicating the presence of bacteria (Henshaw, 2018). 

As a result, the minimum inhibitory concentration of potato peel extract for both E. coli 

and S. aureus was determined to be 5 mg/ml. The results are slightly higher for 

Staphylococcus Aureus and lower for Escherichia coli than those reported in an earlier 

study. They reported a positive antimicrobial response for Escherichia coli, 

Staphylococcus aureus and salmonella enterica with a minimum inhibitory 

concentration of 7.5 ± 2 mg/ml, 4.7 ± 1 mg/ml and 5.8 ± 2 mg/ml respectively but had 
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a negative response for Listeria monocytogenes and Klebsiella pneumoniae 

(Gebrechristos et al., 2020).  

 

4.2 Formation of Silver Nanoparticles with Potato Peel Extract (PPE-AgNPs) 

4.2.1 Visual Assessment of PPE-AgNPs 

Silver nanoparticles have a strong absorption band and produce a specific colour in 

solution due to surface plasmon resonance (J. M. Ashraf et al., 2016). The colour 

change was used to track the formation of silver nanoparticles. The change in colour 

from a very light brown (Figure 4:5 A) to yellowish-brown in Figure 4:5 B confirmed 

the formation of silver nanoparticles (Ahmed et al., 2016). The mixture was had a very 

light and clear brown colour immediately after adding the potato peel extract to the 

silver nitrate solution. However, after 30 minutes, the colour changed to golden-brown, 

which intensified to a darker brown after 3 hours of reaction time (Figure 4:5 C). 

 

 

Figure 4:1. Visual Colour-Change of Synthesized Nanoparticles at (A) 0 minutes (B), 

30 minutes and (C) 3 hours 

 

The synthesis of silver nanoparticles was confirmed further by measuring the UV-Vis 

spectra at 300 – 800 nm. The PPE-AgNPs had a maximum absorbance (λmax) of 

around 420 nm, which is typical of silver nanoparticles. Silver nanoparticles have a 
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surface plasmon resonance (SPR) peak of around 400 – 500 nm (J. M. Ashraf et al., 

2016; De Leersnyder et al., 2020). Lower wavelength SPR peaks indicate the formation 

of smaller nanoparticles while higher wavelength peaks indicate the formation of larger 

nanoparticles (Djuhana et al., 2016). 

 

4.2.2 Effect of Synthesis Conditions on the Green Synthesis of Silver Nanoparticles 

4.2.2.1 Effect of Extract Concentration 

The effect of potato peel extract concentration on the green synthesis of nanoparticles 

was evaluated and the resultant UV-vis spectra is shown in Figure 4:6. The extract was 

used in the different concentrations provided at a silver nitrate to potato peel extract 

volume ratio of 1:5.  

 

 

Figure 4:2. UV-Vis Absorption Spectra of Silver Nanoparticles Synthesized at 

Different Concentrations of Potato Peel Extract 

 

As the plant concentration increased from 6.25 % to 25 % there was an increase in the 

absorbance of the UV-vis and the SPR peak was narrower. This was an indication of 
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the increased synthesis of nanoparticles, and the production of smaller nanoparticles 

with a uniform size distribution (Verma & Mehata, 2016). As the concentration 

increased, the phytochemical content also increased, thus increasing the reduction rate 

of the silver nitrate to silver nanoparticles (H. M. M. Ibrahim, 2015; Tyavambiza et al., 

2021). However, at a concentration of 50 %, the SPR peak was broader which was an 

indication of polydispersity of the nanoparticles. This could be because the quantity of 

phytochemicals was too high and therefore the synthesis of nanoparticles was too rapid 

and led to aggregation of the nanoparticles and the formation of bulk silver (Kaur et al., 

2021). The optimum extract concentration for the formation of smaller nanoparticles 

with a narrow size distribution was found to be 25 % and was therefore used in 

subsequent experiments.  

 

4.2.2.2 Effect of PPE to AgNO3 Volume Ratio 

The effects of potato peel extract to silver nitrate volume ratio was studied by using 

different ratios for the synthesis, that is, 1:1, 1:2, 1:3, 1:4, 1:5, 1:6 and 1:7. The UV-vis 

spectra of the different reactions is shown in Figure 4:7. 
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Figure 4:3. UV-Vis Absorption Spectra of Silver Nanoparticles Synthesized at 

Different Extract to Silver Nitrate Volume Ratios 

 

From the observed UV-vis spectra, there was low reduction of Ag+ to Ag0 with little to 

no synthesis at volume ratios of 1:1 and 1:2 as shown by the broader SPR peak at a 

lower absorbance (Melkamu & Bitew, 2021). As the volume ratio of silver nitrate 

increased from 1:1 to 1:5 there was an increase in absorbance and intensity of the SPR 

peaks, thus higher amounts of nanoparticles were produced. The peaks became 

narrower due to the formation of smaller nanoparticles with a more uniform size 

distribution (Azarbani & Shiravand, 2020). This is in agreement with other studies that 

showed that for nanoparticle synthesis to occur, the volume ratio of silver nitrate should 

be higher than that of the extract. As the ratio increased to 1:6 the absorbance reduced 

and the peak became broader at a ratio of 1:7, indicating reduced synthesis and 

polydispersity. It is likely that as the volume ratio of the silver nitrate increases, there 

is insufficient potato peel extract for the reaction with  silver ions, hence the reduced 
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synthesis (Mahiuddin et al., 2020). Therefore, 1:5 was used as the optimum volume 

ratio for further experiments. 

 

4.2.2.3 Combined Effect of pH and Temperature 

The UV-vis spectra of the nanoparticles synthesized at different pH at 99 ℃ is shown 

in Figure 4:8. The concentration of the nanoparticles formed in the solution increases 

as the pH of the extract becomes more alkaline, agreeing with previous studies that 

showed that alkaline conditions are more preferred for green synthesis of nanoparticles 

(Kaur et al., 2021; Kredy, 2018). Although all pHs showed nanoparticle synthesis at 99 

℃, synthesis was also done at other temperatures. Synthesis at lower temperatures is 

recommended in green chemistry because it simplifies the procedure, reduces the cost 

and is more energy efficient (Ahluwalia et al., 2004), therefore the goal was to 

determine the most suitable pH at lower temperatures.  

 

Figure 4:4. UV-Vis Absorption Spectra of Silver Nanoparticles Synthesized at 

Different  pHs at 99 ℃  
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There are no substantial SPR peaks for pH 6 to pH 10 at temperatures of 70 ℃ (Figure 

4:9), 50 ℃ (Figure 4:10) and 25 ℃ (Figure 4:11); however, SPR peaks can be seen for 

pH 11 and pH 12. A broad peak with low absorbance is observed for pH 11 at 50 ℃ 

but no peak is observed for the same pH at 25 ℃. Based on the intensity of the peaks, 

the optimum conditions were determined to be 50 ℃ and a pH of 12; these were used 

in subsequent experiments.  Based on the intensity of the peaks, a temperature of 50 ℃  

and a pH of 12 were determined to be the optimum conditions and were used in 

subsequent experiments. 

 

Figure 4:5. UV-Vis Absorption Spectra of Silver Nanoparticles Synthesized at 

Different pHs at 70 ℃ 
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Figure 4:6. UV-Vis Absorption Spectra of Silver Nanoparticles Synthesized at 

Different pHs at 50 ℃  

 

 

Figure 4:7. UV-Vis Absorption Spectra of Silver Nanoparticles Synthesized at 

Different pHs at 25 ℃ 



108 

 

 

 

4.2.2.4 Effect of Stirring Speed 

The effect of the stirring speed on the green synthesis of silver nanoparticles using 

potato peel extract is shown in the UV-vis spectra in Figure 4:12. As the reaction speed 

increased from 0 rpm to 300 rpm and then to 500 rpm, the absorbance increased 

showing an increase in the synthesis of nanoparticles. However, at a speed above 500 

rpm the absorbance decreased and the peak became broader showing the formation of 

larger nanoparticles and polydispersity of the synthesized nanoparticles. When the 

synthesis speed is too low, there is reduced reaction and when the speed is too high 

there is more aggregation and larger nanoparticles are formed. This is agreement with 

previous studies where different stirring speeds were used and the optimum speed was 

found to be 500 rpm (Badri et al., 2015; Junaidi et al., 2016). Therefore, the stirring 

speed of 500 rpm was used for subsequent experiments. 

 

Figure 4:8. UV-Vis Absorption Spectra of Silver Nanoparticles Synthesized by Varying 

the Stirring Speed 
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4.2.2.5 Effect of Synthesis Time 

The effect of synthesis time on the green synthesis of silver nanoparticles was 

investigated using UV-vis spectroscopy and SPR peaks as shown in Figure 4:13. The 

spectra show that the sharpness of the SPR peaks increases over time which confirms 

that rate of synthesis of nanoparticles is positively correlated with time and is in 

agreement with previous studies (Mahiuddin et al., 2020; Melkamu & Bitew, 2021). 

