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ABSTRACT

A novel visible-light-responsive Bi4sNbO3sCl/g-C3N4 nanocomposite photocatalyst was
hydrothermally produced using BisNbOgCl and g-CsN4. Methylene Blue'(MB)
deterioration under visible LED light is an emergent dye pollution. The photocatalytic
efficiency of the nanocomposite materials was evaluated using irradiation. At an ideal
mass ratio of 1:2 (50mg of BiuNbOsCl to 100 mg of g-C;N4), the 50-BisNbOgCl/g-
CsNy4 (50-BNOC/UGCN) nanocomposite was found to have the best photocatalytic
degradation efficiency toward MB. The photocatalytic degradation of MB (10 mg/I) by
50-BisNbOgCl/g-C3Ny (1 g/1) during 60 minutes of visible 20W LED light irradiation
was 99.35%. The development of Z-scheme heterojunctions, which led to reduced
recombination of photogenerated electron-hole pairs and improved visible light
absorption, was responsible for this enhanced performance. The results not only
demonstrate the construction of the BisNbOsCl/g-CsN, nanocomposite for the
successful degradation of resistant pollutants by photocatalysis at affordable prices and
energy efficiency, but they also promote the development of related photocatalysts
aimed for environmental remediation.
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CHAPTER 1
1.1 INTRODUCTION

Methylene blue (MB) is noteworthy in history since it was the first synthetic substance
and antiseptic colour to be used therapeutically in clinical medicine. Prior to the
development of penicillin and sulfonamides, MB and its derivatives were frequently
used in chemotherapy. Additionally, MB has been a lead molecule in medication
development against cancer and a variety of viral and bacterial illnesses. Methylene
blue is a dye that works well in a lot of different sectors. It has a great affinity for
cotton, wool, and silk fibres, which makes it a popular dye in the textile industry. It
produces a brilliant, stable blue hue that is resistant to fading. Due of its affordability,
it is a well-liked option for producing fabrics on a wide scale.
For staining and biochemical experiments, it is essential in biological and laboratory
contexts. In terms of medicine, it has antibacterial qualities, serves as an antidote for
several poisonings, and is an essential treatment for methemoglobinemia. It is also
crucial for treating fish diseases and keeping an eye on water quality in aquaculture.
MB is an organic chloride salt that has a bright greenish appearance and this dye's
colour in solution is blue. It is also referred to as methylthioninium chloride. It's
categorised as a phenothiazine, more precisely as a diamino phenothiazine. Its
molecular weight is 319.85 g/mol and its chemical formula is C16H1sN3SI (Oladoye et
al., 2022).

Every year, hundreds of tonnes of these dyes are generated in large quantities all over
the world (M. Chen et al., 2021). To be precise, the industrial production of dye
compounds is around 7 x 10° tonnes per year (Katheresan et al., 2018). Aniline blue,
alcian blue, basic fuchsin, methylene blue, crystal violet, toluidine blue, and congo red
are a few instances of synthetic dyes. According to a report, the textile industry
accounts for almost 67% of the dyestuff market and/or consumption, and for every
tonne of fibre produced, about 120 cubic metres of industrial wastewater are released
(J. Zhang et al., 2009). Furthermore, aquatic life, beneficial bacteria, human lives, and
health have all been put in danger as a result of the careless discharge of industrial
wastewater into natural water sources, which has been noted to be a common disposal
pathway. This is due to the fact that dyes like MB have been discovered to be
significantly hazardous at high concentrations (Hameed et al., 2007). The molecular
structure of MB, has an aromatic ring that is characteristically stable and renders the
substance non-biodegradable and carcinogenic (Hassaan et al., 2017). The health
hazards linked to coming into contact with MB include, but are not limited to,
respiratory disorders, gastrointestinal troubles, cardiovascular problems, genitourinary
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complications, and dermatological impacts (Hassani et al., 2008). The dyes are
challenging to cure by biotreatment because of their complex molecular architectures.
Due to the non-biodegradable nature of dyes, textile waste water frequently has low
BOD to COD ratios (Katheresan et al., 2018).

In order to avoid the harmful consequences that MB poses to the environment and
human health, its removal from effluent wastes is crucial (Thabede et al., 2020). The
application of MB in healthcare can be managed in relation to regulating the
recommended dosage. Hence, wastewater and effluents from industries are the primary
target of the removal procedures. Before being released into the environment, MB can
be removed from its waste and effluent elements using a variety of technologies that
have been proposed and established. According to Dutta et al. (Dutta et al., 2011),
effective removal strategies available today can be generally categorized as physical,
chemical, or biological processes. This suggests that the three techniques listed are
traditional and have undergone thorough investigation by scientists and/or
environmentalists. More sub-separation techniques that have been suggested for the
removal of MB from sewage and wastewater include oxidation, photocatalyzed
degradation, biodegradation, biocatalytic degradation, and adsorption processes
(Oladoye et al., 2022). Additional methods include microwave treatment, liquid-liquid
extraction, ultrafiltration, nanofiltration, vacuum membrane distillation, and
phytoremediation (stephenson @ & Dufft, 1996). Studies have revealed, nevertheless, that
the majority of these conventional techniques have some disadvantages, such as being
costly requiring a lot of electricity, producing a lot of hazardous waste, etc (Oladoye et
al., 2022).

