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ABSTRACT

A large quantity of dyes released with textile industry effluents has raised a lot of concern due
to their harmful and toxic effects on the ecosystem. Heterogeneous photocatalysis with TiO>
has been reported to decontaminate these effluents by mineralization of these dyes. However,
owing to its limitations such as the wide band gap and high charge recombination rate, TiO> is
less effective and solar light cannot be utilized as the irradiation source. The modification of
TiO2 with oxides of silver and copper can overcome these limitations. Microbial synthesis of
nanoparticles is a greener approach. The present study reports a new method for the synthesis
of silver-based TiO2 and silver-based TiO, modified with Cu nanocomposites extracellularly
using cell free culture supernatant (CFS) of Alcaligenes aquatilis under ambient conditions and
their application in the degradation of Reactive Blue 220 (RB 220) and Acid Yellow 17 (AY
17) dyes under visible and solar light. Two step method of synthesis of Ag based TiO>
nanocomposites was developed to achieve maximum photocatalytic activity under visible light.
The optimum synthesis conditions were found to be molar ratio of Ag to Ti of 1:1.6, CFS pH
of 7, synthesis time of 4 h for silver ion reduction and 4 h after the addition of Ti precursor.
AgO/Ag0@Ti02 nanocomposites thus formed were spherical with AgO/Ag.0 embedded in
TiO and average particle size of 39.6 nm. Around 99% of 100 ppm RB 220 could be degraded
in 90 min with AgO/Ag20@TiO.. It showed better activity than Bio-TiO. and AgO/Ag20,
found to be active under visible as well as solar light. It did not exhibit appreciable activity in
the degradation of AY-17. AgO/Ag0@TiO. was further modified with Cu by microbial
synthesis and the nanocomposites synthesized with molar ratio of Ag:Ti:Cu of 1:1.6:0.7 and
calcined at 400°C was found to be the optimum to achieve maximum dye degradation.
AgO/Ag.0@TiO2 modified with Cu (ATC-75) was with average particle size of 14.3 nm and
showed the presence of Cu as CuO. ATC-75 nanocomposites could degrade 100 ppm RB 220
completely in 45 minutes under visible light and >95 % degradation in 90 min under solar light,
whereas it could degrade 90 % of 100 ppm of AY17 dye in 90 min under visible and solar light.
The degradation of AY-17 was greatly affected by the presence of RB-220 in mixed dye
solution. ATC-75 showed a good reusability potential. These photocatalysts can be used in the
treatment of wastewater containing dyes by harnessing solar energy. The synthesis is green,

environmental friendly and energy efficient method.

Keywords: AgO/Ag0@TiO,, Alcaligenes aquatilis, dye degradation, microbial synthesis,
lanocomposites, photocatalysis.
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CHAPTER 1

INTRODUCTION

1.1. Background and Need for the study

A large quantity of dyes released into the water reservoirs with textile industry effluents
has raised a lot of concern due to their harmful and toxic effect on the ecosystem
(Bhakya et al. 2015). Due to the complex structure and presence of azo bond (-N=N-),
azo dyes which are largely used in the textile industry are not easily degradable and are
carcinogenic (Mirkhani et al. 2009; Pinheiro et al. 2022). Therefore mineralization of
these dyes is of utmost importance to avoid any potential risks caused by the dyes and
their intermediates. The concentration of azo dyes in the textile effluent vary in the
range of 5 — 1500 mg/L (Khan et al. 2013). Conventional methods of effluent treatment
are not effective as they do not facilitate the mineralization of the dyes. Among the
various methods employed, advanced oxidation technologies (AOT) like
heterogeneous photocatalysis have gained increased interest as a promising strategy to
decontaminate wastewater (Mishra et al. 2015) by mineralization of organic pollutants.
The discovery of photolytic water splitting effect using titania by Fujishima and Honda
in 1972, has led to the extensive research on semiconductor photocatalysis especially
titanium dioxide in different fields of science. Photocatalysis is based on generation of
electron-hole pairs caused by the excitation of photocatalyst on irradiation with light
with energy equal to or greater than the band gap of the semiconductor which produces
electron-hole (e /h™) pairs when valence band electrons are excited to the conduction
band, initiating a series of redox reactions ultimately leading to degradation of organic
substances (Silva et al. 2002). On the semiconductor surface, the excited electron and
the hole can participate in redox reactions to produce reactive oxygen species (ROS)
such as hydroxyl radical (‘OH), superoxide radical anion (O2"), singlet oxygen (*O2),
and hydrogen peroxide (H202) (Cruz-Ortiz et al. 2017),which can further participate in
the mineralization of the pollutant (Ibhadon et al. 2013). The electron and hole can



recombine, releasing the absorbed light energy as heat, with no chemical reaction taking

place.

Due to its high stability, low-cost and non-toxic nature, TiO2 has been used in
photocatalysis for many applications. But the higher band-gap (3.2 eV) of TiO2 limits
its utilization under visible light irradiation, thus restricting the use of solar light as a
source of irradiation for photocatalytic water treatment. These problems, however, can
be resolved by doping of TiO: or coupling with other semiconductors or metal oxides.
Doping with transition metal ions for example, Cu (Ikram et al. 2020, Mingmongkol et
al. 2022), Mn, Ni (Prasad et al. 2009), Fe (Vijayan et al. 2009) as well as with noble
metals such as Ag (Younas et al. 2014; Nguyen et al. 2023), Au (Pal et al. 2015) and
Ru (Akhtar et al. 2023), have been found to red-shift the TiO2 absorption band from the
UV into the visible region, resulting in a great increase in the efficiency of solar-light
photocatalysis (Ibhadon and Fitzpatrick 2013).

Several Titania based composite nanomaterials such as TiO2- graphene, TiO2-graphene
oxide (GO) and TiOz-reduced graphene (rGO)(Morales-Torres et al. 2012),
TiO—CNTs (carbon nanotubes) composite nanostructures (Nguyen et al. 2015),
TiO2(B)/Ag20 (Paul et al. 2016), Au/TiO2 nanocomposite (Biswas et al. 2015),
r-GO/Pd-TiO2/r-GO (Dao et al. 2105), TiO2@Fe203 heterostructures (Trenczek-Zajac
et al. 2022), Cu—Cu.O@TIiO: heterojunction (Zhao and Liu 2020) and Cu.O/TiO-
heterostructures  (Wei et al. 2019) have emerged as promising materials for
photocatalysis. In recent years core-shell structures have been well developed where a
noble metal acts as a core and a semiconductor acts like a shell. Ag@TiO: is widely
studied for its photocatalytic activity (Hirakawa and Kamat 2004; Yang et al. 2014;
Khanna and Shetty 2014). Hirakawa and Kamat (2004) reported the separation of
electron-hole pair in Ag@TiO-, thereby enhancing its photocatalytic efficiency. These
core-shell structures have the ability to convert light energy by storing electrons during
photoirradiation and then delivering it when required. Khanna and Shetty (2013) have
synthesized Ag@TiO. using one-pot synthesis method by chemical route with

calcination and used it for the degradation of azo dyes under solar light.



Coupling of TiO2 with other semiconductors such as CdS (Kim et al. 2015), Ag.0
(Zhou et al. 2010), WOz (Arai et al. 2009) and Bi>O3 (Huo et al. 2014) have shown
good promise in visible light mediated photocatalysis and high photocatalytic activity.
Silver based oxides have been found to be promising because of high efficiency. Silver
oxides are low band gap semiconductors and are considered as the potential candidates
due to their stability. AgO and Ag.0 have been effectively used in the degradation of
pollutant under visible light ( Liu et al. 2019; Wei et al. 2014; Sobhani-Nasan and
Behpour 2016). Mogal et al. (2014) have reported that the silver oxide species when
dispersed on the surface of TiO2 nanoparticles not only increased the surface area but
also reduced the band-gap of TiO> favouring higher photocatalytic activity. Ag.0/TiO>
composite nanofibers fabricated by Liu et al. (2019) showed better performance than
pure Ag20 or TiO2 in photocatalytic degradation of Rhodamine B (RhB).

Ag>0 nanoparticles having a narrow band gap of 1.3 eV, are efficient in absorbing
electrons and can act as photosensitizers in the visible region (Wang et al. 2012; Xu et
al. 2013; Liu et al. 2012). Ag20 nanoparticles are known to show high absorption in the
visible range exciting more photogenerated electron-hole pairs to participate in
photocatalytic degradation. Ag-O/TiO, composite improve the photocatalytic activity
of TiO. by suppressing the recombination of charge carriers and displaying high
absorption in the visible range (Liu et al. 2018). Sarkar et al. (2012) reported superior
photocatalytic activity of Ag2O/TiO, with faster degradation of methyl orange dye than
pure TiO2 under UV light. Ag.0 and TiO, form p-n-type heterojunctions at the
interface and electron transfer is reported to occur from TiO2 to Ag.O when their Fermi
levels align (Zhao et al. 2017).

Ag>0/TiO2 composites has been proved to exhibit photocatalytic activity and have been
employed efficiently for photocatalytic water splitting (Gannoruwa et al. 2016) the
degradation of pharmaceuticals (Kerkez and Boz 2015; Gou et al. 2017; Ren and Yang
2017), inactivation of pathogens in water (Liu et al. 2017; Hua et al. 2013) and in the
removal of recalcitrant pollutants (Wang et al. 2020; Duran-Alvarez et al. 2020; Ren
and Yang 2017; Sarkar et al. 2013) and other photocatalytic applications (Endo-Kimura
et al. 2019) under UV and visible light irradiation.



Many researchers have used different transition metals like Zn, Zr, Cu (Karuppasamy
et al. 2021), Mn, Ni, Co (Kaur et al. 2017) and investigated their effect in influencing
the TiO2 nanoparticles in photocatalytic degradation studies where they found transition
metal doping reduced the band-gap energy of TiO, (Kaur et al. 2017). Cu doping
modified the properties of TiO2 thereby enhancing its photocatalytic activity
(Ahmadiasl et al. 2022). Presence of copper oxides in TiO2 nanocomposites have been
found to improve the photocatalytic activity in degradation of pollutants under visible
light (Cosma et al. 2022). The low band-gap of CuO (1.2 eV) also finds its application
in degradation studies when used in combination with the TiO> (Bopape et al. 2023).

Recent studies report the evaluation of ternary composite structures where TiO2 is
modified with bimetals or bimetallic oxide nanoparticles and studied for their
photocatalytic applications (Pino-Sandoval et al. 2020, Mendez-Medrano et al. 2016).
Pino-Sandoval et al. (2020) reported the reduction in the band-gap energy and superior
photocatalytic activity of Ag-Cu/TiO. photocatalyst under solar light. Mendez-
Medrano et al. (2016) have reported the visible activity of the Ag@CuO/TiO; catalyst
and attributed it to the surface plasmon resonance of Ag nanoparticles and reduced
band-gap of CuO. These surface modified TiO2 nanostructures with Ag and Cu or their

oxides have been found to be efficient photocatalyst in water treatment process.

The composite nanomaterials mentioned earlier have been reported to be synthesized
by physical and chemical methods. These processes involve the use of toxic reagents
or solvents which may be carcinogens and has cytotoxic effect (Ai et al. 2011) and
produce hazardous toxic wastes that are harmful, not only to the environment but also
to human health. These methods also involve high temperature and pressure conditions
and are often energy intensive. Therefore, biological method of nanoparticle synthesis
is usually preferred with the use of biological agents such as microbes. The use of
expensive and hazardous chemicals is eliminated, and the more acceptable “green”
route is not as energy intensive as the chemical method and is also environment
friendly. The “biogenic” approach is further supported by the fact that they can be

carried out under ambient conditions of temperature and pressure. The particles



generated by these processes have shown greater specific surface area (Bhattacharya et
al. 2008).

Microbial mediated synthesis of nanoparticles can be through intracellular (Bai et al.
2009) and extracellular (Jha et al. 2009) routes, latter being beneficial in terms of
separation of nanoparticles after the synthesis. The intracellular synthesis of
nanoparticles has been most widely reported (Omajali et al. 2015). However,
intracellular synthesis faces challenges in terms of downstream processing to remove
the nanoparticles from the cell biomass by cell disruption followed by separation of
nanoparticles from the cell biomass. Extracellular synthesis may be again classified as
(1) cell associated synthesis and (ii) synthesis in the cell free environment. In the cell
associated extracellular synthesis, the cell growth may be inhibited by metal ions used
as precursors. Though cell disruption step is not required, the separation of
nanoparticles from the cell biomass is still a challenge. However, the synthesis in the
cell free environment involves the use of cell free culture broth for the synthesis of
nanoparticles. This involves initial growth of cells, cell separation from the culture
broth and use of cell free culture broth containing the enzymes and metabolites for the

nanoparticle synthesis.

Microbial enzymes convert the metal ions into the element metal resulting in the
formation of nanoparticles. Exploiting these features of microbes, several metal or
metal oxide nanoparticles such as Ag using Pseudomonas stutzeri (Desai et al. 2020),
Leuconostoc lactis (Saravanan et al. 2017), Bacillus siamensis C1 (Ibrahim et al. 2019),
Streptomyces sp (Gupta et al. 2017), Pseudomonas aeruginosa (Ali et al. 2017), Au
nanoparticles by Bacillus cereus (Pourali et al. 2017), Deinococcus radiodurans (Li et
al. 2016) and oxide nanoparticles like BaTiOsz by Fusarium oxysporum (Bansal et al.
2006), TiO2 by Staphylococcus aureus (Landage et al. 2020), Bacillus subtilis
(Dhandapani et al. 2012), CuO by Lactobacillus casei subsp. Casei (Kouhkan et al.
2020), Streptomyces sp. MHM38 (Bukhari et al. 2021), ZnO by Lactobacillus
plantarum TA4 (Yusof et al. 2020), etc. have been synthesized by microbial route.
Recently the cell free culture broth of Alcaligenes aquatilis have been used to

synthesize Ag and TiOz independently (Devadiga, 2016). The nitrate reductase and



hydrolytic enzymes are found to be responsible for the synthesis of silver and TiO>
nanoparticles respectively. Yusuf et al. (2020) have reported that various functional
groups such as hydroxyl, amine and carboxyls from proteins in the cell free supernatant
are involved in the reduction and synthesis of nanoparticles. Jayaseelan et al. (2013)
found glycyl-L-proline, a secondary metabolite from the bacteria, Aeromonas
hydrophila might be responsible for reducing, capping and stabilization of TiO:
nanoparticles. Thus, the biomolecules present in the bacterial cell free supernatant act
as reducing and stabilizing agent in synthesis of nanoparticles.

This report presents the studies on selection of the best synthesis strategy for the
synthesis of silver based titania such as AgO/Ag-O@TiO2> nanocomposites and
AgO/Ag0@TiO2 nanocomposites modified with Cu using the bacteria Alcaligenes
aquatilis in the cell free culture broth. The photocatalytic activity of these
nanocomposite structures is assessed in terms of degradation of widely used textile azo
dyes, Reactive Blue 220 and Acid Yellow 17 dye under artificial visible light and
natural sun light. Reactive Blue 220, is an azo dye with vinyl sulfone reactive group
and widely used for coloration of cellulosic textiles (Smigiel-Kaminska et al.
2020) Acid yellow-17 is an azo dye mainly used for dyeing wool, silk, polyamide fiber
and leather apart from being used in the food, , paper, cosmetics and cleaning materials
(Jedynak et al. 2019).



CHAPTER 2

LITERATURE REVIEW

Water pollution has become a major concern due to the discharge of untreated water
from various industries among which textile industry contributes majorly (Teli and
Nadathur 2018) as they release large quantities of dyes. Dyes are carcinogenic and toxic
in nature which affect the human and aquatic life. Due to their complexity, dyes are
sufficiently stable compounds and are not easily degradable (Naz et al. 2022). Among
various other dyes, azo dyes form the major part in textile industries. Azo dyes are
synthetic dyes consisting of azo bond (-N=N-) with aromatic ring structure which poses
a great challenge for its elimination (Kgatle et al. 2021). Conventional approaches used
in the removal of these dyes has its own limitations and might require further treatment
to remove secondary pollutants (Ammari et al. 2020). Homogeneous and heterogeneous
photocatalysis are the AOPs aided by light which are employed in the degradation of
various pollutants in wastewater. In homogeneous photocatalysis both the photocatalyst
and the reactants exist in the same phase. These soluble homogeneous molecules have
photosensitizers and catalytic sites to perform the oxidation and reduction reactions.
Homogeneous  photocatalysis  include  H>Oa/sunlight, solar  photo-Fenton
(Fe*?/H.0z/sunlight), light/Os/H20- etc. However they have temperature limitations
and also solubility of the catalyst molecules makes it difficult to separate from the
solution and therefore it is less preferred over heterogeneous photocatalysis (Devi et al.
2022; Lakhera and Neppolian 2021) where solid phase photocatalysts are employed

and these catalysts can be easily separated from the treated water.

2.1 HETEROGENEOUS PHOTOCATALYSIS

Heterogeneous photocatalysis has been extensively used in degradation of the harmful
compounds into simpler and non-toxic products with the generation of reactive species
(Silva et al. 2002). Heterogeneous photocatalysis is a process where photo-activated
chemical reactions are caused by the interaction of photons of a proper energy level

with the solid catalyst through the generation of free radicals. According to Fujushima



et al. (2008), when a photocatalyst absorbs a photon with energy equal to or greater
than its band-gap, an electron—hole pair is generated which is then separated into a free
electron and hole that moves to the surface of the photocatalyst and get trapped. These
trapped electron and hole could either react with acceptor or donor molecules
respectively, or recombine. The recombination is not favourable, as photocatalysis only
occurs when there are at least two reactions occurring simultaneously, the first
involving oxidation from photogenerated holes, and the second involving reduction,
from photogenerated electrons. Both processes must be balanced precisely in order for
the photocatalyst itself not to undergo change, which is one of the basic requirements
for a catalyst (Fujushima et al. 2008). Fig. 2.1 shows the schematic representation of

photocatalytic process (Silva et al. 2002).

0, 0;
reduction /4

Y S Conduction band
1

= 1

excitatioh |
i band gap

1

E energy

I recombination

’/,-.

HO -~ OH"

Fig.2.1. Schematic representation of photocatalytic process (Silva et al. 2002).

A semiconductor or a photocatalyst absorbs light energy equal to its band gap energy,
leading to the generation of electron (¢7) — hole (h™) pairs on the surface of
semiconductor particles by excitation of an electron from its valance band to conduction
band. The hole splits the water molecule into H" and ‘OH consequently, the oxygen
molecule is transformed to superoxide radical anion (O2"). By combination of H" and
027, hydroperoxyl radical (HO2) is produced. Hydrogen peroxide anion (HO2") is

eventually formed by collision of an electron with HO>". Lastly, H20- is produced by



a hydrogen ion. All these reactive species like -OH, O> HO2 ", and H20: play their
role in photocatalysis but the -OH is the most important. Electrons and holes may also
recombine with each other without participating in any chemical reactions (Younas et
al. 2014). Titanium dioxide is the first ever used semiconductor photocatalyst and has

been widely used for various applications.

2.1.1 TiO2 as a photocatalyst

Fujishima & Honda in 1972 discovered for the first time the photocatalytic process of
water splitting using titania. Since then, titania heterogeneous photocatalysis is gaining
importance in the field of environmental remediation. The first experiment was
conducted by Matsunaga and his co-workers in 1985, where platinum-loaded titanium
oxide powder was used to bring about the photoelectrochemical sterilization of
microbial cells (Matsunaga et al. 1985). Titanium dioxide is the most commonly used
photocatalyst due to its high stability, inexpensive and non-toxic nature (Gupta and
Tripathi 2011). However, the photocatalytic efficiency of TiO2 nanomaterials is limited
to the UV light because of its large intrinsic band gap (>3.2 eV) which severely restricts
its utilization in the visible light and also its fast electron—hole recombination resulting
in a low quantum yield and poor photocatalytic activity. Therefore different strategies
have been applied to enhance the photocatalytic efficiency of TiO2 under visible light
including dye sensitization, doping, coupling and capping of TiO. (Gupta et al. 2011).

2.1.2 Modified TiO2 photocatalysts

Doping of TiO2 can inhibit charge recombination and increase its photocatalytic activity
to the visible region through the formation of impurity energy levels. Vijayan et al
(2009) reported doping of TiO2 with iron caused significant absorption shift towards
visible region and enhanced the photocatalytic activity. Dye sensitization and coupling
of semiconductors can also expand the light response of TiO2 to the visible region.
Excited dyes and small band gap semiconductors can inject electrons into the
conduction of large band gap semiconductors, creating efficient charge separation and
enhancing photocatalytic efficiency (Gupta et al. 2011). However, dyes themselves can
undergo photodegradation or form intermediates that need to be disposed (Gratzel et al.

2003) and also very few dyes are stable towards photodegradation (Wu et al 1999).
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A composite structure of metal nanoparticle core and oxide shell is considered a better
design because the oxide shell can protect the metal core and stabilize it against
chemical attack. Core-shell structures have the ability to store photogenerated electrons
which make them suitable for light energy conversion and storage. Hirakawa and
Kamat (2005) reported the importance of core shell structures like Ag@TiO: that are
useful to promote light induced electron-transfer reactions. Khanna and Shetty (2014)
optimized the synthesis of Ag@TiO using one pot synthesis method as described by
Hirakawa and Kamat (2005) with the addition of calcination step for the dye
degradation. Ag@TiO, showed higher photocatalytic activity when compared to
commercial and synthesized TiO2 and Ag doped TiO- under both UV and solar light
with solar light being more efficient in azo dye degradation (Khanna and Shetty 2014).

Mirkhani et al. (2009) found that Ag-TiO> nanoparticles are capable of decolourising
and degrading few azo dyes under UV light at an optimum pH range of 8-9 and in acidic
solutions and also found decrease in TOC for Coperoxon navy blue RL and C.I. Direct
red 80. Incorporation of Ag* in TiO. samples creates oxygen vacancies which act as
electron traps thereby reducing the recombination rate of electron-hole pairs and
improving the photocatalyst performance under visible and solar light (Nguyen et al.
2023). The superior photocatalytic activity of Ag@Ru/TiO2 core shell nanoparticles in
the degradation of 4-nitrophenol, 2,4-dinitrophenol and 2,4,6-trinitrophenol under
visible light was reported by Akhtar et al. (2023) and was mainly attributed to the
prevention of electron and hole recombination by the silver core and the extended
absorption in the visible region which is due to the doping of Ru. Paul et al. (2016)
reported the use of Ag-0O-nanoparticle decorated monoclinic TiO2 porous nanorods on
the degradation of methylene blue and methyl orange under visible light and found the
dyes to be degraded upto 88% within 30 min of irradiation. Ag.O nanoparticles was
found to act as a visible light sensitizer thereby enhancing the activity of pure B-phase
TiO2and enabling it to be used in visible range (Paul et al. 2016). Another study by Wei
et al. (2016) also reported improved visible and NIR light responses when Ag20 is
assembled on the surface of TiO2 exhibiting increased photocatalytic activity in

degradation of methyl orange dye. The formation of heterojunction interfaces in the
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Ag-0O/TiO, composite nanofibers promotes the separation of charge carriers thereby
significantly improving the photocatalytic activity in degradation of Rh B dye under
visible light (Liu et al. 2018). Bian et al. (2020) reported 99.3 % degradation efficiency
of rhodamine B dye using Ag/ZnO/AgO/TiO2 composite under UV-Vis light
irradiation at 100 min. Mogal et al (2014) reported that doping of 0.75 at % silver which
is present as silver oxides on the surface of TiO2 was found to improve the particle size,
surface area, band-gap and photocatalytic activity. Higher concentration of silver can
act as recombination centers and hence reduces the photocatalytic activity (Mogal et al
2014). Addition of dopant in optimum concentration hinders the growth of the
crystallites leading to smaller particle size. (Ali et al. 2018). Further the incorporation
of transition metals helps in improving the photocatalytic activity of TiO2 by reducing
the band-gap and crystallite size and increasing the surface area (Kaur et al. 2018).
Doping of Cu at an optimal loading of 0.1 wt% into TiO> reduced the band gap and also
showed better photocatalytic activity in degradation of methylene blue dye compared
to undoped TiO, (Mingmongkol et al. 2022). Ikram et al. (2020) reported the shift in
the absorption maxima towards the visible region in Cu-doped TiO2 nanoparticles
indicating the reduction in the band-gap and enhancement in the photocatalytic activity
of the nanoparticle on increasing the concentration of the dopant. Mukul et al. (2020)
reported enhancement in the absorption of TiO2 on increasing the concentration of Cu
present as CuO in TiO2/CuO core shell nanoparticles. Similar results were reported by
Liao et al. (2018) where the increase in Cu20 concentration increased the absorption
value of the Cu.O-TiO: heterojunction films in the visible range and displayed higher
photocatalytic activity in degradation of methyl orange dye. Cu2O suppresses the
electron — hole pair recombination by the transfer of photogenerated electrons to TiOo,
thereby promoting the photocatalytic activity (Liao et al. 2018). Heterojunction
formation of Cu2O/TiO2 nanotubes greatly affected the photocatalytic activity due to
the type Il band structure between the n-type TiO2 and p-type Cu20 producing internal
electric field across the interface and preventing electron-hole recombination (Pham et
al 2018). The increased absorption in 600 -700 nm range in Cu2O/TiO2 nanotubes is
due to d-d transition of copper ions which enhances the photogenerated carrier life-time
(Pham et al. 2018). Zhao and Liu (2020) studied the photocatalytic activity of a Cu—
Cu0O@TIiO, heterojunction photocatalyst in dye degradation which showed 95 %
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decolourisation of methylene blue in 3 h under visible light. Cu,O/CuO-TiO:
nanocomposite with reduced graphene oxide was studied by Cosma et al. (2022) for
their photocatalytic performance in degradation of ciprofloxacin and amoxicillin. Their
results showed that the nanocomposites display higher degradation of the antibiotics
due to the Cu20/CuO heterojunction which accelerates the interface charge transfer
enhancing the photocatalytic activity irrespective of the presence of graphene oxide
(Cosma et al. 2022). Few studies have reported that binary and ternary nanocomposites
exhibit high quantum vyields and lower recombination rate when compared to the
individual nanoparticles (Jo et al 2017, Pino-Sandoval et al. 2020). Cobalt oxide in
Co0304/TiO2 showed superior photocatalytic activity which on addition of graphene
oxide further enhanced the photocatalytic degradation of oxytetracycline and congo red
under visible light (Jo et al. 2017). The ternary composite TizC2/TiO2/CuO showed
good photocatalytic activity in degradation of methyl orange dye under UV light which
is attributed to the effective charge separation by TisCzand CuO (Lu et al 2017). It has
been reported that surface modification of TiO2 with silver and copper leads to higher
photocatalytic activity under UV light (Mendez-Medrano et al. 2016).

