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Abstract 

Access to a safe, clean, and adequate water supply stands as the cornerstone of humanity's 

sustainability and overall well-being. The crucial process of water disinfection serves to 

eradicate pathogenic microorganisms from water sources, playing a pivotal role in averting 

potential waterborne disease outbreaks. Conventional methods like chlorination, ozonation, 

and UV radiation have been successfully employed for many years to curtail microbial 

proliferation, but they are not devoid of limitations. One of the prominent concerns associated 

with these methods lies in the formation of disinfection by-products (DBPs), which, 

alarmingly, possess carcinogenic properties. The imperative, then, lies in the development of 

innovative, affordable and effective technologies for water disinfection that can simultaneously 

counteract these challenges. Notably, the purity of water is affected by more than just microbial 

contamination. A spectrum of pollutants, ranging from commonplace cosmetic ingredients to 

novel molecules that display remarkable persistence in water, poses significant threats to both 

human health and the environment. This emerging concern necessitates the exploration of 

holistic solutions to ensure the safety and potability of water sources. 

A promising avenue for tackling these intertwined challenges revolves around the utilization 

of silver, a material that has been exploited for its antimicrobial properties since antiquity. The 

focal point of the research contained in this thesis revolves around the synthesis of silver 

nanoparticles (AgNPs) through biologically inspired pathways. AgNPs were synthesized using 

biological extract from Citrus fruit peel waste as a reducing and stabilizing agent. This 

approach ensures the production of stable nanoparticles without the use of toxic chemicals, 

aligning perfectly with the principles of green chemistry. The synthesized nanoparticles were 

then assessed for their multifunctional properties, as demonstrated through activities such as 

efficient catalytic degradation of the toxic nitroaromatic pollutant 4-nitrophenol in water, 
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colorimetric sensing of mercury (II) ions, and antibacterial efficacy against Staphylococcus 

aureus.  

While the biological method can successfully synthesize AgNPs, there are challenges in 

directly using the formed products, such as nanoparticle agglomeration, the formation of larger 

particles, and potential leaching into the environment during water treatment applications. To 

address these limitations, graphene oxide was employed as a support matrix for AgNPs. A 

nanocomposite comprising AgNPs on the surface of reduced graphene oxide was synthesized 

through in-situ reduction facilitated by a biological extract. The rGO/AgNPs nanocomposite 

exhibits significant potential to revolutionize two crucial aspects of water quality management: 

the photocatalytic degradation of emerging pollutants and the prevention of microbial biofilm 

formation. 

The persistent presence of cosmetic ingredients in water bodies poses a significant ecological 

threat, potentially disrupting aquatic ecosystems and impacting human health through 

contaminated drinking water. The rGO/AgNPs nanocomposite was tested for the 

photocatalytic degradation of methylparaben, an emerging pollutant of concern, using visible 

light. Remarkably, the nanocomposite demonstrated significantly improved adsorption and 

photocatalytic degradation efficiency for MeP (97.6%) when compared to rGO or AgNPs 

individually. The factors influencing the kinetics of the photocatalytic degradation by 

rGO/AgNPs were thoroughly examined using response surface methodology (RSM), 

encompassing solution pH, catalyst dose, persulfate concentration, MeP initial concentration, 

and time. The nanocomposite exhibited high stability and could be employed for multiple 

cycles without a reduction in activity. Furthermore, the mechanism of the photocatalytic 

reaction was explored through scavenger tests and density functional theory (DFT) study.  

Leveraging the capabilities of rGO/AgNPs, this approach facilitates the breakdown of 



vi 

 

pollutants into less harmful compounds through photocatalytic reactions, without requiring 

expensive energy inputs. This presents a promising and effective solution for tackling the 

challenge posed by emerging pollutants. 

Furthermore, the antibiofilm properties of rGO/AgNPs were investigated against single and 

mixed species of microbes. Both minimum inhibitory concentrations and biofilm prevention 

concentrations were determined for single species of S. aureus, Streptococcus mutans, 

Pseudomonas aeruginosa, Candida albicans and mixed species of C. albicans- S. aureus, C. 

albicans- S. mutans, C. albicans- P. aeruginosa. rGO/AgNPs displayed significant 

antimicrobial activity against vegetative cells as well as reduction in biofilm biomass (50-70%). 

This outcome was corroborated through scanning electron imaging analysis of treated and 

untreated biofilms. Biofilm prevention by nanocomposites ensures waterborne pathogens are 

eliminated as they are unable to escape from killing agents by forming a resistant biofilm, thus 

mitigating the risk of disease outbreaks. This application holds particular significance in 

regions where conventional disinfection methods fall short or give rise to unintended by-

products. This study paves new pathways to utilize greener and alternative approaches to 

design antimicrobials and utilize for antifouling applications. 

Overall, this research represents a pioneering and sustainable approach to water treatment 

practices. The synthesis of nano-silver particles through biologically inspired pathways, 

particularly the biosynthesis based on biowaste, is instrumental in reducing waste from food 

and agriculture. This innovative method holds the promise of revolutionizing water disinfection 

and pollutant degradation, contributing to the overarching goal of ensuring a sustainable and 

healthy future for all. 
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संके्षप 

सुरक्षित, स्वच्छ और पर्याप्त जल आपूक्षता तक पहुंच मयनवतय की स्थिरतय और समग्र कल्ययण की आधयरक्षिलय है। 

जल कीटयणुिोधन की महत्वपूणा प्रक्षिर्य जल स्रोतोुं से रोगजनक सूक्ष्मजीवोुं को खत्म करने कय कयम करती है, 