The nanoparticles start forming within 10 minutes of the silver nitrate reacting with the 

potato peel extract, with a slightly wider peak at a lower absorbance due to the slow 

conversion of silver ions to silver. As time passes, more silver ions are converted to 

silver nanoparticles, causing the peak to become sharper and the absorbance to rise at 

30 minutes, 1 hour and 2 hours. Maximum absorbance is observed at 3 hours. However, 

the peak is much broader and at a much lower absorbance at 4 hours, indicating 

aggregation and the formation of larger nanoparticles. Therefore, a reaction time of 3 

hours was found to be most suitable for the green synthesis of silver nanoparticles using 

potato peel extracts.  
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Figure 4:9. UV-Vis Spectra of Silver Nanoparticles Synthesized at Different Reaction 

Times 

 

4.2.3 Characterisation of the Nanoparticle Synthesized Using Optimum Values 

4.2.3.1 UV-Vis of PPE-AgNPs Synthesized Using Optimum Values 

The nanoparticles were synthesized using the optimum values, that is: potato peel 

extract concentration – 25 %; pH – 12; temperature – 50 ℃; potato peel to silver nitrate 

volume ratio – 1:5; stirring speed – 500 rpm and time – 3 hours. Figure 4:14 shows the 

appearance of a single SPR peak at a wavelength of 418 nm.  
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Figure 4:10. UV-Vis Spectrum of Silver Nanoparticles Green Synthesized with Potato 

Peel Extract 

 

The peak is between 400 nm and 500 nm and thus confirms the formation of silver 

nanoparticles (Ashraf et al., 2016; Kredy, 2018). 

 

4.2.3.2 Fourier Transform Infrared (FTIR) Spectroscopy 

The surface chemistry composition of silver nanoparticles capped by the bioactive 

molecules in potato peel extracts was investigated using FTIR spectroscopy. The FTIR 

spectra of the green synthesised silver nanoparticles and potato peel extract are shown 

in Figure 4:15. 
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Figure 4:11. FTIR Spectra of Potato Peel Extract and Silver Nanoparticles 

 

Potato peel extract displays the main absorbance peaks at 3366, 2926, 1644, 1406, 1034 

and 658 which confirm the presence of carbohydrates, phenols, proteins and lipids in 

the extract (Devi et al., 2018). FTIR absorbance of the green synthesized silver 

nanoparticles have a high degree of similarity with those of the potato peel extract with 

a slight shift of the peaks with the nanoparticle peaks appearing at about 3412, 2922, 

1636, 1396, 1062 and 600. The similarity of the peaks confirms the presence of the 

biomolecules found in potato peel extract are present in the nanoparticles while the shift 

in the FTIR peaks shows that the bioactive compounds found in PPE reduced the silver 

nitrate (Azarbani & Shiravand, 2020). The absorbance band at 3412 is due to the N-H 

stretching of amines or the OH stretching of the hydroxyl groups in alcohols and 

phenols (Liang & McDonald, 2014; Melkamu & Bitew, 2021). The peak at 2922 

indicates the presence of C-H stretching groups in the nanoparticles (El-Sakhawy et al., 
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2018). The bands at 1636 and 1396 arise from the C=O stretching in the carbonyl group 

or amides and the OH bend indicating the existence of phenols and tertiary alcohols 

respectively (Nandiyanto et al., 2019). The band at 1062 is related to the C-O-C 

pyranose ring and the band at 600 corresponds to the tri and di distribution in the 

phenols (El-Sakhawy et al., 2018; Melkamu & Bitew, 2021). The presence of the 

hydroxyl, carbonyl and amine groups in the green synthesized nanoparticles suggests 

that bioactive compounds like phenols, flavonoids and proteins are involved in the 

synthesis of silver nanoparticles as reducing, capping and stabilizing agents. The 

spectral analysis observed in this study was comparable to previous studies (Azarbani 

& Shiravand, 2020; Kaur et al., 2021; Melkamu & Bitew, 2021; Rao & Tang, 2017).   

 

4.2.3.3 Dynamic Light Scattering (DLS) 

The DLS was used to determine the size distribution of the prepared silver 

nanoparticles. Figure 4:16 depicts the nanoparticle size distribution which has an 

average hydrodynamic size of 50.18 nm which verifies the successful creation of silver 

nanoparticles, with studies obtaining nanoparticles in the 20 nm to 100 nm range using 

the DLS technique (Elamawi et al., 2018; Jang et al., 2015; Kaur et al., 2021). 

Nanoparticle dispersions are frequently polydisperse, which means that they contain 

particles of varying sizes and shapes rather than particles of single size and shape and 

therefore have differing polydispersity indexes. The PDI scale is from 0 to 1, with 0 

representing monodisperse and 1 representing polydisperse nanoparticles.  The results 

showed that the synthesized silver nanoparticles were poly-dispersed with a 

polydispersity index (PDI) of 0.282, which shows average polydispersity and is 

considered suitable (Jalab et al., 2021). 
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Figure 4:12. Size Distribution of PPE-AgNPs 

 

The zeta potential shown in Figure 4:17 is – 33 mV and is sufficiently negative 

indicating moderate stability of the nanoparticles, their high dispersity as well as their 

good colloidal nature. This is due to the repulsive forces between the negatively charged 

silver nanoparticles which prevent aggregation and particle size increase thus 

improving the stability. (Erdogan et al., 2019; Samimi et al., 2018). 

 

 

Figure 4:13. Zeta Potential of the Green Synthesised Silver Nanoparticles 

 

4.2.3.4 X-Ray Diffractometer (XRD) 

The XRD analysis was performed on the silver nanoparticles green synthesized using 

potato peel extracts to determine their crystallinity and the XRD pattern is shown in 
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Figure 4:18. Four distinct diffraction peaks, which correspond to the (111), (200), (220) 

and (311) diffraction planes were observed in the XRD pattern at the 2θ values of 

38.09°, 44.31°, 64.39° and 77.51° respectively. This pattern indicated that the silver 

nanoparticles have a face-centred cubic structure (Holder & Schaak, 2019). This 

crystalline nature of green synthesized nanoparticles was also observed in other studies 

where plant extracts were used in the green synthesis of silver nanoparticles (J. M. 

Ashraf et al., 2016; Melkamu & Bitew, 2021). 

 

 

Figure 4:14. XRD Pattern of Green Synthesized Silver Nanoparticles from Potato Peel 

Extracts 

 

4.2.3.5 Scanning Electron Microscopy  

The morphology of the green synthesized silver nanoparticles was assessed using the 

scanning electron microscope and the image is shown in Figure 4:19. The obtained 
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silver nanoparticles were mostly spherical in shape, which is typical of green 

synthesized silver nanoparticles (Kaur et al., 2021; Mahiuddin et al., 2020; Rao & Tang, 

2017). However, there were large particles/ clusters which were most likely formed by 

the agglomeration of smaller nanoparticles.  

 

  

Figure 4:15. SEM Image of Green Synthesized Silver Nanoparticles 

 

The EDX profile (Figure 4:20) revealed a strong signal peak at 3 keV, which is 

characteristic of silver nano crystallites (Jagtap & Bapat, 2013; Rao & Tang, 2017); 

indicating the presence of silver nanoparticles. The profile also contained carbon and 

oxygen but did not contain any nitrogen from the silver nitrate initially used thus 
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confirming the complete reduction of the silver nitrate to silver nanoparticles. Carbon 

and oxygen are most likely associated with organic compounds from potato peel 

extracts adsorbed on the surface of silver nanoparticles which play an important role as 

reducing agents and capping agents in the green synthesis of silver nanoparticles.  

 

Figure 4:16. EDX spectra of green synthesized silver nanoparticles 

 

4.2.4 Antibacterial Efficacy of  the Green Synthesized Silver Nanoparticles 

Using the agar well diffusion method, the antibacterial activity of the PPE-AgNPs was 

investigated against three bacterial strains, namely, E. coli, S. aureus and MRSA (Figure 

4:21).  

 

 

Figure 4:17. Test Results of Agar Well Diffusion of Silver Nanoparticles against MRSA, 

E. coli and S. aureus 
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The findings revealed the degree of susceptibility of the organisms studied. For each 

bacterial strain, the organisms displayed a different zone of inhibition. PPE-AgNPs had 

a higher zone of inhibition of 13 mm against gram-negative E. coli than a zone of 

inhibition of 9.3 mm against gram-positive S. aureus (Table 4:4). A similar result was 

also found for the green synthesis of silver nanoparticles using Eriobotrya japonica leaf 

extract (Rao & Tang, 2017). 

 

Table 4:1. Zone of Inhibition of PPE-AgNPs on Tested Bacteria 

Bacterial Strain  Inhibition Zone (mm) Mean ±SD 

Staphylococcus aureus  9.30 ± 0.01 

Escherichia coli  13.00 ± 0.02 

Methicillin resistant staphylococcus aureus   0.00 ± 0.00 

 

The powerful antibacterial properties of silver nanoparticles may be attributed to the 

released silver ions, which may interact with microorganisms by attaching to the surface 

of the bacteria cell membranes, penetrating into bacteria cells, and influencing 

membrane permeability and respiration (Rao & Tang, 2017). The antibacterial 

difference between gram-negative and gram-positive bacteria are due to the differences 

in their cell wall compositions. The cell membrane of gram-negative bacteria consists 

of a single layer of peptidoglycan, whereas the membrane of gram-positive bacteria 

contains multiple layers of peptidoglycan, making them more rigid and thus more 

resistant to antibacterial agents (Saravanakumar et al., 2017; Silhavy et al., 2010). The 

antibacterial activity of the green synthesized nanoparticles was greater than that of the 

extract alone; this is consistent with a previous study (Melkamu & Bitew, 2021). This 

shows that the process of synthesizing the silver nanoparticles using potato peel extract 

has enhanced or potentiated their antibacterial efficacy. 
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4.3 Antibacterial Efficacy of Treated Fabrics 

4.3.1 Characterisation of the Cotton Fabric Treated with Potato Peel Extract 

4.3.1.1 Visible Effects of PPE Treatment on Cotton Fabrics 

The treated cotton fabric had a slight colour change from white to a very light brown 

colour as shown in Figure 4:22. The potato peel extract is brown in colour therefore, 

based on the physical attributes of dyes we can confirm that the colour change on the 

treated fabric is due to the adherence of the potato peel extract with the cotton fabric. 