Table 2.1 presents various TiO. based nanocomposites and their photocatalytic
applications. It shows that all the TiO. based nanocomposites used as photocatalyst are
synthesized by physical and chemical methods. The physical methods include
mechanical milling, etching, laser ablation, sputtering etc (Baig et al 2021) and the
chemical methods include chemical vapour deposition (CVD), solvothermal and
hydrothermal synthesis, sol-gel, reverse micelle method etc. (Mekuye and Abera 2023;
Nam and Luong 2019). The chemical methods available for synthesis are expensive,
utilize toxic chemicals, and the processes are comparatively complex (Keat et al. 2015)
with processes requiring high temperature and pressure conditions . Physical methods

of synthesis are energy intensive.

In recent years, eco-friendly and green synthesis methods for the synthesis of
nanoparticles has received attention (Khan and Bano 2016) .The biological methods of
synthesis utilizing microorganisms such as bacteria and fungi are advantageous due to

low energy consumption, no use of toxic or harmful chemicals and involve ambient
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conditions with simpler method of synthesis (Khan and Rizvi 2014; Mohammadlou et

al. 2016).

Table 2.1 Modified TiO2 photocatalysts and their photocatalytic application

Photocatalyst Synthesis Light .
Application References
Method source
Chemical Methyl orange
Fe3*- doped Ag@ | method degradation; | Wang et al.
Visible light
TiO2 (One pot g Efficiency - 56.7 2008
synthesis) %in3h
Degradation of
Chemical Acid Yellow
Khanna
Ag@TiO method Solar light dye; almost
g@TIO: 9 4 and Shetty
O t let
(One po complete 2013
synthesis) reduction in 60
min
Crude oily
: : . . wastewater
TiO2/Si02/Fe304 | Chemical UV light _ Peng et al.
method degradation; 2014
Efficiency — 100
% in 40 min
Chemical Reforming of
method ethanol (H Goebl et al.
AU@TIO: UV light (H.
(Sol-gel production), 2014
process)
Azo dyes
degradation;
Ag-TiO Chemical UV light Mirkhani et
G ! | Efficiency —gg — | o
method al. 2009
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100 % in 30 -

150 min
Direct Blue
(Efficiency —
Chemical 89.34 %) and Yazhini et
TiO2-polyaniline method Sunlight Methylene Blue Al 2014
(RTP) composite | (One-pot (Efficiency -
method) 69.29 %)
degradation
p-nitrophenol (98
%), 2,4-
dichlorphenol
(99 %),
Liquid 2,5-
Impregnati dichlorophenol | llyas et al.
Ag-TiO; on UV light (98 %), and 2010
Method 2,4,6-
trichlorophenol
(96 %)
degradation in
1h
Chemical
method Methylene blue | Ahmed et
Fe204/TIO, (Sol-gel UV light degradation al. 2012
method)
Ag20- Chemical Methylene blue
nanoparticle- Method and methyl
decorated porous | (Solvother | Visible light orange Paul et al.
pure TiO2 mal degradation (88.2 2016
nanorods technique) % in 30 min)
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Pani-TiO»

Chemical
Method

UV &

Visible light

Methyl orange
(efficiency —
almost complete
reduction in 6 h)
and 4-
chlorophenol
(efficiency — 30
%) degradation
under visible
light

Lin et al.
2012

Iron doped TiO>

Chemical
Method
(Sol-gel)

UV light

2,4,6-
trichlorophenol
degradation;
Efficiency — 98 %

in 180 min

Vijayan et
al. 2008

Cu20/TiO;

Physical

method

Simulated

solar light

Photocatalytic

water splitting

Wei et al.
2019

Cu-doped TiO>

Chemical

method

Visible light

Antibacterial

activity and
methylene blue
dye degradation
(efficiency — 99 %
in 120 min)

Ikram et al.
2020

Cu-doped TiO2

Chemical

method

UV-A

Methylene blue
dye degradation
(efficiency —
95.83 % in 60

min) and

antimicrobial

Mingmong
kol et al.
2022

activity
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Chemical

Oxytetracycline

AQ/TiO2 Method UV and degradation; Nguyen et
composites (Sol-gel) solar light | Efficiency —94.1 | al. 2023
% in 180 min
Methylene blue
(efficiency — 95.5
Chemical % in 3 h), methyl | Zhao and
Cu—Cu20@TiO Visible light
20@TIO, method g orange and 4- Liu 2020
nitrophenol
degradation
photocatalytic
Simulated | inactivation of E. Pino-
: Chemical .
Ag-Cu/TiO2 solar coli and S. Sandoval et
method - L
radiation typhimurium; al. 2020
Efficiency — 100
% in 10 min
Cu20-TiO2 Chemical UV and Ethanol Xing et al.
method visible light | dehydrogenation 2021
Phenol
(efficiency - 100
Ag@CuO/TiO; | Chemical UV and _ . Mendez-
% In 15 min
method | visible light _ Medrano et
under UV light)
al. 2016
and acetic acid
degradation
Cu20O/CuO-TiO2 | Chemical | Visible light | Antibiotic and Cosma et
method dye degradation al. 2022
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Gabapentin

Chemical UVA-LED degradation; Ahmadiasl
Cu-TiO
Hoibe method irradiation Efficiency — 100 | etal. 2022
% in 20 min
Ag.0 Methyl
g UV, visible | oY Orange
nanoparticle/TiO2 | Chemical degradation; Wei et al.
and NIR
nanobelt method S Efficiency — 87% 2016
irradiation
heterostructure
Rhodamine B
Ag/ZnO/AgO/Ti | Chemical UV-Vis degradation; Bian et al.
O2 composite method irradiation | Efficiency —99.3 2020
% in 100 min
Methylene blue
Ag20/TiO; Chemical degradation; Kerkez and
Visible light
method g Efficiency —48.9 | Boz 2015
%
Ag-TiO: Chemical UV light Phthalic acid Mogal et
method degradation al. 2014
Methylene blue
degradation
Chemical
Ag-doped TiO; Visible light |(efficiency — 96 % | Alietal.
method . .
in 60 min) and 2018
Sol-gel
(Sol-gel) antibacterial
activity
Cu20-TiO2 Chemical | Visible light | Methyl orange Liao et al.
nanotube arrays method degradation; 2018
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Efficiency — 91 %
in3h

Oxytetracycline

C0304/TiO2/graph | Chemical and Congo Red
. Visible light . Joetal.
ene oxide method degradation;
. 2017
Effciency — 91 %
in 90 min

Although these nanocomposites show higher photocatalytic efficiency in degradation
of organic chemicals, their synthesis using physical and chemical methods often are not
only energy intensive, but also result in the use of solvents and release toxic chemicals
that are hazardous to environment and mankind (Ai et al. 2011). Hence, there is a need
to develop clean, reliable and eco-friendly process to synthesize nanoparticles and

biosynthesis is one of it.

2.2 BIOSYNTHESIS OF NANOPARTICLES

Biosynthesis involves using an environment-friendly green chemistry-based approach
that employs unicellular and multicellular biological entities (Shah et al. 2015). These
entities consist of various combinations of biomolecules such as amino acids, vitamins,
proteins, enzymes, and polysaccharides which have the reducing potential that are
environmentally benign (Moghaddam et al. 2010). The size and geometry of
nanoparticles are dependent on the synthetic route adopted for its synthesis. Using
conventional methods for the synthesis requires reducing agent, and stabilizer/capping
agent (for avoiding agglomeration of the newly synthesized nanoparticles. However in
biological techniques, biomolecules replaced the conventional reducing and stabilizing
agents (Sintubin et al. 2012).

Microbial based synthesis of nanoparticles can be classified as intracellular or
extracellular biosynthesis. In intracellular synthesis, the ions and molecules are

transported into the bacterial cells in the presence of enzymes (Alamri et al. 2018; Yang
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et al. 2022). Due to this, the intracellular process takes a longer time for the formation
of nanoparticles than the extracellular mechanism (Gemeel Abd et al. 2018) . The
intracellular synthesis requires several downstream processing involving the biomass
separation, disruption to break the cells and then separation of the released
nanoparticles from the liquid making it more challenging (Alfryyan et al. 2022). The
Extracellular synthesis is easier as the synthesis happens outside the cells and the
nanoparticles produced may be easily separated and purified. The extracellular
processes are cheap and involve simpler downstream processing (Das et al. 2014).The
extracellular process may be carried out in the presence of cells or in the absence of
cells. The extracellular synthesis in the presence of cells also involves challenges as it
needs the separation of cell biomass from the nanoparticles. Several studies have been
reported on the use of cell-free synthesis using either culture supernatant or cell-free
extracts. In the cell free synthesis with the culture supernatant, the microorganisms are
first cultured in liquid culture medium, the biomass is separated by centrifugation and
the supernatant is used to synthesize the nanoparticles. In this method, the some of the
enzymes and other secretory components produced by the microorganism which are
present in the culture supernatant are used to synthesize the nanoparticles and they act
as reducing and capping agents. In approaches using cell-free extracts, the
microorganisms are resuspended in sterile distilled water after removing them from the
culture medium for a required period of time. The resulting cell free extract is collected
after centrifugation and is incubated with the precursor salt solution for the synthesis
(Kato and Suzuki 2020). In this method, the microorganisms are subjected to repeated
washings and only biomolecules released by cells due to autolysis or starvation
conditions mediate synthesis of the of nanoparticles (Ali et al. 2020). The cell free
synthesis processes are much simpler and do not need downstream processes for cell
biomass disruption as in intracellular synthesis or separation of cell biomass from the
nanoparticles as in extracellular synthesis in the presence of cells. The culture
supernatants of some bacteria belonging to Bacillus, Shewanella sp., Arthrobacter,
Pseudomonas and Escherichia, have been used for the synthesis of nanoparticles
(Kumar and Mamidyala 2011; Kalishwaralal et al. 2008; Mondal et al. 2020; Shivaji et
al. 2011).
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In the extracellular process, microbial enzymes and proteins, other cell wall
components or organic molecules present in the culture medium play a major role in
the synthesis of nanoparticles. In the intracellular process, there is initial electrostatic
attraction of precursor metal ions by carboxyl groups of the cell wall, which allows the
passage of metal ions through the cells and the synthesis occurs inside the cells by

intracellular proteins and cofactors (Siddiqi et al. 2018).

As a natural defence mechanism, microbes are able to tolerate high concentration of
metal ions and convert them into metals. Nanoparticles are biosynthesized when the
microorganisms grab target ions from their environment and then turn the metal ions
into the element metal through enzymes generated by the cell activities (Li et al. 2011).
Nanoparticles like gold (Li et al. 2018), silver (Ibrahim et al. 2019, Prema et al. 2022),
titanium dioxide (Fulekar et al. 2018), platinum (Gupta and Chundawat 2019), copper
oxide (Kouhkan et al. 2020, Bukhari et al. 2021), palladium (Sriramulu and Sumathi
2018), zinc oxide (Taran et al. 2018) etc synthesized by microbes are used in various
applications including antibacterial, photocatalytic, cytotoxic activity, cancer therapy
etc. Nanoparticles synthesis by microorganisms depends on various parameters like
microbial biochemical activity, growth media, metal salt concentration, medium pH
and temperature which are known to be responsible in regulating the size and
morphology of the nanoparticles (Natarajan et al. 2010, Honary et al. 2012, Domany et
al. 2018).

Bacteria is one of the widely used microorganism in the synthesis of nanoparticles
because of easy handling, faster growth and lower cost (Hasan et al. 2007; Fulekar and
Khan 2016). Ahmed et al (2018) employed electrochemically active biofilms of a
single bacteria strain Shewanella loihica PV-4 in the synthesis of noble metals gold,
platinum and palladium nanoparticles. The bacteria in the biofilms were found to
produce extracellular electrons by biologically oxidizing sodium lactate (electron
donor) and the electrons further reduce metal salts to produce nanoparticles.). Bunge et
al. (2010) synthesized Pd(0) nanoparticles using Cupriavidus necator, Pseudomonas
putida, and Paracoccus denitrificans and they found that the microbial surface acts as

a scaffold to bind Pd (11) before reducing to Pd (0), with the surface of cell playing the
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role of biological stabilizer thus preventing the agglomeration. Sinha and Khare (2011)
investigated the role of Enterobacter sp. in bioaccumulating mercury and its ability to
simultaneously synthesize intracellular mercury nanoparticles. They have found that
the remediated mercury which is trapped in the form of nanoparticles is unable to
vaporize back into the environment and thus possible to recover it in its nanoparticle
form. Synthesis of manganese oxide nanoparticles using Shewanella strains were
reported by Wright et al. (2016). Their studies have found that Shewanella loihica strain
PV-4 being the strongest oxidizer was able to produce finely grained nanosized
particles. Yusof et al. (2020) used both cell biomass and supernatant of Lactobacillus
plantarum TA4 in synthesis of ZnO nanoparticles. The nanoparticles showed different
morphology with cell supernatant synthesized nanoparticles showing flower like
pattern and cell biomass showing an irregular shape (Yusof et al. 2020).

Due to the widespread application of Ag nanoparticles, many research groups used
different bacteria in synthesis of silver nanoparticles by microbial route. Natarajan et
al. (2010) reported the extracellular and intracellular synthesis of silver nanoparticles
using E. coli culture. Maximum activity of enzymes that are involved in reduction of
silver ions to produce silver nanoparticles occurs during the stationary phase of
incubation. The extracellular formation of silver nanoparticles would be more
expressed than intracellular formation and also it would make the process easier for
downstream processing (Natarajan et al. 2010). Apart from its biocidal activity, silver
nanoparticles stabilized by exopolysaccharide showed good photocatalytic activity in
degradation of textile dyes (Saravanan et al. 2017). Shewanella oneidensis (a metal
reducing agent) was used for the biosynthesis of Ag-NPs using AgNOs solution as
precursor. The synthesized Ag-NPs size was less than 15 nm, with uniform dispersion,
spherical shape, enhanced stability, and large surface area. Such methods used for the
synthesis of Ag-NPs are highly economical and reproducible and consume lesser
energy compared to the conventional methods (Suresh et al. 2010). Elbeshehy and co-
workers (2015) synthesized silver nanoparticles using newly isolated strains of Bacillus
pumilus, B. persicus and Bacillus licheniformis. Oxidation of the hydroxyl groups of
extracellular peptides could be involved in the silver ion reduction and its conversion

to nanoparticles formation (Elbeshehy et al. 2015). Silver nanoparticles synthesized by
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a Xanthomonas sp. in a fermentation process was found to be effective against gram
positive and gram negative bacteria due to the smaller size (Santos et al. 2016). Desali
et al. (2020) synthesized Ag nanoparticles using Pseudomonas stutzeri and optimized
the various parameters like precursor concentration, pH, reaction incubation time and
temperature. Increased temperature leads to increased Kinetic energy of the reaction
resulting in the faster synthesis rate of nanoparticles (Desai et al. 2020). Wei et al.
(2012) studied the influence of cell-free extracts of Bacillus amyloliquefaciens, light
intensity and NaCl concentration on silver nanoparticles synthesis. The capping of
negatively charged proteins present in silver nanoparticles could be responsible for its
stability and high negative zeta potential (Wei et al. 2012). lbrahim et al. (2019)
demonstrated strong antibacterial activity of silver nanoparticles synthesized by an
endophytic bacterium Bacillus siamensis strain C1 isolated from medicinal plant
against rice pathogen. Rahimirad et al. (2019) synthesized Ag nanoparticles using four
food pathogenic bacteria namely, Bacillus cereus, E. coli, Staphylococcus aureus and
Salmonella enterica subsp. enterica. Minimum particle size of 25.62 nm and maximum
zeta potential of -29.5 mV was obtained for nanoparticles synthesized using S. e. subsp.
enterica extract. Silver nanoparticles produced using cell free supernatant of
Lactobacillus plantarum had an average size of 40-50 nm and was effective against

bacterial pathogens (Prema et al. 2022).

Extracellular oxide synthesis of TiO2 and BaTiOs nanoparticles by Lactobacillus sp.
and Fusarium oxysporum has also been reported in the literature (Jha et al. 2009; 2010;
Bansal et al. 2005; 2006). Ordenes-Aenishanslins et al. (2014) reported the extracellular
synthesis of TiO2 nanoparticles using Bacillus mycoides and studied its application in
Quantum Dot Sensitized Solar Cells. Fulekar et al. (2018) demonstrated the role of
microbial consortium as well as individual rhizospheric microorganisms (Micrococcus
lylae, Micrococcus aloeverae and Cellulosimicrobium sp.) associated with sorghum
plant roots in the synthesis of TiO2 nanoparticles. Presence of glucosidase enzyme in
these bacterial strains acted as a bioreducing agent resulting in the formation of TiO-
nanoparticles. The nanoparticles produced were pure anatase phase with particle size ~
14 to 17 nm (Fulekar et al. 2018). Landage et al (2020) used a reproducible bacteria
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Staphylococcus aureus for synthesizing TiO2 nanoparticles with titanium

tetraisopropoxide as the TiO2 precursor could also facilitate the synthesis of TiO2 NPs.

Two silver resistant Morganella species namely M. psychrotolerans and M. morganii
RP42 was reported for the first time by Bansal et al. (2011) in the synthesis of Cu
nanoparticles using Cu*? ions which was dark green colour and had the absorbance peak
at 610 nm indicating the formation of copper nanoparticles. Kouhkan et al. (2020)
reported eco-friendly approach to synthesize copper oxide nanoparticles using
Lactobacillus casei subsp. Casei. Their study showed the interaction of carbonyl group
of amino acids and peptides with the metals forms a capping leading to the stabilization
of nanoparticles. Bukhari et al. (2021) reported the extracellular synthesis of copper
oxide nanoparticles using Streptomyces sp. MHM38 after 60 min of exposure of cell
free supernatant to the precursor solution with size ranging between 1.72-13.49 nm.
These small sized spherical nanoparticles displayed prominent antibacterial activity
against pathogenic microorganisms. CuO nanoparticles produced using bacterial strains
newly isolated from an Antarctic consortium were monodispersed and well segregated

with an average size of 30 nm (John et al. 2021).

Devadiga, (2016 ) synthesized silver nanoparticles using the cell free supernatant of the
bacteria Alcaligenes aquatilis isolated by Devadiga (2016) from silver rich soil using
cell free supernatant and found that the presence of NADH dependant nitrate reductase
enzyme present in the bacterial supernatant were involved in the synthesis of AgNPs
by reducing the Ag* ions. TiO nanoparticles using the cell free supernatant of the
bacteria Alcaligenes aquatilis were also synthesized by them using the cell free culture
supernatant of Alcaligenes aquatilis and they found that hydrolytic enzymes present in
the cell free supernatants were found responsible for the synthesis of TiO2-NPs.

From Table 2.2, it can be seen that microbes can be well utilized to efficiently
synthesize nanoparticles. Both intracellular (John et al. 2021) and extracellular (Prema
et al. 2022) synthesis of nanoparticles are reported (Natarajan et al. 2010) using
different microbial source with extracellular synthesis being more predominant. In
culture supernatant, protein molecules released outside the bacterial cell helps in the
formation and stabilization of nanoparticles (Alsamhary, K. 1. 2020). These
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biosynthesized nanoparticles are found to have anti-cancerous (Mishra et al. 2011,
Kouhkan et al. 2020) and antibacterial effect (Dhandapani et al. 2012, Ibrahim et al.

2019) and also include its application in degradation of dyes (Devadiga, A. 2016;

Kilpady, A. 2016) and nitroaromatic compounds (Tuo et al. 2015). However the

literature reports on microbial based biosynthesis of nanocomposite structures are

Scarce.

Table 2.2 Nanoparticles synthesized using microbial based synthesis method

Nanoparti | Microorgani ; Synthesis
P J Location Y o Applications | References
cles sm condition
KoTiFs &
K2SiFe:
S0, TiO Fusarium | Intracellul | 107 M; Bansal et al.
102, 1102 . 0 N
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BaTiO3 -
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Lactobacillus
sp., TiO(OH)2:
) Intracellul Jha et al.
TiO2 Sachharomyc 0.025 M L
) ar 2009
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AgNOsa: Pugazhenthi
] Intracellul
Ag Bacillus sp. 3.5 mM; - ran et al.
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temp.: 30 ° 2009
C

24
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method to
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pH: 11
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Based on review of literature on biosynthesis of nanoparticles, it was found that there
are very few papers on the application of microbially synthesized nanoparticles in
photocatalytic degradation of dyes. Very few researchers have studied on the synthesis

of TiO. by bacterial based synthesis. The reports on completely microbial based
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synthesis of heterostructured nanocomposites consisting of semiconductors and metal

oxides, are scarce.

2.2.1 Factors affecting biosynthesis of nanoparticles

Like physical and chemical methods the size of nanoparticles in biological methods can
be controlled using parameters like microorganism type, growth stage (phase) of
microbial cells, growth medium, synthesis conditions, pH, substrate concentrations,

source compound of target nanoparticle, temperature, reaction time etc. (Li et al. 2011).

Bai et al. (2009) investigated the role of Rhodopseudomonas palustris, a photosynthetic
bacteria in the synthesis of cadmium sulphide nanoparticles. Their studies showed that
an intracellular enzyme, cysteine desulfhydrase producing S located in the cytoplasm
was involved in the formation of CdS nanoparticles, which was later transported out of
the cell by R. palustris. The formation and stabilization of the CdS nanoparticles in
aqueous medium could be due to the biological molecules (Bai et al. 2009). According
to Gurunathan et al. (2009) who synthesized silver nanoparticles, the growth phase of
the culture influences the nanoparticle synthesis. They have observed maximum
synthesis in stationary phase of microbial growth. Bai et al (2009) reported an increase
of about 3-fold in CdS nanoparticles formation by Rhodopseudomonas palustris in the
stationary phase compared to the late logarithmic phase. Composition of nutrient media
is also important in biosynthesis of metallic and/or oxide nanoparticles (Kirthi et al.
2011). Stress sensitive membrane bound oxido-reductases and carbon source dependent
oxidation—reduction potential (rH2) in the culture solution were found responsible for
the synthesis of BaTiOs nanoparticles by Jha et al. (2010). Gurunathan et al. (2009)
observed that nitrate medium induces the synthesis of nitrate reductase enzyme
resulting in the synthesis of silver nanoparticles at a faster rate. Bansal et al. (2006)
observed increase in size of BaTiOz nanoparticles from 4+ 1 nm to 4-8 nm after
calcination. pH 6 was used for the synthesis of BaTiOz nanoparticles as a lower value
delayed the process of transformation (Jha et al. 2010). The noble metal nanoparticles
(gold, platinum and palladium) produced at pH 7 of the metal precursor solution were
uniform and ultrafine with size dimension 2 - 7 nm and exhibited good catalytic activity

in degradation of methyl orange dye (Ahmed et al 2018). One pot synthesis of TiO>
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nanoparticles reported by Selvakumar and Suriyaraj (2014) using an extremophilic
Bacillus licheniformis at room temperature exhibited high crystallinity with anatase
phase. Formation of TiO. nanoparticles on the cell wall surface was due to the
extracellular oxidase enzyme from bacteria (Selvakumar and Suriyaraj 2014). Fulekar
and Khan synthesized TiO2 nanoparticles using Bacillus amyloliquefaciens and studied
its photocatalytic activity on degradation of Reactive Red 31 dye. The study revealed
the presence of alpha amylase which was responsible for the synthesis of nanoparticles
and its stabilization (Fulekar and Khan 2016). Glycyl-L-proline was found to be the
major secondary metabolite involved in the reduction and stabilization of TiO;
nanoparticles using Aeromonas hydrophila (Jayaseelan et al. 2013). Dhandapani et al.
(2012) reported that the maximum production of TiO2 nanoparticles occurred at 12 h
of incubation time after the addition of potassium hexafluorotitanate to the bacterial
biomass of Bacillus subtilis which was isolated from a rare earth element soil
(Dhandapani et al. 2012). TiO2 nanoparticles synthesis was maximum under optimum
condition of 0.1 M TiO(OH). concentration, incubation temperature of 37 °C and
culturing time of 96 h using Halomonas elongata IBRC-M 10214 strain (Taran et al.
2018). Cuevas et al. (2015) reported that alkaline pH and of CuCl, concentration of 5
mM favoured the formation of copper/copper oxide nanoparticles using white rot
fungus Stereum hirsutum. Mishra et al. (2011) found that the nanoparticles synthesized
using live biomass solution of Penicillium brevicompactum was slower when compared
to those synthesized by live cell filtrate and supernatant latter showing the better
morphology. Nanoparticle formation was favoured at pH 5 -8 with different shapes like
spherical, triangular and hexagonal (Mishra et al. 2011). An equal volume ratio of cell
filtrate to the substrate (CuSOs solution) and 60 min of incubation time led to the
formation of well-defined CuO nanoparticles synthesized using Streptomyces sp.
MHM38 strain (Bukhari et al. 2021). Devadiga, A. (2016) has found that the precursor
salt concentration, volume ratio of the cell free culture broth to the precursor salt
solution and pH of the synthesis mixture play an important role in the formation of Ag
and TiO2 nanoparticles in extracellular cell free synthesis and these parameters
influence the crystallinity, morphology, crystalline phase formed and photocatalytic

antibacterial properties of the nanoparticles.
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Based on the literature review, it is concluded that composition, size, shape,
morphology, crystallinity characteristics, properties, activity and application potential
of the nanoparticles depend on the microorganism used, method of synthesis, synthesis
conditions such as precursor salts used, their concentration, synthesis mixture pH,
volume ratio of cell free supernatant and precursor solution, calcination temperature

and time.