जो सुंभयक्षवत जलजक्षनत रोग के प्रकोप को रोकने में महत्वपूणा भूक्षमकय क्षनभयती है। मयइिोक्षिर्ल प्रसयर को कम 

करने के क्षलए क्लोरीनीकरण, ओजोनेिन और रू्वी क्षवक्षकरण जैसे पयरुंपररक तरीकोुं को कई वर्षों से सफलतयपूवाक 

क्षनर्ोक्षजत क्षकर्य गर्य है, लेक्षकन वे सीमयओुं से रक्षहत नही ुं हैं। इन तरीकोुं से जुडी प्रमुख क्षचुंतयओुं में से एक 

कीटयणुिोधन उप-उत्पयदोुं (डीिीपी) के क्षनमयाण में क्षनक्षहत है, जो क्षचुंतयजनक रूप से कैं सरकयरी गुणोुं से रु्क्त होते 

हैं। तो क्षफर, अक्षनवयर्ातय जल कीटयणुिोधन के क्षलए नवीन, सस्ती और प्रभयवी प्रौद्योक्षगक्षकर्ोुं के क्षवकयस में क्षनक्षहत 

है जो एक सयि इन चुनौक्षतर्ोुं कय मुकयिलय कर सकती हैं। क्षविेर्ष रूप से, पयनी की िुद्धतय केवल मयइिोक्षिर्ल 

सुंदूर्षण से अक्षधक प्रभयक्षवत होती है। प्रदूर्षकोुं कय एक से्पक्ट्रम, सयमयन्य कॉसे्मक्षटक अवर्वोुं से लेकर नए अणुओुं 

तक, जो पयनी में उले्लखनीर् दृढ़तय प्रदक्षिात करते हैं, मयनव स्वयस्थ्य और पर्यावरण दोनोुं के क्षलए महत्वपूणा खतरय 

पैदय करते हैं। इस उभरती क्षचुंतय के कयरण जल स्रोतोुं की सुरिय और पीने की िमतय सुक्षनक्षित करने के क्षलए समग्र 

समयधयनोुं की खोज की आवश्यकतय है। 

इन परस्पर जुडी चुनौक्षतर्ोुं से क्षनपटने कय एक आियजनक रयस्तय चयुंदी के उपर्ोग के इदा-क्षगदा  घूमतय है, एक ऐसी 

सयमग्री क्षजसकय उपर्ोग प्रयचीन कयल से अपने रोगयणुरोधी गुणोुं के क्षलए क्षकर्य जयतय रहय है। इस िीक्षसस में क्षनक्षहत 

िोध कय कें द्र क्षिुंदु जैक्षवक रूप से पे्रररत मयगों के मयध्यम से क्षसल्वर नैनोकणोुं (एजीएनपी) के सुंशे्लर्षण के इदा-

क्षगदा  घूमतय है। एजीएनपी को कम करने वयले और स्थिर करने वयले एजेंट के रूप में खटे्ट फलोुं के क्षिलके के 

कचरे से जैक्षवक अका  कय उपर्ोग करके सुंशे्लक्षर्षत क्षकर्य गर्य िय। र्ह दृक्षिकोण हररत रसयर्न क्षवज्ञयन के क्षसद्धयुंतोुं 

के सयि पूरी तरह से सुंरेस्खत होकर, जहरीले रसयर्नोुं के उपर्ोग के क्षिनय स्थिर नैनोकणोुं कय उत्पयदन सुक्षनक्षित 

करतय है। ति सुंशे्लक्षर्षत नैनोकणोुं कय उनके िहक्षिर्यिील गुणोुं के क्षलए मूल्ययुंकन क्षकर्य गर्य िय, जैसय क्षक पयनी 

में जहरीले नयइटर ोएरोमैक्षटक प्रदूर्षक 4-नयइटर ोफेनॉल के कुिल उते्प्ररक िरण, पयरय (II) आर्नोुं के वणाक्षमक्षत सुंवेदन 

और सै्टक्षफलोकोकस ऑररर्स के स्खलयफ जीवयणुरोधी प्रभयवकयररतय जैसी गक्षतक्षवक्षधर्ोुं के मयध्यम से प्रदक्षिात 

क्षकर्य गर्य िय। 
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जिक्षक जैक्षवक क्षवक्षध AgNPs को सफलतयपूवाक सुंशे्लक्षर्षत कर सकती है, लेक्षकन क्षनक्षमात उत्पयदोुं कय सीधे उपर्ोग 

करने में चुनौक्षतर्याँ हैं, जैसे नैनोकणोुं कय समूहन, िडे कणोुं कय क्षनमयाण, और जल उपचयर अनुप्रर्ोगोुं के दौरयन 

पर्यावरण में सुंभयक्षवत लीक्षचुंग। इन सीमयओुं को सुंिोक्षधत करने के क्षलए, ग्रयफीन ऑक्सयइड को AgNPs के क्षलए 

एक समिान मैक्षटरक्स के रूप में क्षनर्ोक्षजत क्षकर्य गर्य िय। कम ग्रयफीन ऑक्सयइड की सतह पर एजीएनपी रु्क्त 

एक नैनोकम्पोक्षजट को जैक्षवक अका  द्वयरय इन-सीटू कमी के मयध्यम से सुंशे्लक्षर्षत क्षकर्य गर्य िय। 

आरजीओ/एजीएनपी नैनोकम्पोक्षजट जल गुणवत्तय प्रिुंधन के दो महत्वपूणा पहलुओुं में ियुंक्षत लयने की महत्वपूणा 

िमतय प्रदक्षिात करतय है: उभरते प्रदूर्षकोुं कय फोटोकैटक्षलक्षटक िरण और मयइिोक्षिर्ल ियर्ोक्षफल्म क्षनमयाण की 