Studies have also shown that potato peel contains anthocyanins which give them their 

dyeing potential (Ben Jeddou et al., 2021; Sampaio et al., 2021); this could explain the 

change in colour of the fabric upon application of the potato peel extract. 

 

Figure 4:1. A - Untreated Cotton Fabric, B - Cotton Fabric Treated with Potato Peel 

Extract 

 

4.3.1.2 FTIR Analysis of the Treated and Untreated Cotton Fabric 

The existence of new functional groups was assessed through comparison of the FTIR 

spectra of the untreated cotton fabric and PPE treated cotton fabric as shown in Figure 

4:23.  
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Figure 4:2. FTIR Spectra of Untreated Cotton Fabric (Cotton) and Cotton Fabric 

Treated with Potato Peel Extract (PPE Cotton) 

 

The two FTIR spectra shown in Figure 4.23 are nearly identical, with only minor 

differences. This could be attributed to the PPE’s partial interaction with the cotton 

fabric, as well as the fact that both PPE and the cotton fabric are cellulosic in nature. 

Cotton fabrics have a higher degree of polymerisation than potato peels, resulting in a 

higher peak intensity of the untreated cotton fabric than the PPE treated fabric. In the 

untreated cotton fabric, two peaks appear at 3330 cm-1 and 3280 cm-1 which are 

attributed to the H bonded OH stretching group (Devi et al., 2018; Liang & McDonald, 

2014). The treated cotton fabric also showed the presence of the H bonded OH 

stretching group as indicated with a peak at 3275 cm-1. Additional peaks at 3552 cm-1 

and 3541 cm-1 which correspond to the stretching vibration of phenolic OH 

(Nandiyanto et al., 2019) are observed in the spectrum for the PPE treated cotton fabric 

due to the phenolic compounds in the potato peel extract. Peaks at 1636 cm-1,              
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1420 cm-1 and 1022 cm-1 for both treated and untreated fabrics corresponded to C=C 

stretching, CH bending of pyranose ring and C-O-C groups (Bouhadjra et al., 2021). 

Other information can be obtained in the region 895 cm-1 and 697 cm-1  with several 

peaks indicating the presence of aromatic C-H out of plane bend (Nandiyanto et al., 

2019). The reduction in intensity of the peak at 3330 cm-1 and 3280 cm-1 representing 

the OH stretching is an indication of effective crosslinking. Also, the broadening of the 

peak indicates the confinement of nano molecules of water in the treated fabric formed 

by polar covalent bonding of oxygen and hydrogen. The shifts in certain peaks as well 

as the additional peaks confirm the modification of the cotton fabric due to the addition 

of potato peel extract. 

 

4.3.1.3 Thermogravimetric Analysis Graphs of the Treated and Untreated Fabric 

Samples 

The thermal decomposition of untreated cotton fabric and cotton fabric treated with 

potato peels (PPE cotton) is shown in the TGA curves in Figure 4:24. The 

decomposition occurred in three stages according to earlier described analysis (Charles 

et al., 2022; Suriyatem et al., 2019). 
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Figure 4:3. TGA Thermograms of Untreated Cotton Fabric and Fabric Treated with 

Potato Peel Extracts (PPE Cotton) 

 

In the first stage from the room temperature to about 100 ℃, all samples showed an 

initial weight loss of approximately 5 % to 10 % due to the vaporization of the 

physically bound water molecules in the fabric. The fabric weight remained constant 

until the temperature range of 240 ℃ to 300 ℃ for PPE cotton and 250 ℃ to 360 ℃ 

for untreated cotton fabric where there was a weight loss of about 5 %. In the second 

stage a sharp weight loss from 90 % to 34 % is observed from 300 ℃ to 380 ℃ for PPE 

cotton. During the same stage a weight loss is also observed for untreated cotton from 

90 % to 14 % at a temperature range of 360 ℃ to 390 ℃. This stage corresponds to the 

significant thermal decomposition and complete oxidation of the cotton fibre and is 

consistent with values of thermal degradation of cotton found in literature which range 

from 300 ℃ to 380 ℃ for untreated cotton fabric (Popescu et al., 2014).  
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The decomposition temperature for cotton fabric is heavily influenced by factors such 

as the morphology of the cellulose polymer, crystallinity or amorphousness of the 

sample, molecular mass and purity of the sample (Cuiffo et al., 2021). Samples with 

higher crystallinity have higher thermal stability because they have more ordered and 

compact molecular structures that are better able to resist thermal degradation than 

amorphous samples that have more disordered and loose molecular structures (Li et al., 

2019; Santmartí & Lee, 2018). Potato peels are more amorphous than crystalline in 

nature (Osman, 2020) and have lower thermal stability, therefore addition of the peels 

to cotton fabric is expected to lower the thermal stability as observed in the TGA 

thermograms from 380 ℃ to 560 ℃. The last stage corresponds to the degradation of 

residual char formed during the thermal decomposition stage, which occurred with the 

complete oxidation of the samples (Charles et al., 2022). There was complete 

degradation of PPE cotton at 560 ℃ while the untreated cotton was still at 10 % weight. 

The TGA curve confirmed the addition of the potato peel extract onto the cotton fabrics 

due to the difference in the thermal stability of the fabric. 

 

4.3.1.4 Antibacterial Efficacy of the Fabrics Treated with Potato Peel Extract 

The disc diffusion assay was used to assess the antibacterial activity of cotton fabric 

treated with potato peel extract against E.coli and S. aureus. The results in Table 4:5 

showed that the treated cotton fabrics displayed antibacterial activity against both E. 

coli and S. aureus with clear zones of inhibition. However, after washing the zone of 

inhibition reduced from 100 % to 58 % and from 100 % to 62 % for S. aureus and E. 

coli respectively.  
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Table 4:1. Inhibitory Zone of Treated and Untreated Cotton Fabrics on the Tested 

Bacteria 

Fabric Samples Zone of Inhibition (mm) Mean ± SD 

S. Aureus E. Coli 

Untreated fabric (negative control) 0.00 ± 0.00 0.00 ± 0.00 

Positive control 40.00 ± 0.02 30.00 ± 0.04 

PPE treated fabric before washing 12.00 ± 0.01 8.00 ± 0.02 

PPE treated fabric after washing 7.00 ± 0.00 5.00 ± 0.03 

 

The quantitative reduction test results also confirmed the efficacy of the treated fabrics 

against both E. coli and S. aureus. Data indicated that the percentage reduction was 

found to be 72.10 % and 64.15 % for E. coli and S. aureus respectively. The treated 

fabric showed a gradual decrease in the antibacterial property after 20 washing cycles 

with a 54.74 % reduction in bacterial count for E. coli and a 51.23 % reduction in 

bacterial count for S. aureus. Similarly, plant extracts such as stinging nettle and malva 

sylvetris have shown good antibacterial properties even up to 10, 20, 30 and 40 washes 

(Ketema & Worku, 2020; Sadeghi-Kiakhani et al., 2022). The bacteria reduction was 

higher for gram-negative E. coli than for gram-positive S. aureus.  The difference is 

likely due to the differences in their cell wall compositions. The cell membrane of gram-

negative bacteria consists of a single layer of peptidoglycan, whereas the membrane of 

gram-positive bacteria contains multiple layers of peptidoglycan, making them more 

rigid and thus more resistant to antibacterial agents (Saravanakumar et al., 2017; 

Silhavy et al., 2010).  

 

4.3.2 In-Situ Synthesis of Silver Nanoparticles onto Cotton Fabric using Potato 

Peel Extracts 

4.3.2.1 Visible Effects of Silver Nanoparticles on Cotton Fabric 

The visible effects of the silver nanoparticles on the cotton fabric are shown in Figure 

4:25. colour of the cotton fabric changed from white to a brown colour after the in-situ 



125 

 

 

 

synthesis. This indicated the direct synthesis of silver nanoparticles onto the cotton 

fabric by reduction of Ag+ to Ag0 (Ahmed et al., 2016). The intensity of the colour 

reduced after 10 washes and reduced further after 20 washes, which showed the loss of 

silver nanoparticles after washing (Jain et al., 2022).  

 

 

Figure 4:4. 100 % Cotton fabrics. A - Untreated, B - Treated with AgNps before 

Washing, B - Treated with AgNps after 10 Washes and C - Treated with AgNps after 

20 Washes 

 

4.3.2.2 Qualitative Antibacterial Analysis of PPE-AgNP Treated Cotton Fabrics 

The antibacterial activities of the AgNP treated cotton fabrics were tested using the 

fabric disc diffusion assay against gram-positive S. aureus and gram-negative E. coli. 

The untreated cotton fabric served as the negative control, while the ampicillin – treated 

fabric antibiotic served as the positive control. Comparison was also made with the 

fabric treated with potato peel extract to determine the synergy of the potato peel extract 

and the silver nanoparticle in antibacterial activity. The results of the fabric diffusion 

assay are shown in Figure 4:26. The presence of an inhibition zone around the treated 

samples clearly indicates that they have antimicrobial activity as a result of the action 

of the treatment on the fabric. The uncoated negative control did not show any 

antibacterial activity.  The zone of inhibition was larger for the AgNP treated fabric 

than the PPE treated fabric. This shows that the AgNP treated fabric has a better 

antibacterial effect against E. coli and S. aureus than the PPE treated fabric and also 
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confirms that the green synthesis of silver nanoparticles using potato peel extract is an 

improvement on the potential of potato peel extracts as antimicrobial agents. However, 

for both the PPE treated fabric and the AgNP treated fabric, the antibacterial activity 

reduced after washing. 