Among the AOP, photocatalysis is capable of efficiently breaking down dyes and
extracting them from wastewater without creating sludge. Subsequent to light
irradiation, a semiconductor-based photocatalyst produces pairs of electrons and holes
when electrons move from the valence band into the conduction band. Electron-hole
pairs produced by photons will go to the surface of the semiconductor and experience
a redox reaction (Mohamed et al., 2012). Superoxide radical anions ("O;") are produced
when the electron in the conduction band reacts with oxygen, while hydroxyl radicals
(OH") are easily produced by the hole created in the valance band with H,O. According
to (Majumdar & Pal, 2020), ROS are hydroxyl radicals (OH") and superoxide radical anions
("Oy) that break down dyes and turn them into mineralized forms such as CO,, H,0,
and other degradation products.

Titanium dioxide (TiO,) has been utilised as a photocatalyst in most photocatalytic dye
degradation experiments; nevertheless, TiO,'s primary drawback is that, because of its
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large band gap, it only absorbs the UV component of light (Viswanathan, 2017).
Similar to ZnO, which is also a commonly utilised photocatalyst due to its wide
availability and non-toxic nature, its operational range is limited to the UV due to its
wide band gap (Zhao et al., 2014). Particularly TiO, and ZnO are employed as thin
porous films, nanorods, nanospheres, nanofibers, and nanowires, or as supports for
polymeric films. Nanoscale zinc oxide is an inexpensive semiconductor with minimal
environmental impact and low toxicity. Compared to TiO,, it generates hydroxyl ions
more effectively, producing emissions that are visible (Jana & Gregory, 2020). However,
there are several disadvantages to ZnO, such as a high rate of electron-hole
recombination (Anwer et al., 2019). They are unsuitable for large-scale applications
because of their enormous band gap, quick charge recombination rates, and limited
sensitivity to UV light (high hv), which makes up only 4-5 percent of the solar
spectrum. The most favourable and long-term solution for dye degradation seems to be
a narrow band gap photocatalyst sensitive to visible light (low hv), which makes up
about 52% of the solar spectrum.

However, in recent years, a number of bismuth-based compounds have been developed
as photocatalytic materials to use the visible spectrum. These include the Aurivillius
structure (Bi.MoOQg (Cai et al., 2018), BisV,01; (Liang et al., 2018), BisFesTi30,1 (X.
Lietal., 2014)), Sillén structure (BiOCI (Y. Xu et al., 2018), BiOBr, BiOIl [(Wu et al.,
2015), (Arumugam & choi, 2020)]), and Bi-based oxychloride (Bi(103); (H. Huang et al.,
2018), Bi1,017Br,, BisOsBr, (W. Zhang et al., 2017), BizO4Cl (Lin et al., 2007a),
PbBIiO,Cl (Yu et al., 2015)). The layers that make up the Aurivillius structure are
(Bi,0,)?" lawers and perovskitic layers (A,-iBnOzn+1)>", with the (Bi.O2)?** layers
situated in between the perovskitic layers. The production and separation of charge
carriers under light were found to be facilitated by this hierarchical molecular structure,
which is important for enhancing photocatalytic activity. As a new type of
photocatalysts, Bi;NbOgCl are layered semiconductors that are part of the Silléen and
Aurivillius phases. They are composed of a layer of (Bi,0,)?* slabs interspersed with
anionic (NbO4)*” and CI™ slabs (Ni et al., 2019). There is a significant internal
electrostatic field between the slab layers that is perpendicular to the slab layers
because of their distinctive layered structure. Consequently, the internal static electrical
fields (IEF) can significantly enhance the separation of photoinduced electrons and
holes, leading to the achievement of high photocatalytic activity for BisNbOgCl (Ni et
al., 2019). The first study to reveal that BisNbOgCl is more active at breaking down
methyl orange under visible light than anatase TiO, was done in 2007 by Lin and
colleagues (Lin et al., 2007b). Hironori Fujito used theoretical and experimental
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methods to demonstrate that Bi;NbOgCl is a stable photocatalyst for the oxidation of
water in visible light (Fujito et al., 2016).