रोकियम। 

जल क्षनकयर्ोुं में कॉसे्मक्षटक अवर्वोुं की लगयतयर उपस्थिक्षत एक महत्वपूणा पयररस्थिक्षतक खतरय पैदय करती है, 

सुंभयक्षवत रूप से जलीर् पयररस्थिक्षतकी तुंत्र को ियक्षधत करती है और दूक्षर्षत पेर्जल के मयध्यम से मयनव स्वयस्थ्य 

को प्रभयक्षवत करती है। आरजीओ/एजीएनपी नैनोकुं पोक्षजट कय परीिण दृश्य प्रकयि कय उपर्ोग करके क्षचुंतय के 

उभरते प्रदूर्षक क्षमियइलपरिेन के फोटोकैटक्षलक्षटक िरण के क्षलए क्षकर्य गर्य िय। उले्लखनीर् रूप से, व्यस्क्तगत 

रूप से आरजीओ र्य एजीएनपी की तुलनय में नैनोकम्पोक्षजट ने एमईपी (97.6%) के क्षलए कयफी िेहतर सोखनय 

और फोटोकैटक्षलक्षटक क्षगरयवट दितय कय प्रदिान क्षकर्य। आरजीओ/एजीएनपी द्वयरय फोटोकैटक्षलक्षटक क्षगरयवट के 

कैनेटीक्स को प्रभयक्षवत करने वयले कयरकोुं की प्रक्षतक्षिर्य सतह पद्धक्षत (आरएसएम) कय उपर्ोग करके पूरी तरह 

से जयुंच की गई, क्षजसमें समयधयन पीएच, उते्प्ररक खुरयक, परसले्फट एकयग्रतय, एमईपी प्रयरुं क्षभक एकयग्रतय और 

समर् ियक्षमल है। नैनोकम्पोक्षजट ने उच्च स्थिरतय प्रदक्षिात की और गक्षतक्षवक्षध में कमी के क्षिनय कई चिोुं के क्षलए 

क्षनर्ोक्षजत क्षकर्य जय सकतय है। इसके अलयवय, मेहतर परीिणोुं और घनत्व कयर्यात्मक क्षसद्धयुंत (डीएफटी) अध्यर्न 

के मयध्यम से फोटोकैटक्षलक्षटक प्रक्षतक्षिर्य के तुंत्र कय पतय लगयर्य गर्य िय। आरजीओ/एजीएनपी की िमतयओुं कय 

लयभ उठयते हए, र्ह दृक्षिकोण महुंगे ऊजया इनपुट की आवश्यकतय के क्षिनय, फोटोकैटक्षलक्षटक प्रक्षतक्षिर्यओुं के 

मयध्यम से प्रदूर्षकोुं को कम हयक्षनकयरक र्ौक्षगकोुं में तोडने की सुक्षवधय प्रदयन करतय है। र्ह उभरते प्रदूर्षकोुं द्वयरय 

उत्पन्न चुनौती से क्षनपटने के क्षलए एक आियजनक और प्रभयवी समयधयन प्रसु्तत करतय है। 
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इसके अलयवय, रोगयणुओुं की एकल और क्षमक्षित प्रजयक्षतर्ोुं के स्खलयफ आरजीओ/एजीएनपी के एुं टीियर्ोक्षफल्म 

गुणोुं की जयुंच की गई। नू्यनतम क्षनरोधयत्मक सयुंद्रतय और ियर्ोक्षफल्म रोकियम सयुंद्रतय दोनोुं एस. ऑररर्स, 

स्टर ेप्टोकोकस मू्यटन्स, सू्यडोमोनयस एरुक्षगनोसय, कैं क्षडडय एस्िकैं स और सी. एस्िकैं स- एस. ऑररर्स, सी. 

एस्िकैं स- एस. मू्यटन्स, सी. एस्िकैं स की क्षमक्षित प्रजयक्षतर्ोुं की एकल प्रजयक्षतर्ोुं के क्षलए क्षनधयाररत की गई िी ुं। पी. 

एरुक्षगनोसय. आरजीओ/एजीएनपी ने वनस्पक्षत कोक्षिकयओुं के स्खलयफ महत्वपूणा रोगयणुरोधी गक्षतक्षवक्षध के सयि-

सयि ियर्ोक्षफल्म ियर्ोमयस (50-70%) में कमी प्रदक्षिात की। उपचयररत और अनुपचयररत ियर्ोक्षफल्म के सै्कक्षनुंग 

इलेक्ट्र ॉन इमेक्षजुंग क्षवशे्लर्षण के मयध्यम से इस पररणयम की पुक्षि की गई। नैनोकम्पोक्षजट द्वयरय ियर्ोक्षफल्म की 

रोकियम र्ह सुक्षनक्षित करती है क्षक जलजक्षनत रोगजनकोुं कय खयत्मय हो जयए क्ोुंक्षक वे एक प्रक्षतरोधी ियर्ोक्षफल्म 

िनयकर हत्यय करने वयले एजेंटोुं से िचने में असमिा हैं, क्षजससे रोग फैलने कय खतरय कम हो जयतय है। र्ह अनुप्रर्ोग 

उन िेत्रोुं में क्षविेर्ष महत्व रखतय है जहयुं पयरुंपररक कीटयणुिोधन क्षवक्षधर्युं कम पड जयती हैं र्य अनपेक्षित उप-

उत्पयदोुं को जन्म देती हैं। र्ह अध्यर्न रोगयणुरोधकोुं को क्षडजयइन करने और दूर्षणरोधी अनुप्रर्ोगोुं के क्षलए उपर्ोग 

करने के क्षलए हररत और वैकस्िक तरीकोुं कय उपर्ोग करने के क्षलए नए मयगा प्रिस्त करतय है। 