2.3 REACTION PARAMETERS AFFECTING DEGRADATION PROCESS

Various reaction parameters like pH of the solution, catalyst dosage, initial
concentration of the pollutant greatly influences the photocatalytic degradation process.
Shi et al. (2022) observed high photocatalytic activity of Magnetic graphene
oxide(MGO)/peroxymonosulfate (PMS) in degradation of Coomassie brilliant blue
G250 at pH 9.4 and on further increase in the pH to 11, resulted in decrease in dye
degradation due to repulsive forces between MGO and (PMS) at pH > 9.4. Kumar et
al (2016) studied the effect of pH on degradation of methylene blue using
Ag/TiO2@polypyrrole under UV and visible light where the degradation increased
from pH 3 to 9 with maximum degradation at pH 9 which is attributed to the
electrostatic interaction of negative surface charge of the catalyst and the positive MB
ions. Acidic pH tends to decrease the degradation due to the positive charge of the
catalyst acquired through protonation in acidic medium and the positive MB ions.
Therefore pH plays a major role in the interaction of the catalyst surface and the dye

molecules further affecting the degradation rate.

Initial dye concentration is also an important parameter influencing the adsorption
process in degradation studies as it can increase or reduce the availability of binding
sites on the surface of adsorbent (Rapo and Tonk 2021). Saruchi et al. (2019) have found
the increase in adsorption capacity of CuO nanoparticles from 21.56 to 98.1 mg/g with
the increase in methylene blue dye concentration from 100 - 500 mg/L which also
implies that dye uptake increases with concentration until equilibrium is attained
beyond which there is lack of space for the absorption to occur. Kumar et al. (2016)
have reported that the degradation of methylene blue dye decreased from 99.62 % to

83.9 % on increasing the concentration of dye from 4 — 20 mg/L due to the surface
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coverage of the Ag/TiO.@polypyrrole catalyst with the dye molecules suppressing the
production of hydroxyl radicals and also due to the decrease in light penetration with
the increase in the dye concentration (Kumar et al. 2016). Catalyst dosage also influence
the degradation efficiency, as reported by Kgatle et al. (2021) where the increase in
Fe/Cu/Ag catalyst dosage favoured the degradation rate of methyl orange dye with
higher degradation obtained at 10 mg of catalyst dosage for 10 mg/L of initial
concentration of dye. According to Narasaiah et al. (2022) as the catalyst dose increases
more free radicals are generated leading to higher degradation rate. They varied the
TiO2 dosage of 10, 20 and 30 mg with the initial concentration of 10 ppm of rhodamine
B and methylene blue and found that the degradation of both the dyes increased with
increased catalyst dosage. The enhancement in degradation could be due to the more
number of active sites available for adsorption which results in higher degradation
(Kgatle et al. 2021), however higher than optimum amount leads to turbidity of the
solution preventing the absorption of light ultimately reducing the degradation rate
(Sheydaei et al. 2019).

Several of these studies has focused on the application of these efficient photocatalysts
on degradation of dyes with single dye component, however textile industry releases
mixture of dyes into the aquatic body, therefore studying the effect of one dye on the
other in mixed condition is highly necessary. Ammari et al. (2020) investigated the
photocatalytic activity of the TiO> in the degradation of the binary dyes (methyl orange
and methylene blue) in the mixture as well as individually under UV light and studied
the influence of reaction conditions such as initial concentration, pH etc. and found that
the degradation of methylene blue is greatly affected by the presence of methyl orange
than vice-versa. Another study conducted by Sanni and group (2020) found that the
titania dispersed on dealuminated clinoptilolite exhibited excellent photocatalytic
activity in degradation of methylene blue and methyl orange in mixed condition in the
presence of UV light. ZnS quantum dots was used in the photocatalytic degradation of
brilliant green, rhodamine B and binary mixture of the same with optimal catalyst
loading of 1 mg/ and showed significant reduction of dyes in individual and in mixtures
(Ajibade and Oluwalana 2021). Zinc oxide nanoparticles synthesized using purple tea

leaf extract had the ability to degrade Malachite green and Rhodamine B under visible
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light with higher reduction obtained for their mixture than single dye solutions (Das et
al. 2021). Chemically synthesized Ag@ TiO2 nanoparticles were found to effectively
degrade dyes such as Acid Yellow -17 and RB 220 dye under both UV and solar light
with highest degradation seen under sunlight (Khanna and Shetty 2014).
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2.4 RESEARCH GAPS, SCOPE AND OBJECTIVES OF THE RESEARCH
WORK

The review of literature suggested that the conventional methods of treatment of dye
contaminated effluents from industries are not adequate as they do not lead to
mineralization of the dyes. Heterogeneous photocatalysis using TiOz is gaining interest
as it leads to mineralization of dyes. But its wide band-gap restricts its utilization under
visible light, which can however be resolved by applying strategies like doping,
coupling or capping of TiO2. (Gupta et al. 2011). Core-shell and composite structures
are found to enhance the photocatalytic activity of TiO: in visible light. TiO> modified
with other semiconductors or metal/metal oxides exhibit visible light activity and
prevent electron-hole recombination effectively, thus enhancing the photocatalytic
activity. Such nanostructured materials can harness solar energy making the

phtocatalytic treatment economical and energy efficient.

Ag based TiO2 nanocomposite was found to be effective as a photocatalyst under visible
light (Liu et al. 2019). Ag based TiO2 nanocomposites therefore shows great promise
as a photocatalytic material due to their photoreactivity and visible light response (Wei
et al. 2016). Ag based TiO2 nanomaterials have been reported to exhibit solar (Nguyen
et al. 2023) or visible (Paul et al. 2016) light mediated photocatalytic activity. The
presence of copper oxides in TiO2 nanocomposites have been found to improve the
photocatalytic activity in degradation of pollutants under visible light (Lu et al. 2019;
Bopape et al. 2023). Recent studies report the evaluation of ternary composite structures
where TiO2 is modified with bimetallic nanoparticles exhibiting photocatalytic
applications (Pino-Sandoval et al. 2020, Mendez-Medrano et al. 2016). Ag-Cu/TiOz
photocatalyst synthesized by Pino-Sandoval et al. (2020) and Ag@CuO/TiO-
nanocomposites synthesized by Mendez-Medrano et al. (2016) have been reported to
exhibit reduced band-gap energy and superior photocatalytic activity under visible and
solar light. These modified TiO2 nanostructures with Ag and Cu or their oxides have
been found to be efficient photocatalyst in water treatment processes. However, the
literature reports restrict to the nanocomposite materials synthesized by chemical or

physical routes.
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The chemical and physical methods of synthesis of nanoparticles use toxic chemicals
and are energy intensive. This creates a need to develop a greener method which is
simpler, which can be carried out under ambient conditions, environmental friendly and
cost-effective. Therefore researchers have focused on biological synthesis of
nanoparticles by exploiting the living organisms (Pugazhenthiran et al. 2009). Many
studies have been reported in the literature with the microbial synthesis of Ag, TiO2 or
CuO nanoparticles individually which were majorly used for antibacterial applications.
There are very few literature reports on the application of microbially synthesized

nanoparticles for photocatalytic applications.

To the best of our knowledge, the microbial synthesis of nanocomposites have been
reported very scarcely and there is no study reported on the synthesis of silver based
titanium nanocomposites and their modification with Cu using microbial-mediated
approach. It was hypothesized that by suitably developing a method of microbial based
synthesis, visible light active silver based titanium nanocomposites and their
modification with Cu may be synthesized. Further, the synthesis parameters may be

optimized in order to obtain the best photocatalytic activity.

Alcaligenes aquatilis, a bacteria isolated form Ag laden environment has been found to
be able to independently synthesize Ag and TiO2 nanoparticles extracellularly by using
the cell free supernatant (Devadiga, 2016). It was hypothesized that the method for the
synthesis of individual nanoparticles may be suitably modified to prepare Ag based
TiO2 composite nanostructures and their modification with Cu, possessing good
photocatalytic activity under solar/visible light. Therefore in the present study
microbial based extracellular synthesis of Ag based TiO2 nanocomposite and Ag based
TiO2 nanocomposite modified with Cu using the cell free culture supernatant of
Alcaligenes aquatilis at room temperature is investigated in terms of degradation of two
of the widely used textile azo dyes, viz Reactive blue 220 and Acid yellow 17 under
visible and solar irradiation. Based on the extensive review of literature and the gaps

identified thereof, the following objectives are proposed for the current research work.
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OBJECTIVES OF THE RESEARCH WORK

The main objective is to biologically synthesize Ag based TiO2 nanocomposite and Ag

based TiO. modified with Cu nanocomposite structures using Alcaligenes aquatilis for

their application in photocatalytic degradation of dyes under visible and solar light

irradiation.

The specific objectives are

To biologically synthesize Ag based TiO2 nanocomposite structures by different
methods and to select a method yielding nanocomposite structures with the best
photocatalytic activity in terms of RB 220 dye degradation under visible light
irradiation.

To characterize the biosynthesized nanocomposite structures

To study the effect of synthesis parameters like molar ratio of silver to titanium
used in the synthesis process, pH of culture supernatant and synthesis time (time
after the addition of precursors) on the photocatalytic degradation efficacy of
these nanocomposite structures under visible light irradiation.

To study the effect of initial dye solution pH, catalyst loading and initial dye
concentration on the photocatalytic degradation of dye by these Ag based TiO>
nanocomposite structures under visible light irradiation.

To synthesize Ag based TiO2 nanocomposite modified with Cu and to optimize
the Ag:Ti:Cu ratio and calcination temperatures to maximize the degradation of
RB 220 dye.

To study the photocatalytic degradation of AY 17 dye using Ag based TiO>
nanocomposite and Ag based TiO, modified with Cu nanocomposite structures
under visible light irradiation and solar light irradiation.

To study the effect of the presence of other dyes and its influence on the
photocatalytic degradation of RB 220 dye using biosynthesized Ag based TiO>
nanocomposite modified with Cu under visible light irradiation.

To study the pathway of degradation and to propose a possible mechanism of

dye degradation.
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CHAPTER 3

MATERIALS AND METHODS

This chapter presents the materials used in this study and the methods adopted to fulfil

the stated objectives.

3.1 MATERIALS

The bacterial strain used in the present study was Alcaligenes aquatilis (GenBank
Accession ID KP772325), which was earlier isolated by our Research Group
(Aishwarya Devadiga 2016) from the dust on silver smith’s work bench. Nutrient Agar
and Nutrient broth for culturing of microorganism was purchased from HiMedia,
Mumbai, India. Potassium hexafluorotitanate (K>TiFs) and silver nitrate (AgNO3, 99 %
purity) was purchased from Sigma Aldrich and cupric sulphate pentahydrate
(CuS04.5H20, 98.5 %), was procured from Loba Chemie Pvt. Ltd. Mumbai, India.
Reactive Blue 220 (RB 220) dye was procured from Indian Fine Chemicals Pvt Ltd,
Bangalore, India and Acid Yellow 17 (AY-17) dye of 60 % purity was obtained from
Sigma Aldrich Chemicals Pvt.Ltd., Bangalore, India. All the chemicals were used as
received. Deionized water was used for all the experiments. The chemical structure of
RB 220 and AY 17 are presented in Fig.3.1.
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Fig. 3.1. Chemical structure of RB 220 (Boduroglu et al. 2014) and AY 17
(https://pubchem.ncbi.nlm.nih.gov/compound/C.1.-Acid-Yellow-17-disodium-salt)
dye

3.2 PREPARATION OF CELL FREE SUPERNATANT (CFS)

A single colony of the bacteria Alcaligenes aquatilis was inoculated into a 250 mL
conical flask containing 100 mL of sterile nutrient broth. This flask was incubated for
24 h at 28+2°C and 120 rpm in an incubatory shaker. 1 mL from this culture was added
to 100 mL sterile nutrient broth and incubated for 24 h at 28+2°C and 120 rpm. The
CFS was separated from the biomass by centrifuging the culture at 20000 rpm for 5
min at 4°C and the so obtained supernatant was stored at 4°C until further use. The pH
of the CFS was adjusted to a desired value by using 0.1 N NaOH or 0.1 N HCI before

the synthesis of nanocomposites.

3.3. BIOSYNTHESIS OF Ag BASED TiO2NANOCOMPOSITES
Ag-based TiO2 nanocomposites were synthesized from cell free supernatant of

Alcaligenes aquatilis bacteria using the following three methods
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Method A -  Two-step method

Method B — One pot synthesis method with consecutive addition of precursors
with time gap between the additions

Method C -  One pot synthesis method with simultaneous addition of precursors

3.3.1. Method A: (Two step method)

50 mL of 100 mM of silver nitrate solution (precursor for silver oxide) was added to 50
mL of CFS (pH 11) of Alcaligenes aquatilis and maintained at 120 rpm for 24 h at
28+2°C following which the synthesis mixture was centrifuged and the pellet of
nanoparticles was washed with distilled water. The pellet of synthesized nanoparticles
was added to 50 mL supernatant (CFS pH 11) followed by the addition of 2 g of K>TiFs
salt as the precursor for TiO2, maintained at room temperature for 24 h at 120 rpm, to
obtain Ag to Ti molar ratio of 1:1.6. The synthesis mixture was then centrifuged,
washed with distilled water and then dried in hot air oven at 100°C. The dried
nanoparticles were ground in a mortar and pestle and stored in a desiccator till further
use. Fig. 3.2 shows the schematic representation of the Method A for the synthesis of

nanocomposites.

Cell-free supernatant
(CFS) of bacteria AgNO; solution
Alcaligenes aquatilis
24 h; 120 rpm l I
28+2°C — ‘
/ \_ Centrifugation o I Silver-based CFS of
/ N — — fver- as.,e Alcaligenes K;TiFg
- nanoparticle e
W ' aquatilis
Reduction of Ag Separation of \
nanoparticles
‘, I 24 h; 120 rpm
R . R / \
Ag-based TiO, Drying Centrifugation /= \ = | 28+2°C
nanocomposite ' r\ ~ /‘)
Separation of Formation of Ag-based TiO,
nanoparticles nanocomposite

Fig. 3.2 Schematic representation of Method A for synthesis of the nanocomposites.
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3.3.2. Method B (One pot synthesis method with consecutive addition of
precursors with time gap between the additions):

To 50 mL of 100 mM silver nitrate solution, equal volume of clear CFS (pH 11) was
added and kept for reaction at 120 rpm at ambient temperature of 28+2°C. After 24 h,
2 g of KTiFs salt was added to the same reaction mixture and it was maintained at
ambient temperature of 28+2°C for 24 h at 120 rpm. The resulting mixture was
centrifuged, the pellet was washed with distilled water and then dried in hot air oven at
100°C. The dried nanoparticles were ground in a mortar and pestle and stored in a
desiccator till further use. The Ag to Ti molar ratio used in the synthesis process is
1:1.6. Fig. 3.3 shows the schematic representation of Method B for synthesis of the

nanocomposites.

Cell-free supernatant

(CFS) of bacteria AgNO, solution
Alcaligenes aquatilis

| K,TiFg
24 h; 120 tpm

28+2°C
ﬁ 24 h; 120 rpm |
) 2842°C \ Centrifugation B Drvin .
y \ .// \ ying Ag-based TiO,
/ \ / \ nanocomposite
S5z | 4
Reduction of Ag Separation of

nanoparticles
Formation of Ag-based TiO,

nanocomposite

Fig. 3.3 Schematic representation of Method B for synthesis of the nanocomposites

3.3.3. Method C (One pot synthesis method with simultaneous addition of
precursors)

To 50 mL of CFS solution (pH 11), 100 mM of 50 mL silver nitrate solution and 2 g of
K-TiFs salt were added. The reaction mixture was maintained at room temperature of

28+2°C for 24 h at 120 rpm following which the solution was centrifuged and dried as
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explained in Method A. Fig. 3.4 shows the schematic representation of Method C for

synthesis of the nanocomposites.

Cell-free supernatant
(CFS) of bacteria K, TiFg
Alcaligenes aquatilis

24 h; 120 rpk H /

AgNO; solution

28+2°C ‘ L
/'/. \'\ Centrifugation F Drying Ag-based TiO,
/ \ —— — .
& ) ‘ ’ nanocomposite
Formation of Ag-based TiO, Separation of
nanocomposite nanoparticles

Fig. 3.4 Schematic representation of Method C for synthesis of the nanocomposites

3.4. Choice of method of synthesis

Ag-based TiO2 nanocomposites synthesized by Method A ,Method B and Method C
were tested for their photocatalytic activity in the degradation of 100 ppm RB 220 dye
by conducting batch experiments as described in Section 3.8 under visible light
irradiation. The method of synthesis was chosen based on the maximum photocatalytic
activity in terms of degradation of RB 220 dye.

3.5. Optimization of synthesis parameters for Ag-based TiO2 nanocomposites

Further the synthesis parameters in Method A were varied to maximize the degradation
of RB 220 dye. The parameters like pH of the CFS used in the synthesis, molar ratio
of Ag to Ti used in the synthesis process and the reaction time in the Step 1 (reaction
time after the addition of Ag precursor, tstep 1)and Step 2 (reaction time after the addition
of KoTiFe salt, tsep 2) were varied for the synthesis. The nanocomposites thus
synthesized were used as photocatalysts in the degradation of RB 220 under visible
light irradiation. The synthesis parameters which yielded the maximum dye degradation

were chosen as the optimum.
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3.5.1 Optimization of molar ratio of Ag to Ti

The synthesis of Ag-based TiO2 nanocomposites was carried out by Method A as
described in Section 3.3.1, by keeping all the parameters constant (CFS pH 11 and
reaction time of 24 h each in both the steps) and by varying the amount of K> TiFe salt
added in Step2as 0.5g,1.0g,1.5g,2 gand 2.5 g to obtain the molar ratio of Ag to Ti
in the synthesis process as 1:0.4, 1:0.8, 1:1.2, 1:1.6 and 1:2.0 respectively. Dye
degradation studies were carried out with 100 ppm RB 220 with the synthesized
nanocomposites as the catalyst at loading of 0.1 g/L under visible light irradiation with
constant stirring for 90 min. The molar ratio that yielded nanocomposite which resulted

in maximum degradation of the dye was selected as the optimum.

3.5.2 Optimization of pH of cell free supernatant

As described in section 3.3.1, nanocomposites were synthesized by Method A by
keeping all the parameters constant (optimum Ag to Ti molar ratio of 1:1.6; and reaction
time of 24 h each in both the steps) but by varying the CFS pH from 5 to 13. The pH
of cell free supernatant was adjusted using 0.1 N H2SO4 or 0.1 N NaOH. Dye
degradation studies were carried out with 100 ppm RB 220 with the synthesized
nanocomposites as the catalyst at loading of 0.1 g/L under visible light irradiation with
constant stirring for 90 min. The pH of the CFS that yielded the nanocomposite which

resulted in maximum degradation of the dye was selected as the optimum.

3.5.3 Optimization of reaction time after the addition of Ag precurser, tstep1 and
after the addition of KoTiFs salt, tstep 2)

Based on the above optimized condition of Ag to Ti molar ratio and pH of CFS, studies
were performed to find out the suitable reaction time for the synthesis. The
nanocomposites were synthesized by Method A by keeping all the parameters constant
(optimum Ag to Ti molar ratio of 1:1.6; optimum pH of CFS 7). The synthesis time
after the addition of silver nitrate was varied between 2 - 24 h with 24 h synthesis time
kept constant after the addition of KoTiFe. Dye degradation studies were carried out
with 100 ppm RB-220 with the synthesized nanocomposites as the catalyst at loading
of 0.1 g/L under visible light irradiation with constant stirring for 90 min. The optimum

tstep 1 Was selected based on the maximum dye degradation. Further the nanocomposites
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were synthesized by Method A by keeping all the parameters constant (optimum Ag to
Ti molar ratio of 1:1.6; optimum pH of CFS pH 7 and optimum tswep 1 0f 4 h) and varying
the synthesis time after the addition of KzTiFs (tstep 2) as 2, 4, 8, 16 and 24 h. The

optimum tstep 2 Was selected based on the maximum dye degradation.

3.6. BIOSYNTHESIS OF TiO: (BIO-TiO2) AND AgO/Ag.0 NANOPARTICLES
Bio-TiO2 nanoparticles were biologically synthesized by adding 2 g of K>TiFe into 50
mL of CFS (at pH7) and carrying out the synthesis for 4 h at room temperature of
28+2°C at 120 rpm. The colloidal suspension was then centrifuged, pellets were washed
with distilled water and then dried in hot air oven at 100°C. The dried nanoparticles
were ground in a mortar and pestle and stored in a desiccator till further use.

AgO/Ag20 nanoparticles were biologically synthesized by adding 50 mL of 100 mM
silver nitrate solution to 50 mL of CFS (at pH 7) and stirring at 120 rpm for 4 h at room

temperature of 28+2°C for the reduction of silver nitrate to form the nanoparticles.

3.7. SYNTHESIS OF Ag BASED TiO2 MODIFIED WITH Cu
NANOCOMPOSITES (ATC) WITH OPTIMIZATION OF SYNTHESIS AND
CALCINATION CONDITIONS

The synthesis of Ag based TiO2 modified with Cu nanocomposites (ATC) is a three
step method. In this method Ag based TiO2 nanocomposite was synthesized by a Two-
step method (Method A) under optimized condition of Ag:Ti molar ratio of 1:1.6,
synthesis pH of 7 and total time of 8 h with 4 h in each step as follows: 50 mL of 100
mM of silver nitrate solution was added to 50 mL of CFS (pH 7) of Alcaligenes
aquatilis and maintained at 120 rpm for 4 h at 28+2°C following which the solution
was centrifuged and the pellet of nanoparticles was washed with distilled water. The
pellet of synthesized nanoparticles was added to 50 mL CFS followed by the addition
of 2 g of KoTiFe salt, as the precursor for TiO2 maintained at room temperature for 4 h
at 120 rpm, to obtain Ag to Ti molar ratio of 1:1.6. The reaction mixture was then
centrifuged, pellet was washed with distilled water and further suspended in 50 mL
CFS (pH 7) and desired amount of Cu precursor (CuSO4. 5H20) was added to this CFS
mixture in the third step and incubated for 4 h at 120 rpm at room temperature of
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28+2°C. The amount of CuSO4. 5H>0 was varied as desired. The amount of CuSOa.
5H,0 added was calculated to achieve desired Cu concentration in the synthesis
mixture. The amount of CuSO4. 5H20 added, Cu concentration in the synthesis mixture
and the corresponding molar ratio of Ag:Ti:Cu in the synthesis process are presented
in Table 3.1. The pellets were separated by centrifugation. The nanoparticles thus
obtained were washed with distilled water and dried at 100°C for 3 h. The dried
nanoparticles were then calcined for 3 h at 400°C or any other temperature as desired
for the experiments and used for further experiments. Fig. 3.5 shows the schematic
representation of the synthesis process of Ag based TiO, modified with Cu

nanocomposites (ATC) using the three step method.

Table 3.1 Optimization of molar ratio of Ag:Ti:Cu

Designation for Ag Amount of Cu
based TiO2 modified precursor (CuSOa. Concentration

with Cu 5H20) added per 50 of Cu (mM) Ag:Ti:CU

nanocomposites mL of CFS (g)
ATC-25 0.312 25 1:1.6:0.23
ATC-50 0.625 50 1:1.6:0.46
ATC-75 0.937 75 1:1.6:0.7
ATC-100 1.25 100 1:1.6:0.92
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Fig. 3.5 Schematic representation of the synthesis process for Ag based TiO>

modified with Cu nanocomposite (ATC)

The synthesis of silver oxide modified with Cu (AC) nanoparticles were performed
under similar conditions using Two-step method, by adding 50 mL of 100 mM silver
nitrate solution to 50 mL CFS (at pH 7) and followed by incubation at 28+2°C for 4 h
at 120 rpm. The pellet (silver oxide nanoparticles) which was obtained after 4 h
synthesis was then suspended in 50 mL CFS (pH 7) which is followed by the addition
of 0.937 g (optimum) of Cu precursor (CuSOs. 5H20). The synthesis mixture was then
kept under shaking condition at 120 rpm for 4 h at 28+2°C. The synthesis mixture was
centrifuged, pellets were washed, dried and calcined at 400°C for 3 h in a muffle

furnace.

TiO2 modified with Cu (TC) nanoparticles were synthesized using Method A, wherein
2 g of K,TiFe was added to 50 mL of CFS (at pH 7) and incubated at 28+2°C for 4 h at
120 rpm, following which the pellet was separated. The TiO2 pellets were suspended in
50 mL CFS (at pH 7). To this mixture, of 0.937 g (optimum) of Cu precursor (CuSOa.
5H20) was added and incubated for 4 h as described in Section 3.7. The synthesis
mixture was centrifuged, pellets were washed and dried. The dried nanoparticles were

then calcined at 400°C for 3 h and stored in desiccator until further use. Further, the
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(silver oxide modified with Cu and TiO2 modified with Cu) nanocomposites obtained
were studied for their photocatalytic activity in the degradation of RB 220 dye with
initial concentration of 100 ppm, dye pH 3 and catalyst loading of 1 g/L under visible
light.