 

Results from several studies have shown that nanoparticle coated fabrics possess 

antibacterial properties against E. coli and S. aureus (Balamurugan et al., 2017; Čuk et 

al., 2021); the antibacterial activities reduced after washing (Q. Zhou et al., 2022). 

Therefore, the results of this study are consistent with those of previous researches. The 

reduction of the antibacterial activity after washing shows the need for improving the 

in-situ synthesis in order to improve the durability of the silver nanoparticles on the 

cotton fabric. 

 

Figure 4:5. Antibacterial Efficacy of Different Fabrics against E. coli and S. Aureus. A 

- PPE Treated Fabrics before Washing, B - AgNPs treated fabric before washing, C - 

AgNPs Treated Fabric after Washing, D - PPE Treated Fabric after Washing, P - 

Ampicillin Disc (Positive control), N – Untreated Fabrics (Negative Control) 
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4.3.3 Influence of Process Parameters on the In-Situ Synthesis of Silver 

Nanoparticles on Cotton Fabrics 

The antibacterial properties of the cotton fabrics treated with nanoparticles using the 

in-situ green synthesis method were characterised and optimized using statistical 

methods. Synthesis time (X1), incubation time (X2) and curing temperature (X3) were 

considered as the input independent variables while antibacterial efficacy of the fabrics 

before washing (Y1) and loss in antibacterial activity after washing (Y2); were 

considered as the system’s responses. The input independent variables were monitored 

in order to optimize the antibacterial properties of the treated fabrics against E.coli and 

S. aureus.  

 

ANOVA was used to determine the adequacy of the regression equations against a 

significance level of 5 % for the bacterial count at different in-situ synthesis variables. 

R-squared values were also used to demonstrate how well the regression model 

(independent variables) predicted the observed data’s outcome (dependent variables). 

 

4.3.3.1 Antibacterial Properties of the Treated Fabrics Before Washing 

The goal of the experimental design for percentage bacterial reduction for both E. coli 

and S. aureus was to maximise the response. That is, a higher percentage bacterial 

reduction meant that the antibacterial treatment had a higher efficacy against the tested 

bacterial strains. The percentages ranged from 0 % to 100 % with 0 % indicating that 

there was no efficacy while 100 % indicated that the antibacterial treatment was able to 

kill all bacteria on the surface.  

 

The viable bacteria on the nutrient agar petri dishes were determined by counting the 

number of colony forming units per millilitre (CFU/ml). The control fabric exhibited 
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no antibacterial activity against both S. aureus and E. coli. Calculation of the percentage 

bacterial reduction was done against the negative control using Equation 3:4. 

 

Results for E. Coli Percentage Reduction 

The regression equation for the bacterial reduction of treated fabrics before washing 

against E.coli (YEC1) is shown in Equation 4.3. The model had a coefficient of 

determination (R2) of 90.28 % and a p value of 0.000 %. This means that 90.28 % of 

the variation in YEC1 can be explained by the input variables in the regression model. 

The adjusted R2 for the unseen data set was 86.81 %. The high R2 values suggest that 

the models adequately fit the data sets. 

 

YEC1 = 84.21 + 5.56 X1 + 0.2338X2 + 0.0613X3 – 0.003552X2
2 – 0.0336X1X3 

Equation 4:3 

Table 4:6 displays the ANOVA, factor contributions, and Variance Inflation factors for  

percentage bacterial reduction (E.coli) before washing. According to the percentage 

contribution of the factors, the square of incubation time was the highest contributor for 

the model for E. coli bacterial reduction before washing with 67.47 %. In the in-situ 

synthesis of silver nanoparticles onto fabric, the incubation time refers to the amount 

of time the fabric is exposed to the silver nanoparticles solution during the synthesis 

process. In general, increasing the incubation time increases the antibacterial efficacy 

of the silver nanoparticles on the fabric because of the increase in the nanoparticles 

formed on the fabric (Wisnuwardhani et al., 2019); that could explain why it contributed 

the highest percentage to the regression model.  Synthesis time contributed 11.98 %, 

incubation time contributed 5.21 %, the combined effect of  curing temperature and 

synthesis time contributed 4.89 % and curing temperature contributed the least with a 

value of 0.72 %. The P values for the estimated coefficients, curvilinear and interaction 
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effects were less than 0.05, with the exception of curing temperature indicating that the 

model and all other factors were significant.  

 

 

Table 4:2. ANOVA, Factor Contributions (FC%) and VIF for E. Coli Reduction 

before Washing 

  ANOVA (P - value) FC % VIF 

Regression model 0.000 90.28   

Linear 0.002 17.92  

Synthesis Time 0.001 11.98  1.00 

Incubation Time 0.016 5.21  1.00 

Curing Temperature 0.326 0.72  1.00 

Square 0.000 67.47  

Incubation Time * Incubation Time 0.000 67.47 1.00 

2-way Interaction 0.019 4.89   

Synthesis Time * Curing Temperature 0.019 4.89  1.00 

Error  9.72   

Lack-of-Fit 0.000 9.69  

Pure Error  0.03  

Total  100  
 

 

Figure 4:27 shows the interaction effects of synthesis time and curing temperature. The 

graph shows that at a synthesis time of 1 hour, there was a higher mean of E. coli 

bacterial reduction at a curing temperature of 80 ℃ than at a curing temperature of 180 

℃. When synthesis time was increased to 3 hours, the mean of bacterial reduction of 

E. coli became less at a temperature of 180 ℃ than at a temperature of 80 ℃. Therefore, 

the combined effect showed that as the synthesis time increased and the curing time 

reduced, the mean of E. coli bacterial reduction increased. 
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Figure 4:6. Combined Effect of Synthesis Time and Curing Temperature 

 

The 3D surface plot graph in Figure 4:28 also shows the interaction between curing 

temperature and synthesis time and confirms that as the synthesis time increases and 

the curing temperature increases, there is an increase in the mean of E. coli bacterial 

reduction. 

 

Figure 4:7. Response Surface 3D Plot Indicating the Interaction Between Synthesis 

Time and Curing Temperature on E. Coli Percentage Bacterial Reduction 
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The combined effect of synthesis time and incubation time in Figure 4:29 showed that 

at a curing temperature of 130 ℃,  as the synthesis time increased and the incubation 

time increased, the percentage bacterial reduction increased until an incubation time of 

31.5 hours, thereafter the percentage bacterial reduction reduced. Therefore, at that 

curing temperature, an incubation time of 31.5 hours and a synthesis time of 3 hours 

will result in optimum bacterial reduction.  

 

The combined effect of curing temperature and incubation time in Figure 4:30 showed 

that at a synthesis time of 2 hours, as the curing temperature increased and the 

incubation time increased, the percentage bacterial reduction increased up to an 

incubation time of 36 hours, thereafter the percentage bacterial reduction reduced. 

Therefore, at a synthesis time of 2 hours, an incubation time of 36 hours and a curing 

temperature of 180 ℃ result in optimum bacterial reduction. 

 

 

Figure 4:8. Response Surface 3D Plot Indicating the Interaction Between Synthesis 

Time and Incubation Time on E. Coli Percentage Bacterial Reduction 
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Figure 4:9. Response Surface 3D Plot Indicating the Interaction Between Curing 

Temperature and Incubation Time on E. Coli Percentage Bacterial Reduction 

 

The optimal settings for a maximized percentage E.coli bacterial reduction were 

predicted from the regression model. The optimal settings obtained were: synthesis time 

of 3 hours, incubation time of 32.73 hours, curing temperature of 80 ℃ and a predicted 

E. coli percentage bacterial reduction of 99.94 %. The top five values closest to the 

predicted optimum settings for percentage E. coli bacterial reduction were also 

considered in case the optimum settings were not practicable and are shown in Table 

4:7. 

 

Table 4:3. Predicted Optimum Settings for Percentage E. Coli Bacterial Reduction 

X1 X2 X3 Predicted YEC1 

3 36 130 99.5877 

2.59 14.59 100.27 98.7125 

2 36 80 98.6849 

2 36 130 98.3919 

2 36 180 98.0989 

X1 = Synthesis Time (hrs), X2 = Incubation Time (hrs), X3 = Curing Temperature (℃) 
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The optimum settings yielded a maximum synthesis time of 3 hours.  As the synthesis 

time increased, the antibacterial efficacy increased as shown in Figure 4:31. An increase 

in synthesis time increases, more silver ions are reduced to silver nanoparticles. As a 

result, the concentration of nanoparticles on the fabric surface increases (Verbič et al., 

2018). This increases the chance of the nanoparticles interacting with bacteria thus 

improving antibacterial efficacy. Longer synthesis time also allows for better silver 

nanoparticle dispersion and coverage on the fabric. This means that the nanoparticles 

are in contact with more areas of the fabric, resulting in improved antimicrobial activity. 

Adequate dispersion and coverage inhibit bacterial growth and colony formation thus 

enhancing antibacterial efficacy (Abazari et al., 2023).  

 

 

Figure 4:10. Settings and Sensitivity for Optimal Percentage E. Coli Bacterial 

Reduction 

 

The optimum curing temperature was found to be 80 ℃. As the curing temperature 

increased, the antibacterial efficacy decreased. Higher temperatures can increase the 

size and the aggregation of the silver nanoparticles on the fabric surface. This can 

reduce the surface area and contact of the nanoparticles with the bacteria and decrease 

the antibacterial activity of the treated fabrics. Higher curing temperatures can also 

cause thermal damage to the stabilizing agents used to prevent silver nanoparticle 

agglomeration and oxidation. This can have an effect on the stability of the 

nanoparticles as well as the release of the silver ions, thus reducing the antibacterial 

activity of the fabrics. Previous studies agree that at very high temperatures the 
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antibacterial efficacy reduces  (Pourali et al., 2013; C. E. Zhou et al., 2016). Lower 

curing temperatures can preserve the size, shape, distribution and stability of silver 

nanoparticles on the fabric surface, increasing the surface area and contact of the 

nanoparticles with bacteria and enhancing the fabric’s antibacterial activity. 