कुल क्षमलयकर, र्ह िोध जल उपचयर प्रियओुं के क्षलए एक अग्रणी और क्षटकयऊ दृक्षिकोण कय प्रक्षतक्षनक्षधत्व करतय 

है। जैक्षवक रूप से पे्रररत मयगों के मयध्यम से नैनो-क्षसल्वर कणोुं कय सुंशे्लर्षण, क्षविेर्ष रूप से ियर्ोवेस्ट पर आधयररत 

जैवसुंशे्लर्षण, भोजन और कृक्षर्ष से अपक्षिि को कम करने में सहयर्क है। र्ह नवोने्वर्षी पद्धक्षत जल कीटयणुिोधन 

और प्रदूर्षक िरण में ियुंक्षत लयने कय वयदय करती है, जो सभी के क्षलए एक थियर्ी और स्वथि भक्षवष्य सुक्षनक्षित 

करने के व्ययपक लक्ष्य में र्ोगदयन करती है। 

  



x 

 

Declaration by author  

This thesis is composed of my original work, and contains no material previously published or 

written by another person except where due reference has been made in the text. I have clearly 

stated the contribution by others to jointly authored works that I have included in my thesis.  

I have clearly stated the contribution of others to my thesis as a whole, including statistical 

assistance, survey design, data analysis, significant technical procedures, professional editorial 

advice, financial support and any other original research work used or reported in my thesis. 

The content of my thesis is the result of work I have carried out since the commencement of 

my higher degree by research candidature and does not include a substantial part of work that 

has been submitted to qualify for the award of any other degree or diploma in any university 

or other tertiary institution. I have clearly stated which parts of my thesis, if any, have been 

submitted to qualify for another award.  

I acknowledge that an electronic copy of my thesis must be lodged with the University Library 

and, subject to the policy and procedures of The University of Queensland, the thesis be made 

available for research and study in accordance with the Copyright Act 1968 unless a period of 

embargo has been approved by the Dean of the Graduate School.  

I acknowledge that copyright of all material contained in my thesis resides with the copyright 

holder(s) of that material. Where appropriate I have obtained copyright permission from the 

copyright holder to reproduce material in this thesis and have sought permission from co-

authors for any jointly authored works included in the thesis.  

 

  



xi 

 

Publications included in this thesis 

1. Khan S.A., Jain, M., Ziora, Z.M., Blaskovich, M.A.T., Pant, K. K. 2023. Photocatalytic 

degradation of methylparaben using green nanosilver supported on reduced graphene oxide. 

Industrial and Engineering Chemistry Research, 62 (17), 6646-6659. 

 

2. Khan S.A., Jain, M., Pant, K. K., Ziora, Z.M., Blaskovich, M.A.T. 2024. Photocatalytic 

degradation of parabens: A comprehensive meta-analysis investigating the environmental 

remediation potential of emerging pollutant  

 

3. Khan S.A., Jain, M., Pandey, A., Ziora, Z.M., Blaskovich, M.A.T., Pant, K. K., Shetti, N.P., 

Aminabhavi, T.M. 2022. Leveraging the potential of silver nanoparticles-based materials 

towards sustainable water treatment. Journal of Environmental Management, 319, 115675. 

 

4. Khan S.A., Zeng J., Jain, M., Pant, K. K., Ziora, Z.M., Blaskovich, M.A.T., Seneviratne, 

J.C. 2024. Facile fabrication of multifunctional silver nanoparticles utilizing biowaste for 

efficient pollutant degradation, heavy metal sensing, and bactericidal activity, Materials 

Chemistry and Physics, 129606 

Other publications during candidature  

• Jain, M., Sahoo, A., Mishra, D., Khan S.A., Ziora, Z.M., Blaskovich, M.A.T., Pant, K. K. 

2024. Modelling and statistical interpretation of phenol adsorption behaviour of 3-

dimensional hybrid aerogel of waste-derived carbon nanotubes and graphene oxide, Chem. 

Engg. J, 151351. 

 



xii 

 

• Jain, M., Khan, S.A., Sharma, K., Jadhao, P.R., Pant, K.K., Ziora, Z.M. and Blaskovich, 

M.A., 2022. Current perspective of innovative strategies for bioremediation of organic 

pollutants from wastewater. Bioresource Technology, 344, p.126305. 

 

• Jain, M., Khan, S.A., Sahoo, A., Pant, K.K., Ziora, Z.M. and Blaskovich, M.A., 2022. 

Statistical evaluation of cow-dung derived activated biochar for phenol adsorption: 

Adsorption isotherms, kinetics, and thermodynamic studies. Bioresource Technology, 351, 

127030.  

 

• Jain, M., Khan, S.A., Pandey, A., Pant, K.K., Ziora, Z.M. and Blaskovich, M.A., 2021. 

Instructive analysis of engineered carbon materials for potential application in water and 

wastewater treatment. Science of the Total Environment 793, 148583. 



xiii 

 

Contributions by others to the thesis  

All chapters  

Editorial suggestions were provided by the candidate’s supervisors Prof Kamal Kishore Pant, 

Prof Mark Blaskovich, Dr Zyta Ziora and PhD committee, Prof Anil Verma, Prof Sunil Khare, 

Prof Laurence Walsh.  

 

Chapter 3 and 6 

Dr Jaya Seneviratne, Senior Lecturer & Director of HDR (DHDR), School of Dentistry, UQ,  

provided guidance for conducting the antimicrobial study with supervision as necessary to 

achieve the objectives. 

 

Statement of parts of the thesis submitted to qualify for the award of another degree  

No works submitted towards another degree have been included in this thesis.  