The dye degradation experiments were conducted with nanocomposites synthesized
with various Ag:Ti:Cu ratio and calcined at 400°C. The degradation studies were
conducted with initial dye concentration of 100 ppm of RB 220 dye at pH 3 and catalyst
loading of 1 g/l for 90 min under visible light irradiation. The optimum ratio of
AQ:Ti:Cu was chosen based on the maximum photocatalytic activity in terms of RB
220 degradation. Further, the Ag based TiO» modified with Cu nanocomposites
synthesized with Ag:Ti:Cu molar ratio of 1:1.6:0.7 (optimum molar ratio) and calcined
at temperatures of 350, 400, 450 and 500° C were assessed for their photocatalytic
activity and the optimum calcination temperature was chosen based on the maximum

photocatalytic activity in terms of RB 220 degradation.

3.8 PHOTOCATALYTIC DEGRADATION STUDIES ON RB 220 AND AY 17
USING THE BIOSYNTHESIZED NANOPARTICLES AS CATALYST UNDER
VISIBLE LIGHT

Photocatalytic activity of the biosynthesized nanoparticles was studied in an annular
reactor which consisted of a double walled glass immersion well having inlet and outlet
tubes for water circulation for cooling. This immersion well was placed inside a
borosilicate cylindrical reaction flask containing the dye solution. The reaction flask
has provisions for supply of air and for sample withdrawal as shown in the Fig. 3.6.
The reaction flask contained 100 mL volume of the dye (RB 220 or AY 17 or the
mixture as desired) solution in water at desired concentrations with desired catalyst
loading and pH. The pH of the reaction mixture was adjusted to a desired value using
0.1 N NaOH or HCI. The mixture was stirred constantly with magnetic stirrer and an
air flow of 1 LPM was provided. 125W White lamp (SAIC, Chennai, India) was placed
inside the immersion well and water was continuously circulated through the jacket
around the immersion well. The entire reactor set up was placed inside an aluminium

chamber. The degradation study was carried out for a desired period of irradiation and
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the samples were withdrawn at regular time intervals and centrifuged at 15000 rpm for
15 min to separate the nanoparticles. The absorbance of the clear solution was recorded
using UV-Visible spectrophotometer (model: U-2000, Hitachi) at 609 nm for RB 220
and 418 nm for AY 17 dye and the concentration of dyes was determined from the

calibration plot. Percentage degradation of dye was calculated using the formula,

Co—C

% Degradation = ( ) x 100 1)

0

where C, is the initial dye concentration and C is the dye concentration in the reactor at

a particular time.

To study the effect of pH, the degradation studies were conducted by varying the initial
pH of the solution from pH 3 to 11 with 0.1 g/L catalyst loading (Ag-based TiO-
nanocomposites ) with 100 ppm RB 220 dye. To study the effect of catalyst loading,
experiments were conducted under optimum pH condition and the catalyst loading (Ag-
based TiO2 nanocomposites) was varied 0.005 g/L — 2 g/L with 100 ppm RB 220 dye.
The optimum solution pH and catalyst loading were chosen based on maximum
degradation of the dye. Effect of initial dye concentration was studied with optimum
pH and catalyst loading (Ag-based TiO> nanocomposites) for different RB 220 dye
concentrations of 100, 200, 300, 400 and 500 ppm for 90 min under visible light.

The studies on degradation of dyes in mixed dye solutions of RB 220 and AY 17 were
carried out with different initial concentrations (50-200 ppm) of each of the dyes in
mixture using Ag-based TiO. modified with Cu nanocomposites (ATC-75) at dye pH
3 and catalyst loading of 1 g/L under visible light irradiation for 5 h.

Reusability studies were conducted upto 3 cycles with 100 ppm of RB 220 dye at pH 3
and catalyst loading of 1 g/L using the optimized Ag-based TiO2 modified with Cu
nanocomposites (ATC-75) under visible light irradiation for 90 min. The nanoparticles
used in the first cycle of photocatalytic dye degradation studies were separated by
centrifugation and washed with water to remove any dye molecules attached to the

surface. The nanoparticles were then dried and used for the subsequent cycles.
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Fig. 3.6 (Left) Schematic diagram of the annular glass photoreactor and

(Right) Photographic image of the reactor

3.9. PHOTOCATALYTIC DEGRADATION STUDIES OF RB 220 AND AY-17
DYE USING BIOSYNTHESIZED NANOCOMPOSITE UNDER SOLAR
LIGHT

Solar photocatalytic experiments were conducted in an open terrace between 11 AM to
12.30 PM with 100 ppm dye solution (RB 220 or AY 17) at pH 3 and catalyst loading
of 1 g/L using the synthesized nanocomposites as a catalyst under constant stirring for
90 min. No additional air supply was provided, as atmospheric air served as a source
for supply of oxygen. The schematic representation of the set-up is shown in Fig. 3.7.
The light intensity of solar light was measured using LUX meter and it was found to be
900*100 lux. Samples were withdrawn at regular time intervals and the concentration
of dyes was determined by spectrophotometric analysis and the percentage dye
degradation was calculated using equation (1).
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Fig. 3.7 Schematic diagram of the batch stirred reactor set-up for solar photocatalysis

Liquid Chromatography-Mass Spectrometry (LCMS) analysis of the samples collected
at different time intervals during the reaction was performed using Waters ACQUITY
UPLC-H Class Plus Bio system having Terra C18 column and acetonitrile-water
(70/30) as the mobile phase.

3.10 CHARACTERIZATION OF THE BIOSYNTHESIZED NANOPARTICLES
The synthesized Ag based TiO. nanocomposite and Ag based TiO.> modified with Cu
nanocomposites (ATC) were characterized for optical absorption by suitably diluting
the samples in distilled water using Hitachi UV (model U-2000) spectrophotometer at
a scan range of 300-800 nm and band gap (Eg) was obtained from Tauc plot by plotting
(Ahv)"vs hv (eV). The topographical features of the synthesized nanocomposites was
characterized by Field emission scanning electron microscopy (FESEM) and elemental
determination by energy-dispersive X-ray spectroscopy (EDS) using 7610FPLUS, Jeol
(Japan) instrument. The shape and morphology of the synthesized nanocomposite was
studied using transmission electron microscopy (TEM) by preparing the diluted sample
on carbon grid using JEM 2100 instrument. X-ray diffraction (XRD) studies was
performed for the synthesized nanocomposites using Rigaku Miniflex 600 under Cu-
Ka radiation (1.5406 A°) operated at a 20 range of 20° - 80°. The crystallite size was

calculated using Debye-Scherrer’s formula (2),

d=kA/p cos O ----mnmmmmmm- (2)
where d is the mean diameter of the nanoparticles, k is the constant dependent on

crystallite shape (0.89), A is wavelength of X-ray radiation source, P is the angular
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FWHM of the XRD peak at the diffraction angle 6 (Rahuman et al. 2011). FTIR
(Fourier transform infrared spectroscopy) spectrum was recorded to find out the
functional groups present in the nanocomposite acting as a capping agent by mixing the
dried powder with KBr pellet using Bruker (Alpha) spectrometer. X-ray photoelectron
spectroscopy (XPS) analysis was performed to investigate the binding energy and
oxidation state of the nanocomposites using PHI 5000 Versa Prob Il instrument. The
flow rate was maintained at 0.08 mL/min and the injection volume was 20 pl.
Photoluminescence spectroscopy (PL) of the synthesized nanoparticles was performed
to study the recombination of electrons and holes using Horiba FluoroMax-4

spectrofluorometer.

3.11 PREPARATION OF RB-220 AND AY-17 DYE SOLUTIONS AND
ANALYSIS OF THEIR CONCENTRATION

0.1 g of RB 220 dye was dissolved in distilled water and diluted to 100 mL in a standard
flask to make up 1000 ppm stock solution. To prepare 100 mL of 100 ppm dye solution,
10 mL of 1000 ppm stock solution was added to 100 mL standard flask and the volume
was made upto 100 mL using deionized water. AY 17 dye solution was prepared by
taking 0.16 g of the dye and dissolving it in water upto 100 mL to make a stock solution
of 1000 ppm. To prepare 100 ppm of the dye solution, 10 mL of the stock solution
(1000 ppm) was diluted upto 100 mL using deionised water.

Standard solutions of RB 220 dye and AY 17 were prepared at different concentrations
of dye and the corresponding absorbance was measured at 609 nm and 418 nm
respectively using UV — Visible Spectrophotometer (Hitachi model no. U-2000) to plot
the standard calibration. The standard calibration plots for RB-220 (in concentration
range of 1 ppm to 10 ppm) and AY-17 (in concentration range of 1 to 10 ppm) are
presented in Fig. 3.8 and 3.9 respectively. The dye concentrations in unknown samples
were determined corresponding to the measured absorbance values at 609 nm for RB
220 or 418 nm for AY 17 from UV - Visible Spectrophotometer using the

corresponding calibration curves.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results of the experiments conducted to fulfil the objectives
along with the discussions. It presents the selection of a suitable method for
biosynthesis of Ag based TiO. nanocomposite using the bacteria Alcaligenes aquatilis,
followed by optimization of synthesis parameters to maximize their photocatalytic
activity in terms of degradation of RB 220 along with the characterization of the
synthesized nanocomposites and studies on the effect of dye degradation parameters to
enhance the degradation of RB 220 dye. The biosynthesis of Ag based TiO> Modified
with Cu nanocomposite, the optimization of its synthesis parameters along with its
application in the degradation of RB 220 and AY 17 dyes from single dyes solution and
mixed dye solution. The studies on solar light mediated photocatalytic degradation of

both the dyes are presented along with kinetics and reusability studies.
4.1 BIOLOGICAL SYNTHESIS OF Ag BASED TiO2 NANOCOMPOSITES

4.1.1. Selection of method for the synthesis of Ag based TiO2 nanocomposites

In the present study, the Ag based TiO2 nanocomposites were synthesized by microbial
synthesis method using the cell free culture broth of the bacteria Alcaligenes aquatilis.
The Ag based TiO2 nanocomposites were synthesized by three different methods viz.
Two step method (Method A), One pot synthesis method with sequential addition of
precursors (Method B) and One pot synthesis method with simultaneous addition of
precursors (Method C) as explained in Section 3.1. The synthesis was carried out under
ambient conditions. The photocatalytic activity of the synthesized nanocomposites was
investigated based on their activity in the degradation of Reactive Blue 220 dye under
visible light irradiation. Batch experiments were conducted with initial dye
concentration of 100 ppm at a catalyst loading of 0.1 g/L under 125W visible light.

As observed in Fig 4.1, the nanocomposites synthesized by all the three methods

yielded > 95% degradation of the dye at the end of 90 min. However, around 49%
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degradation of the dye was achieved at the end of 15 min with the nanocomposites
synthesized by Method A whereas 46.6 % and 39.8 % degradation was seen with
nanocomposites synthesized by Method C and Method B respectively. The initial rate
with nanocomposites synthesized by Method A was found to be 3.26 mg/L/min which
is comparatively higher than that by Method B (2.63 mg/L/min) and Method C (3.1
mg/L/min) This implies that the rate of degradation is relatively faster with the
nanocomposite synthesized by Method A as compared to those synthesized by Method
C or Method B. Thus, the Ag based TiO> nanocomposites synthesized by Method A

exhibits better photocatalytic activity under visible light irradiation.
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Fig 4.1 Percentage dye degradation using nanocomposites synthesized by
Method A, Method B and Method C

rurther the photocatalytic activity of Ag based TiO, nanocomposites synthesized by
Method A, was confirmed by performing the batch experiments for dye removal under
the following conditions (i) in the presence of Ag based TiO2 nanocomposites and light,
(if) only visible light in the absence of nanocomposites and (iii) under dark in the
absence of nanocomposites. However when the experiment was conducted under dark
in the presence of nanocomposites, there was negligibly small amount of dye removal
which indicated that dye removal due to adsorption is very minimal. As observed in

Fig. 4.2, on exposure to light for 90 min in the absence of nanocomposites, 71% dye
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removal was achieved, while 96% of dye removal was achieved in the presence of
nanocomposites and light, which suggested that the Ag based TiO2 nanocomposite
synthesized by method A, enhances the degradation of the dye. The enhancement of
rate in the presence of the nanocomposites was observed, which indicates that the Ag
based TiO2 nanocomposites synthesized by Method A are photocatalytically active.
Various studies have shown enhanced photocatalytic activity due to the modification
of TiO2 with silver/silver oxides. (Kerkez et al. 2015, Duran-Alvarez et al. 2020, Albiter
etal. 2015, Zhao et al. 2017). The initial rate of degradation in the presence of light and
the catalyst was found to be 3.26 mg/L/min, which is much higher than 1.57 mg/L/min
which was obtained under light, in the absence of the catalyst. These results confirm
that Ag based TiO2 nanocomposites synthesized by Method A can be used as
photocatalyst in dye degradation under visible light.
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Fig. 4.2 Percentage dye removal using Ag based TiO2 nanocomposite (synthesized by
Method A) in the presence of (i) nanocomposite and light (ii) only visible light
without nanoparticles

The calcination of nanoparticles has been reported to enhance the photocatalytic
activity of the nanomaterials (Sienkiewicz et al. 2021; Almeida et al. 2020). In order
to assess whether the photocatalytic activity of the synthesized nanoparticles may be
improved by calcination, the as synthesized nanocomposites (synthesized by Method

A) were calcined at 450°C for 3 h and their activity was compared with that of
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uncalcined nanoparticles. As observed in Fig. 4.3, the calcined nanocomposite showed
marginally better degradation when compared to uncalcined nanocomposites.
However, the marginally better degradation with the calcined particles may be
attributed to enhanced crystallinity, phase transformation, changes in crystallite size
and alteration in the microstructure of the catalyst by removal of surface residues by
calcination (Hu et al. 2014; Narkbuakaew and Sujaridworakun 2019; Kim et al. 2021).
As the organic functional groups surrounding the nanoparticles are known to disappear
during the heating process (Dhandapani et al. 2012), there may not be any possible role
of biomolecules in the photocatalytic activity. However, as the calcination involves
higher energy requirement and the resultant enhancement in degradation is only
marginal, the application of uncalcined (as synthesized) Ag based TiO2 nanocomposite
as photocatalyst is recommended. The biologically synthesized Ag based TiO-
nanocomposite has been found to be photocatalytically active without calcination as
against the chemically synthesized Ag based TiO, which showed good photocatalytic
activity only after calcination (Sharma et al. 2018; Narkbuakaew and Sujaridworakun
2019; Khanna and Shetty 2014).
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Fig. 4.3 Effect of calcination on Ag-based TiO, nanocomposite synthesized by
Method A
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4.1.1.1 Characterization of the biosynthesized Ag-based TiO2 nanocomposite

The nanocomposites synthesized by all the three methods (Method A, B and C) were
characterized by XRD and the results are presented in Fig. 4.4. The nanocomposites
synthesized by Method A shows the peaks at 20 =27.85°, 41.26°, 54.89°, corresponding
to the rutile phase TiO2 at Miller indices of hkl (110), (111) and (211) respectively
(JCPDS 00- 088-1173). The presence of both Ag-0O and AgO crystalline phases were
observed in the nanocomposite with the peak of Ag»O seen at 26.24°, 37.63° and 38.69°
corresponding to crystalline planes (110), (200) and (101) respectively (JCPDS 01-076-
1393; 00-019-1155). The peaks at 30.53°, 32.30°, 43.75°, 46.25° and 57.56° can be
assigned to (121), (-111), (114), (132) and (402) crystalline planes of AgO (JCPDS 01-
084-1108; 01-075-0969). Method B and Method C presents almost similar XRD pattern
showing the presence of rutile TiO2, Ag2.0 and AgO. Method B shows the presence of
TiO2 peak at 27.79° and which is indexed to (110) rutile planes respectively (JCPDS
00- 088-1173). Method C shows the 260 peak at 27.68° and 54.85° and corresponding to
the (110) and (211) crystalline planes of rutile TiO2 respectively (JCPDS 00- 088-
1173). Both Method B and Method C show the significant diffraction peak at 32.15°
attributing to the crystalline plane (-111) of cubic AgO. Apart from this, there is also a
peak of AgO at 46.16° and 57.51° indexed to the plane (132) and (402) respectively.
There are no peaks observed for Ag20 in the nanocomposites synthesized by Method
B and Method C. Method A shows the presence of additional peaks corresponding to
TiO2 and AgO which is absent in Method B and Method C. These results suggest that
higher photocatalytic activity exhibited by Method A could be attributed to the presence
of additional peaks of AgO and TiO2and also due to the presence of Ag>0 peaks which
is known to render visible light absorption property. These results indicate that the
nanocomposites synthesized by Method B and C comprise of rutile TiO2 and AgO
whereas Method A shows the presence of rutile TiO2, AgO and Ag.0. Thus, the
synthesized particles are hereinafter referred as AgO/Ag.O-TiO2> nanocomposite
particles. The crystallite size of the nanocomposites calculated using Scherrer’s formula
for Method A, Method B and Method C was found to be 38 nm, 28.04 nm and 32.37
nm respectively. Although smallest crystallite size is observed for Method B, rapid

photocatalysis is exhibited by the nanocomposites synthesized by Method A.
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Fig. 4.4 XRD pattern of the nanocomposites synthesized by Method A, B and C.

The UV-Vis absorption spectra of the nanocomposites synthesized by all the three
methods were recorded (Fig. 4.5) in order to understand the reason for higher
photocatalytic activity of the nanocomposites synthesized by Method A. The spectra
shows that the Ag based TiO2 nanocomposites synthesized by Methods A, B and C
show a narrow peak in the UV range and wide absorption bands in the visible region,
with peaks in the visible region lying in the range of 412 nm to 439 nm. It indicates that
the synthesized nanocomposites can absorb light in UV range and also in wide
wavelength range in the visible region. The absorbance in the visible region is much
higher than that found in the UV region. The spectrum for the nanocomposite
synthesized by Method A shows two absorption peaks at 326 nm and 439 nm. The
nanocomposites synthesized by Method B show the peaks at 324 nm and 412 nm,
whereas, those synthesized by Method C show peaks at 330 nm and 421 nm. The
absorbance peaks seen at around 324 — 330 nm in all the three nanocomposites, could
be attributed to the presence of TiO2 in the nanocomposites which strongly absorbs
light in the UV region. Biswas et al. (2015) have reported the absorption edge for TiO>
to be = 350nm. The threshold edge of absorption band is reported in the range shorter
than 400 nm in the area of the ultraviolet spectrum for TiO> (Namshah et al. 2016). On

the other hand, an intense peak is exhibited by all the three nanocomposites in the
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visible region of around 412 — 439 nm, which shows that maximum absorption by the
nanocomposites occur in the visible region. This shift in the peak towards higher
wavelength could be due to the presence of AgO/Ag-0, which absorb the visible light
(Wei et al. 2016) by lowering the band gap. Ahmed et al. (2013) have found that with
an increase in iron oxide content in titania, the absorption is shifted to longer
wavelength toward the visible region. According to Sun et al. (2017), the existence of
oxides of silver can introduce impurity level and reduce the band gap of TiO2 which
can lead to the absorption spectrum of the sample shift into the region of visible light.
The broad absorption reaching down to ~700 nm may be attributed to the absorption by
Ag20 (Handoko et al. 2019; Liu et al. 2018; Sun et al. 2014). Silver oxides are
considered to be the most potential candidates among the low band gap semiconductors
to form heterojunctions with TiO> due to their most stable phases (Bian et al. 2020).
AgO and Ag.0 have been reported to effectively degrade organic pollutants by
photocatalysis under visible light (Liu et al. 2019; Wei et al. 2014; Sobhani-Nasan and
Behpour 2016).
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Fig. 4.5 UV-Vis absorption spectra of Ag based TiO2 nanocomposites synthesized
by Method A, Method B and Method C.

The spectra show that the nanocomposites synthesized by all the three methods display
high absorbance in both UV and visible region range with maximum absorbance
observed in visible range at 439 nm, 421 nm and 412 nm by Method A, Method C and
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Method B respectively. The particles synthesized by Method A and C show almost
similar absorption values in UV range but the absorbance under visible light in the
range of 400 to 700 nm are higher for nanoparticles synthesized by Method A when
compared to Method C. The visible light and UV light absorbance values are the least
with the nanocomposites synthesized by Method B. Though the nanocomposites
synthesized by both Method A and C show higher visible light absorbance than that at
UV, the nanocomposites synthesized by Method A exhibit the maximum absorption of
visible light. The presence of TiO2 in the composite renders UV light activity and
presence of Ag-O or AgO may be responsible for visible light activity and therefore
two absorption onsets (AO1 and AO2) are seen in the nanocomposites. Liu et al. (2019)
have reported an enhancement of photocatalytic activity of TiO, on incorporation of
Ag20 under visible light. Compositing TiO2 with Ag or silver oxides is responsible for

the activity of the nanocomposite under visible light irradiation.
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Fig. 4.6 Tauc plots for the nanocomposites synthesized by Method A, B and C.
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The Tauc plot was plotted for all the three nanocomposites to determine the band-gap
from the absorption spectra. The linear region of Tauc plot intersecting at (hv) in a
graph of (Ahv)? vs (hv) where A is the absorbance, h is the Plank’s constant, and v =
c/A (¢ = speed of light and A is the wavelength) gives the band-gap energy of the
nanocomposites. Tauc plot indicates that all the three nanocomposites have two
absorption onsets, one in UV range and the other in visible range. The material being a
composite, exhibits two absorption onsets. It is also evident from the absorption spectra
shown in Fig. 4.6. The band-gap energy of the nanocomposites is the minimum energy
required to activate the conduction band electrons. The band-gap energy of the Ag
based TiO2 nanocomposites synthesized by Method A, B and C were found to be 1.5
eV, 1.7 eV and 1.55 eV, respectively. The nanocomposite synthesized by Method A
has the minimum band gap energy value (1.5 eV) as compared to those synthesized by
Method B and C. Gannoruw et al. (2016) have reported bandgap value of 1.58 eV for
chemically synthesized Ag-O/TiO- catalyst. The highest photocatalytic activity of the
nanocomposites synthesized by Method A may be attributed to its lowest band gap
energy. However all the three nanocomposites have the band-gap energy value in the
range of 1.5 to 1.7 eV much lesser than the bandgap energy value of pure anatase TiO>
(~3.2eV) or pure Rutile TiO2 (~3 eV), requiring a wavelength of 388 nm and 414 nm
for activation, respectively (Coutts et al. 2016). The synthesized nanocomposites
exhibited lower band gap values compared to Degussa P25, which being a mixture of
anatase (70-85%) and rutile TiO2 has a band gap of 3.15 eV due to the high content of
the anatase phase (Coutts et al. 2016). The band gap values for TiO2 nanoparticles
synthesized by microbial method has been reported by Suriyaraj and Selvakumar
(2014) as 3.76 eV and those synthesized using cell free supernatant of the bacteria
Alcaligenes aquatilis exhibited band gap value 3.23 eV (Devadiga, 2016) which is
much higher than that for the AgO/Ag.0-TiO. nanocomposites synthesized in the
present study. The band gap values of these nanocomposites have also been found to
be lower than the other TiO. containing nanocomposites reported in literature
(Table 4.1).
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Table 4.1 Band gap energy values of different nanocomposites containing TiO>

Method of

Method C —1.55eV

Nanoparticle _ Band-gap References
synthesis
TiO».graphene oxide Chemical )
_ 2.21eV Almeida et al. 2016
nanocomposite method
3.36 eV/(calcined at
Graphene-ZnTiOs Chemical 800°C) _
) ) Gayathri et al. 2015
composite method 3.25 eV/(calcined at
900°C)
) Chemical Naraginti et al
Ag doped TiO; 2.71eV
method (2015)
Biological
TiO2 method 3.86 eV )
_ Biswas et al. 2015
AU/TiO (L- 3.84eV
tryptophan)
Pulsed
_ _ Mosquera et al.
Ag-TiO2 cathodic arc 2.8eV
_ 2016
technique
Poly-o-
phenylenediamine Chemical
- _ 2.64 eV Yang et al. 2017
modified TiO> method
nanocomposites
) Chemical
Ag@TiO; 1.85eV Khanna, A. 2014
Method
_ ] _ Method A - 1.5eV
Ag based TiO> Microbial
_ Method B — 1.7 eV Present study
nanocomposite method

Therefore, owing to its highest photocatalytic activity as revealed by the maximum

initial degradation rate and maximum absorbance in the visible light with lower band-

gap, as presented in Table 4.2, nanocomposites synthesized by Method A which is a
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Two-step method was selected for the synthesis of AgO/Ag2O-TiO, nanocomposites.
The higher photocatalytic activity of the nanocomposite particles synthesized by
Method A, in spite of its highest crystallite size shows that the crystallite size may not
be the only governing factor determining the higher catalytic activity, but other factors
such as the composition, crystallite phases, the structure and morphology may govern

the activity.

Table 4.2 Initial degradation rate and percentage dye degradation at the end of 15 min,

band-gap and crystallite size of nanocomposites synthesized with different methods.