Graphitic carbon nitride, or g-CsN4 has drawn a lot of interest recently in
photocatalysis because of its tiny band gap (2.7 eV), which enables it to absorb visible
light with no modifications (He et al., 2015). The popularity of this metal-free
polymeric semiconductor can be attributed to a number of factors, including its low
cost, ease of fabrication, remarkable chemical stability, increased electrochemical
performance, and ecologically benign nature (X. Zhang et al., 2013) It is used for
chemical synthesis, water splitting, CO, reduction, and organic pollutant degradation
under visible light (Ou et al., 2017). However, the rapid recombination of photo-
generated charge-carriers causes g-CsN4's low quantum yield, which restricts its
practical use. To address this, numerous researchers have created g-CsNg4
nanocomposites by combining it with other materials, such as WO3/g-C3N4 (S. Chen
et al., 2014), Bi,03/g-C3N4 (J. Zhang et al., 2014), BiVO./g-C3N,4 (Guo et al., 2014),
Fes04/g-CsN4 (Kumar et al., 2013), In,S3/g-C3N4 (Xing et al., 2014), BisO4Cl/g-C3N4
(Ma et al., 2017), and g-C3N4/BisNbOgCl (majumdar & Pal, 2020) etc. These
nanocomposites are superior to single semiconductors in terms of electron and hole
separation and recombination reduction.

This study involved three main steps: the synthesis of Bi;NbOgCl was carried out under
control using a facile molten salt aided assembly approach; the synthesis of g-CsN,4 was
carried out using a calcine method; and finally, a hydrothermal method was used to
build a nanocomposites of Bi;NbOgCl/g-C3N,4. The photocatalytic performance of the
as synthesised photocatalyst is determined towards the degradation of Methylene Blue
(MB) dye under a low-intensity, energy-efficient visible 20W LED light irradiation.
The BisNbOsCl/g-C3sN4 nanocomposite was shown to have a considerably greater
photocatalytic efficiency than both pure BisNbOgCl and g-CsNs. The precise
mechanism of the Bi;NbOgCl/g-CsN4 nanocomposite's photocatalytic degradation of
MB was further examined in order to obtain understanding.
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1.2 OBJECTIVE AND SCOPE OF WORK

The study's goal is to economically and effectively remove MB from an aquatic matrix
using a novel, non-toxic BisNbOgCl/g-C3N, nanocomposite photocatalyst when
exposed to visible LED light. In order to accomplish this goal, the study's scope is as
follows:

e The synthesis of a new Bi;NbOgCIl/g-C3N4 nanocomposite that has a different
mass ratio between BisNbOgCl and g-CsNa.

¢ Finding the most effective nanocomposites by conducting batch-mode research
using the as-synthesised nanocomposites for the photocatalytic degradation of
MB dye.

e Analysing the produced photocatalyst using different methods to understand its
material characteristics.

e Optimization of process parameters for the photocatalytic degradation and
mineralization of MB.

e Find out the photocatalyst's photocatalysis mechanism and reaction kinetics in
order to remove MB.
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Chapter 2
2. LITERATURE REVIEW
2.1. DYES AND IT’S CLASSIFICATION:

A dye is a coloured substance that has an affinity for the substrate to which it is being
applied. It absorbs light at a specific wavelength in the visible portion of the spectrum,
which is why it is coloured. Dye is an ionizing and aromatic organic compound.
Usually applied in an aqueous solution, the dye may need to be treated with a mordant
to increase its fastness on the fibre. There is rarely a sector that does not employ colours
commercially—from plastic toys to clothing, from food to wood. Dye is applied
everywhere. In essence, dyes are aromatic, ionising substances with various
chromophore molecules that give them their colour. The aryl rings in their structures
feature electron systems that are delocalized. (Natarajan et al., 2018a). Dyes can be
classified in several ways; each class has a very unique chemistry, structure and
particular way of bonding. While certain dyes can be held in place by physical forces,
others can react chemically with the substrates to produce strong connections. The dye
classification is displayed in Fig. 1. Dyes can be categorised according to how they are
made, what materials are used in their synthesis, the characteristics of each dye's
chromophores, and the type of electronic excitation. Dyes can be natural as well as
synthetic. Natural sources such as plants (including lichens and fungi), animals,
invertebrates, and minerals are the source of natural dyes. Some of the examples of
natural dyes are Indigo dyes (from stems and leaves of indigo), Alizarin dyes (from
roots of madder plant), Logwoods dyes (from the trunk for black colour to silk and
cotton fabrics) etc. In nature, these dyes don't pose much of a threat. For the purpose
of dyeing, synthetic dyes are made in laboratories or factories. A few examples of
synthetic dyes are azo and mordant dyes. Today, synthetic dyes predominate because
they are more readily obtainable, less expensive, faster to set, brighter, and come in a
broader variety of hues. In nature, these artificial dyes are poisonous. It can pose a
number of health risks to people if it is found in water sources. A variety of organic
dyes with different chemical structures, including thiazine, xanthene, anthragquinone,
phenanthrene, quinoline, indigo, triphenylmethane, and azo dyes, have been examined
by Epling and Lin (2002) in relation to visible light assisted degradation (Epling & Lin,
2002).
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Dyes Classification
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Fig. 1 - Classification, applications and method of applications of dyes.