 

Research involving human or animal subjects  

No animal or human subjects were involved in this research.  

 

 

 

 

 

 

 

  



xiv 

 

Financial support  

This research was supported by Department of Biotechnology- Junior & Senior Research 

Feellowship (DBT-JRF/SRF) provided by the Ministry of Science and Technology, 

Government of India, Australian Government Research Training Program Scholarship, and a 

Research grant from the UQ-IITD Academy of Research (UQIDAR) 

 

Keywords  

Antimicrobial; Biofilm; Emerging pollutant; Green synthesis; Meta-analysis; Parabens; 

Photocatalytic degradation; Silver nanocomposite; Silver nanoparticles. 

 

 

 

Australian and New Zealand standard research classifications (ANZSRC)  

ANZSRC code: 090703 Environmental Technologies (45%) 

ANZSRC code: 100703 Nanobiotechnology (35%) 

ANZSRC code: 060599 Microbiology not elsewhere classified (20%) 

 

 

Fields of research classification  

FoR code: 1002 Environmental Biotechnology (70%) 

FoR code: 1007 Nanotechnology (30%) 

FoR code: 0605 Microbiology (10%) 

 

 

 

  



xv 

 

Table of Contents 
 

Acknowledgements ii 

Abstract iv 

सुंिेप (Abstract in Hindi) vii 

Declaration by author  x 

Publications included in this thesis xi 

Other publications during candidature Xi 

Contributions by others to the thesis xiii 

Statement of parts of the thesis submitted to qualify for the award of another 

degree 

xiii 

Research involving human or animal subjects xiii 

Financial support xiv 

Keywords xiv 

Australian and New Zealand standard research classifications (ANZSRC) xiv 

Fields of research classification xiv 

Table of Contents xv 

List of Figures  xxi 

List of Tables xxviii 

  

CHAPTER 1: Introduction  

1.1. Global water scenario 2 

1.2. Challenges with existing technologies for water purification 4 

1.3. Emerging contaminants in water 6 

1.3.1. Cosmetics ingredients as an emerging pollutant 7 

1.3.2. Biofilms 10 



xvi 

 

1.4. Research Objectives 14 

1.5.Organization of Thesis 15 

  

CHAPTER 2: Literature Review  

2.1. Nanoparticles in water treatment 18 

2.2. AgNPs based solutions for water treatment 21 

2.3. Bibliometric analysis 21 

2.4. Synthesis of Ag NPs using different methods 24 

2.4.1. Green synthesis of AgNPs 27 

2.4.2. Characterization of AgNPs 31 

2.5.Degradation of toxic pollutants in aqueous solutions by AgNPs  33 

2.6.  Potential disinfection by AgNPs for microbial control 37 

2.7. Remediation of emerging contaminants 44 

2.8. Commercialization 46 

2.9. Limitations and risks associated with AgNPs application 50 

2.9.1. Fate of AgNPs in the environment 51 

2.9.2. Leaching 53 

2.10.  Research Gaps 54 

2.11. Motivation for the research 55 

  

CHAPTER 3: Green synthesis of multifunctional silver nanoparticles for 

efficient pollutant degradation, heavy metal sensing, and bactericidal activity 

 

3.1. Introduction 59 

3.2. Materials and Methods 62 

       3.2.1. Synthesis of AgNPs and their optimization and characterization 62 



xvii 

 

       3.2.2. Characterization 63 

       3.2.3. Degradation of pollutant: 4-NP 64 

       3.2.4. Colorimetric detection of Hg+2 64 

       3.2.5. Antibacterial activity 64 

       3.2.6. DFT studies 65 

3.3. Results and discussion 66 

       3.3.1. Synthesis of AgNPs 66 

       3.3.2. Characterization 67 

                3.3.2.1. UV-Vis spectroscopy studies 67 

                3.3.2.2. XRD analysis 68 

                3.3.2.3. FTIR spectral studies 69 

                3.3.2.4. FESEM-EDX analysis 69 

                3.3.2.5. HRTEM studies 70 

                3.3.2.6. DLS and Zeta potential analysis 71 

       3.3.3. Degradation of pollutants: 4-NP 72 

       3.3.4. Colorimetric detection of Hg+2 76 

       3.3.5. Antibacterial activity 78 

       3.3.6. DFT studies 79 

3.4. Conclusion 83 

  

CHAPTER 4: Photocatalytic degradation of parabens: A comprehensive 

meta-analysis investigating the environmental remediation potential of 

emerging pollutant 

 

4.1. Introduction 85 

4.2. Materials and Methods 87 



xviii 

 

        4.2.1. Literature survey and search approach 88 

        4.2.2. Bibliometric analysis 88 

        4.2.3. Inclusion and exclusion criteria 89 

        4.2.4. Selection and data extraction 89 

         4.2.5. Statistical meta-analysis of data 90 

4.3. Results and discussion 93 

         4.3.1. Literature search and study characteristics 93 

         4.3.2. Bibliometric analysis 95 

         4.3.3. Photocatalytic degradation for parabens 96 

         4.3.4. Influence of important variables on photocatalyst degradation 98 

                   4.3.4.1. pH 98 

                   4.3.4.2. Initial concentration 100 

                   4.3.4.3. Catalyst dosage 101 

                   4.3.4.4. Intensity of light 102 

                   4.3.4.5. Contact time 104 

         4.3.5. Kinetics studies 105 

         4.3.6. Meta-analysis of degradation studies 106 

                   4.3.6.1. Heterogeneity 106 

                   4.3.6.2. Forest plots 110 

         4.3.7. Publication bias 110 

4.4. Conclusion 112 

  