Percentage o
Percentage Initial
) dye ) Band-
Synthesis dye ) degradation Crystallite
) degradation gap
Method | degradation rate size (nm)
_ at the end of ) (eV)
after 15 min ) (mg/L/min)
90 min
Method A 49 96.5 3.26 1.5 38
Method B 39.8 96.5 2.63 1.7 28.04
Method C 46.6 95.3 3.10 1.55 32.37

4.1.1.2. Characterization of the AgO/Ag20-TiO2 nanocomposite synthesized by
Method A

As the AgO/Ag20O-TiO2 nanocomposites synthesized using Method A showed better
activity, these nanoparticles were further characterized. The formation of AgO/Ag.0-
TiO2 nanocomposites synthesized using Method A was evident from a colour change
of the synthesis mixture from light yellow to brown after the synthesis duration of 24 h

(Fig. 4.7 ().

The morphology of the nanocomposites was studied using Transmission Electron
Microscopy (TEM). From Fig. 4.7 (b), it is seen that the nanoparticles appear nearly
spherical in shape and are distinct. The SAED pattern (Fig. 4.7 (c)) shows the
polycrystallinity of the nanocomposite with d-spacing of 2.7, 2.3 and 1.67 A
corresponding to the (-1 1 1), (1 0 1) and (2 1 1) crystalline planes of AgO, Ag-0 and
rutile TiO> respectively. The particle size distribution (Fig. 4.7 (d)) shows the size of
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the particles ranging between 10 — 90 nm with average size of ~ 39.6 nm which is close
to the crystallite size calculated using Scherrer’s formula. A small particle size in
nanometer range provides higher surface area and more active sites for the adsorption

of dye molecules leading to better photocatalytic activity (Kiani et al. 2020).

o

Number of particles

T T T T T T T 1
0 22 30 4 5 6 70 8 9%
Particle diameter (nm)

Fig. 4.7 (a) Colour change of culture supernatant after the addition of the precursor
from light yellow (left) to brown (right) indicating the formation of nanocomposite
particles (b) TEM image (c) SAED pattern (d) Particle size histogram of the

nanocomposites

The X-Ray diffractogram of the nanocomposite particles presented in Fig. 4.8, shows
the peaks at 20 = 27.85°, 41.26° and 54.89¢ and corresponding to the hkl planes (110),
(111) and (211) of rutile TiO> respectively (JCPDS No. 088-1173). The presence of
both Ag>0 and AgO crystalline phases were observed with Ag>O peak seen at 26.24¢,
37.63° and 38.69¢ corresponding to cubic crystalline planes (110), (200) and (101)
respectively (JCPDS No. 01-076-1393; 00-019-1155). AgO peaks at 30.53°, 32.30c,
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43.75° and 46.25° and 57.56° corresponds to the (121), (-111), (114), (132) and (402)
crystalline planes (JCPDS No 01-084-1108; 01-075-0969). The crystallite size of the
AgO/Ag20-TiO2 nanocomposite was found to be 38 nm.
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Fig. 4.8 XRD pattern of the nanocomposites synthesized by Method A.

FTIR analysis was performed for the nanocomposites synthesized by Method A to
know the functional groups involved with the nanocomposite particles (Fig. 4.9).
FTIR band at 2335.37 cm™ corresponds to carboxylate anion (Silverstein et al.
2005). The peak at 1535.05 cm™ could be attributed to the bending vibration of
secondary amines of proteins (Staden et al. 2013). A strong signal at 1640.16 cm™
arises from the stretching vibration of carbonyl group of proteins (Silverstein et al.
2005). Similar results were seen for FTIR bands at 1640 cm attributing to carbonyl
stretching of amides in microbial synthesized silver nanoparticles (Yuan et al. 2019).
The spectrum shows bands at 3523.30 cm™ corresponding to the hydroxyl stretching
vibration and 2879.20 cm™ attributing to the C-H stretching vibration of aldehyde
group (Silverstein et al. 2005). The presence of such OH stretching and CH
stretching vibration groups are observed by Esmail et al. (2022) on the silver
nanoparticles synthesized using Bacillus sp. N-H stretching vibration of amides
could be responsible for the band present at 3296.71 cm™ (Barth et al. 2007). Strong
N-H stretching vibration band were also observed by Yuan et al. (2019) in the
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microbial synthesied silver nanoparticles. The bands at 1040 and 1230.36 cm™ result
from strong C-F stretching vibrations (Silverstein 1981) which may be due to
bonding between the biomolecules and the fluorine atoms present in the titanium
precursor salt. Taran et al. (2018) have also found the presence of alkyl halides (C-
F) on the TiO2 nanoparticles synthesized using Halomonas elongata bacteria. Ti-O
and Ti—O-Ti bands appear between 450 and 1000 cm™, which is characteristic of
TiO (Bharati et al. 2017). Ti-O-Ti bond was also seen by Ordenes-aenishanslins et
al. (2014) in the region of 450 — 700 cm™ in microbial synthesis of TiO:
nanoparticles. The presence of various groups on the nanocomposite as evidenced
by FTIR results, suggests that some biomolecules present in the bacterial cell free
supernatant serve as capping agents and they may have been responsible for the
formation of the distinct particles and stabilization of the nanoparticles.
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Fig. 4.9 FTIR spectra of the AgO/Ag.0O-TiO2 nanocomposite

The AgO/Ag20-TiO2 nanocomposite synthesized by Method A were subjected to XPS
analysis (Fig. 4.10). XPS analysis reveals the presence of oxygen, carbon, titanium and

silver.
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Fig. 4.10 XPS spectra of (a) AgO/Ag>0-TiO2 nanocomposite (b) O1s (c) Ag3d (d)
Ti2p (e) Cls

The binding energy of O1s is shown in Fig. 4.10 b. The peak for O1s located at 529.85
eV could be attributed to the O in TiO2 which is in agreement with the results obtained
by Yang et al. (2017). Ag3d peaks were observed at 365.25 and 371.2 eV corresponding
to Ag3ds. and Ag3ds. (Fig. 4.10 c). The binding energies for Ag 3ds. of 367.1
(Handbooks of Monochromatic XPS Spectra) or 367.3 (Hoflund et al. 1995; Hoflund
and Hazos 2000) have been assigned to AgO. The binding energy for Ag 3ds, of 367.7
(Hoflund and Hazos 2000; Hoflund et al. 1995) has been assigned to Ag20. Liu et al
(2018) reported the peaks of the pristine Ag-O at 367.9 and 374 eV, attributing to the
Ag 3ds2 and Ag3ds2 of Ag*. However, in the present study a shift in Ag 3ds/, binding
energy to 365.2 has been observed. Rtimi et al. (2013) have also reported the binding
energy ranging from 364.7 to 365.4 eV for Ag3d in their sample of ZrNo-Ag co-

sputtered surface attributing to the presence of silver in AgO and Ag>O form. Such a
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shift was observed by them when they exposed zerovalent silver in ZrNo-Ag co-
sputtered surface to bacteria and they attributed the shift to Ag**/Ag?* redox reactions
occurring on the sample surface during the interaction of sample with bacteria. Cho et
al. (2019) have observed a shift in the Ag peaks to lower binding energies when Ag
nanoparticles were used in Ag-TiO> heterostructures. As reported by them, the shift of
the Ag peaks to lower binding energy compared to the standard Ag peak may be
attributed to the interaction between AgO and Ag-O with TiO2. Ag3da. peak also has
been found to shift from a standard value of 373.4 eV (Gannoruwa et al. 2016) to 371.2
due to similar reasons. The binding energy of Ti2p is seen at 457.35 and 462.6 eV (Fig.
4.10 d) corresponding to Ti* which is slightly shifted towards lower binding energy
compared to the result obtained by Zhang et al. (2007), Wagstaffe et al. (2017) and
Xiong et al. (2012) where the binding energy values were 457.9 eV, 457.7 eV and 457.8
eV respectively. XPS results confirmed the presence of Ti* on the surface of TiO>.
Upon exposure to Ag, charge transfer from the Ag to the TiO, surface takes place
resulting in the reduction of Ti** to Ti** (Wagstaffe et al. 2017). The reduction of Ti**
to Ti** may also occur by the reducing agents present in the cell supernatant. No peak
for Ti*" appeared in XPS, even though XRD showed the presence of TiOz. Ti®*
accumulation on TiO2 surface results in the appearance of Ti** peak, but the presence
of Ti*" is not revealed, as XPS can penetrate only a few nanometers at the surface. This
may be a result of dense coverage of the surface with Ti** The carbon peaks at 282.5
and 290.5 eV (Fig. 4.10 (e)) could be attributed to carbides and carbonates respectively
and 293.2 eV peak can be ascribed to CF3 (Shutthanandan et al. 2019) which might
have been formed by the bonding between the fluorine atoms of potassium
hexafluorotitanate (Ti precursor) used in the synthesis of the AgO/Ag.O-TiO:
nanocomposite with the carbon of the biomolecules present in the supernatant. The
carbon peak at 282.5 eV may be ascribed to carbides (Beamson et al. 1992) which is
due to carbon-metal binding (Post et al. 2018). The high binding energy peak at 290.5
eV is ascribed to carboxylate functionality peak (O=C-OH) and amide carbon (N-C=0)
of protein molecules (Das et al. 2012). Many researchers have reported the shifting of
carboxylate and amine groups on binding with metal nanoparticles (Ramanathan et al.
2005, Lim et al. 2010, Tseng et al. 2006). The peak at 293.2 eV is due to CF3z or CF»-O
covalent bonding (Shutthanandan et al. 2019, Vandencasteele et al. 2010) which is
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attributed to the presence of fluorine bound biomolecules on the nanoparticles surface.
The presence of fluorine is attributed to K:TiFe used as the precursor salt for the
synthesis of TiO2. These results prove that organic groups on the surface of
nanocomposites are responsible for the presence of carbon peaks. Thus, XRD along
with FTIR and XPS analysis reveal that the nanocomposite particles consist of
AgO/Ag20 and TiO, with surface coverage by TiO and several biomolecules. These

biomolecules tend to serve as capping and stabilizing agents.

4.1.2. Optimization of synthesis parameters for AgO/Ag20O-TiO2 nanocomposites
synthesized by Method A

Further in this study, Method A was chosen for the synthesis and the synthesis
parameters were optimized in order to maximize the photocatalytic activity. Optimizing
the parameters like molar ratio of Ag to Ti in the synthesis mixture, pH of synthesis
mixture, synthesis time etc. during the synthesis process of the nanocomposites is
necessary to enhance its photocatalytic activity and also to improve its stability.

4.1.2.1. Optimization of molar ratio of Ag:Ti in the synthesis mixture

The nanocomposites were synthesized by Method A with five different Ag to Ti molar
ratios in the synthesis mixture i.e., 1:0.4, 1:0.8, 1:1.2, 1:1.6 and 1:2.0. The synthesized
nanocomposites were tested for their photocatalytic activity in terms of degradation of

Reactive Blue 220 dye to find the optimum molar ratio for maximum dye degradation.
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Fig. 4.11 (a) Time course of variation of percentage dye degradation obtained with
AgO/Ag20-TiO2 nanocomposite synthesized with different molar ratio of Ag to Ti.
(b) Pseudo-first order kinetics plot for 1:1.6 ratio

It is observed from Fig. 4.11, rapid degradation occurred with AgO/Ag20-TiO:
nanocomposites having molar ratio of 1:1.6 as compared to those by nanocomposites
synthesized with other ratios. The rate of degradation was faster with nanocomposites
synthesized with molar ratio of 1:1.6 and 1:1.2 as compared to others. All the
nanocomposites could yield around 90 — 96 % degradation at the end of 90 min. From
the results presented in Table 4.3, when percentage degradation at the end of 15 min
was compared, the nanocomposite with Ag to Ti ratio of 1:1.6 yielded almost 49 %
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degradation which is the maximum and other nanocomposites yielded less than 45%
degradation at the end of 15 min. The initial rates of degradation presented in Table 4.3
show that the initial rate of degradation is 3.26 mg/L/min with the nanocomposites
synthesized with Ag to Ti ratio of 1:1.6 and is the maximum in comparison to the
nanocomposites synthesized with the other molar ratios. Khanna and Shetty (2014) had
optimized the Ag : Ti ratio in the chemical synthesis of Ag@TiO. nanoparticles and
have found almost similar Ag : Ti molar ratio of 1:1.7 as the optimum ratio for the
effective degradation of Reactive Blue 220 dye under UV and solar light. As the moles
of Ti was increased in the synthesis mixture up to 1:1.6 ratio, nanoparticles formed
were found to catalyse the reaction faster as evidenced from the values of initial
degradation rates shown in Table 4.3, however slight reduction was obtained with 1:2
ratio. The first order degradation kinetics of RB 220 dye with initial concentration of
100 ppm dye and 0.1 g/L catalyst loading using nanocomposites synthesized with
optimum Ag:Ti molar ratio of 1:1.6 under visible light was tested by plotting -In(C+/Co)
versus time (Fig. 4.11 b). The linear nature of the plot implies that the photocatalytic
reaction follows pseudo first-order kinetics. The photocatalytic rate constant of the
reaction was calculated using Equation (2),
In (C/Co) = —kt, ------------- 2

where Co is the initial concentration of the dye, C: is the concentration of dye at
particular time t and K is the rate constant (min-1) and the k value was found to be of
0.0406 mint with R? value of 0.9766.

Fig. 4.12 shows the XRD pattern of the nanocomposites synthesized at different Ag:Ti
ratios by Method A. As observed from Fig. 4.12 (a), XRD pattern of the
nanocomposites synthesized at 1:0.4 Ag to Ti ratio shows 20 at 27.93° corresponding
to the (110) crystalline plane of rutile TiO2 (JCPDS 00-088-1173). The peaks at 30.69°,
32.36°, 43.85¢, 46.38° and 57.57° can be attributed to the (121), (-111), (114), (132) and
(402) crystallographic planes of AgO (JCPDS 01-084-1108; 00-022-0472). Cubic
AQ20 peaks were seen at 37.77¢ corresponding to crystalline planes (200) (JCPDS 01-
076-1393).
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XRD pattern of the nanocomposites synthesized at 1:0.8 is presented in Fig 4.12, which
is almost similar to the nanocomposites synthesized at 1:0.4 molar ratio. 1:0.8 ratio
shows the diffraction peak at 27.72°¢ ascribing to the crystalline plane of (110) rutile
TiO> respectively (JCPDS 00-088-1173). The peaks at 30.49°, 32.15¢, 43.68¢, 46.10°
and 57.39° is attributed to the AgO peaks (121), (-111), (114), (132) and (402)
respectively (JCPDS No 01-084-1108; 01-075-0969). The peak at 37.60° is attributed
to cubic crystalline plane (200) of Ag20 (JCPDS 01-076-1393).

The XRD pattern of the nanocomposites synthesized at 1:1.2 ratio shows the rutile TiO>
peak at 27.89° corresponding to the crystalline plane (110) (JCPDS 00-088-1173). AgO
peaks were observed at 30.63°, 32.40°, 43.83° and 57.62° with the crystalline planes
(121), (-111), (114) and (402) respectively (01-084-1108; 01-074-1750) with one Ag20
peak at 37.78° corresponding to the cubic plane (200) of silver (JCPDS 01-076-1393).

Fig. 4.12 (d) presents the XRD pattern of the nanocomposites synthesized at 1:1.6 ratio.
The peaks and the crystallographic planes is described in section 4.1.1.1, which shows
rutile TiO2, Ag20 and AgO. The additional peak of Ag-0 at 26.24° and TiOz at 41.26°
is observed in 1:1.6 ratio which is not observed previously for other ratios. This
additional peak of TiO2 could be attributed to the larger quantity of Ti being used in the
synthesis of these nanocomposites as compared to those synthesized with other ratios
(1:0.4 and 1:0.8), where Ag is present in higher amount when compared to Ti in the

synthesis mixture.

The nanocomposites synthesized at Ag to Ti ratio of 1:2.0 (Fig. 4.12) shows the 20 at
27.98°, 41.32° and 54.12° corresponding to the crystalline plane (110), (111) and (211)
of rutile TiO2 (JCPDS 00-088-1173), with one peak at 54.08° (122) corresponding to
the orthorhombic TiO2 (JCPDS No. 00-023-1446). The peaks present at 30.61°, 32.35e,
43.89° and 57.72° corresponds to the (121), (-111), (114) and (402) planes of
monoclinic AgO respectively (JCPDS 01-084-1108; 00-022-0472). Ag.O peaks are
observed at 26.33¢, 37.78° and 38.71° with the crystalline planes (110), (200) and (101)
respectively (JCPDS 01-076-1393; 00-019-1155). The additional peak at 26.33° and
41.32° corresponding to Agz20 and TiO:z is also seen to be present for 1:2.0 ratio similar
to those seen in 1:1.6 ratio.
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Fig. 4.12 XRD pattern of the nanoparticles synthesized at different ratios
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These results indicate that the nanocomposite particles formed by Method A with all
the ratios of Ag to Ti, comprise of AgO, Ag-0 and rutile TiO>. The average crystallite
size calculated using Scherrer’s formula is presented in Table 4.3. The crystallite size
decreased as the Ti amount was increased when the ratio of Ag to Ti varied from 1:0.4
to 1:1.6 and the ratio of 1.1.6 yielded the particles with the smallest crystallite size of
38 nm. But further increase in the amount of Ti as in the ratio of 1:2, led to further
increase in crystallite size, which may be owing to agglomeration of the particles. The
presence of additional peaks for TiO2 and Ag20 could also be attributed to the higher
degradation rate with 1:1.6 molar ratio.

Tauc plot for the nanocomposites synthesized at different molar ratios of Ag to Ti is
presented in Fig. 4.13 and the band gap energy values are presented in Table 4.3. As
observed from Fig. 4.13 and Table 4.3, the lowest band-gap was found to be 1.5 eV for

the nanocomposite synthesized with Ag to Ti molar ratio of 1:1.6.
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Fig. 4.13 Tauc plot of the nanocomposites synthesized at different molar ratio

As seen from the degradation experiments, XRD results and the Tauc plot, the
degradation rate is the highest with the nanocomposites synthesized using Ag to Ti
molar ratio of 1:1.6 with smallest crystallite size and least band-gap compared to those
synthesized using the other ratios as presented in Table 4.3. Therefore Ag to Ti molar
ratio of 1:1.6, is considered as the optimum for the synthesis of the nanoparticles and

used for further experiments.

Table 4.3 Effect of Ag to Ti molar ratio on percentage dye degradation, initial

degradation rate band gap and crystallite size.

Ag:Ti % dye Initial Band-gap Crystallite

| degradation | degradation rate size
Molar ratio ) _ (eV)
after 15 min (mg/L/min) (nm)
1:0.4 34.6 2.32 1.8 45.9
1:0.8 34.8 2.27 2.0 43.1
1:1.2 40 2.67 2.0 39.7
1:1.6 49 3.26 1.5 38

1:2 44.1 2.94 1.95 44.02

75




4.1.2.2 Optimization of pH of the supernatant used for the synthesis

The studies on optimization of molar ratio was carried out with cell free supernatant
(CFS) pH of 11 as followed by Devadiga, A. (2016) and the optimum molar ratio of
Agto Tiwas found to be 1:1.6. Further the CFS pH used for the synthesis was optimized
by conducting the synthesis by varying the CFS pH from 5 to 13 with the optimized
molar ratio of 1:1.6 and total synthesis time of 48 h (24 h after the addition of Ag
precursor and 24 h after the addition of Ti precursor).

As seen from Fig. 4.14, all the nanocomposites synthesized at varied CFS pH of 5 to
11 showed more than 95 % degradation at the end of 90 min whereas 85 % degradation
is observed with the nanocomposites synthesized at pH of 13. Although similar
percentage degradation is exhibited by all the nanocomposites synthesized at pH 5 to
11, pH 7 showed faster and better degradation with 97 % dye removal in 90 min. The
nanocomposite synthesized at pH 5, pH 9 and pH 11 showed around 73 % degradation
of the dye and those synthesized at pH 7 showing a maximum of 76 % degradation in
30 min, whereas less than 45 % degradation is observed with the nanocomposite
synthesized at pH 13. The initial rates of degradation with the nanoparticles synthesized

at various pH are presented in Table 4.4.

It is well evident from the Fig. 4.12 and Table 4.4, that pH 13 displays comparatively
lesser dye degradation and lower initial rate than all the other pH and hence slightly
acidic to alkaline pH can be acceptable for nanoparticle synthesis so as to get high
photocatalytic activity, whereas highly alkaline pH like pH 13 is not favourable for
efficient synthesis of AgO/Ag.0O-TiO2 nanocomposite. Varying the CFS pH from pH
of 5 to 11 showed no significant effect on of the synthesized nanocomposites in terms
of their photocatalytic activity. However, pH 13 has negatively influenced the
photocatalytic activity. It may be due to inappropriate composition of the formed
composite. pH 13 may not have favoured the formation of TiO> to form AgO/Ag20-
TiO2 nanocomposite. As the nanoparticles synthesized with CFS pH 7 showed the
maximum initial rate of degradation of 3.48 mg/L/min, pH 7 was chosen as the
optimum. The degradation kinetics plotted against —In (Ci/Co) vs time for pH 7 shows
the pseudo first-order kinetics (Fig. 4.14 b) with rate constant (k) of 0.0451 min™.
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Fig. 4.14 (a) Time course of variation of percentage dye degradation obtained with
nanocomposites synthesized at different pH (b) Pseudo first-order kinetics plot for

nanocomposite synthesized at pH 7

As observed from Fig. 4.15, the XRD of the particles synthesized at pH 5 corresponds
to the crystalline plane (110), (111) and (211) of rutile TiO> respectively (JCPDS 01-
088-1173). AgO peaks were observed at 32.11°, 46.11° and 57.42° with planes (-111),
(132) and (402) respectively (JCPDS 01-084-1108; 01-075-0969). Ag20 peaks are seen
at 26.11° and 38.45° corresponding to the crystalline plane (110) and (101) respectively
(JCPDS 01-076-1393; 01-07-2108). The average crystallite size calculated from

Scherrer’s formula was found to be 34.15 nm.
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Fig. 4.15 represents the XRD pattern for the nanocomposites synthesized at pH 7. The
peaks at 27.77°, 41.23° and 54.80° corresponds to the rutile crystalline plane (110), (111)
and (211) of TiO respectively (JCPDS 01-088-1173). The peak at 32.17°, 46.18° and
57.43¢ is attributed to the (-111), (132) and (402) crystalline plane of cubic AgO
(JCPDS 01-076-1489; 01-076-1489). One peak of Ag.O (JCPDS 01-076-1393) is
observed at 26.20° with the crystalline plane (110). The presence of more TiO2 peaks
might also attribute to the higher photocatalytic activity by the nanocomposites

synthesized at pH 7. The average crystallite size was found to be 35.9 nm.

pH 9 shows the TiO. peaks (Fig. 4.15) at 27.84¢, 41.27° and 54.85° corresponding to
the crystalline plane (110), (111) and (211) respectively (JCPDS 01-088-1173-74, 03-
065-1118). The peak at 32.26° and 57.53¢ is ascribed to the crystalline plane (-111) and
(402) of monoclinic AgO (JCPDS 01-084-1547). Two peaks of Ag.O (JCPDS 01-076-
1393; 00-042-0874) are observed at 26.24° (110) and 46.24° (132) confirming its
presence. The average crystallite size of the nanocomposites synthesized at pH 9 was
found to be 34.08 nm.

XRD pattern for the nanocomposites synthesized at pH 11 is presented in Fig. 4.15
which shows the following peaks attributing to the crystalline planes (110), (111) and
(211) of rutile TiO- respectively (JCPDS 00-088-1173). The peaks at 30.53¢, 32.30°,
43.75°, 46.25° and 57.56° can be assigned to (121), (-111), (114), (132) and (402)
crystalline planes of AgO (JCPDS 01-084-1108; 01-074-1743). Further the peak at
26.24°, 37.63° and 38.69° corresponds to Ag>0 with crystalline planes (110), (200) and
(101) respectively (JCPDS 01-076-1393; 00-019-1155). The average crystallite size of

the nanocomposite was found to be 38 nm.

pH 13 shows very few peaks (Fig. 4.15) with crystalline plane (200) at 38.06°
corresponding to Ag.O (01-072-2108) and one AgO peak at 44.24° with crystalline

plane (114). The average crystallite size was found to be 15.7 nm.
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Fig. 4.15 XRD pattern of Ag-TiO- nanocomposites synthesized at different pH (a) pH
5 (b)pH7,(c)pH 9, (d) pH 11 and (e) pH 13

The nanocomposites synthesized at CFS pH 5, pH 7, pH 9 and pH 11 exhibit crystalline
peaks for TiO2, Ag2.0 and AgO indicating the formation of the nanocomposite whereas
only few peaks are seen at pH 13, representing AgO and Ag.0. The absence of TiO-
peak at pH 13 suggests that the synthesis of TiOz is not favoured when synthesis was
carried out with CFS pH of 13. The nanocomposite is not formed effectively and
absence of TiO, could be a reason for its lower photocatalytic activity. As shown in
Table 4.4, the nanocomposite synthesized a with CFS pH 13 has the least crystallite
size, which is an indicative of the formation of silver oxides in the first step and no

adequate formation of TiO> coating in the subsequent step leading to lower size.

Table 4.4 presents the percentage degradation at 15 min, initial degradation rate, band-
gap energy and crystallite size. Fig. 4.16 shows that the nanocomposites have the band-
gaps in the range of 1.45 — 1.75 eV (Table 4.4) with the least band-gap of 1.45 eV
exhibited by the nanocomposites synthesized at pH 13 followed by those synthesized
at pH 7 and pH 11 showing bad-gap energy of 1.5 eV. Even though the nanocomposite
synthesized at pH 11 and 13 exhibit band-gap of 1.5 eV and 1.45 eV respectively, the
initial rate of dye degradation is marginally faster and the better photocatalytic activity

is exhibited by nanoparticles synthesized at pH 7.