 

As the incubation time increased, there was an increase in antibacterial efficacy up to 

about 37 hours. Longer incubation times allow for more time for the reduction of silver 

ions in the solution, resulting in the formation of a greater quantity of silver 

nanoparticles on the fabric (Ribeiro et al., 2022). With the increased nanoparticles, there 

is more surface area available for interaction with bacteria, which improves the 

antimicrobial effect. Longer incubation times allow for more time for silver 

nanoparticles to attach to the fabric’s surface. This attachment ensures more uniform 

distribution of nanoparticles and adhesion to the fibres, resulting in better contact 

between nanoparticles and bacteria.  

 

Longer incubation time may result in the formation of larger silver nanoparticles. These 

are more stable and have lower tendency to aggregate, resulting in better antibacterial 

performance. The larger size enables more efficient silver ion release and better 

penetration into the bacterial cell membranes, resulting in increased antibacterial 

efficacy. After 37 hours of incubation time, the antibacterial efficacy reduced. This is 

because excessively long incubation times can cause nanoparticle aggregation or 

reduced dispersion, reducing their antimicrobial properties (Bélteky et al., 2021). 

Therefore, the optimum value for incubation time was found to be 32.73 hours. 

 

Results for S. Aureus Percentage Bacterial Reduction 

The regression equation for the bacterial reduction of treated fabrics before washing 

against S. aureus (YSA1) is shown in Equation 4.4. The model had a coefficient of 
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determination  (R2) of 87.99 % and a p value of 0.000 %. This means that 87.99 % of 

the variation in YSA1 can be explained by the input variables in the regression model 

and also that the model is significant. The adjusted R2 for the unseen data set was 82.44 

% . The high R2 values suggest that the models adequately fit the data sets. 

 

YSA1 = 81.85 + 6.51 X1 + 0.2808X2 + 0.0494 X3 – 0.00300 X2
2 – 0.0454X1X2 – 

0.0257X1X3 

Equation 4.4 

Table 4:8 displays the ANOVA, factor contributions, and Variance Inflation factors for  

percentage bacterial reduction (S. aureus) before washing. The highest factor 

contributor for the model for S. aureus bacterial reduction before washing was the 

square of incubation time with 50.14 % contribution and the least contributor was 

curing temperature with a contribution of 0.09 %. The antibacterial effectiveness of the 

silver nanoparticles is generally increased by increasing the incubation period due to an 

increase in the number of nanoparticles generated on the fabric (Wisnuwardhani et al., 

2019). This explains why incubation time was the highest contributor to the regression 

model. Synthesis time contributed 19.25 %, incubation time contributed 11.13 %, the 

combined effect of  synthesis time and incubation time contributed 7.38 % and the 

combined effect of synthesis time and curing temperature contributed 2.83 % to the 

regression model. The P values for the estimated coefficients, curvilinear and 

interaction effects were less than 0.05, with the exception of the combined effect of 

curing temperature and synthesis time as well as the curing temperature indicating that 

the model and all other factors were significant. 
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Table 4:4. ANOVA, Factor Contributions (%) and VIF for S. aureus Reduction before 

Washing 

 ANOVA (P - value) FC % VIF 

Regression model 0.000 87.99   

Linear 0.001 30.46  

Synthesis Time 0.001 19.25  1.00 

Incubation Time 0.004 11.13  1.00 

Curing Temperature 0.760 0.09  1.00 

Square 0.000 50.14  

Incubation Time * Incubation Time 0.000 50.14 1.00 

2-way Interaction 0.044 7.38  

Synthesis Time * Incubation Time 0.045 4.55 1.00 

Synthesis Time * Curing Temperature 0.104 2.83 1.00 

Error  12.01   

Lack-of-Fit 0.000 11.95  

Pure Error  0.06  

Total  100  

The interaction between different parameters was analysed and the results are shown in 

Figure 4:32. This shows that there was an interaction between synthesis time and 

incubation time and also between synthesis time and curing temperature.  

 

 

Figure 4:11. Combined Effects of Synthesis Time with Incubation Time and Curing 

Temperature 
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The combined effect of synthesis time and incubation time shows that at an incubation 

time of 0 hours, as the synthesis time increases there is no change in percentage bacterial 

reduction of S. aureus. However, at an incubation time of 72 hours, as the synthesis 

time increases, the percentage bacterial reduction of S. aureus increases. This is further 

explained in the 3D surface plot of incubation time and synthesis time against 

percentage bacterial reduction of S. aureus (Figure 4:33). At a curing temperature of 

130 ℃, an increase in synthesis time and an increase in incubation time up to 36 hours 

results in an increase in percentage bacterial reduction for S. aureus. After 36 hours 

there is a decline in the percentage bacterial loss. 

 

Figure 4:12. Response Surface 3D Plot Indicating the Interaction Between Incubation 

Time and Synthesis Time on S. Aureus Percentage Bacterial Reduction 

 

The combined effect of synthesis time and curing temperature in Figure 4:34 shows 

that at a temperature of 80 ℃ there was an increase in percentage bacterial reduction 

for S. aureus as the synthesis time increased. However, at a temperature of 180 ℃ there 

was not much change in percentage bacterial reduction for S. aureus. This is further 
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explained in the 3D surface plot for synthesis time and curing temperature against 

percentage bacterial reduction for S. aureus. At an incubation time of 36 hours, an 

increase in synthesis time and an increase in curing temperature result in an increase in 

percentage bacterial reduction for S. aureus. 

 

 

Figure 4:13. Response Surface 3D Plot Indicating the Interaction Between Curing 

Temperature and Synthesis Time on S. Aureus Percentage Bacterial Reduction 

 

The regression model was used to predict the optimal settings for S. aureus percentage 

bacterial reduction. The optimal settings were found to be; synthesis time (X1) of 3 

hours, incubation time (X2) of 23.27 hours and curing temperature (X3) of 80 ℃, to 

obtain a predicted S. aureus percentage reduction (YAS1) of 99.398 %. The top five 

values closest to the predicted optimum settings for S. aureus percentage bacterial 

reduction (see Table 4:9) were also considered in case the optimum settings were not 

practicable. 
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Table 4:5. Values Closest to the Predicted Optimum Settings for S. Aureus Percentage 

Bacterial Reduction 

X1 X2 X3 Predicted YAS1 

3 36 130 98.9596 

2.595 14.594 100.27 98.7110 

2.595 14.594 159.73 97.6766 

2 36 80 97.5361 

2 36 130 97.4316 

X1 = Synthesis Time (hrs), X2 = Incubation Time (hrs), X3 = Curing Temperature (℃) 

The optimum settings yielded a synthesis time of 3 hours. The synthesis time was 

positively correlated to the antibacterial efficacy against S. aureus as shown in Figure 

4:35. This is similar to the results obtained for E. coli; an increase in synthesis time 

results in the formation of more silver nanoparticles, increasing concentration of the 

nanoparticles on the fabric surfaces and therefore enhancing antibacterial efficacy. 

Longer synthesis time improves nanoparticle dispersion and coverage, inhibiting 

bacterial growth and formation. Similar results were observed in previous studies where 

the antibacterial efficacy increased with synthesis time (Abazari et al., 2023; Jain et al., 

2022; Verbič et al., 2018). 

 

The antibacterial efficacy increased with incubation time until it reached an optimum 

time of 23.27 hours beyond which the antibacterial efficacy reduced. Longer incubation 

times increase silver ion reduction, forming more silver nanoparticles on the fabric and 

improving antimicrobial effects (Ribeiro et al., 2022). This leads to better contact of the 

nanoparticles with bacteria. However, excessively long incubation can reduce 

antibacterial efficacy, as they can cause nanoparticle aggregation or reduced dispersion  

(Bélteky et al., 2021).  

 

The optimum curing temperature for S. aureus antibacterial efficacy was found to be 

80 ℃. There was a slight decrease in the antibacterial efficacy as the curing temperature 

increased. Higher temperatures can increase silver nanoparticle size and aggregation on 
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fabric surfaces, reducing antibacterial activity. Additionally, higher curing 

temperatures can damage the stabilizing agents, affecting nanoparticle stability and the 

release of silver ions, further reducing fabric antibacterial activity (Pourali et al., 2013; 

Zhou et al., 2016).  

 

Figure 4:14. Settings and Sensitivity for Optimal S. Aureus Bacterial Reduction 

 

4.3.3.2 Loss in Antibacterial Activity of the Treated Fabrics after Washing 

The goal of the experimental design for percentage loss in antibacterial activity after 20 

washes for both E. coli and S. aureus was to minimise the response. That is, a lower 

percentage loss in antibacterial activity meant that the antibacterial treatment was more 

durable against the tested bacterial strains. The percentages range from 0 % to 100 % 

with 0 % indicating that there was no loss in bacterial activity even after 20 washes and 

therefore the treatment was durable while 100 % indicated that there was complete loss 

in antibacterial treatment after 20 washes and therefore the treatment was not durable. 

The percentage loss in bacterial reduction was calculated as the difference between 

percentage bacterial reduction before and after washing. 