CHAPTER 5: Photocatalytic degradation of methylparaben using green 

nanosilver supported on reduced graphene oxide 

 

5.1. Introduction 115 



xix 

 

5.2. Experimental 120 

         5.2.1. Materials 120 

         5.2.2. Green synthesis of rGO/AgNPs nanocomposite 120 

         5.2.3. Characterization 122 

         5.2.4. Photodegradation of MeP 122 

         5.2.5. Design of experiments and optimization using RSM 124 

         5.2.6. Theoretical Calculations 125 

5.3. Results and discussion 126 

         5.3.1. Characterization 126 

                  5.3.1.1.  XRD, Raman and UV spectra 126 

                  5.3.1.2. XPS 129 

                  5.3.1.3. FESEM-EDX and TEM 130 

         5.3.2. Preliminary MeP Degradation experiments 133 

         5.3.3. Experimental design optimization by RSM  135 

         5.3.4. Photocatalytic degradation mechanism 141 

         5.3.5. Stability and reusability 145 

5.4.  Conclusion 149 

  

CHAPTER 6: Antibiofilm efficacy of green silver nanocomposite against 

mixed microbial species biofilms: In-vitro and in-silico approach 

 

6.1. Introduction 151 

6.2. Experimental 154 

          6.2.1. Materials 154 

          6.2.2. Synthesis of green rGO/AgNPs nanocomposite and Characterization 154 

          6.2.3. Strains and Growth Conditions 155 



xx 

 

          6.2.3. Antimicrobial activity 155 

          6.2.3. Antibiofilm activity 156 

          6.2.3. Crystal violet assay 156 

          6.2.3. Scanning Electron Microscopy 157 

          6.2.3. Molecular docking 158 

          6.2.3. Statistical analysis 159 

6.3. Results and discussion 160 

          6.2.3. Synthesis of rGO/AgNPs nanocomposite and its characterization 160 

          6.2.3. MIC determination by broth microdilution assay 162 

          6.2.3. Antibiofilm activity of the green nanocomposite 163 

          6.2.3. SEM analysis 167 

          6.2.3. Molecular docking 170 

6.4. Conclusion 174 

  

CHAPTER 7: Conclusion & Recommendations 175 

  

References 179 

 

  



xxi 

 

List of Figures 

 

Fig. 1.1. Country-wise water stress prediction by 2040. (Figure reproduced with 

permission from (Kuzma et al., 2023)). 

3 

Fig. 1.2. Sources and pathways of PCPs. 8 

Fig. 1.3. Chemical structures of the major classes of contaminants coming from 

cosmetics and pharmaceutical products and commonly found in different water 

matrices. 

9 

Fig. 1.4. An overview of mechanisms of biofilm tolerance to antimicrobial agents. 13 

Fig. 2.1. Schematic representation of silver nanoparticles for water treatment with 

various processes. 

20 

Fig. 2.2. Flowchart for AgNPs based nanocomposites for wastewater treatment. 21 

Fig. 2.3. Bibliometric analysis results showing increase in the number of articles on 

the use of AgNPs for water treatment. 

22 

Fig. 2.4. Network visualization map of keyword analysis of AgNPs in wastewater 

treatment (shows four clusters of keywords from the articles in blue, green, yellow, 

and and red colour in the decreasing order of their score). 

23 

Fig. 2.5. Classification of different synthesis methods of AgNPs. 25 

Fig. 2.6. Biomolecules from microbial/plant extract for reduction and stabilisation in 

the green synthesis of NPs. 

27 

Fig. 2.7. Chemical structures of different dyes found in textile wastewater. 36 

Fig. 2.8. Illustrative mechanisms for antimicrobial activity of AgNPs. 40 

Fig. 2.9. A schematic of the overall interactions that occur at AgNPs surfaces. 

Reprinted with permission from ref. (Liu et al., 2010). Copyright 2010, American 

Chemical Society. 

52 



xxii 

 

Fig. 3.1. Schematic representation of green synthesis of AgNPs for its various 

applications in water treatment. 

62 

Fig. 3.2. Proposed mechanism of AgNPs biosynthesis by compounds present in C. 

tangerina peels extract. 

66 

Fig. 3.3. (a) Change in the color of starting materials to reddish-brown when AgNPs 

are formed; (b) UV-Vis spectrum of AgNPs with stability after 6 months; (c) XRD 

pattern of AgNPs; (d) FTIR spectrum of AgNPs compared with the raw extract. 

67 

Fig. 3.4. Characterization of synthesized AgNPs by (a,b,c) low and high 

magnification images obtained by SEM; (d) EDX spectrum for the elemental analysis. 

70 

Fig. 3.5. Microscopic images of synthesized AgNPs obtained by (a,b,c) TEM; and 

(d,e) HRTEM; (f) SAED pattern. 

71 

Fig. 3.6. (a) Distribution of the size of AgNPs determined by dynamic light scattering; 

(b) Zeta potential distribution of AgNPs. 

72 

Fig. 3.7. (a) Scheme of 4-NP reduction by AgNPs; (b) Absorbance spectra of 4-NP in 

the absence and presence of NaBH4; (c) Time-dependent UV–vis spectra of Ag NPs 

catalyzing the reduction of 4-NP to 4-AP; (d) ln (At/A0) versus reaction time with 

linear relationship for the 4-NP reduction. 

73 

Fig. 3.8. Reusability of AgNPs for the reduction of 4-NP. 75 

Fig. 3.9. (a) UV-Vis absorption spectra for the selectivity of the AgNPs towards Hg2+ 

taken after 5 min; (b) Photographic image of the colorimetric visual detection of Hg2+ 

by AgNPs taken after 1 min. 