79



pH9

1.75 eV

15

2 25 3

hv (eV)

3.5

: H 5
EPE
18
3
t:l_\12
>
=
S« 6
1.6 eV
0
1 15 2 25 3 35
hv (eV)
H 11
d| ., P
32
524
= 16
=
« 8
~ 1.5eV
0
1 15 2 25 3.5
hv (eV)

B
35
28
&
<2
E 14
I
1.5eV
0
1.5 2 25 3 35
hv (eV)
ﬂ pH 13
24
o8
2
- 12
z
= 6
~ 1.45eV

15 2 25 3 35
hv (eV)

Fig. 4.16 Tauc plot displaying band-gap energy of the nanocomposites synthesized at

different pH

Therefore as seen from the above experiments and as depicted in Table 4.4,

nanocomposites synthesized at pH 7 shows marginally better degradation of the dye

with better photocatalytic activity with lower band-gap energy when compared to

nanocomposites synthesized at other pH values, though the crystallite size is not the

smallest. These results indicate that synthesis CFS pH is an important parameter in

determining the composition and band gap of nanocomposites, thus governing the

photocatalytic activity. Considering the better photocatalytic activity and in order to

reduce the challenges involved in controlling the pH, neutral pH of pH 7 was chosen as

the optimum pH for further experiments. 97 % of 100 ppm dye could be degraded in

90 min under visible light irradiation with the nanocomposite synthesized at pH 7.
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Table 4.4 Effect of CFS pH used in the synthesis on dye degradation, initial rate, band-

gap energy and crystallite size of synthesized nanocomposites

% dye Initial ]
CFS pH for ) _ Band-gap | Crystallite
] degradation | degradation rate _
synthesis ) ) (eV) size (nm)
after 15 min (mg/L/min)
5 51.34 3.38 1.6 34.15
7 52.52 3.48 1.5 35.9
9 51.87 3.43 1.75 34.08
11 49.07 3.26 1.5 38
13 25.27 1.66 1.45 15.7

4.1.2.3. Optimization of synthesis time after the addition of silver precursor
(step 1)

The nanocomposite particles were synthesized by Two step method (Method A), by
varying the synthesis time in the first step after the addition of silver precursor solution.
The Ag to Ti ratio of 1:1.6 was used in the synthesis process with 50 mL supernatant
(at pH 7) in each step and total 100 mL of supernatant in two steps. The synthesis time
in the first step, i.e the time for reduction of Ag salt after its addition (before the addition
of Ti precursor) was varied as 2, 4, 8, 16 and 24 h (tstep 1). However, synthesis time for

TiOz provided after the addition of Ti precursor (tstep 2) Was kept constant as 24 h.

As observed in Fig. 4.17 (a), the percentage dye degradation at the end of 90 min of
irradiation time was found to be almost equal with the nanocomposites synthesized with
varying tsep 1. Around 96.2, 97.4, 97.4, 97.4 and 97.5 % degradation of dye could be
achieved in 90 min with the nanocomposites synthesized with tsep 1 0f 2, 4, 8, 16 and
24 h. With the nanocomposite synthesized with tsep 1 0f 16 h and 24 h, slightly higher
degradation was achieved when compared to that synthesized with 2 h to 8 h of tstep 1.
The initial degradation rates are presented in Table 4.5. The initial rate of degradation
of the dye is the maximum (3.85 mg/L/min) with nanocomposites synthesized with tstep
1 0f 4 h and tstep 2 0f 24 h. The rate constant obtained from the kinetics plot (Fig. 4.17 b)

for optimum time interval of 4 h (tsep 1) was found to be 0.0427 min™.
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Fig. 4.17 (a) Time course of variation of percentage dye degradation obtained with
nanocomposite synthesized with varying tseep1 and constant tsep 2 0f 24 h (b) Pseudo

first-order kinetics plot for tsepr =4 h

Fig. 4.18 presents the XRD of the nanocomposites synthesized at varying synthesis
time, tstep1 Of 2, 4, 8, 16 and 24 h with tsiep 2 being constant at 24 h. The nanocomposites
synthesized at tsiep 1 Of 2 and 4 h, show the same pattern with crystallographic planes
(110) and (211) of rutile TiO2 (JCPDS 01-088-1173) and AgO peaks corresponding to
the crystallographic planes (-111), (132) and (402) (JCPDS 01-076-1489). No peaks
were detected for Ag20 indicating that the synthesis time in step 1 (tseep1) of 2 and 4 h
consists of only AgO and TiO.. From the XRD analysis, it can be inferred that
formation of Ag20 occurs after 4 h of tsep 1. The nanocomposites synthesized at tstep 1 OF
8, 16 and 24 h displayed additional peaks corresponding to the (111) of rutile TiO2 and
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(110) of Ag20 along with those peaks of TiO2 and AgO present for 2 and 4 h. The
average crystallite size of the nanocomposites synthesized with varying
tstep 1 OF 2, 4, 8, 16 and 24 h are presented in Table 4.5, which shows that the crystallite
size is the maximum for the nanocomposites synthesized with tstp 1 0f 4. Although there
is absence of few peaks and slight larger crystallite size for the nanocomposites

synthesized at 4 h, it exhibited higher photocatalytic activity.
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Fig. 4.18 XRD pattern of the nanocomposites synthesized with varying tstep 1
and constant tsep 2 0f 24 h

The nanocomposites synthesized at different time interval for reduction of silver
precursor (tstep 1), Show band-gap in the range of 1.5 eV — 2.0 eV as shown in Fig. 4.19.
Nanocomposites synthesized at 8 h shows 2.0 eV, 16 h shows 1.95 eV, 2 h shows 1.8
eV and both 4 h and 24 h show a band-gap of 1.5 eV as presented in Table 4.5. Among
all the nanocomposites synthesized at different synthesis time for silver ion reduction,
the nanocomposites synthesized with 4 h and 24 h time for synthesis in step 1, show
the lowest band-gap of 1.5 eV attributing to its highest photocatalytic activity in the
degradation of dye. Bian et al. (2020) in their studies on photocatalysis using
Ag/ZnO/AgO/TiO2 nanocomposite in RhB degradation under UV—-Vis irradiation have
reported that band gap lowering enhances the photocatalytic activity and silver oxides
absorb the light in the visible range, owing to their low band gap energy. When the
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band-gap energy is lower, the catalysts can be excited by longer wavelength light such
as those in visible or NIR range. Hence such materials can absorb light in the wide

range of solar spectrum where as those with higher band-gap energy can absorb light

only in the narrow range falling under ultraviolet region (Farooq et al. 2019).
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Fig. 4.19 Tauc plot showing band-gap energy for Ag.O/AgO-TiO2 nanocomposite
synthesized at varying tsep 1 and constant tsiep2 0f 24 h

Table 4.5 Effect of tsep 1 On dye degradation, initial dye degradation rate, band-gap

energy and crystallite size of nanocomposites synthesized at different time periods.

Time period Initial
% dye . .
after the degradation Band-gap | Crystallite
. degradation _
addition of Ag rate energy (eV) | size (nm)
after 15 min .
precursor (tstep 1) (mg/L/min)
2 46.08 3.08 1.8 41.18
4 52.44 3.85 1.5 46.96
8 45.61 3.13 2.0 43.91
16 50.925 3.62 1.95 38.91
24 52.52 3.48 1.5 37.2

84




It is known from the above experiments that 4 h duration for the step 1 of reduction of
silver precursor in the synthesis process is better in terms of higher initial degradation
rate, lowest band-gap and maximum photocatalytic activity. The higher photocatalytic
activity of the nanocomposite at tstep 1 0f 4 h could be due to the small band-gap and the
composition with presence of only AgO and TiOz in the nanocomposite formation
which could provide better light absorption thereby enhancing its activity in spite of its
larger crystallite size. Since lesser time is involved in the synthesis of the
nanocomposite with 4 h duration in Step 1 for silver ion reduction, as compared to that
synthesized at 16 h or 24 h with nearly similar initial rates, 4 h time for reduction of
silver ions in the synthesis of nanocomposites was chosen. The method thus chosen
involved 4 h for step 1 of silver ion reduction, followed by addition of Ti precursor and
24 h synthesis time after the addition of Ti precursor for the formation of TiO2, thus
making total synthesis time as 28 h. Further the synthesis time after the addition of Ti

precursor was varied by keeping the time for step 1 of silver ion reduction as 4 h.

4.1.2.4. Optimization of synthesis time after the addition of Ti precursor (tstep 2)

Based on the results discussed above, it is found that 4 h synthesis time was the
optimum for the reduction of silver ions (tsep 1) at CFS pH 7 with Ag to Ti molar ratio
of 1:1.6 and hence further the time for the synthesis of nanocomposite after the addition
of Ti precursor (tsep2) Was varied while keeping the tsep 1 constant at 4 h for reduction

of silver ions.

From Fig. 4.20 (a) it is evident that the nanocomposite synthesized with 4 h synthesis
time after the addition of Ti precursor (tsep 2) Showed maximum photocatalytic
degradation of the dye when compared to those synthesized with other synthesis times.
Initial rates of degradation (Table 4.6) is faster in case of tsep 2 Of 4 h, however at the
end of 90 min, all the nanocomposites showed almost similar percentage of degradation
with 97.4, 98, 96.6, 97 and 97.4 % for tsep 2 Of 2, 4, 8, 16 and 24 h respectively.
Maximum dye degradation at the end of 15 min was 57 % with nanocomposites
synthesized with 4 h time (tsep 2) for TiO2 formation, followed by 54%, 52%, 47% and
46 % for 16 h, 24 h, 8 h and 2 h respectively (Table 4.6). Therefore 4 h synthesis time
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after the addition of Ti precursor (tseep 2) Was found to be better in terms of degradation
rate. The degradation kinetics for the optimum tsiep1 Of 4 h and tsep 2 Of 4 h with total
time of 8 h followed pseudo first-order kinetics with k value of 0.0492 min (Fig. 4.20
b) which is higher than 0.0406 min! which is for the unoptimized condition (Section
4.2.1).

L= |
_
=
=

IIx iEi [ ] tstep2=2
Eiz
g 80 u tstep2:4
= kil
_'g I tstep2 =38
8
so-n 60 II tstep2: 16
9 I
E 40 tste:p 2= 24
7
T
S0
0
15 30 45 60 90
Time (min)
b
tstep 2= 4h
4.8
4 )
~ 32 © Y = 0.0492x
S L R2=09514
o 24 0.
=
= 16 o
0.8 L
0
0 15 30 45 60 75 90
Time (min)

Fig. 4.20 (a) Time course of variation of percentage dye degradation obtained with
nanocomposite synthesized with varying tsep 2 and constant tsiep 1 0f 4 h (b) Pseudo
first-order kinetics plot for tsep2 = 4

XRD charaxterization of the nanocomposites synthesized at varied tsep 2 0f 2, 4, 8, 16
and 24 h are presented in Fig. 4.21. As observed from Fig. 4.19, nanocomposites
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synthesized at tseep 2 Of 2, 4, 8 and 16 h displayed similar pattern showing the presence
of TiO2, Ag20 and AgO with (110), (111) and (211) crystallographic planes
corresponding to rutile TiO, (JCPDS 01-088-1173) and AgO peaks corresponding to (-
111), (132) and (402) planes (JCPDS 01-076-1489). Additional peak attributing for the
(110) crystallographic plane of Ag-20 is observed in the XRD of the nanocomposites
synthesized with all the tsep 2, Which is absent in tsep2 0f 24 h. The presence of additional
peak of TiO2 at (111) plane indicates that higher amount of Ti precursor being utilized
in the formation of the nanocomposites for all the tswep 2 except for 24 h. The absence of
additional TiO. peak when 24 h synthesis time was used after the addition of Ti
precursor (tsep 2) may be attributed to phase transformation of TiO. after 16 h. The
presence of the additional peaks could lead to higher degradation rate as observed in
Fig. 4.18 in nanocomposites synthesized at tsep 2 Of 4 h. The average crystallite size
calculated from Scherrer’s formula was found to be 41.7, 28.8, 29.2, 36.5 and 46.9 nm
for tseep 2 OF 2, 4, 8, 16 and 24 h (Table 4.6). The smallest crystallite size was found to
be 28.8 nm for tsiep 2 0f 4 h beyond which the size increases with increase in time upto

24 h.
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Fig 4.21 XRD pattern of the nanocomposites synthesized with varying tstep 2

and constant tsep1 0f 4 h
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Fig. 4.22 shows the band-gap energy for the nanocomposites synthesized at different
time period after the addition of Ti precursor (tsep2). As it is seen, the lowest band-gap
is displayed for nanoparticles synthesized with tsep 2 of 24 h with 1.5 eV (Fig. 4.22)
followed by 16 h and 4 h showing 1.65 and 1.7 eV respectively. Table 4.6 shows the
band-gap energies for nanocomposites synthesized by varying tsep 2 keeping tsep 1
constant at 4 h.

Ii
E

3 step2=2 step2=4
16
2.4
- = 12
= 18 =
' S’ B
= 1.2 =
z z
2 06 < 4
1.9eV 1.7 eV
0 0
1 L5 2 2.5 3 3.5 4 1 1.5 2 2.5 3 3.5 4
hv (eV) hv (eV)
C = d. =
J 10 tstep 2 8 | 40 tstep 2 16
o 8 o 32
3 >
L W 24
Z 4 BRG
2 2 < s
1.75 eV 1.65 eV
0 0
1 15 2 2.5 3 3.5 4 1 1.5 2 2.5 3 3.5 4
hv (eV) hv (eV)

Fig. 4.22 Tauc plot for the nanocomposites synthesized at varying tstep 2 With tstep 1 0f 4 h.

Table 4.6 Effect of tsep 2 0n dye degradation, initial rate of dye degradation, band-gap
energy and crystallite of the synthesized nanocomposites

Time period after % dye Initial Band-gap .
the addition of Ti | degradation degradation rate |  energy C.r ystallite
precursor (tsep2) | after 15 min (mg/L/min) (eV) size (nm)
2h 46.15 3.08 1.9 41.7
4 h 57.88 3.85 1.7 28.8
8h 47.48 3.13 1.75 29.2
16 h 54.61 3.62 1.65 36.5
24 h 52.44 3.48 15 46.9
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The nanocomposite synthesized at tsep 2 Of 4 h showed band-gap of 1.7 eV with
maximum and faster dye degradation at the end of 15 min. Although the least band-gap
is exhibited by the nanocomposites synthesized at 24 h time (tsiep 2), considering lesser
process time involved in the synthesis of nanocomposites, smaller crystallite size of
28.8 nm and maximum initial rate of dye degradation and percentage degradation after
15 min of irradiation, 4 h synthesis time for TiO2 formation (tstep 2), was selected for the
synthesis of the nanocomposite. The method thus chosen involved 4 h for step 1 of
silver ion reduction (tsiep 1), followed by addition of Ti precursor and 4 h synthesis time
after the addition of Ti precursor (tsep 2) for the formation of TiO2, thus making total
synthesis time as 8 h. On optimization, the total synthesis time could be reduced from
48 hto 8 h.

After optimization, the optimum synthesis conditions were found to be molar ratio of
Ag to Ti of 1:1.6, CFS pH of 7, tstep 1 and tseep 2 0f 4 h each. On optimization of the
synthesis parameters for the nanocomposite, the initial degradation rate of dyes could
be increased from 3.26 to 3.85 (mg/L/min) with percentage reduction being changed
from 96 % to 98 % at the end of 90 min in comparison to the unoptimized

nanocomposite.

Further, LCMS analysis was performed in order to study the intermediates and products
formed during photocatalysis by the nanocomposites synthesized under optimum
conditions based on the mass to charge ratio and to further confirm the degradation and
mineralization of the dye molecules by photocatalysis. The samples before and during
the reaction were subjected to LCMS. Electrospray ionization (ESI) in positive ion
mode was used to ionize the compounds. The MS spectra of the reaction mixture before
the photocatalysis experiment and degraded samples after 30 min and 60 min of
irradiation are shown in Fig. 4.23 (a) to (c) respectively. The peak at 733.54 in Fig. 9
(a) corresponds to the dye. Several other peaks present in Fig. 9 (a) correspond to the
impurities present in the dye, as the dye used was a commercial dye. The peak for m/z
733.54 disappeared as the reaction proceeded (Fig. 4.23 (b) and (c)), indicating the
degradation of the dye molecules. All the other peaks which were initially present have

disappeared and the intensity of the peak at m/z of 301.14 reduced indicating that
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several compounds which were present as impurities along with the dye have been
degraded as the reaction proceeded. However, new peaks for m/z of 705.53, 689.56,
494.81, 425.21, 385.28 and 229.13 were observed after 30 min which correspond to the
reaction intermediates. Further, after 60 min of irradiation, a few more new peaks have
been formed with m/z value of 663.45, 587.49 and 359.23 indicating the formation of
other intermediates. The peaks for m/z of 705.53, 689.56 and 229.13 have increased

showing the formation of more amount of these intermediates.
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Fig. 4.23 Mass spectrum of the reactor samples (a) before the start of photocatalysis
experiment (b) after 30 min of photocatalytic reaction under visible light irradiation

(c) after 60 min of photocatalytic reaction under visible light irradiation.

Based on the m/z values of the intermediates observed, two schemes for the pathway of
the degradation of the dye are proposed and shown in Fig. 4.24 (a) and (b). The
proposed pathway shows the degradation of the dye and the intermediate with m/ z of

229.13 may get further mineralized into organic acids and other inorganic compounds.
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Fig. 4.24 (a) and (b) Possible degradation pathways of RB 220 dye.

4.1.2.5. Characterization of the AgO/Ag:0@TiO2 nanocomposite synthesized
under optimum synthesis condition
The nanocomposites synthesized under the optimum synthesis conditions of molar

ratio of Ag to Ti of 1:1.6 in the synthesis mixture , CFS pH of 7 used in synthesis, tstep
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1and tstep 2 OF 4 h each, were further characterized. XRD pattern for the nanocomposites
is presented in Fig. 4.25. XRD study shows major peaks at 27.65° and 32.10° attributing
to the formation of rutile TiO2 (JCPDS N0.01-088-1173) and AgO (JCPDS No 01-076-
1489) with crystalline planes (110) and (111) respectively. The peaks at 41.07° and
54.74° is attributed to the (111) and (211) crystalline plane of TiO2 (JCPDS No, 01-
088-1173). The peak at 26.11° and 38.49° can be indexed to the crystalline plane (110)
and (101) of Ag,O (JCPDS 01-072-2108). Apart from the peak at 32.10°, AgO peaks
is also seen at 46.21° and 57.47° with crystalline plane (132) and (402) respectively
(JCPDS 01-076-1489). The nanocomposite synthesized under optimum conditions
comprise of Ag20, AgO and TiO>. Thus, these nanocomposite particles are represented
as AgO/Ag-0@TiO2 nanocomposites. The average crystallite size calculated using

Scherrer’s formula was found to be 28.8 nm.
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Fig. 4.25 XRD pattern of the AgO/Ag.0@TiO2 nanocomposite synthesized
at optimum condition of total 8 h synthesis time

Fig. 4.26 (a) shows the SEM images of the AgO/Ag.0O@TiO, nanocomposite
synthesized by cell-free supernatant of Alcaligenes aquatilis under optimum conditions.
Nanoparticles produced were found to be spherical in shape. EDX analysis (Fig. 4.26
b) of the nanocomposites show strong signal for Ag, Ti and O atoms with few week

signals which might be due to the elements in the macromolecules present in the cell
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free supernatant of the bacteria. The atomic and weight percentage of Ag, O and Ti

elements are shown in the inset of Fig. 4.26 (b).
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Fig. 4.26 (a) SEM and (b) EDX of the nanocomposites synthesized
under optimized condition (inset — weight and atomic and percentage of Ag, O and
Ti)

TEM image in the Fig. 4.27 (a) and (b) show different sized nanoparticles with dark
coloured AgO/Ag.O particles embedded inside TiO, (grey) film. The
AgO/Ag:0@TiO2 nanocomposite particles are small and spherical with average
particle size of 29.8 nm as observed from particle size distribution graph (Fig. 4.27 c).
The SAED pattern (Fig. 4.27 (d)) shows the polycrystalline nature of the
nanocomposite with d-spacing value of 1.96 A° and 2.78 Ae corresponding to the (132)
and (-111) plane of AgO, 2.33 A corresponding to (101) plane of Ag20 and 1.67 A

corresponding to the (211) planes of rutile TiO2 respectively.
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Fig. 4.27 TEM image (a) and (b) of the nanocomposites at different magnification (c)
Particle size distribution (d) SAED image of the nanocomposites synthesized under

optimized condition.

FTIR spectra of the nanocomposite is shown in Fig. 4.28. The peak at 3432 cm™ and
3501cmindicates the presence of alcoholic group seen as O-H stretching (Ordenes-
Aenishanslins et al. 2014, Zhang et al. 2012). The bands in the 3200—-3600 cm* regions
are associated with OH stretching mode. The band at 1771 cm™ is most likely associated
with C=0 bonds due to carboxylic group vibrations (Petit et al. 2017). The peak
obtained at 1627 cm™ with N-H bending showed the presence of primary amines and
the peak located at 1026 cm™ is due to the C-N stretching of aliphatic amines
(Janakiraman et al. 2015). The region between 1800 and 1500 cm™ could be ascribed
to the amide | and amide 11 bands (Nauman, D. 2000). The peaks from 900 to 500
cm ™ are due to the presence of Ti—O bond (Hamrouni et al. 2020). The presence of
various groups on the nanocomposite as evidenced by FTIR results, suggests that some
biomolecules present in the bacterial cell free supernatant serve as capping agents and
they may have been responsible for the formation and stabilization of nanoparticles.
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The extracellular polymeric substances (EPS) present in the cell free supernatant
containing the proteins, amino acids, lipids etc are known to play a key role in the
synthesis of these nanoparticles and in stabilization of the nanoparticles due to capping
proteins (Wei et al. 2012; Fouad et al. 2016).
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Fig. 4.28 FTIR spectra of the nanocomposites

XPS (Fig. 4.29 a) of the nanocomposite shows the presence of O1s, Ag3d, Ti2p and
C1s with respective binding energies. The XPS spectra of Ti2p (Fig. 4.29 b) shows two
peaks at 465.5 and 459.5 eV which is ascribed to Ti2p2 and Ti2pa respectively in
TiO,. However, they have reported Ti2p peaks found at slightly lower binding energies
(459.4 and 464.9 eV) which is corresponding to Ti*" state (Gannoruwa et al. 2016).
Ag3d consists of two main peaks positioned at 365.2 and 371.2 eV corresponding to
Ag3ds2 and Ag3ds2 along with another small peak at 375.65 eV (Fig. 4.29 c¢). The
binding energies for Ag 3ds,> of 367.3 and 367.7 have been assigned to AgO and Ag20
respectively (Hoflund and Hazos, 2000, Hoflund and Weaver 1995). Liu et al. (2019)
reported the peaks of the pristine Ag>0 at 367.9 and 374 eV, attributing to the Ag 3ds.
and Ag3ds2 of Ag*. However, in the present study a shift in Ag 3ds2 binding energy to
365.2 has been observed. Rtimi et al. (2013) have also reported the binding energy
ranging from 364.7 to 365.4 eV for Ag3d attributing to the presence of silver in AgO
and Ag20 respectively. Such a shift was attributed to a shift to Ag*/Ag?* redox
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reactions on interaction of sample with bacterial metabolic constituents (Rtimi et al.
2013). Su et al. (2012) have reported that the shift of the peaks to lower binding energy
compared to the standard may be attributed to the interaction between AgO and Ag20
with TiO2. Ag3ds2 peak also has been found to shift from a standard value of 373.4 eV
(Su et al. 2012) to 371.2 due to similar reasons. The appearance of additional Ag3dz.
peaks at 374, 375 and 378 eV have also been reported by Gannoruwa et al. (2016),
attributing to the presence of both Ag* and AgP states in the Ag.O / TiO, photocatalyst.
The O1s peak (Fig. 4.29 d) located at 528.85 can be ascribed to the O% in Ag.0 as
reported in the literature (Akel et al. 2018). The peaks for C at 282.5, and 290.7 eV
(Fig. 4.29 e) are assigned to carbides, carbonates respectively and the peak at 293.5 eV
is ascribed to CF3 which can be due to the KoTiFs (used as Ti precursor) used in the
synthesis of TiO2 embedded AgO/Ag-0 nanocomposite. The peaks for carbon could be
attributed to the presence of organic groups of biological origin on the surface of

nanocomposite particles which act as capping agents.
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Fig. 4.29 (a) XPS spectra of the nanocomposite, (b) O1s, (c) Cls, (d) Ag3d, (e) Ti2p.

