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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,



colorimetric sensing of mercury (I1) 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



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

Fig. 2.6. Biomolecules from microbial/plant extract for reduction and stabilisation in
the green synthesis of NPs.

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

Fig. 2.8. lllustrative mechanisms for antimicrobial activity of AgNPs.

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.
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Fig. 3.1. Schematic representation of green synthesis of AgNPs for its various
applications in water treatment.

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

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.

Fig. 3.4. Characterization of synthesized AgNPs by (ab,c) low and high
magnification images obtained by SEM; (d) EDX spectrum for the elemental analysis.
Fig. 3.5. Microscopic images of synthesized AgNPs obtained by (a,b,c) TEM; and
(d,e) HRTEM,; (f) SAED pattern.

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

Fig. 3.7. (a) Scheme of 4-NP reduction by AgNPs; (b) Absorbance spectra of 4-NP in
the absence and presence of NaBHa; (c) Time-dependent UV-vis spectra of Ag NPs
catalyzing the reduction of 4-NP to 4-AP; (d) In (A/Ao) versus reaction time with
linear relationship for the 4-NP reduction.

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

Fig. 3.9. (a) UV-Vis absorption spectra for the selectivity of the AgNPs towards Hg?*
taken after 5 min; (b) Photographic image of the colorimetric visual detection of Hg?*
by AgNPs taken after 1 min.

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).
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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.

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

Fig. 4.2. PRISMA flowchart showing the method for including and excluding studies.
Fig. 4.3. Annual number of selected studies reported on the photodegradation of
parabens.

Fig. 4.4. A chronological overview of keywords based on the average publication year
(created using VOSviewer).

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.

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.

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.

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

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.

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

Fig. 4.11. (a) The forest plot revealing the degrading efficiency of parabens (%) via
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photocatalytic process (based on the random effects model of the average effect size
(C1=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.

Fig. 5.2. Schematic representation of the synthesis of rGO/AgNPs nanocomposite
(created with Biorender).

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

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.

Fig. 5.5. (@) 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.

Fig. 5.6. (@) XPS spectra of GO and rGO/AgNPs; (b) Ag3d XPS pattern of
rGO/AgNPs with peaks of Ag 3ds. and Ag 3dsp, respectively, corresponding to
metallic Ag®; (c) Deconvoluted C1s XPS spectrum showing peaks attributed to
carbon with C=C, C-C, C-OH, and C=0.

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.
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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.

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

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.

Fig. 5.11. Degradation efficiency graph of photocatalytic degradation of MeP by
rGO/AgNPs and the control experiments under visible light irradiation.

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).

Fig. 5.13. The effect of the scavengers on the MeP degradation efficiency by the
photocatalytic process under RSM-based optimized conditions.

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

Fig. 5.15. Hypothetical photodegradation pathways of MeP.

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.
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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.

Fig. 6.1. Schematic representation of the protocol for the antibiofilm formation
activity assay for rGO/AgNPs nanocomposite.

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

Fig. 6.3. (a) TEM micrographs of GO; and (b, ¢) rGO/AgNPs in low and high
magnifications of rGO/AgNPs; (d) particle size distribution of AgNPs on the surface
of rGO.

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.

Fig. 6.5. XRD patterns of GO, and rGO/AgNPs nanocomposite showing characteristic
peaks of metallic Ag in the composite.

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

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

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
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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.

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

Fig. 6.11. Magnified view of interaction of AgNPs of the nanocomposite with the
bacterial cell (S. mutans).

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.

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

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

of AgNPs for the antibiofilm efficacy.
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