2.1.1. Cationic dyes:

In an aqueous solution, a cationic functional group found in cationic dyes may dissolve
into positively charged ions. The most prevalent cationic functional group is the onium
group. Catalytic dyes, wherein the majority of the cations are N*, include Methylene
Blue (MB), Rhodamine B (Rh B), Rhodamine 6G (Rh 6G), Safranin O (SO), Crystal
Violet (CV), and Malachite Green (MG). Consequently, basic dyes are another name
for cationic dyes. As a model contaminant for degradation, MB was employed. MB is
safe and helpful when administered as medicine at a safe concentration. However, the
aquatic biota and human health may be negatively impacted in multiple ways by the
careless release of MB into a waterbody. The health risk related to coming into contact
with MB include impacts on the central nervous system, gastrointestinal tract,
respiratory system, cardiovascular system, genitourinary problems, and skin (Oladoye
etal., 2022). Fig: 2

Rhodamine B (RhB) Methylene blue (MB)

Fig. 2. Cationic dye

2.1.2. Anionic dyes:

Anionic dyes contain anionic functional groups (e.g., sulfonic or carboxylic acid
groups) that are water soluble and may interact easily with photocatalysts with
hydrophilic surfaces. As a result, anionic dyes are sometimes called acidic dyes. Some
of the anionic dyes are Acid Orange 7 (AO7), Eosin Y (EY), Methyl Orange (MO),
Fluorescein sodium salt, Potassium Permanganate, Acid Red 14 (AR14), Alizarin Red
S (ARS), Rose Bengal (RB), and Phenol Red (PR) (Sanakousar et al., 2022). Fig: 3

(a) (b) (©)

88 N\ oo PP
| O B S TR . =0
N 0 AN AL AN A )

Methyl Orange Fluorescein Sodium salt Potassium Permanganate

Fig. 3: Anionic dye
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2.1.3 Non-ionic Dyes:

I. Disperse dyes:
Disperse dye is described as a substantially water insoluble dye associated with
one or more than one hydrophobic nature of fibers, such as polyester or cellulose
acetate. As disperse dye is non-ionic, it is easily volatile and vapors of dye are
highly absorbed by the hydrophobic fiber. Some examples of dispersed dyes are
C.I. Disperse Yellow 13 which is suitable for acetates and nylon, C.I. Disperse
Violet 1 which is suitable for acetate, nylon and polyester, C.I. Disperse Blue 56
which is suitable for dyeing polyester fibers, C.1. Disperse Orange 30 which is
applied on acetate and triacetate, C.1. Disperse Blue 183 for dying of polyester.
The chemical structure of some dispersed dyes are shown in Fig. 4 (Clark, 2011).

| | o NH, NO,
Cl N~ l n )
x. J = N 27NN ™ ~ \1\\1“
e eI sas
(1 - L il
; (o) NH»>

C I Disperse Orange 30 C.I Disperse Violet 1 C.I. Disperse Yellow 26

Fig. 4: Disperse dye

II. Vatdye:
Vat dye is identified for better color fastness and excellent brightness properties.
They are primarily soluble in hot water and some vat dyes are also soluble in
sodium carbonate. The most important natural vat dye is Indigo or indigotin
obtained from the plant Indigofera. some of the vat dyes are C.I. Vat Blue 1, C.I.
Vat Black 25, C.I. Vat Green 1. The chemical structure of some vat dyes is shown
in Fig. 5 (Sharma et al., 2021).

Na.

(@] H\ HO 0 0
CE(\ N~ | Hy [\
/ \ =
4?_—<§;:[;::] g%{eg ‘D> 0 4!;"%.'} \ / / \
H O\Na <’_ -

0 OCH, 0CH,

C.I Vat Blue 1 C.I Vat Black 25 C.I Vat Green 1

Fig.5: Vat dye
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III. Sulfur dyes:

Sulfur dyes are highly coloured, water insoluble compounds. They are the most
commonly used dyes manufactured for cotton in terms of volume. Sulfur dyes
are predominantly black, brown, and dark blue. These dyes are categorized into
four groups such as sulfur, Leuco sulfur, solubilized and condensed sulfur dyes.
Some of the sulfur dyes are Sulfur Blue dye, CI 53235, Sulfur Black, CI 53185,
Leuco Sulfur Black1, CI 53185, Sulfur brilliant green, CI 53570. The chemical
structure of some sulfur dyes are shown in Fig. 6 (Sharma et al., 2021).