77 

Fig. 3.10. MIC determination of the biosynthesized AgNPs against S. aureus (column 

12 to 3 with concentrations (in mg/mL) 0.5, 0.25, 0.125, 0.0625, 0.032, 0.016, 0.008. 

0.004, 0.002, 0.001). 

78 



xxiii 

 

Fig. 3.11. DFT obtained optimized structure, HOMO and LUMO orbital diagrams, 

and Molecular electrostatic potential (MEP) of the compounds present in C. tangerina 

peel extract. 

80 

Fig. 4.1. A schematic representation of a meta-analysis study on photocatalytic 

degradation of parabens. 

87 

Fig. 4.2. PRISMA flowchart showing the method for including and excluding studies. 94 

Fig. 4.3. Annual number of selected studies reported on the photodegradation of 

parabens. 

95 

Fig. 4.4. A chronological overview of keywords based on the average publication year 

(created using VOSviewer). 

96 

Fig. 4.5. Analysis of the distribution of pH measurement as a histogram (a) and box 

plot (b) concerning the degradation of parabens by photocatalysis. 

98 

Fig. 4.6. Analysis of the distribution of initial concentration as a histogram (a) and 

box plot (b) concerning the degradation of parabens by photocatalysis. 

100 

Fig. 4.7. Analysis of the distribution of catalyst dosage as a histogram (a) and box plot 

(b) concerning the degradation of parabens by photocatalysis. 

101 

Fig. 4.8. The occurrence of the different irradiation types employed for the 

photocatalytic degradation of parabens. 

103 

Fig. 4.9. Analysis of the distribution of contact time as a histogram (a) and box plot 

(b) concerning the degradation of parabens by photocatalysis. 

105 

Fig 4.10. (a) The Baujat plot and; (b) Impact of general heterogeneity in model 

studies. 

109 

Fig. 4.11. (a) The forest plot revealing the degrading efficiency of parabens (%) via  111 



xxiv 

 

photocatalytic process (based on the random effects model of the average effect size 

(CI = 95%)); (b) Funnel plot presenting degradation efficiency (%) by standard errors 

calculated using the trim and fill approach. 

Fig. 5.1. Schematic representation of photocatalytic degradation of methylparaben by  

rGO/AgNPs nanocomposite under visible light irradiation. 

120 

Fig. 5.2. Schematic representation of the synthesis of rGO/AgNPs nanocomposite 

(created with Biorender). 

121 

Fig. 5.3. Photoreactor setup utilized for photodegradation of MeP (created with 

Biorender). 

123 

Fig. 5.4. (a) XRD patterns of rGO, AgNPs and rGO/AgNPs nanocomposite showing  

characteristic peaks of metallic Ag and rGO in the composite. (b) Raman spectra of 

GO and rGO/AgNPs composite. The increase in intensity signal for the composite 

was attributed to SPR of AgNPs. 

127 

Fig. 5.5. (a) UV Vis spectrum of rGO, AgNPs and rGO/AgNPs showing the formation 

of AgNPs onto reduced graphene oxide sheets; (b) Tauc plot of rGO, AgNPs and 

rGO/AgNPs nanocomposite. 

129 

Fig. 5.6. (a) XPS spectra of GO and rGO/AgNPs; (b) Ag3d XPS pattern of 

rGO/AgNPs with peaks of Ag 3d5/2 and Ag 3d3/2, respectively, corresponding to 

metallic Ag0; (c)  Deconvoluted C1s XPS spectrum showing peaks attributed to 

carbon with C=C, C-C, C-OH, and C=O. 

130 

Fig. 5.7. FESEM images of GO (a), rGO (b), and rGO/AgNPs (low magnification (c), 

high magnification (d) and EDX analysis of rGO/AgNPs shows the elemental analysis 

(e). The yellow arrow in (d) point out the bright spots observed in back scattered 

FESEM images of composite which indicate the presence of AgNPs. 

131 



xxv 

 

Fig. 5.8. TEM micrographs in low and high magnifications of rGO/AgNPs (a,b,c,d); 

SAED pattern of rGO/AgNPs (e); particle size distribution of rGO/AgNPs (f).The 

yellow arrow in (c) points out the black circular dots observed in images of composite 

which indicate the presence as well as uniform distribution of AgNPs. 

132 

Fig. 5.9. Anchoring of AgNPs on rGO reduces size and agglomeration of 

nanoparticles. 

133 

Fig. 5.10. (a) Photocatalytic degradation of MeP by rGO/AgNPs and the control 

experiments under visible light irradiation and (b) the corresponding degradation 

kinetic curves. 

134 

Fig. 5.11. Degradation efficiency graph of photocatalytic degradation of MeP by 

rGO/AgNPs and the control experiments under visible light irradiation. 

134 

Fig. 5.12. 3D Response surface plots of the MeP degradation efficiency as functions 

of various process parameters as (a) pH and PS conc(mM); (b) catalyst dose (g/L) and 

PS conc (mM); (c) MeP initial conc (ppm) and pH; (d) catalyst dose (g/L) and pH; (e) 

MeP initial conc (ppm) and PS conc (mM); (f) MeP initial conc (ppm) and catalyst 

dose (g/L). (The optimum conditions were pH 6, PS conc 8.8 mM, catalyst dose 0.92 

g/L, and MeP initial conc 5 ppm). 

139 

Fig. 5.13. The effect of the scavengers on the MeP degradation efficiency by the  

photocatalytic process under RSM-based optimized conditions. 

142 

Fig. 5.14. Optimised structures of MeP (a) HOMO (b) LUMO; (c) Molecular 

electrostatic potential map of MeP. 