 

Results for Loss in Antibacterial Activity on E. Coli 

The regression equation for the percentage loss in antibacterial activity of treated 

fabrics after washing against E. coli (YEC2) is shown in Equation 4.5. The model had a 

coefficient of determination (R2) of 82.89 % and a p value of 0.000 %. This means that 

82.89 % of the variation in YEC2 can be explained by the input variables in the regression 
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model and that the model is significant. The adjusted R2 for the unseen data set was 

79.86 %. The high R2 values suggest that the models adequately fit the data sets. 

 

YEC2 = 3.061 – 0.02145X2 – 0.005544X3 + 0.000238X2
2  

Equation 4.5 

 

Table 4:10 displays the ANOVA, factor contributions, and Variance Inflation factors 

for  percentage loss in antibacterial activity for E.coli after washing. According to the 

percentage contribution of the factors, the curing temperature was the highest 

contributor for the model for E. coli percentage loss in antibacterial activity with 46.45 

%. High curing temperature improves the stability and durability of treated textile 

fabrics against thermal and mechanical destruction (Billah, 2019; Dhiman & 

Chakraborty, 2017); therefore it contributed the most to the model. This was followed 

by the square of incubation time with a contribution of 21.86 %. Incubation time 

contributed 14.58 % while synthesis time was not included in the model. The P values 

for the estimated coefficients, curvilinear and interaction effects were less than 0.05, 

indicating that the model was significant.  

 

Table 4:6. ANOVA, Factor Contributions (FC%) and VIF for E. Coli Percentage Loss 

in Antibacterial Activity 

 ANOVA (P - value) FC % VIF 

Regression model 0.000 82.89   

Linear 0.000 61.03  

Incubation Time 0.002 14.58  1.00 

Curing Temperature 0.000 46.45 1.00 

Square 0.000 21.86  

Incubation Time * Incubation Time 0.000 21.86 1.00 

Error  17.11   

Lack-of-Fit 0.000 17.07  

Pure Error  0.04  

Total  100  
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The combined effect of curing temperature and incubation time against the percentage 

loss in antibacterial activity on E. coli after washing is shown in the 3D plot in Figure 

4:36. At a synthesis time of 2 hours, an increase in curing temperature results in a 

decrease in percentage loss in antibacterial activity which indicates an increase in 

durability of the antibacterial treatment to washing. As the incubation time increased, 

there was a decrease in percentage loss in antibacterial activity up to 40.5 hours 

indicating an increase in the durability of the antibacterial treatment to washing. After 

40.5 hours there was an increase in percentage loss in antibacterial activity as the 

incubation time increased, indicating a reduction in durability of the antibacterial 

treatment to washing. 

 

 

Figure 4:15. Response Surface 3D Plot Indicating the Interaction Between Curing 

Temperature and Incubation Time on E. Coli Percentage Loss in Antibacterial Activity 

after 20 Washes 
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The combined effect of incubation time and synthesis time against the percentage loss 

in antibacterial activity on E. coli after washing is shown in the 3D plot in Figure 4:37. 

At a curing temperature of 130 ℃, as the synthesis time increased, there was an increase 

in percentage loss in antibacterial activity which indicates a reduction in durability of 

the antibacterial treatment to washing. An increase in incubation time up to 40 hours 

resulted in a decrease in percentage loss in antibacterial activity, indicating an increase 

in durability of the antibacterial treatment. However, after an incubation time of 40 

hours the percentage loss in antibacterial activity increased which indicated that the 

durability of the antibacterial treatment to washing decreased. 

 

 

Figure 4:16. Response Surface Plot Indicating the Interaction Between Incubation Time 

and Synthesis Time on E. Coli Percentage Loss in Antibacterial Activity 
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The combined effect of curing temperature and synthesis time against the percentage 

loss in antibacterial activity on E. coli after washing is shown in the response surface 

3D plot in Figure 4:38. At an incubation time of 36 hours, an increase in curing 

temperature and a decrease in synthesis time resulted in a reduction in the percentage 

loss in antibacterial activity which indicated an increase in durability of the antibacterial 

treatment to washing. 

 

 

Figure 4:17. Response Surface 3D Plot Indicating the Interaction Between Curing 

Temperature and Synthesis Time on E. coli Percentage Loss in Antibacterial Activity 

 

The optimal settings for a maximized percentage E.coli bacterial reduction were 

predicted from the regression model. The optimal settings obtained were:  incubation 

time of 45.09 hours, curing temperature of 180 ℃ and a predicted E. coli percentage 

loss in antibacterial activity of 1.58029 %. The top five values closest to the predicted 

optimum settings for percentage E. coli bacterial reduction were also considered in case 

the optimum settings were not practicable and are shown in Table 4:11. 
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Table 4:7. Values Closest to the Predicted Optimum Settings for E. Coli Percentage 

Loss in Antibacterial Activity 

X2 X3 Predicted YEC2 

36 180 1.59983 

57.4057 159.730 1.72895 

36 130 1.87702 

14.5943 159.730 1.91360 

72 130 2.03025 

X2 = Incubation Time (hrs), X3 = Curing Temperature (℃) 

 

As the incubation time increased there was a decrease in the percentage loss of bacterial 

activity up to 32.73 hours (Figure 4:39) which meant that the durability of the silver 

nanoparticle finish on the fabric improved. Beyond 32.73 hours the loss in bacterial 

activity started to increase and the durability decreased. Longer incubation times 

provide additional time for the attachment of silver nanoparticles to the fabrics 

improving the adhesion of the nanoparticles to the fabric surface. This increased 

adhesion prevents nanoparticles from being washed away during subsequent laundering 

processes, ensuring that antimicrobial activity is maintained. However, excessively 

long incubation times can adversely reduce the antimicrobial properties. The optimum 

incubation time in this study was found to be 32.73 hours. 

 

 

Figure 4:18. Main Effect Plots for Loss in E. Coli Bacterial Activity 

 

The optimal curing temperature for minimum loss in E. coli bacterial activity was found 

to be 180 ℃. Higher curing temperatures can increase the stability and resistance of 
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silver nanoparticles on the fabric surface, which can prevent the agglomeration and 

oxidation of the nanoparticles and maintain their durability to washing . Earlier studies 

have also shown the importance of high curing temperatures in the durability of silver 

nanoparticles and their antibacterial efficacy even up to 20 washes (Abdel-Mohsen et 

al., 2012). 

 

Results for Loss in S. Aureus Activity 

The regression equation for the bacterial reduction of treated fabrics before washing 

against S. aureus (YSA1) is shown in Equation 13. The model had a coefficient of 

determination (R2) of 85.07 % and a p value of 0.000 % . This means that 85.07 % of 

the variation in YSA1 can be explained by the input variables in the regression model 

and that the model is significant. The adjusted R2 for the unseen data set was 82.44 %. 

The high R2 values suggest that the models adequately fit the data sets. 

 

YSA2 = - 0.292 – 0.02822X2 + 0.0484X3 + 0.000333X2
2 – 0.000228X3

2 

Equation 4.6 

 

The ANOVA, factor contributions, and variance inflation factors for percentage loss in 

antibacterial activity against S. aureus after washing are shown in Table 4:12. 

According to the percentage contribution of the factors, curing temperature contributed 

the highest with 47 % and incubation time contributed the least with 3.86 %. The square 

of curing temperature contributed 19.84 % while the square of incubation time 

contributed 14.37 % to the model. The P values for the estimated coefficients, 

curvilinear and interaction effects were all less than 0.05, indicating that the model is 

significant.  
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Table 4:8. ANOVA, Factor Contributions (FC%) and VIF for Percentage Loss in 

Antibacterial Activity Against S. Aureus 

 ANOVA (P - value) FC % VIF 

Regression model 0.000 85.07   

Linear 0.000 50.86  

Incubation Time 0.006 3.86  1.00 

Curing Temperature 0.000 47.00 1.00 

Square 0.000 34.21  

Incubation Time * Incubation Time 0.004 14.37 1.01 

Curing Temperature * Curing Temperature 0.000 19.84 1.01 

Error  14.93   

Lack-of-Fit 0.000 14.92  

Pure Error  0.01  

Total  100  

 

The combined effect of curing temperature and incubation time against the percentage 

loss in antibacterial activity on S. aureus after washing in shown in Figure 4:40. At a 

synthesis time of 2 hours, the loss in antibacterial activity increases as incubation time 

increases up to 40.5 hours indicating an increase in wash durability of the antibacterial 

treatment on the fabric. Thereafter, there is an increase in the loss in antibacterial 

activity on S. aureus, indicating a decrease in wash durability. During the same period, 

as curing temperature increases up to 130 ℃, there is an increase in the percentage loss 

in bacterial activity indicating a decrease in wash durability. Thereafter, the wash 

durability increases as the curing temperature increases, as shown by the reduction in 

percentage loss in antibacterial activity on S. aureus. 