OH
‘O\W, Y E.O'
0 0 NO,
Sulfur black, CI 53185 Leuco Sulfur black 1, CI 53185

N, ) N‘;
NoA H
oo GG
N 7 oH

HO

Sulfur blue dye, CI 53235 Sulfur brilliant green, CI 53570

Fig.6: Sulfur dye

2.2 ENVIRONMENTAL IMPACT OF DYES:

According to (Surolia et al., 2010), dye plays a significant role in our daily lives
because it is utilised in a variety of industries, including the textile, leather
tanning, paper, food, pharmaceutical, and medical fields, as well as in
agricultural, biological, and chemical research, light-harvesting arrays, photo
electrochemical cells, cosmetics, hair colouring, and wood stanning. According
to Zollinger, roughly 450,000 tonnes of dyestuff are produced worldwide, and
about 40,000 different synthetic dyes and pigments are employed in various
industries. The textile sector is the biggest user of these dyes, making up around
65% of the market (Zollinger H., 1987). According to a survey conducted by the
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Ecological and Toxicological Association of Dyestuffs and Manufacturing
Industry (ETAD), 90% of the 4000 dyes that were screened were found to have
lethal doses (LD50) greater than 2 x 103 mg/kg. Direct, basic, and di-azo dyes
had the highest rates of toxicity among the dyes that were tested. It is evident
from the literature that water soluble dyes with vibrant colours, such reactive
and acid dyes, are challenging to eliminate from water (Beyene, 2014). Drinking
water tainted with these substances can have a range of detrimental effects on
human health, including extensive immune suppression, respiratory issues,
disorders of the central nervous system (CNS), allergic reactions, tissue necrosis,
and infections of the skin and eyes (Pan et al., 2012) (Fig 7). Highly carcinogenic
or mutagenic chemicals can arise during the reduction of dyes and their
intermediates, which is harmful to aquatic life and microbes (Carliell et al.,
1996). Therefore, it is crucial to remove the dye from wastewater by reducing or
eliminating its toxicity in addition to removing the dye's colour from the water
(Natarajan et al., 2018b).

Government regulations pertaining to the removal of dyes from industrial
effluents have been stricter recently in both developed and developing nations,
and law enforcement will persist to guarantee that the effluent from dye-utilizing
industries meets the necessary standards (Anjaneyulu et al., 2005)

Methylene Blue Dye
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Fig.7: Toxicity Effect of Methylene Blue Dye

Page | 22




2.3. AVAILABLE TECHNOLOGIES FOR REMOVAL OF DYES:

Most synthetic dyes are toxic by nature and pose a threat to aquatic life. Numerous
conventional techniques have been employed to remove colour from water and
wastewater in order to comply with strict environmental regulations. These techniques
are arranged according to Figure 8.

Q‘Eﬂoval me@
[Degradaﬁon pathway ] [ Separation pathway ]7

I L I l
Advanced oxidation Bio-degradation |Chemical oxidation | Adsorption
process
By
.
. El?ctr:}chemlcal process
oxidation

Fig.8: Various methods for dye removal

2.3.1 Chemical coagulation & flocculation:

The physicochemical processes of coagulation and flocculation are frequently used to
clean industrial wastewater because they destabilise and produce flocs, which eliminate
colloidal particles, minuscule solid suspensions, and a few soluble chemicals that were
previously present in the wastewater. The coagulation process is one of the easiest and
least expensive methods that can be used in industrial settings, and it has also been
shown to be the most successful strategy when compared to other processes like
anaerobic reduction, oxidation, and adsorption (Kos, 2016). About 70-80% of the
colour is removed during coagulation, and the amount of organic chemical
concentration is decreased by the same amount. The characteristics of the raw
wastewater, the temperature and pH of the solution, the kind and amount of coagulants
employed, and the amount of time spent mixing all affect how effective this process is
(Mokif, 2019). Common coagulants include synthetic organic polymers and inorganic
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salts like ferric chloride or alum. Chemical coagulants have several disadvantages,
including the potential to induce disorders like Alzheimer's disease, which is linked to
inorganic salts, and the fact that some of them are carcinogenic. Despite being used to
remove suspended particles and colours from wastewater, they have several negative
effects.