143 

Fig. 5.15. Hypothetical photodegradation pathways of MeP. 145 

Fig. 5.16. (a) Recycling experiments for MeP photodegradation by rGO/AgNPs under 

the RSM-based optimized conditions with visible light irradiation; (b) XRD analysis 

of rGO/AgNPs before and after six cycles of reaction. 

146 



xxvi 

 

Fig. 5.17. (a) SEM images of the recycled rGO/AgNPs after degradation in normal 

mode and (b) backscattered mode; (c) EDX analysis of rGO/AgNPs after degradation 

of MeP. 

147 

Fig. 6.1. Schematic representation of the protocol for the antibiofilm formation 

activity assay for rGO/AgNPs nanocomposite. 

157 

Fig. 6.2. The series of steps for a particular docking process. 159 

Fig. 6.3. (a) TEM micrographs of GO; and (b, c) rGO/AgNPs in low and high 

magnifications of rGO/AgNPs; (d) particle size distribution of AgNPs on the surface 

of rGO. 

161 

Fig. 6.4. (a) FESEM images of GO (a), and rGO/AgNPs (low magnification (b), high  

magnification (c) indicating the presence of AgNPs on the surface of rGO. 

161 

Fig. 6.5. XRD patterns of GO, and rGO/AgNPs nanocomposite showing characteristic 

peaks of metallic Ag in the composite. 

162 

Fig. 6.6. Antibiofilm effects of rGO/AgNPs on mono species biofilms of S. mutans 

(a) and S. aureus (b), at concentrations 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 

mg/mL, obtained by CV assay. (n=3, data are mean + SD and representative of three 

or four independent experiments; multiple t tests; ns, not significant; * P<0.05; ** 

P<0.01; ***P<0.001). 

164 

Fig. 6.7. Antibiofilm effects of rGO/AgNPs on mono species biofilms of C. albicans 

(a) and S. aureus (b), at concentrations 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 

mg/mL, obtained by CV assay. (n=3, data are mean + SD and representative of three 

or four independent experiments; multiple t tests; ns, not significant; * P<0.05; ** 

P<0.01; ***P<0.001). 

165 

Fig. 6.8. Antibiofilm effects of rGO/AgNPs on mixed species biofilms of C. albicans-

S. aureus (a), C. albicans-S. mutans (b) and C. albicans-P. aeruginosa (c), at 

166 



xxvii 

 

concentrations 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 mg/mL, obtained by CV 

assay. (n=3, data are mean + SD and representative of three or four independent 

experiments; multiple t tests; ns, not significant; * P<0.05; ** P<0.01; ***P<0.001; 

****P<0.0001). 

Fig. 6.9. SEM micrographs of the control and rGO/AgNPs treated biofilm of single 

microbial species biofilms. 

168 

Fig. 6.10. SEM micrographs of the control and rGO/AgNPs treated biofilm of mixed 

microbial species biofilms. 

169 

Fig. 6.11. Magnified view of interaction of AgNPs of the nanocomposite with the 

bacterial cell (S. mutans). 

169 

Fig. 6.12. Molecular docking analysis of AgNPs with biofilm associated proteins of 

S. aureus (a) SdrC (b) Bap and S. mutans (c) GtfB (d) SrtA. 

171 

Fig. 6.13. Molecular docking analysis of AgNPs with biofilm associated proteins of 

C. albicans (a) Asl3 (b) CYP51 and P. aeruginosa (c) LasR (d) PelB 

171 

Fig. 6.14. Schematic representation of the various mechanisms involved in the action 

of AgNPs for the antibiofilm efficacy. 

173 

 

  



xxviii 

 

List of Tables 

 

 

Table 1.1. Limitations associated with conventional water and wastewater treatment 

methods. 

5 

Table 2.1. Examples of plant-based synthesis of AgNPs. 28 

Table 2.2. List of software/tools/servers that are being utilized for the computational 

analysis of AgNPs. 

30 

Table 2.3. AgNPs (as supported and unsupported materials) used for the degradation of 

contaminants from wastewater. 

34 

Table 2.4. AgNPs (supported and unsupported materials) for disinfection of water from 

the microbial contamination used in wastewater purification. 

43 

Table 2.5. Biobased AgNPs (as supported and unsupported materials) for enhanced 

removal of emerging contaminants from wastewater. 

45 

Table 2.6. Application of AgNPs for treatment of different types of wastewater. 47 

Table 2.7. Examples reporting the chemical modifications of AgNPs in the environment 51 

Table 3.1. XRD analysis results of the obtained AgNPs. 69 

Table 3.2. Comparison of findings of this work with other known works for reducing 4-

NP. 

75 

Table 3.3. The quantum chemical characteristics of the chemicals found in C. tangerina 

peel extract as determined using DFT studies. 

79 

Table 3.4. Mulliken charges of the most active compounds in the peel extract of 

C.tangerina. 

81 

Table 4.1. List of articles selected for the meta-analysis. 90 

Table 4.2. Physicochemical characteristics of common parabens. 97 



xxix 

 

Table 4.3. Model fit statistics, heterogeneity statistics, and random-effects model (k = 13). 107 

Table 4.4. Significant parameters and the influence of overall heterogeneity. 108 

Table 5.1. The investigated independent experimental variables with corresponding levels. 125 

Table 5.2. CCD design matrix for experimental conditions and responses of experimental 

runs. 

135 

Table 5.3. ANOVA analysis and model performance of the developed full quadratic 

model. 

137 

Table 5.4. NPA charge distribution and Fukui index of MeP. 143 

Table 5.5. Comparison of studies on photocatalysts prepared and applied for degradation 

of endocrine disrupting parabens. 

147 

Table 6.1. Biofilm associated proteins from various species and their docking with AgNPs. 172 

 

 

 

 