148 

 

 

 

 

Figure 4:19. 3D Plot Indicating the Interaction Between Curing Temperature and 

Incubation Time on Percentage Loss in Antibacterial Activity against S. Aureus 

 

The combined effect of curing time and synthesis time is shown in Figure 4:41. At a 

curing temperature of 130 ℃, the percentage loss in antibacterial activity increases as 

synthesis time increases indicating a decrease in wash durability of the antibacterial 

treatment on the fabric. During the same period, as incubation time increases up to 40.5 

hours, there is a decrease in the percentage loss in antibacterial activity, indicating an 

increase in wash durability. Thereafter the percentage loss in bacterial activity increases 

as the incubation time increases, indicating a decrease in the durability of the 

antibacterial treatment to washing. 
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Figure 4:20. 3D Surface Plot Indicating the Interaction Between Incubation Time and 

Synthesis Time on Percentage Loss in Antibacterial Activity against S. Aureus 

 

The combined effect of synthesis time and curing temperature at an incubation time of 

36 hours, is shown in Figure 4:42. An increase in synthesis time and an increase in 

curing temperature up to 130 ℃ results in an increase in percentage loss in antibacterial 

activity on S. aureus indicating a decline in durability of the antibacterial treatment to 

washing. Thereafter, the percentage loss in antibacterial activity decreases as the curing 

temperature increases, indicating an increase in the durability of the antibacterial 

treatment to washing. 
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Figure 4:21. 3D Surface Plot Indicating the Interaction Between Curing Temperature 

and Synthesis Time on Percentage Loss in Antibacterial Activity against S. Aureus 

 

A prediction of the optimal settings for a minimized percentage loss in antibacterial 

activity for S. aureus was made from the regression model. The optimal settings 

obtained were: incubation time of 42.1818 hours and a curing temperature of 180 ℃ 

for a predicted percentage loss in antibacterial activity of 0.451882 %. The values 

closest to the predicted optimum settings for the percentage loss in antibacterial activity 

against S. aureus were also considered in case the optimum settings were not 

practicable and are shown in Table 4:13. 

 

Table 4:9. Values Closest to the Predicted Optimum Settings for Loss in Antibacterial 

Activity against S. Aureus 

X2 X3 Predicted YAS2 

36 180 0.465637 

57.4057 159.730 1.11220 

14.5943 159.730 1.29545 

36 80 1.54092 

36 130 1.57235 

X2 = Incubation Time (hrs), X3 = Curing Temperature (℃) 
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The durability of silver nanoparticle finishes on cotton fabric improved with longer 

incubation times, up to 42 hours. Longer incubations improve the adhesion of 

nanoparticles to the fabric surface, preventing them from being washed away during 

the laundering processes. However, as shown in Figure 4:43, excessively long 

incubation times can reduce antimicrobial properties. After 42 hours the loss in 

antibacterial activity increased, indicating a reduction in durability of the silver 

nanoparticle antibacterial finish on the fabric.  

 

 

Figure 4:22. Main Effect Plots for S. Aureus Loss in Antibacterial Activity 

 

The optimal curing temperature for minimizing S. aureus bacterial activity loss was 

found to be 180 ℃. As curing temperature increased from 80 ℃ to 100 ℃ the loss in 

antibacterial activity increased from 1.5 % to 2 %; thereafter the loss in antibacterial 

activity reduced indicating that there was improved durability of the silver nanoparticles 

on the cotton fabric. Higher curing temperatures enhance the silver nanoparticle 

stability and resistance, preventing agglomeration and oxidation on fabric surfaces, thus 

improving the durability of the treated fabrics to washing.  

 

4.3.4 Antibacterial Efficacy of Fabrics Treated with Optimal Parameters 

In the optimisation of the in-situ synthesis of silver nanoparticles onto cotton fabrics; 

maximum bacterial reduction was observed at a curing temperature of 80 ℃, an 

incubation time of 32.73 hours and a synthesis time of 3 hours. Maximum durability to 
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washing was observed at a curing temperature of 180 ℃, an incubation time of 42.18 

hours and a synthesis time of 3 hours. Durability is a crucial factor to enable the 

enhanced use of the treated fabrics for a longer period of time and the endurance of the 

properties after several washes. Therefore, these parameters were used in the in-situ 

synthesis of silver nanoparticles onto cotton fabrics: incubation time of 42.18 hours, 

curing temperature of 180 ℃ and synthesis time of 3 hours. The treated fabric exhibited 

maximum antibacterial activity against gram negative E. coli compared to S. aureus; 

which is in agreement with earlier studies. The percentages of bacterial reduction at 0 

washes and at 20 washes for both E. coli and S. aureus are shown in Table 4:14. 

 

Table 4:10. The Antibacterial Activity of Untreated and Treated Cotton Fabrics before 

Washing and after 20 Washes 

Sample Reduction of bacteria (%) 

 E. coli S. aureus 

Silver nanoparticle treated cotton fabric before 

washing 

100 % 99.68 % 

Silver nanoparticle treated cotton fabric after 20 

washes 

99.52 % 99.01 % 

Percentage loss in antibacterial activity after 20 washes 0.48 % 0.67 % 

 

The results in Table 4:14 show that, when the optimum values were used for in-situ 

synthesis; there was an increase in the antibacterial efficacy of E. coli and S. aureus.  

There was also an improvement in the durability of the nanoparticle antibacterial finish 

on the fabric after 20 washes as shown by the lower percentage losses in antibacterial 

activity. 

 

4.4 Characteristics of the Fabric Treated with Silver Nanoparticles 

4.4.1 Morphology and Elemental Analysis  

The changes in the surface morphology of the cotton fabrics caused by the in-situ 

synthesis of silver nanoparticles were investigated using the Scanning Electron 
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Microscope (SEM). The SEM images in Figure 4:44 revealed that the fibres of the 

untreated control cotton fabric (Figure 4:44 A) had a smooth longitudinal fibril structure 

with no contaminating particles on the surface. The cotton fibres treated with silver 

nanoparticles were coarser (Figures 4:44 B, C and D), due to the formation of a thin 

layer of nanoparticles around the fibres (marked with circles). The images demonstrated 

that the silver nanoparticles were spherical in nature and were distributed throughout 

the fibre surface. Some of the silver nanoparticles agglomerated therefore the images 

show a mix of small nanoparticles and larger aggregated particles; a trend that was 

previously reported by other researchers (Mahmud et al., 2020; Shateri-Khalilabad et 

al., 2017; Syafiuddin et al., 2020). Overall surface morphology showed that silver 

nanoparticles were successfully deposited onto the cotton fabric. 
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Figure 4:1. SEM Images of Cotton fabrics. A - Untreated Cotton Fabric, B - Treated 

Fabric at 1.02 k Magnification, C - Treated fabric at 2.18 k Magnification, D - Treated 

Fabric at 4.99 k Magnification.  

 

The elemental profile of the silver nanoparticle treated fabric in Figure 4:45 revealed a 

clear peak at 3 keV which is characteristic of silver nanoparticles based on their surface 

plasmon resonance (Novoa et al., 2022); confirming the presence of silver 

nanoparticles. Furthermore, EDX elemental analysis revealed that the sample was 

primarily composed of carbon (46.15 %) and oxygen (48.69 %), which are constituent 

elements of cellulose, the main component of cotton fibres. Silver was present in trace 
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amounts (5.16 %) and confirmed the application of the silver nanoparticles on the 

cotton fabric. Trace amounts of silver nanoparticles were also observed by another 

research where the elemental analysis showed that there was 2.2 % silver on the treated 

cotton fabric with carbon and oxygen accounting for more than 90 % of the elemental 

composition (Novoa et al., 2022). 

 

 

Figure 4:2. Elemental Analysis of the AgNP Treated Cotton Fabric 

 

4.4.2 Functional Group Analysis 

The functional group analysis of the cotton fabric before and after treatment with silver 

nanoparticles is shown in the FTIR spectra in Figure 4:46. The spectra show mainly the 

general characteristic peaks of cellulose, that is, 3330 cm-1 (H bonded O-H stretching), 

2893 cm-1 (-CH stretching), 1636 cm-1 (C=C stretching) and 1022 cm-1 (C-O-C) for 

both the treated and untreated cotton fabrics. This demonstrates that the deposition of 

the green synthesized nanoparticles has no effect on the chemical structure of the 

cellulose fibre. It demonstrates that their interaction is only as a result of physical 

absorption and entrapment of the nanoparticles on the cotton fabric surface.  
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Figure 4:3. FTIR Spectra of Untreated Cotton Fabric and AgNP Treated Cotton Fabric 

 

Similar results were observed in a study where silver nanoparticles were deposited on 

cotton fabric by in situ synthesis using ascorbic acid as a reducing agent. The results 

showed two spectra with no differences in peaks, indicating that the cellulose chemical 

structure was not altered by nano deposition (Tania et al., 2020). Another study where 

sodium alginate mediated silver nanoparticles were applied on cotton fabrics also found 

no new peaks on the treated fabric. However, there was an increase in peak intensity, 

particularly especially for C-H stretching, O-H stretching and C-O stretching, which 

was likely due to sodium alginate dominance (Mahmud et al., 2020). Silver 

nanoparticles bond with cellulosic materials through physisorption. This involves weak 

interactions between the nanoparticles and the fabric surface, such as, Vander Waals 

forces or electrostatic interaction (Salama et al., 2021). The process involves the silver 

nanoparticles adhering to fabric surface without significant chemical bonding and 

therefore does not alter the chemical structure of cotton (Huang et al., 2022).  
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4.4.3 Thermogravimetric Analysis 

The thermogravimetric properties of the cotton fabric before and after adding the 

silver nanoparticles is shown in Figure 4:47. 