Understanding a coagulant's performance under particular conditions is essential since
chemical coagulation is a complicated process with many interrelated properties.
Alum, ferric chloride, ferric sulphate, and magnesium chloride can all be used as a
coagulant. Distinct coagulants have various effects on destabilisation. The more
destabilising and the lower the needed coagulation dose, the higher the counter ion's
valence. When the pH is lower than the isoelectric point of metal hydroxide and various
coagulants are precipitated by a suitable polymer, positively charged polymers will be
more prevalent. Through charge neutralisation, the adsorption of these positively
charged polymers can cause negatively charged colloids to become unstable. Above
the isoelectric point, where particle instability may arise from adsorption and bridge
formation, anionic polymers will predominate. The use of a substantial dose of metal
ions (coagulant) causes an adequate level of oversaturation, which causes a large
amount of metal hydroxide to precipitate quickly and enmeshing the colloidal particles
known as sweep flocs. When Fe (III) salts are utilised as coagulants, monomeric and
polymeric ferric species are generated; the production of these species is pH dependant.
Numerous investigations have shown that ferric chloride solutions have an acidic
natural colour. However, effective removal of the acidic substance is only possible
when the pH is near neutral, necessitating the addition of a base to maintain pH
stability. This can be accomplished with lime or sodium hydroxide (NaOH).
Conversely, lime can produce more sludge. On the other hand, using polyelectrolyte as
a coagulant aid frequently enhances the coagulant's functionality. As can be seen, alum
works best at a pH that is almost neutral, which maximises the effectiveness of colour
removal. Additionally, adding polyelectrolyte enhances colour removal effectiveness
overall. This method is not pleasant, though, because it produces a lot of sludge. The
ideal pH range for magnesium chloride is 9 to 12. When used with lime, it offers
superior colour removal. But it generates a lot of sludge, which could lead to extra
expenses and a problem with sludge disposal. While alum and ferric chloride both have
excellent effectiveness, ferric chloride is less successful at removing colour at low
doses. However, there has been a noticeable improvement in colour removal when
ferric chloride is mixed with a little amount of cationic polymer.
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2.3.2 Electro coagulation:

Colour removal from wastewater using electrochemical technology is one application
of the electro coagulation process. This technology attracted a lot of attention because
to its special qualities of safety, adaptability, and compatibility with the environment.
Electrochemical technology competes with other conventional technologies including
ion exchange, solvent extraction, evaporation, and precipitation to suit the demands of
many sectors. Because electrochemical methods use the electron as a single reagent
and do not leave behind solid residues, they are often preferable to physicochemical
and membrane technologies, particularly when it comes to eliminating colour from
wastewater. During electro coagulation, the primary techniques for removing
pollutants are flotation, adsorption, coagulation, and precipitation. Compared to
chemical coagulation, electro coagulation produces less sludge, has a smaller
environmental imprint because of its quicker reaction time, requires less equipment
and operating costs, and is simpler to use.

During electrocoagulation, the electrooxidation of sacrificial anodes produces
coagulants in situ. After that, the precipitates or suspended particles are destabilised
and aggregated by iron or aluminium hydroxide flocs, which absorb dissolved
pollutants. Iron and aluminium are the most often utilised materials in
electrocoagulation because they are easily accessible and reasonably priced. Dalvand
et al. looked into the efficacy of electrocoagulation using aluminium electrodes to
extract Reactive Red198 (RR198) from aqueous solution. The effect of variables on
the percentage of dye removal was examined (Dalvand et al., 2011a). These variables
included voltage variation, reaction duration, inter electrode distance, initial dye
concentration, electrolyte concentration, and electrode connection mode. In terms of
electrode and electrical energy consumption, they also investigated the optimal
operating parameters. Several groups make up Reactive Red198's (RR198)
organisational structure. These groups contain three distinct absorbance peaks at 288,
373, and 518 nm. It is possible to assign the benzene, naphthalene, and azo-linkage
peaks to, respectively, benzene, naphthalene rings, and azo-linkage. The breakdown of
dye molecules into smaller organic compounds may be the cause of dye loss during
electrochemical processes, depending on the type of electrode material utilised. The
absorbance of raw and treated wastewater was measured at three absorption
wavelengths: 288, 373, and 518 nm, in order to evaluate the dye removal method by
electrocoagulation. Furthermore, to ascertain whether aromatic compounds resulting
from dye breakage were present in the solution, absorbance at 254 nm was assessed.
All of the absorbance peaks dropped throughout the electrocoagulation treatment and
vanished nearly entirely after thirty minutes or so. The principal mechanism for dye

Page | 25




removal was found to be dye molecule adsorption on flocs, as demonstrated by the
decrease in absorbance peaks. No other byproducts were produced or azo-linkage
cleavage occurred as a result of the removal of RR198. The cleavage azo group's
minimal involvement in dye removal is confirmed by the high rate of COD elimination
(84.1%). The decreased COD removal relative to dye removal may be explained by the
poor electro-oxidation-mediated breakdown of dye molecules into tiny organic
compounds.

2.3.3 Membrane process (Reverse Osmosis (RO) & Nano Filtration (NF)):

Membranes are frequently utilised in a number of separation processes due to their
capacity to control the materials going through them, resulting in a high degree of
separation that is always attained, making these processes broadly accepted. The
membrane functions as a barrier, allowing certain chemicals to permeate through it
while restricting others from doing so in a certain way (retentate). Fluids, dissolved
solids, suspended solids, and colloidal dissolved solids can all be separated using
membranes. The primary features of membrane processes in the consumables
treatment industry are their capacity to extract or recover valuable or toxic components
and to shut off water systems, hence lowering fresh water use.