In order to find the influence of the silver oxides and TiO> present in the nanocomposite
on the photocatalysis, XRD analysis and dye degradation experiments were carried out
at similar conditions with the biosynthesized TiOz (Bio-TiO2) and AgO/Ag-0 (obtained
after the first step) and the results were compared with that of the AgO/Ag.0@TiO:
nanocomposite. XRD analysis (Fig. 4.30) of the Bio-TiO2 nanoparticles shows the
presence of rutile TiO2 with crystallographic planes (110), (111) and (211) (JCPDS No
01-088-1173). The planes (-111), (132) and (402) in the AgO/Ag20O nanoparticles
corresponds to AgO and (110) and (220) planes are assigned to Ag.0. XRD of
AgO/Ag0@TiO2 nanocomposite shows the peaks for TiO,, AgO and Ag.0 that are
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Fig. 4.30 XRD analysis of Bio-TiO2, AgO/Ag-0 and AgO/Ag.0@TiO>

nanocomposite

4.1.3. Comparison of photocatalytic activity of biosynthesized AgO/Ag20@TiO2
nanocomposites with biosynthesized AgO/Ag20 and Bio-TiO2

The photocatalytic activity of the AgO/Ag.0@TiO2 nanocomposites were compared
with AgO/Ag.O (obtained after the first step) and Bio-TiO. in terms of RB 220
degradation under visible light irradiation with dye solution pH of 6 + 0.2, catalyst
loading of 0.1 g/L and with 100 ppm RB 220. Fig. 4.31 (a) shows the colour change of
RB 220 dye solution from initial time to 90 min using AgO/Ag:0@TiO>
nanocomposite under light. As observed from Fig. 4.31b, maximum degradation is
observed with AgO/Ag.0@TiO2 nanocomposite, followed by Bio-TiO2 and the least is
seen with AgO/Ag20. The AgO/Ag0@TiO2 nanocomposite showed maximum
degradation of 98 % followed by Bio-TiO2 with 93.7 % and AgO/Ag20 showing 89.8
% at the end of 90 min. At the end of 30 min, AgO/Ag-0 shows 50 % degradation and
Bio-TiO2 shows 63 % degradation whereas 81 % degradation is obtained with
AgO/Ag0@Ti0, nanocomposite under light. It is seen that the rate of degradation is
much faster in AgO/Ag:0@TiO> nanocomposite compared to Bio-TiO> and
AgO/Ag20. Fig. 4.31 (c) shows the pseudo first-order kinetics plot for the
nanocomposites. The rate constants of RB 220 degradation were found to be 0.0326,

98



0.0251 and 0.0492 min? for Bio-TiO;, AgO/Ag.0 and AgO/Ag.0@TiO;
nanocomposite respectively (Fig. 4.31 d) indicating the higher degradation rate
achieved with AgO/Ag.0@TiO2 nanocomposite. This shows that incorporation of
oxides of silver could play a positive role in enhancing the photocatalytic activity of
TiO2 as evident from XRD in Fig. 4.30. The enhancement in the photocatalytic activity
of the nanocomposite in comparison to Bio-TiO2 could be due to the presence of silver
oxides which are having absorption peak in the visible region and low band gap energy
(Kerkez and Boz 2015). The combination of silver oxides (p-type semiconductor) and
TiO2 (n-type) forms a p-n hetero-junction, which then results in very effective

separation of photogenerated electrons and holes (Ren and Yang 2017).
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Fig. 4.31 (a) Colour change of RB 220 dye solution from initial till the end of 90 min
using AgO/Ag0@TiO2 nanocomposite under light (b) Percentage dye (RB 220)
degradation using AgO/Ag-0, Bio-TiO2 and AgO/Ag-0@TiO2 nanocomposite (C)
Pseudo first-order kinetics plot for AgO/Ag:0, Bio-TiO2 and AgO/Ag:0@TiO:

nanocomposite (d) Rate constants (k) for the nanocomposites

Further Photoluminescence (PL) spectroscopy was performed to understand the
electronic structure and loss of photogenerated electron-holes by recombination process

in semiconductors. Fig. 4.32 shows the PL spectra of Bio-TiO2, AgO/Ag.0O and
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AgO/Ag0@TiO2 nanocomposite at an excitation wavelength of 320 nm. Bio-TiOz and
AgO/Ag.0@TiO2 nanocomposite showed luminescent peaks at the same wavelength
of 410 nm, but the AgO/Ag-0@TiO2 nanocomposite exhibited lowered PL intensity
than the Bio-TiO2. Higher PL emission intensity of TiO2 implies higher recombination
of the charge carriers. Lowering of PL intensity in AgO/Ag.0@TiO2 nanocomposites
on compositing Bio-TiO2 with AgO/Ag20 implies reduced recombination of the
electron-hole pairs. As the separated charge carriers are responsible for the
photocatalytic performance, AgO/Ag0@TiO> nanocomposites exhibit higher
photocatalytic activity. The lowering of PL intensity after the incorporation of
AgO/Ag-0 nanoparticles may be due to band bending at the interface, causing very
efficient charge transfer process in the case of AgO/Ag0@TiO2 nanocomposites (Paul
et al. 2016). Due to the efficient charge transfer process the electrons and holes are
sufficiently separated to reduce the probability of recombination and hence the PL
intensity lowered. The lowering of PL intensity may have also caused due to partial
passivation of luminescent centers in Bio-TiO2 by AgO/Ag20 nanoparticles (Paul et al.
2016). Under visible light illumination, plenty of excitons are available at the interface
of TiO2 and AgO/Ag-0, which may help in achieving high photocatalytic activity.
Thus, the lower intensity of AgO/Ag0@TiO2 nanocomposite as compared to Bio-TiO>
suggests inhibition of electron and hole recombination and their participation in
photochemical transformation leading to enhanced photocatalytic activity of the
nanocomposites (Ali et al. 2018, Wei et al. 2016). The low PL intensity of AgO/Ag.0
could be due to formation of lesser number of excited electrons in AgO/Ag20 and
availability of low luminescent centers. These results are in agreement with that
reported by Paul et al. (2016) in their study of Ag.O-nanoparticles decorated
monoclinic TiO2 nanorods, wherein they have observed a reduction of PL intensity on

decorating TiO2 with Ag20O nanoparticle and a lowest intensity for Ag.O nanoparticles.
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Fig. 4.32 Photoluminescence spectroscopy of Bio-TiO,, AgO/Ag.0 and
AgO/Ag20@TiO2 nanocomposite

4.2 OPTIMIZATION OF PHOTOCATALYTIC PROCESS PARAMETERS

The photocatalytic degradation of RB 220 dyes was conducted in the presence of the
AgO/Ag:0@TiO2 nanocomposites synthesized by Method A under optimum
conditions of CFS pH 7, Ag to Ti molar ratio of 1:1.6 and 4 h of reaction time in each
step with total reaction time of 8 h. The effect of various photocatalytic process
parameters such as dye solution pH, catalyst loading and initial dye concentration was

investigated.

4.2.1 Optimization of dye solution pH

pH of the dye solution is one of the important parameters affecting the photocatalytic
degradation rate as it influences the surface charge of the photocatalyst. Under acidic
condition, photocatalyst surface is found to be positively charged and it is negatively
charged in alkaline condition (Mirkhani et al. 2007). The effect of dye pH on the
degradation of RB 220 by the nanocomposites synthesized by Method A under
optimum conditions was studied. The dye pH was varied from 3 to 11 and the
photocatalytic degradation experiment was carried out with 0.1 g/L catalyst load for

100 ppm dye concentration under visible light for 90 min.
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Fig. 4.33 Percentage dye degradation at different dye pH with initial dye
concentration of 100 ppm and catalyst loading of 0.1 g/I.

As observed in Fig. 4.33 as the pH increases, the percentage dye degradation decreases.
Acidic pH shows better degradation when compared to neutral or alkaline pH.
Maximum dye removal is seen at pH 3 with almost 90% degradation in 30 min. whereas
less than 50% degradation is observed at pH 11. The dye was degraded completely at
pH 3 in 90 min, whereas the degradation achieved with the natural pH (pH 6 £ 0.2), pH
7 and pH 11 were found to be 98, 96.3 and 84.6 % at the end of 90 min. Neutral pH and
alkaline pH of 11 showed lower degradation, with pH 11 showing the least degradation
than all the other pH. As the AgO/Ag20 particles are embedded inside a TiO> film,
TiO2 surface of the nanocomposite is exposed to the aqueous reaction media. The
surface of TiO2 may attain positive or negative charge depending on the pH due to its
amphoteric behaviour. The point of zero charge of TiO; is 6.8, below which the TiO;
surface is positively charged and above it is negatively charged. Due to the amphoteric
character, the point of zero charge of TiO: is 6.8, below which the TiO> surface is
positively charged and above it is negatively charged (Chiou et al. 2008). RB-220 is an
anionic dye. Under acidic condition, electrostatic interaction occurs between negatively
charged dye molecule and positively charged TiO> leading to adsorption of the dye
molecules onto the surface of TiO, and thus leading to maximum dye degradation. On

the other hand, repulsive forces between negatively charged photocatalyst and
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negatively charged dye molecule occurs at neutral pH or highly alkaline pH, hence
degradation is lesser at neutral pH and at pH 11. Similar results were reported by
Villanueva et al. (2018). Thu et al. (2016) reported increased adsorption capacity of
methyl orange dye on Cu-doped TiO> catalyst at pH 3 and low or no adsorption at pH
6 and 9 respectively under UV light. In the studies by Khanna and Shetty (2014), the
degradation of RB 220 in the presence of chemically synthesized Ag based TiO:
catalyst (Ag@TiO: core shell particles) was found to be higher under acidic pH. The
other reason for better photocatalytic activity at pH 3 may be due to the acidic media
facilitating the production of hydroxyl radicals in the presence of light whereas under
alkaline conditions the radical species get scavenged and hence reducing the

photocatalyst activity (Muthirulan et al. 2013).

4.2.2 Effect of Catalyst loading

Catalyst loading is also an important parameter influencing the percentage of dye
degradation. As the catalyst loading increases, availability of active sites also increases
thereby enhancing the degradation rate (Naraginti et al. 2015). The catalyst loading was
varied from 0.05 g/L — 20 g/L and the photocatalytic degradation experiments were
carried out with 100 ppm dye concentration with solution pH of 3 under visible light
for 90 min.

As observed in Fig.4.34, at the end of 30 min, = 95 % degradation is observed for all
the catalyst loading from 1 g/L to 20 g/L. It is very obvious from the Fig. 4.34 that
initial degradation percentage is increasing with the increase in the catalyst loading
from 0.05 g/L — 20 g/L with 0.05 g/L showing the least degradation. It is observed that
almost complete degradation is obtained at the end of 90 min for the catalyst loading of
0.1g/L, 0.5¢g/L and 1 g/L. Further increase in catalyst loading to 5, 10 and 20 g/L, led
to a marginal decrease in percentage degradation. At high photocatalyst dose there can
be agglomeration of particles and number of active sites on the photocatalyst surface
may almost become constant (Gulce et al. 2013) in spite of increase in the catalyst
loading. It is observed that catalyst loading of 1 g/L shows marginally better
photocatalytic activity throughout the 90 min irradiation time with dye to catalyst ratio

of 1:10. Therefore it is necessary to maintain the optimum dye to catalyst ratio of 1:10
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when AgO/Ag0@TiO2 nanocomposite is used to achieve maximum removal of RB
220 in wastewater treatment. It is also seen that hindering effect at higher catalyst
loading is not predominant. Yang et al. (2017) have reported the optimum dosage of
1.5 g/L of poly-o-phenylenediamine (PoPD)/TiO2 nanocomposites in photocatalytic
degradation of methylene blue dye beyond which the absorption of visible light
decreased by hindrance effect leading to reduction in the formation of reactive oxygen
species. Khanna, (2014) have also found the dye to catalyst ratio of 1:10 as the optimum
for the degradation of RB 220 dye with chemically synthesized Ag@TiO: cores shell

structured nanoparticles as the photocatalyst under solar light irradiation.
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Fig. 4.34 Percentage dye degradation at different catalyst loading with initial dye
concentration — 100 ppm and pH 3.

4.2.3 Effect of initial dye concentration

Further the effect of different concentrations of dye on the photocatalytic activity of
AgO/Ag-0@TiO2 nanoparticles were studied at a catalyst loading of 1 g/L with initial
dye pH of 3 under visible light. From Fig. 4.35 (a), it is seen that as concentration of
dye increased from 100 to 500 ppm with the same catalyst loading, rate of
photocatalytic degradation decreased. The degradation of the dye at the end of 90 min,
decreased from 99 % to 31 % as the initial concentration of dye was increased from 100

to 500 ppm (Fig. 4.35 b). As the initial dye concentration increases, the number of dye
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molecules in the solution increases. The AgO/Ag0@TiO: loading being constant, the
number of available active sites for adsorption and surface area available for light
absorption remain the same, this results in lowering the rate of photocatalytic
degradation with increase in initial dye concentration. Further, the increased
concentration of the dye reduces the passage of light through the solution and thus
hinders the light from reaching the catalyst surface thereby decreasing the efficiency of
degradation (Alkaykh et al. 2020; Fouad et al. 2022). The degradation rate was found
to be the maximum when the initial dyes concentration was 100 ppm with initial
degradation rate of 5.49 mg/L/min. The dye to catalyst ratio for 100 ppm initial
concentration of dye was 1:10, whereas for initial dye concentration of 500 ppm, the
ratio changed to 1:2 and therefore it can be said that the concentration of dye greatly
influences the dye degradation rate. Fig. 4.36 (a) shows the pseudo first-order kinetics
for the varying initial dye concentrations. As observed from Fig. 4.36 (b), the pseudo
first order rate constant decreased with increasing dye concentration from 100 to 500
ppm with highest rate constant of 0.0846 min™ obtained for 100 ppm initial dye
concentration at 1 g/L catalyst dosage.
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Fig. 4.35 (a) Percentage dye degradation at different initial concentration at different

time intervals (b) Percentage dye degradation at 90 min

105



a | 8 ﬂ ~
100 ppm .
7
Q
: 200 ppm 0.08
=
E} { £ 006
o 300 ppm £
g ! R*=10.9983 £
S’
o ® 400 ppm = 0.04
\
R2=0.9924
: 0.02 o
500 ppm .
1 --------- L ] ° o
0 T I I ot .
0 15 30 45 60 75 920 100 200 00 o0 -
Time (min) Initial dye concentration (ppm)

Fig. 4.36 (a) Pseudo first-order kinetics plot for dye degradation at different initial

dye concentration (b) rate constants for different initial concentrations of dye

43 PHOTOCATALYTIC ACTIVITY OF THE AgO/Ag:0@TiO2
NANOCOMPOSITE ON RB 220 DYE DEGRADATION UNDER SOLAR
LIGHT

Sunlight is abundantly available natural source of energy, which can be utilized in
photocatalytic treatment of dye in the presence of a suitable photocatalyst making the
process more economically viable (Ahmed et al. 2020; Ayodhya et al. 2016). Based on
the studies presented in earlier sections, it is evident that the biosynthesized
AgO/Ag0@TiO2 nanocomposite possess good visible light activity and thus it was
hypothesized that it would be photocatalytically active under solar light. Thus, the
photocatalytic efficiency of the prepared AgO/AgO@TiO2 nanocomposite in the
degradation of RB-220 was studied under solar light irradiation with 1 g/L catalyst and
100 ppm of dye solution. The absorption spectra displaying the reduction of RB 220
dye from 0 min till 90 min of irradiation time under solar light is shown in Fig. 4.37
(a) showing reduction in absorbance by the dye. As observed from Fig. 4.37 (b) almost
50% degradation occurred within 30 min of exposure of dye molecules to the
nanocomposite under solar irradiation and 96.6 % degradation was achieved in 90 min.
It is evident from Fig. 4.37 (a), that there is very little or no dye removal under only
light (without nanocomposite) indicating that dye degradation does not occur solely by
photolysis by sun light. These results indicate the AgO/Ag.0@TiO2 nanocomposites
are photocatalytically active under solar light and catalyzes the degradation of the dye
on irradiation with solar light. The superior photocatalytic activity of AgO/Ag.0@
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TiO2 nanocomposite may be attributed to photosensitiztion by AgO/Ag20 as reported
by Paul et al. (2016). The incorporation of silver oxides on titania enhances visible light
sensitization of the catalyst and suppresses the electron-hole pairs recombination
leading to the improved activity in dye decolorization under sunlight irradiation on
modification of TiO with silver oxides (Paul et al. 2016). Ren and Yang (2017) in their
studies with Ag2O/TiO2 synthesized using chemical precipitation method, have also
reported an enhancement in the photocatalytic activity of TiO> modified with Ag20 in
comparison to that of TiO. both under UV and visible light irradiation. The
nanocomposites which exhibit light absorption in the entire UV and visible region of
the spectrum show good photocatalytic activity under sunlight (Gayathri et al. 2015).
The modification of TiO, with silver oxides, facilitate interfacial charge transfer
between the semiconductors and restraining the electron-hole recombination by charge
separation thereby enhancing the photocatalytic performance of the nanocomposite
(Bian et al. 2020).

The degradation kinetics of RB 220 dye with initial concentration of 100 ppm dye and
1 g/L catalyst loading under solar light was studied and the linear fit of the plot of -In
(Ct/Co) versus time (Fig. 4.37 c) implied that the photocatalytic reaction follows pseudo
first-order kinetics with k value of 0.0367 min-L,
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Fig. 4.37 (a) Absorption spectra of RB 220 dye from 0™ min till 90 min under solar
light (b) Dye removal using (i) AgO/Ag20@TiO2 nanocomposite under solar light (ii)
under light (without nanocomposite) (c) Pseudo-first-order kinetic plot for dye

degradation

The proposed mechanism of dye degradation by the AgO/Ag.0@TiO2 nanocomposite
under sunlight is presented in Fig. 4.38. As TiOzis UV light active, electrons from the
valence band of TiO> gets excited to the conduction band on absorption of UV rays
from solar spectrum whereas Ag-O and AgO absorb visible part of the solar radiation.
As reported by Sun et al. (2018), the CB of silver oxide is more negative than that of
TiO2. Therefore, the excited electrons are transferred from CB of silver oxide to the CB
of TiO2. The CB of TiO> acts as an electron centre. The electrons present in conduction
band of TiO> reacts with oxygen molecules to produce highly reactive species which
further leads to the breakdown of dye. The holes in the valence band of TiO2 migrate to
Ag-0 and AgO which interacts with water molecules to produce hydroxyl radicals
leading to the decomposition of the dye forming simpler products like CO2 and H20
(Sun et al. 2018). The electron-hole reaction in AgO/Ag0@TiO2 nanocomposite leads
to breakdown the organic molecules such as dyes (Sadollahkhani et al. 2014, Ramki et
al. 2020).
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Fig. 4.38 Possible RB 220 degradation mechanism by AgO/Ag.0@TiO>
nanocomposite under solar light

4.4 PHOTOCATALYTIC DEGRADATION OF ACID YELLOW 17 (AY 17)
DYE USING AgO/Ag20@TiO2 UNDER VISIBLE AND SOLAR LIGHT

Further to confirm the visible light mediated photocatalytic activity of the
biosynthesized AgO/Ag-0@TiO- in terms of its ability to degrade other complex azo
dyes, the degradation studies were conducted on another anionic azo dye, Acid Yellow
17 (AY 17) under both visible (125 W) and solar light. As observed from Fig. 4.39,
under visible light source, there is more than 50 % degradation whereas under solar
irradiation less than 10 % degradation is seen at the end of 90 min with initial dye
concentration of 100 ppm, pH 3 and catalyst loading of 1 g/I. Compared to RB 220 dye,
the degradation rate of AY 17 was much lower under both visible and solar light using
AgO/Ag20@TiO2 nanoparticles. AgO/Ag-0@TiO2 nanoparticles were found to be not
effective in the degradation of AY 17 probably owing to the thermodynamically
feasible but kinetically unfavourable degradation reaction of AY 17. Though, the
biosynthesized AgO/Ag0@TiO- has lower charge recombination rate, it may not be
sufficient enough to provide the electrons and holes at a rate required for the
degradation of AY 17 to sufficient extent, leading to lower degradation rate of AY 17.
So, further modification in the catalyst may be required to reduce the charge

recombination rate.
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Fig. 4.39 Photocatalytic degradation of AY-17 dye using AgO/Ag0@TiO>

nanocomposite under visible and solar light

Incorporation of certain metals like Cu (Raguram and Rajni 2022), Fe (Shymanovska
et al. 2022), Zn (Jiang et al. 2021) etc are known to improve and enhance the
photocatalytic activity of the nanocomposites. Modification of TiO, with Cu or CuO
can enhance the photocatalytic activity of TiO2 by reducing the recombination rate of
electron-hole pair (Ikram et al. 2020). Therefore in order to improve the efficiency of
AgO/Ag.0@TiO2 nanocomposite for other class of dyes, AgO/Ag.0@TiO:
nanocomposite was further modified with Cu and its photocatalytic activity was studied

in terms of degradation of dyes under visible and solar irradiation

45PHOTOCATALYTIC DEGRADATION STUDIES USING AgO/Ag20@TIiO2
MODIFIED WITH Cu (ATC) NANOCOMPOSITE

45.1. Effect of Cu loading in AgO/Ag20@TiO2 modified with Cu (ATC)
nanocomposite on its photocatalytic activity under visible light

Incorporation of Cu is known to enhance the photocatalytic activity of TiO. by
activating it in a wider range of wavelength under visible light (Mendez-Medrano et al.
2016). AgO/Ag0@Ti0, modified with Cu (ATC) nanocomposite was prepared by
three step method as described in Section 3.7, with the first two steps similar to the
synthesis of AgO/Ag.0@TiO: followed by a third step of modification with Cu. The
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AgO/Ag.0@TIiO> obtained after the second step was added to cell free supernatant
containing different concentrations of Cu (25, 50, 75 and 100 mM) in the synthesis
mixture of step 3 so as to obtain varying molar ratio of Ag:Ti:Cu of 1:1.6:0.23;
1:1.6:0.46; 1:1.6:0.7 and 1:1.6:0.92 for the synthesis process. The corresponding
AgO/Ag0@TiO2 modified with Cu (ATC) nanocomposites thus synthesized were
labelled as ATC-25, ATC-50, ATC-75 and ATC-100 respectively as described in
section 3.7. The studies on the degradation of RB 220 dye using the as synthesized
AgO/Ag.0@Ti02 modified with Cu nanocomposites was studied under visible light
with 100 ppm RB 220 dye, catalyst loading of 1 g/L and solution pH 3. Fig. 4.40 shows
faster degradation using ATC-75 nanocomposites when compared to other ATC. As
the Cu loading increased, degradation efficiency also increased upto ATC-75
nanocomposites with slight reduction in the case of degradation with ATC-100 sample.
Although ATC-25 and ATC-50 did not show better degradation when compared to
AgO/Ag:0@TiO2, ATC-75 nanocomposites exhibited marginally greater degradation
with 88 % degradation at the end of 15 min. ATC-75 nanocomposites could degrade
RB 220 almost completely in 45 minutes, whereas complete degradation could be
achieved with AgO/Ag0@TiO; at the end of 90 min. The initial rates of degradation
with AgO/Ag-0@TiO2 and ATC nanocomposites are presented in Table 4.7, which
show the maximum initial rate of degradation of 5.94 mg/L/min with ATC-75. The
enhancement in the dye degradation using ATC-75 nanocomposites could be due to
modification of AgO/Ag0@TiO2 with Cu which is known to influence the activity of
AgO/Ag0@TiO2 nanocomposite. Studies have reported that modification with Cu
reduces the charge carrier recombination thereby improving its photocatalytic
efficiency (Mingmongkol et al. 2022). Complete degradation of RB 220 dye was
observed with ATC-75 nanocomposites within 45 min of irradiation. Therefore ATC-
75 nanocomposite was found to be the optimum and further experiments were carried

out using ATC-75 nanocomposite.
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Fig. 4.40 Percentage dye degradation using AgO/Ag-0@TiO> and AgO/Ag0@TiO-
modified with Cu (ATC) with varying Cu loading

45.2. Effect of calcination temperature on the photocatalytic activity of
AgO/Ag20@TiO2 modified with Cu (ATC) nanocomposite under visible light

Calcination temperature also plays an important role in the crystallinity, crystalline
phase composition and crystallite size of the nanoparticles thereby influencing the
activity of the nanocomposites. The as synthesized ATC-75 nanoparticles were
calcined at 350, 400, 450 and 500° C for 3 h to study the change in the activity of the
nanocomposites. The nanocomposites calcined at 400° showed maximum degradation
followed by that calcined at 350°, with the least degradation observed for ATC-75
calcined at 500° C temperature (Fig. 4.41). Although nanocomposites calcined at 350
and 400° C show almost complete degradation at the end of 90 min, initial degradation
is faster with the nanoparticles calcined at 400°C. The initial rate of degradation is the
maximum (5.94 mg/L/min) with ATC-75 nanoparticles calcined at 400°C as presented
in Table 4.7. It could result in complete degradation of the dye in 45 minutes. However,
the calcination at higher temperature resulted in lowering of the rates. Lal et al. (2021)
found that calcination temperature of 400° C was better in terms of band-gap,
morphology and crystallite size as higher temperature would lead to agglomeration of
nanoparticles. Several researchers (Yu et al. 2003, Yu et al. 2001, Yu et al. 2002, Wang
et al. 2019, Kim et al. 2021, Yuan et al. 2018, Yuan et al. 2016) have reported that the
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photocatalytic activity of nanomaterials is affected by their phase structure, crystallite
size, pore structure and size and the specific surface area. Calcination temperature is
known to influence the particle and crystallite sizes, phase transformations and thereby
affecting the photocatalytic performance (Kim et al. 2021). In the present case, the
calcination temperature may have changed the phase composition, crystallite size and
oxidation states of the components in the catalyst and the phase composition and
oxidation states of Cu in the nanocomposite formed after calcination at 400° C appears
to offer favourable in terms of photocatalytic activity. Therefore 400° C was chosen as
optimum calcination temperature for ATC-75 and the further experiments were carried

out using ATC-75 nanocomposites calcined at 400° C.
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Fig. 4.41 Percentage dye degradation using ATC-75 nanocomposite calcined
at varied temperature
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Table 4.7 The initial rates of degradation with AgO/Ag.0@TiO, (AAT), ATC

nanocomposites and calcination temperatures of ATC-75

Initial
degradatio
n rate

(mg/L/min)

Nanocomposites

(°C) (ATC-75)

Calcination temperature

AAT | ATC- | ATC- | ATC- | ATC- | 350 | 400 | 450 | 500
25 50 75 100
5.49 4.7 4.7 594 | 526 | 433|594 | 218 | 1.34

Control experiments were carried out using silver oxide modified with Cu (AC) and