 

Figure 4:4. TGA Thermograms of Untreated Cotton Fabric and Fabric Treated with 

Silver Nanoparticles (AgNP Cotton) 

 

There was no difference in weight loss for both fabric samples at the initial stage from 

room temperature to 100 ℃ and this is constant until around 350 ℃. The weight loss 

was approximately 5 % due to the removal of the moisture content in the fabrics 350 

℃. A sharp weight loss is observed for both fabric samples from about 350 ℃ to 400 

℃ for AgNP treated cotton fabric and from 350 ℃ to 410 ℃ for untreated cotton fabric, 

which can be attributed to the thermal decomposition of the cotton fabric 

(Krishnamoorthy et al., 2012). This weight loss continues until 700 ℃; however, the 

weight loss of the sample treated with silver nanoparticles is higher than the untreated 

sample. This is due to the interaction between the green synthesized silver nanoparticles 

and the cellulose molecules of the cotton fabric, which can alter the kinetics and thermal 

decomposition mechanism of the fabric (H. M. M. Ibrahim & Hassan, 2016). Previous 
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research has shown that silver nanoparticles can improve the thermal stability of cotton 

fabrics by forming a protective layer on the fabric surface, delaying thermal degradation 

and increasing char residue (Jagadeshvaran & Bose, 2023). However, other research 

suggests that silver nanoparticles can reduce the thermal stability of cotton fabrics by 

catalysing cellulose decomposition and decreasing the activation energy of thermal 

degradation (Nam et al., 2022). As a result, the effect of silver nanoparticles on the 

thermal stability of cotton fabrics may vary depending on factors such as nanoparticle 

size, shape, distribution and concentration as well as deposition method and cotton 

fabric type. Differences in thermal degradation of untreated and AgNP treated cotton 

fabrics were reported in earlier works (Abazari et al., 2023; H. Liu et al., 2014). In this 

current study the thermal stability of the fabric reduced upon addition of the silver 

nanoparticles, thus the char residue also reduced. 

 

4.4.4 Air Permeability 

There was a reduction in the air permeability on application of the silver nanoparticles 

onto the fabric. The average air permeability of the untreated cotton fabric was found 

to be about 6780.433 mm/s while that of the cotton fabric treated with silver 

nanoparticles was about 6181.966 mm/s. This reduction could be due to the 

nanoparticle’s deposition on the yarn structure and the subsequent reduction in pore 

size. The fabric pore size is proportional to the fabric’s air permeability (Ogulata, 2006; 

Onal & Yildirim, 2012). As a result, decreasing the pore size reduces the fabric’s air 

permeability. The same trend of a reduction in air permeability was also observed by 

other researchers who deposited nanoparticles onto cotton fabric (Ali et al., 2018; Čuk 

et al., 2021; Noman et al., 2020). The air permeability of the treated fabric only reduced 

by 8.8 %; this is a small reduction from the untreated sample; implying that the 
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nanoparticle treated cotton fabrics will still provide acceptable comfort to the potential 

user. 

 

4.4.5 Tensile Strength 

The influence of the silver nanoparticle finish on cotton fabric properties was also 

investigated by measuring their mechanical properties in terms of tensile strength 

(MPa), as these parameters are directly affected by the fabric’s continued use. The 

addition of silver nanoparticles increased the tensile strength (MPa) and reduced the 

percentage elongation at break (%) of the control samples. Tensile strength increased 

from 204.013 MPa for untreated cotton fabric to 301.14 MPa for silver nanoparticle 

treated cotton fabric. The elongation break reduced from 8.12 % to 7.27 %. This 

behaviour could be attributed to silver nanoparticle absorption on cotton fibres, which 

resulted in increased tensile strength of the treated fabric. In other similar studies, cotton 

fibres impregnated with silver nanoparticles demonstrated improved mechanical 

properties due to the binding of the silver nanoparticles to the hydroxyl group of the 

cotton fibres’ cellulose chains through hydrogen bonding or Vander Waals forces 

(Gollapudi et al., 2020; H. M. M. Ibrahim & Hassan, 2016; Xu et al., 2017). Another 

factor which could have had an effect is the high temperature curing which could have 

improved the fixation of the silver nanoparticles on the cotton fabric thus improving 

the tensile strength. The reduction in the elongation at break can be explained by the 

fact that as the nanoparticles are added to the fabric it becomes less stretchable and 

more resistant to breaking or tearing under tension (Elmogahzy & Farag, 2018).  
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

The aim of this study was to investigate the use of potato peels in the green synthesis 

of silver nanoparticles for the production of antibacterial finishes for textile fabrics. 

This involved the extraction and characterisation of potato peels, the green synthesis 

and characterisation of silver nanoparticles, the application of nanoparticles on the 

cotton fabrics and antibacterial efficacy testing as well as the characterisation of the 

treated fabrics. Several conclusions are drawn from the study. 

Phytochemical screening of the aqueous and ethanolic extracts confirmed the presence 

of several secondary metabolites including phenols and flavonoids. Quantitative total 

phenolic and flavonoid content showed that the aqueous extracts had higher phenolic 

and flavonoid contents that the ethanolic extracts and were therefore more suitable for 

use. The potato peel extracts have good antibacterial properties against both gram-

negative E. coli and gram-positive S. aureus. The presence of phytochemicals such as 

anthocyanins, phenolic compounds and flavonoids in the potato peel structure 

contributes to its antibacterial properties.  

Silver nanoparticles can successfully be synthesized by the reduction of silver nitrate 

to silver ions using potato peel extracts with an average size of 50.18 nm. The synthesis 

is affected by different parameters namely; concentration of extract, extract to silver 

nitrate ratio, pH, temperature, stirring speed and synthesis time. This resulted in the 

formation of spherical nanoparticles which are crystalline nature. 

The potato peel can effectively be used as an eco-friendly antibacterial agent for cotton 

fabrics against S. aureus and E. coli with a slight reduction in the efficacy after 20 

regular washing cycles. Results of this study suggest that potato peel extracts can be 
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used for antibacterial activity in 100 % woven cotton fabrics. In-situ synthesis of silver 

nanoparticles onto cotton fabric was successful and resulted in fabrics with antibacterial 

properties against both gram-negative E. coli and gram-positive S. aureus even up to 

20 washes. The efficacy was higher for fabrics treated with silver nanoparticles than 

those treated with potato peel extracts. Antibacterial properties and durability of the 

nanoparticles on the fabric were improved when the in-situ synthesis was performed at 

optimised synthesis time, incubation time and curing temperature.  

There was a difference in the mechanical properties of the cotton fabric upon treatment 

with silver nanoparticles. The surface morphology showed a change from a smoother 

to a rougher surface indicating the presence of nanoparticles on the surface. There was 

a change in the thermal properties of the fabric on the treated fabric as well as an 8.8 % 

reduction in air permeability. The tensile strength increased by 32 % while the 

elongation at break reduced from 8.12 % to 7.27 %. However, FTIR analysis showed 

that the deposition of nanoparticles on the cotton fabric had no effect on the chemical 

structure of the cellulose fibre. This showed that although the silver nanoparticles were 

deposited on the fabric, there was no chemical interaction of the silver nanoparticles 

with the cellulose.  

5.2 Recommendations 

To maximise the green synthesis of silver nanoparticles using potato peel extracts and 

their potential as antibacterial finishes on textile fabrics, the following are 

recommended: 

1. The use of Shangi potato peel aqueous extracts as antibacterial agents against S. 

aureus and E. coli. 

2. The green synthesis of silver nanoparticles using potato peel extracts and their use 

as antibacterial agents against S. aureus and E. coli. 
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3. The application of potato peel extracts and silver nanoparticles on 100 % cotton 

fabric as antibacterial finishes against E. coli and S. aureus. 

4. The use of optimised parameters for the in-situ synthesis of silver nanoparticles 

onto cotton fabric for improved antibacterial properties and improved durability of 

the antibacterial finish up to 20 washes. 

More studies can be carried out to address the following limitations of this study: 

 The study only focused on one variety of potatoes, that is, the Shangi potato. A 

follow up study should consider more potato varieties, to provide a better overview 

of the findings on phytochemical constituents and antibacterial properties of potato 

peel extracts.  

  This study only focused on 100% woven cotton fabric, manufactured at Rivatex 

East Africa limited. Although cotton fabric is known to be susceptible to microbial 

attack this study has limitations in that the antibacterial efficacy of potato peels and 

silver nanoparticles on textiles based on other fibres was not considered. A follow-

up study could look at textiles with different fibre types and construction.  

 Efficacy testing can also be measured against other gram-negative and gram-

positive strains of bacteria, fungi and viruses to assess the full potential of the potato 

peel extracts and the silver nanoparticles. 

 Current tests were performed in-vivo, further tests can be done directly on hospital 

wear when in use to determine the effect of the different properties such as body 

sweat, body temperature and skin type on the antibacterial properties of the finishes. 

 A wider range of curing temperature and synthesis time can be used for optimisation 

of the in-situ synthesis because the linear relationship exhibited in the study could 

not provide the optimal curing and synthesis time. 
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 Comparative studies between the green synthesized and commercial nanoparticles 

need to be done. 

 Develop scientific model for bonding mechanism between nanoparticles and cotton 

fabric. 

 Conduct multi-factor optimization studies for identifying optimal parameters for 

nanoparticle synthesis. 

 An exploration of the capping element of the potato peel extracts in the green 

synthesis of nanoparticles. 

 Fabrics used with conventional silver nanoparticles could be used for comparative 

study. 
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APPENDICES 

Appendix A: Parameter Settings for In-Situ Synthesis 

Run 

Number 

Synthesis Time 

(Hours) 

Incubation Time 

(Hours) 

Curing Temperature 

(℃) 

1 2 36 130 

2 2 36 130 

3 1.4 57.4 100.3 

4 3 36 130 

5 2.6 57.4 100.3 

6 2 36 180 

7 2 36 130 

8 2 36 130 

9 2 36 80 

10 1.4 14.6 159.7 

11 2 36 130 

12 1.4 14.6 100.3 

13 1.4 57.4 159.7 

14 2.6 14.6 100.3 

15 2.6 14.6 159.7 

16 2 36 130 

17 2 0 130 

18 1 36 130 

19 2.6 57.4 159.7 

20 2 72 130 
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