Wastewater can be cleansed to a degree that is impossible to reach with conventional
procedures thanks to the employment of membrane technologies. The two most
popular and important membrane filtering methods are reverse osmosis (RO) and
nanofiltration (NF). The membrane pore size of NF is between 0.5 and 2 nm, and its
operating pressure ranges from 5 to 40 bars. It is used to separate monovalent salts,
ions, and water from sugars, other organic molecules, and multivalent salts. On the
other hand, it is used to separate monovalent salts from water. The membrane pore size
in RO or hyper filtration is about 0.5 nm. In a RO, operating pressures typically range
from 7 to 100 bars. The membrane areas that are deployed in different industrial sectors
serve as evidence of the significance of membrane processes. Because RO membranes
can remove both organic and inorganic chemicals, they are a popular option for treating
contaminated drinking water supplies. Reverse osmosis can be used to concurrently
remove a range of contaminants, including organic pollutants like agricultural
pesticides and tri-halo methane precursors, as well as hardness, colour, germs, viruses,
and more. In order to minimise the quantity of water discarded and enable the treated
water to be reused, Avlonitis et al. examined effluents from the cotton textile sector that
were treated using a nanofiltration membrane (S. A. Avlonitis et al., 2008). The
outcomes shown that NF membranes could entirely remove colour from the cotton dye
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effluent and lower the overall salt content by over 72%. These membranes have the
ability to provide reusable, high-quality water even at low pressures and high
recoveries. Gozalvez-Zafrilla et al. investigated wastewater reuse in the textile sector
by treating secondary wastewater (Gozalvez-Zafrilla et al., 2008). They conducted
their investigation using (NF90) membrane. The findings revealed that NF90 had 99
percent COD reduction (75-95%) and the highest salt rejection. Fouling had little effect
on the levels of COD removal or salt rejection, and the permeate quality permitted a
high flux percentage to be recovered following cleaning. Acid red, reactive black, and
reactive blue dye were tested by Abid et al. using the RO & NF method (Abid et al.,
2012). They found that dye could be successfully removed from wastewater using RO
and NF membranes, and that the amount of dye removed depended on the pH, TDS,
applied pressure, and amount of dye in the feed solution, but not on feed temperature.

2.3.4 Biological process:

Microorganisms including fungi, bacteria, and algae are used in the biological process
because they can biodegrade and absorb pigments present in wastewater. The
application of microorganisms for wastewater colour removal has several benefits,
such as low cost, ecologically friendly method that generates less secondary sludge,
and nontoxic end products for full mineralization. Numerous studies have
demonstrated the capacity of bacteria such as Citrobacter sp., Aspergillus niger,
Bacillus cereus, Chlorella Spand, and Cunninghamellaclegans to extract dye from
industrial wastewater. The adaptability and activity of each microbe are the main
elements influencing the decolorization efficacy of microbial activity. Although
biological treatment is used to remove colour, conventional aerobic therapy is less
likely to be used for dye removal because most dyes are made to withstand light and
oxidation deterioration. One specific issue is the elimination of colours that are soluble
in water by aerobic processes. Some of these pigments are adsorbed on sludge from
wastewater. Although direct biological treatment with bacteria or fungus is also an
option, the use of these bioremediation techniques is limited by the nutritional and
physiological needs of microorganisms. Research into efficient and eco-friendly
oxidation procedures has led to an increase in the usage of enzymes to substitute
conventional non-biological methods. It has been demonstrated that treating textile azo
dyes biologically is an efficient way to break down all dye components and get beyond
many of the drawbacks associated with physicochemical methods. Microbes and their
enzymes can break down dye through both aerobic and anaerobic metabolism.
Numerous research on the breakdown of environmental pollutants by various bacteria
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have been published. Numerous bacteria have been shown to be hydrocarbon-only
feeders. Hydrocarbons can be broken down by bacteria that have hydrocarbon-
degrading bacteria. These biodegradable and easily maintained bacterial bio
flocculants offer a cost-effective and environmentally friendly substitute for or addition
to existing treatment methods for the removal of colours from wastewater effluents.
The capacity of microalgae Cosmarium species to decolorize a solution containing the
cationic textile dye Malachite Green was investigated by Daneshvar et al. (Daneshvar
etal., 2007). Along with examining the relationship between kinetic characteristics and
dye concentration and other rate-dependent environmental factors (temperature, pH,
algal concentration, and dye concentration), they also examined algal resilience and
reusability throughout multiple decolorization operations.