Bio-TiO2 modified with Cu (TC) nanocomposites to find out the effect of Cu on silver

oxide and titanium dioxide nanoparticles. From Fig. 4.42, it is observed that TiO>

modified with Cu shows the least degradation of RB 220 dye when compared to
AgO/Ag:0@Ti02, ATC-75, and silver oxide modified with Cu nanoparticles with only

36 % degradation at the end of 90 min. Silver oxide modified with Cu shows less than

50 % degradation whereas ATC-75 exhibits faster degradation with more than 85 %

degradation at the end of 15 min. The presence of both Cu and silver oxides in TiOz is

necessary to achieve better degradation rate. Therefore ATC-75 appears to be a better

photocatalyst when compared to AgO/Ag20@TiOy, silver oxide modified with Cu and

TiO2 modified with Cu nanoparticles.
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Fig. 4.42 Percentage dye degradation using AgO/Ag.0@TiO2, ATC-75, ACand TC

nanocomposites under visible light
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4.5.3 Photocatalytic degradation studies of RB-220 using AgO/Ag:20@TiO:2
modified with Cu nanocomposite under solar light

The photocatalytic activity of AgO/Ag.0@TiO> modified with Cu (ATC-75)
nanocomposite was studied in the degradation of RB 220 dye under solar irradiation
with initial dye concentration of 100 ppm, dye pH 3 and catalyst loading of 1 g/l. Fig.
4.43 shows that almost >95 % degradation of RB 220 could be achieved in 90 min with
both ATC-75 nanocomposites and AgO/Ag.0@TiO2 nanocomposite. However, the
degradation with ATC-75 is faster than that with AgO/Ag0@TiO, nanocomposite.
Greater than 50 % degradation of RB 220 could be achieved at the end of 15 min with
ATC-75 which is much higher than that obtained with AgO/Ag.0@TiO>
nanocomposite which showed less than 20 % degradation. Cu incorporated
nanocomposites greatly improved the activity of the AgO/Ag.0@TiO2 nanocomposite
exhibiting higher degradation rate. Mendez-Medrano et al. (2016) have reported that
modification of TiO with oxides copper and silver combined together induces efficient

charge separation and reduces band-gap making it efficient under visible light.
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Fig. 4.43 Comparison of RB 220 dye degradation with ATC-75 and
AgO/Ag.0@TiO2 nanocomposite under solar light
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4.5.4 Photocatalytic degradation studies of AY 17 dye using AgO/Ag:20@TiO2
modified with Cu nanocomposite under visible and solar light

The photocatalytic efficacy of AgO/Ag0@TiO2 modified with Cu nanocomposites for
the degradation of AY 17 was further studied under both visible and solar light and it
was also compared with that of AgO/Ag0@TiO2 nanocomposites. Fig. 4.44 shows the
decrease in absorbance of AY 17 in the presence of AgO/Ag.0@TiO2 modified with
Cu nanocomposite (ATC-75) from initial to 90 min under visible light which is also
evident from the colour change of the dye (Fig. 4.44 Inset). Under visible light, around
90 % degradation was achieved with AgO/Ag0@TiO> modified with Cu
nanocomposite (ATC-75) whereas around 57 % degradation was observed using
AgO/Ag.0@TiO2 nanocomposite at the end of 90 min (Fig. 4.45 a) with a k value of
0.035 min? (Fig. 4.45 b). Although both the nanocomposites showed no significant
difference in degradation of RB 220 dye, large difference was observed in degradation
of AY 17 dye using AgO/Ag0@TiO2 nanocomposite modified with Cu. It is well
evident from the graph that Cu addition plays a major role in improving the
photocatalytic activity resulting in higher degradation rate and such an incorporation of

Cu plays a major role in the degradation of complex dyes.
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Fig. 4.44 Absorption spectra of AY 17 dye displaying reduction in the dye
concentration from initial to 90 min irradiation time under visible light (Inset) Colour

change of AY 17 dye from initial to 90 min
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Fig. 4.45 (a) Time course variation of percentage dye degradation using
AgO/Ag:0@Ti0O2 and AgO/Ag0@TiO2 modified with Cu (ATC-75) nanocomposite
(b) Pseudo first-order kinetics plot for AY-17 degradation using ATC-75

nanocomposite

From the above experiments, it is known that AgO/Ag.0@TiO2 modified with Cu
nanocomposite (ATC-75) shows superior photocatalytic activity when compared to
AgO/Ag:0@TiO2 nanocomposite under visible light. Further the degradation
efficiency of AY 17 was studied using AgO/Ag0O@TiO. nanocomposite and
AgO/Ag0@TiO2 modified with Cu nanocomposite under solar light. Similar trend
was observed under solar light where around 90 % degradation is seen (Fig. 4.46 a)
using ATC-75 nanocomposite within 90 min of irradiation time whereas only around
7% degradation is observed for AgO/Ag.0@TiO2 nanocomposite even after 90 min.
The rate of degradation is faster in case of AgO/Ag0@TiO, modified with Cu than
AgO/Ag:0@TiO2 for AY 17 under both visible and solar light. This shows that
AgO/Ag0@TiO. modified with Cu nanocomposite acts as a better photocatalyst than
AgO/Ag0@TIO2 in degradation of both the dyes under visible and solar light.
Degradation reaction of AY 17 using AgO/Ag:0@TiO2 modified with Cu
nanocomposite followed the pseudo first-order kinetics with k value of 0.0263 min*
(Fig. 4.46 b).
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Fig. 4.46 (a) Time course of variation of percentage dye degradation using
AgO/Ag0@TiO2 and Cu-based AgO/Ag20@TiO2 nanocomposite under solar light
(b) Pseudo first-order kinetics plot for AgO/Ag20@TiO2 modified with Cu (ATC-75)

nanocomposites

XRD analysis of the AgO/Ag.0@TiO,, ATC-25, ATC-50, ATC-75 and ATC-100
nanocomposites are presented in Fig. 4.47. As observed, ATC composites showed
similar pattern with rutile TiO2 peaks corresponding to (110) and (211) planes (JCPDS
No 01-088-1173) and AgO peaks corresponding to the (-111), (132) and (402)
crystallographic planes respectively (JCPDS 01-076-1489). There was no Cu, CuO or
Cu20 peaks detected in any of the Cu loaded samples. The reason could be that the
surface doping of Cu or CuO with saturation would have taken place wherein the
capping species on the surface of nanostructures is replaced by the doping species
during mixing condition (Sahu et al. 2016) or the weight percentage of Cu or CuO in
the composite may be very minute with reference to silver oxides and TiO2. The
additional peaks present in AgO/Ag.0@TiO2 nanocomposite ascribing to the
crystallographic plane (111) of TiO2 and (110), (101) of Ag20 respectively disappeared
in Cu loaded (ATC) samples. Therefore all the Cu loaded samples comprised of only
rutile TiO2 and AgO peaks.
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Fig. 4.47 XRD pattern of the AgO/Ag-0@TiO2 nanocomposite with different Cu
loaded samples

Fig. 4.48 presents the Tauc plot showing band-gap energy of varied Cu loaded
AgO/Ag0@Ti0, samples. All the Cu loaded samples viz, ATC-25, ATC-50, ATC-75
and ATC-100 displayed the band-gap energy of 2.75, 2.9, 2.7 and 2.8 eV, with higher
band-gap obtained for ATC-50 sample. Zhao and Liu (2020) have reported the band-
gap of Cu—Cu0@TiO2 nanocomposite to be 2.25 eV which is slight lower than the
band-gap obtained for ATC-75 nanocomposites (2.7 eV) reported in this study. The
band gap energy of ATC samples are higher than that of AgO/Ag.0@TiO:
nanocomposite. This may be due to the presence of Cu and/or CuO. Although the band-
gap energy increased in Cu loaded samples when compared to AgO/Ag.0@TiO:
nanocomposite, higher degradation efficiency was observed with Cu loaded samples.
(Gao et al. 2021) have observed increase in the energy band gap of f-Ga>O3z after doping
with Cu, which means that on doping the energy required for the transition of electrons
from the valence band to the conduction band has not reduced. Even though they have
found the energy band gap to increase slightly after Cu doping, but the absorption in
the visible light range increased significantly. They attributed it to the impurity energy
level that appears in the middle of the band gap, which acts as a springboard to promote

the electronic transition. The impurity level generated in the band gap reduces the
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energy required for the transition of electrons in the Valence band maximum (VBM) to
conduction band minimum (CBM), so the energy of visible light may excite electrons
to the CB. Singh et al. (2018) explained that as the particle size becomes smaller in the
nanoscale, the number of overlapping of orbitals or energy level bands decreases and
bands becomes thinner, causing an increase in energy band gap between the valence
band and the conduction band (Singh et al. 2018). This shows that band gap is not the
only criteria that governs the visible light activity.
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Fig. 4.48 Tauc plot displaying the band-gap energy of varied Cu loaded
AgO/Ag:0@TiO2 samples

4.5.5 Characterization of AgO/Ag20@TiO2 modified with Cu nanocomposite

In Fig. 4.49 (a), SEM images of AgO/Ag-0@TiO> modified with Cu nanocomposite
shows the particles synthesized were roughly spherical in shape with varied particle
size. TEM analysis (Fig. 4.49 b) shows spherical shaped nanoparticles which are
distinct with no agglomeration. As seen in the Fig. 4.49 (b), the particles formed are
found to be of varied sizes in the range of 1-35 nm. SAED pattern in Fig. 4.49 (c) shows
the polycrystalline nature of the nanocomposite with d-spacing value of 2.78 Ac and
1.67 A corresponding to the crystalline planes (-111) and (211) of AgO and TiO>
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respectively which is in agreement with the XRD results. Histogram representation
shows the nanoparticles obtained were of different size with average particle size of
14.3 nm (Fig. 4.49 (d)).
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Fig. 4.49 (a) SEM and (b) TEM image of the nanocomposites (c) SAED pattern (d)
Particle size histogram of the AgO/Ag-0@TiO2 modified with Cu nanocomposite
(ATC-75)

Fig. 4.50 (a) shows the EDX spectra of the AgO/Ag.0@TiO2 modified with Cu (ATC-
75) nanocomposite showing strong signal for Ag along with small peaks for Ti, Cu and
O. Further EDS mapping also indicates the presence of Ag, Ti, Cu and O with different
colours distributed within the nanocomposite (Fig. 4.50 (b)).
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Fig. 4.50 (a) EDX analysis and (b) EDS mapping of the Cu-based AgO/Ag.0@TiO>
nanocomposite (c) EDS mapping for O, (d) EDX mapping for Cu, (e) EDX mapping
for Ag and (f) EDX mapping for Ti

Fig. 451 shows FTIR spectra displaying different characteristic bands in
AgO/Ag.0@TiO, modified with Cu nanocomposite. The band at 749.31 cm
represents the stretching vibration of Cu-O bond (Truong et al. 2022). The Cu-O
vibration is also observed at 527.18 cm™ (Sahu et al 2021). The band at 908 cm™
represents C-N stretching vibration (Metuku et al. 2014). The 1070 cm™ band
corresponds to the stretching vibration of -C-O (Meng et al. 2015). The band at 1632.96
cmis ascribed to the C=0 stretching of amides (Sinha and Ahmaruzzaman 2015). The
band at 3436.69 cm™ corresponds to the O-H stretching vibrations (Arif et al. 2015).
The presence of these functional groups indicate the role of biomolecules in

stabilization of the nanoparticles.
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Fig. 4.51 FTIR spectra of the nanocomposites

Fig. 4.52 shows the XPS spectra of the nanocomposites with peaks for O1s, Ti2p, Ag3d
and Cu2p. Ag3d spectra shows shift in the 3ds;2 and 3ds/. peaks of AgO to lower binding
energy of 366.5 and 372.5 eV (Fig. 4.52 (a)) respectively than the values of 367.1 eV
and 373.2 eV for AgO as reported in Handbooks of Monochromatic XPS spectra and
Hoflund et al (1995) respectively. The shift in the peaks may be attributed to interaction
between AgO and TiO2 at the heterojunction (Cho et al 2019). Ti2p spectra shows
binding energies of Ti2p12 and Ti2pss at slightly lower values at 457.7 and 463.5 eV
(Fig. 4.52 (b)) respectively compared to the standards (458.6 and 464.4 eV) with the
difference between the two of 5.8 eV indicating the state of Ti as Ti** (Pino-Sandoval
et al. 2020). The O1s spectra (Fig. 4.52 (c)) shows the peak at 529.5 which can be
attributed to Ti-O bond. Cu2p peaks were located at 933.6 and 953.4 eV (Fig. 4.52 (d))
corresponding to Cu2pzrand Cu2pa2 respectively indicating the presence of CuO in the
nanocomposite which is in agreement with the Imyen and co-authors (2019). In addition
to these peaks, satellite peaks were observed at 943.1 and 961.9 eV associated to
Cu2ps2 and Cu2pys2 respectively with slight shift to lower binding energy of 944.7 and
963.03 eV as reported by Arasu et al. (2020). Therefore it can be inferred that Cu is
present in the form of CuO and Ag as AgO in the AgO/Ag.0@TiO2 nanocomposite
modified with Cu (ATC-75). So, the nanocomposite modified with Cu (ATC-75) may
be referred as AgO@TiO2 nanocomposite modified with Cu
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Fig. 4.52 XPS spectra of the AgO/Ag.0@TiO> modified with Cu (ATC-75)

nanocomposites

4.6. MECHANISM OF PHOTOCATALYTIC DEGRADATION OF RB 220 AND
AY 17 DYES BY AgO@TiO2 MODIFIED WITH Cu NANOCOMPOSITE (ATC
75)

The dye degradation mechanism by AgO @TiO2 modified with Cu nanocomposite
(ATC-75) under sunlight is presented in Fig. 4.53. It consists of AgO, TiO2 and CuO.
These may form heterojunctions at the interface. AgO in the composite absorbs visible
light and upon excitation, electrons are transferred from the conduction band (CB) of
AgO to the CB of TiO2. The UV rays of the sunlight excites the TiO, where the
electrons are generated in the conduction band leaving behind the holes in the valence
band (VB). The electrons are further transferred to CuO, which acts as electron centre.
The electrons from the CuO migrate to the catalyst surface when the electron acceptor

such as Og, reaches to the surface, facilitate the reduction of oxygen molecules to free
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radicals on the catalyst surface leading to the dye degradation. The electrons in the TiO-
can also directly react with the surface adsorbed oxygen resulting in the degradation of
dye molecules into simpler products through reactive species. The holes formed in the
VB of TiO- gets transferred to VB of AgO which acts as the hole centre. The holes in
the AgO will react with water molecules to form hydroxyl radicals resulting in the
degradation of dye to carbon dioxide and water (Perovic et al. 2020). The ternary
composite comprises of AgO as the photosensitizer for visible light, TiO> which can
absorb UV radiation in the solar light for charge generation along the CuO which can
efficiently act as electron centre. This ternary composite heterostructure with efficient
electron-hole separation mechanism, exhibits high photocatalytic activity even under

solar light by utilizing UV and visible radiation which forms its major portion.
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Fig. 4.53 Possible dye degradation mechanism by AgO/Ag.0@TiO> modified with
Cu nanocomposite under solar light

4.7 STUDIES ON DEGRADATION OF DYES IN A MIXED DYE SYSTEM OF
RB-220 AND AY 17 WITH AgO@TiO2 modified with Cu NANOCOMPOSITE
(ATC-75)

The effluents from industry is usually composed of a complex system containing
mixture of dyes. But during the degradation process, these dyes can interfere in the

degradation process of one another, therefore studying the influence of one dye on the
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other is very much important in practical application. From Fig. 4.54, it can be seen that
absorption maxima of both the dyes do not change even in mixed condition and is
known to have its maximum absorption at its respective wavelength of 418 and 609 nm
for AY 17 and RB 220 respectively, implying that the two dyes does not interfere with
one another in analysis. Hence in this study mixture of two dyes namely, RB 220 and
AY 17 with different concentration were measured at their respective wavelengths
using the AgO @TiO2 modified with Cu (ATC-75) nanocomposites. Fig. 4.55 shows
the degradation of RB 220 dye with initial concentration of 50, 150 and 200 ppm with
AY 17 concentration being constant at 100 ppm. As observed, the degradation rate is
high for both RB 220 and AY 17 dye with initial RB 220 concentration of 50 ppm
further which the degradation rate decreases for both the dyes when the concentration
of RB 220 is increased to 150 and 200 ppm. Fig. 4.56 shows that the degradation rate
of AY 17 dye greatly reduced when the concentration of AY 17 dye increased from 50
to 200 ppm with no much reduction in the degradation of RB 220 dye which is
maintained at 100 ppm. It is well evident from the Fig. 4.57 (top) that only 50 % and
9% degradation of RB 220 and AY 17 respectively occurred at the 60 min of irradiation
when used in combination of 100 ppm of both the dyes whereas almost complete
degradation for RB 220 and more than 85% degradation for AY 17 was seen when used
individually. The degradation rate has reduced significantly in case of mixture of dyes
as compared to their individual degradation rate at all combinations of concentrations.
This shows that the presence of one dye greatly affects the degradation of the other.
The decrease in the degradation might be due to the competition in occupying the active
centres on the surface of the catalyst (Gunture et al. 2019). As the concentration of one
dye increases, degradation rate of other decreases. However there was no much
reduction in degradation of RB 220 dye was seen at the end of 5" h, whereas the case
is not the same with AY 17, the degradation was significantly affected by the presence
of RB 220 dye as observed in Fig. 4.57 (a) and (b).
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Fig. 4.55 Percentage dye degradation in mixture (RB 220 + AY 17) with initial AY17

concentration of 100 ppm being constant

127



AY 50 & RB 100 ppm AY 150 & RB 100 ppm
= RB 220 ERB 220
o 100 = 100
2 AY 17 g AY 17
=] =
= 80 = 80
= 1 =
60 I £ 60
Bn I en
2 <
= a0 I = 40 I
@ @ I
] - I
= I < 20 _
X s :
0 0
1 2 3 4 5 1 2 3 4 5
Time (h) Time (h)
AY 200 & RB 100 ppm
100 ERB 220
=
c AY 17
= 80
]
E
g 60
en
]
= 40
& I
= 20 I I
S . :
0
1 2 3 4 5
Time (h)

Fig. 4.56 Percentage dye degradation in mixture (RB 220 + AY 17) with initial RB
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Fig. 4.57 Influence of one dye over the other at the end of 5" h
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4.8 REUSABILITY STUDIES OF AgO@TiO2 modified with Cu nanocomposite
(ATC 75) IN RB 220 DYE DEGRADATION

The reusability studies conducted for AgO/Ag-0@TiO2 modified with Cu (ATC 75)
nanocomposites in RB 220 dye degradation with initial dye concentration of 100 ppm
and catalyst loading of 1 g/L under visible light showed that the catalyst can be reused
upto three cycles. Almost complete degradation was obtained in first cycle which
slightly decreased to 90% in the second cycle followed by a reduction upto 71 % in the
third cycle at the end of 90 min (Fig. 4.58). Though there was no much loss in catalytic
activity upto third cycle, further reusability might decrease its activity to a greater
extent, therefore it can be concluded that the AgO/Ag.0@TiO, modified with Cu
catalyst exhibits good photocatalytic activity upto three cycles and hence can be reused

for three cycles.
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Fig. 4.58 Reusability studies in RB 220 degradation using AgO @TiO2 modified with
Cu (ATC-75) nanocomposites
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CHAPTER S

SUMMARY AND CONCLUSION

The silver-based TiO, and silver-based TiO, modified with Cu nanocomposites were
extracellularly synthesized using culture supernatant of Alcaligenes aquatilis at room
temperature and evaluated for their application in the degradation of RB 220 and AY
17 dyes under visible and solar light. Three different methods of synthesis were tested
and the best method was chosen based on the photocatalytic activity of the synthesized
nanocomposite particles. Various synthesis parameters and dye degradation process
parameters were optimized based on one factor at a time approach in order to maximize

the photocatalytic activity and the degradation of the dyes.

The findings of this study are summarized as below:

e The Ag-based TiO2 nanocomposite was synthesized by three different methods,
namely Two step method (Method A), One pot synthesis method with
sequential addition of precursors (Method B) and One pot synthesis method
with simultaneous addition of precursors (Method C).

e Two-step method (Method A) was chosen as the best method as the synthesized
Ag based TiO2 nanocomposites exhibited better photocatalytic activity in terms
of degradation of RB 220 under visible light irradiation

e The optimum synthesis conditions were found to be molar ratio of Ag to Ti of
1:1.6, CFS pH of 7, synthesis time of 4 h for silver ion reduction (tsep1), and 4
h synthesis time after the addition of Ti precursor (tstep 2) for the formation of
TiO», thus making total synthesis time as 8 h, based on the photocatalytic

activity.

e The nanocomposite synthesized under optimum conditions consisted AgO,
Ag20 and rutile TiO2 where AgO/Ag20 particles were embedded in TiO2 and
referred as AgO/Ag:0@TiO2. The particles were spherical in shape with
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average particle size of 29.8 nm and capped with molecules of biological origin

acting like capping agents and exhibited band gap energy of 1.7 eV.

AgO/Ag.0@TiO2 nanocomposite synthesized under optimum conditions
resulted in the initial degradation rate of 3.85 mg/L/min with 98 % degradation
of RB 220 at the end of 90 min and pseudo first-order kinetic constant of 0.0492
min"t and showed better photocatalytic activity than the Bio-TiO2, AgO/Ag.0
and AgO/Ag:0@TiO, nanocomposite synthesized under unoptimized

conditions.

LCMS results revealed the disappearance of certain peaks after the
photocatalytic reaction which were present in the initial samples indicating the
breakdown of dyes into simpler compounds with two possible pathways based

on the m/z values.

Further, the photocatalytic process parameters were optimized to maximize the
degradation of RB 220 based on which dye solution pH of pH 3 and dye to
catalyst ratio of 1:10 were found to be the optimum. Acidic pH favoured the

degradation process

Under optimum dye degradation process conditions, almost complete
degradation of 100 ppm RB 220 dye could be achieved in 90 min in the presence
of 1 g/L of AgO/Ag.0@TiO2 nanocomposite synthesized under optimized
conditions, with initial degradation rate of 5.49 mg/L/min.

As the concentration of dye increased from 100 to 500 ppm with the same
catalyst loading, rate of photocatalytic degradation decreased and the dye
degradation at the end of 90 min, decreased from 99 % to 31 %.

AgO/Ag.0@TiO2 nanocomposite synthesized under optimum conditions was
found to be photocatalytically active under solar light exhibiting 96.6 %
degradation of 100 ppm RB 220 in 90 min and first order rate constant of 0.0367
min.

A mechanism of photocatalytic degradation under solar light by
AgO/Ag0@TiO2 nanocomposite is proposed wherein TiO2 gets excited by UV
light and AgO as well as Ag>O get excited by visible light following charge
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separation, with CB of TiO; acting as electron centre and VB of AgO and Ag.0O

acting as hole centres.

Though AgO/Ag0@TiO2 hanocomposite was very effective in the degradation
of RB-220 both under visible and solar light, it did not exhibit appreciable
activity in the degradation of AY 17.

AgO/Ag.0@Ti02 modified with Cu (ATC) nanocomposite was prepared by
three step method and the optimum molar ratio of Ag:Ti:Cu used in the
synthesis process and the calcination temperature were 1:1.6:0.7 and 400°C
respectively. It consisted AgO, TiO2 and Cu as CuO and referred as AgO@TiO:
modified with Cu nanocomposite (ATC-75).

AgO@TiO2 modified with Cu nanocomposite particles were distinct and
spherical in shape of average size of 14.3 nm and possessing band gap energy
of 2.7 eV.

ATC-75 nanocomposites could degrade 100 ppm RB 220 almost completely in
45 minutes, whereas complete degradation could be achieved with
AgO/Ag0@TIO- at the end of 90 min with 1 g/L catalyst under visible light

irradiation.

ATC-75 nanocomposite was also found to be highly active under solar light in

degradation of AY 17 dyes as compared to AgO/Ag-0@TiO2 nanocomposite.

Degradation reaction of AY 17 using ATC-75 nanocomposite followed the

pseudo first-order kinetics with k value of 0.0263 min™.

The degradation rate of AY 17 with ATC-75 greatly reduced on increasing its
own concentration or on increasing the concentration of the other dye in the
solution of binary dye mixtures of RB 220 and AY 17, whereas the degradation
rate of RB 220 was not much affected by the presence of AY 17 dye.

ATC -75 nanocomposite showed good reusability potential upto three cycles
of reuse with only 30% reduction in the percentage degradation of the RB-220

dye.
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It may concluded that AgO/Ag-0@TiO2 nanocomposite and AgO/Ag0@TiO:
modified with Cu nanocomposites synthesized by extracellular microbial based
method using Alcaligenes aquatilis are visible light active and show potential in
their application as solar light active photocatalyst in the degradation of dyes. These
photocatalysts can be used in the treatment of wastewater containing dyes by
harnessing solar energy. The synthesis was carried out under ambient conditions in
aqueous solution without the use of any toxic solvents and thus proves to be a green,
environmental friendly and energy efficient method. The developed method
involved the extracellular synthesis being carried out under cell free environment,
circumventing the challenges involved in the separation of nanoparticles and cell

biomass, thus proving to be technologically attractive and potentially economical.

Scope for future studies

e To assess the effectiveness of the biosynthesized silver based titania

nanocomposites for other class of pollutants.

e To study the application of the  biosynthesized silver based titania

nanocomposites in continuous photocatalytic reactors in immobilized form

e To scale up the biosynthesis process.
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