2.3.5 Adsorption with conventional adsorbent (activated carbon):

Among the numerous dye removal procedures available, adsorption is the method of
choice that yields the greatest results since it can be used to remove a wide range of
colouring materials. A well-designed adsorption system will result in high-quality
treated effluent. Adsorption processes can be categorised as physical or chemical
depending on the type of forces at play. The adsorption process is influenced by a
number of physico-chemical parameters, including particle size, pH, temperature,
contact time, adsorbent surface area and pore structure, surface chemistry, type of the
adsorbate, and the effect of other ions. The adsorption approach has shown to be more
practical and effective than other methods including coagulation, flocculation,
precipitation, and activated sludge because of its low cost, straightforward design, ease
of handling, and sludge-free cleaning processes. Treatment options such as adsorption
techniques are feasible, especially if the adsorbent is inexpensive and easily accessible.
Among commercial adsorbents, activated carbon is the most commonly utilised
adsorbent. It has been noted that using activated carbon as a dye removal method is a
practical choice. Because of its distinct molecular structure, activated carbon has an
incredibly high affinity for a wide range of dyes, including basic dyes. Activated carbon
is utilised as a sorbent in the majority of commercial systems to remove colours from
wastewater because of its great adsorption capabilities. The US Environmental
Protection Agency lists activated carbon adsorption as one of the finest control
strategies currently in use (Dias et al., 2007). On the other hand, activated carbon is a
better sorbent, but its expensive cost prevents it from being used widely. An attempt
has been made to lower treatment costs by locating inexpensive substitute adsorbents.
El Qada et al. looked into activated carbon and evaluated the adsorption capacities of
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three distinct activated carbons: commercially available Filtrasorb 400, and PAC1 and
PAC2, which were developed at QUB for this study (El Qada et al., 2008). Because
basic dyes are toxic, have a very high tinctorial value (less than 1 ppm of dye visible
in solution), and ionise in solution to form cations that have a strong affinity for
negatively charged adsorbent surfaces, they were selected as the model adsorbates.

2.3.6 Adsorption with conventional adsorbent (fly ash):

Many strategies for creating less expensive and more potent adsorbents have been
researched in addition to conventional adsorbents like activated carbon. Numerous
non-conventional low-cost adsorbents, such as natural materials, biosorbents, and
waste products from industry and agriculture, have been proposed by several
researchers. As sorbents, these substances could be employed to extract colours from
solutions. It has been reported that sorbents include: biosorbents (chitosan, peat,
biomass); clay materials (bentonite, kaolinite); zeolites; siliceous materials (silica
beads, alunite, perlite); agricultural wastes (bagasse pith, maize cob, rice husk, coconut
shell); industrial waste products (waste carbon slurries, metal hydroxide sludge); and
others (starch, cotton, and so on). The technological viability of employing
unconventional, inexpensive adsorbents to extract colour from tainted wastewater was
examined by G. Crini (Crini, 2006). He thinks there's a great deal of commercial
potential for low-cost adsorbents in the future. When compared to activated carbon,
chitosan-basedsorbents in particular have shown to have better dye removal properties.
There is still a dearth of data with a thorough comparison of sorbents, even in spite of
the publication of several studies on inexpensive adsorbents. Even though the field of
low-cost sorbents has advanced significantly, much more work is still required to: (1)
better understand adsorption mechanisms; (i1) predict the performance of adsorption
processes for dye removal from actual industrial effluents under a range of operating
conditions; and (ii1) demonstrate the use of low-cost sorbents on an industrial scale.
Mohan et al. utilised fly ash produced in thermal power plants as a low-cost adsorbent
for the removal of crystal violet and rosaniline hydrochloride (basic fuchsine) from
wastewater (Mohan et al., 2002). They found that the two dyes' adsorption increased
with temperature, suggesting that the process is endothermic. The results show that the
Freundlich and Langmuir models may both be used to fit the data and estimate model
parameters. In general, the data is better fitted by the nonlinear Freundlich adsorption
isotherm. When applied to fly ash, the adsorption capabilities of crystal violet and basic
fuchsine dyes are either higher or comparable to those of other adsorbents used with
the same or different cationic dyes. Their results indicate that fly ash is a useful
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adsorbent for the removal of dyes.

2.3.7 Advanced oxidation process (AOP):

In low concentrations or when they are very resistant to oxidants, dyestuffs and organic
compounds with complex structures have proven difficult to oxidise using
conventional oxidation methods. To address the aforementioned issues, advanced
oxidation processes, or AOPs, have been created to produce hydroxyl free radicals
through a variety of methods. The most promising methods for treating textile
wastewater are AOPS procedures, which combine UV irradiation, hydrogen peroxide
(H20,), and ozone (O3). While these oxidants were successful in decolorizing dyes,
COD was not entirely removed. The aim of any AOP is to produce and employ
hydroxyl free radical (OH") as a potent oxidant to break down substances that are
resistant to traditional oxidants. The generation of OH" radicals and attack selectivity a
valuable characteristic of an oxidant define advanced oxidation processes. AOP's
adaptability is increased by the fact that it can be applied to OH" in a number of ways.
It is usual practice to combine O3, H,O,, TiO,, UV radiation, electron beam irradiation,
and ultrasound to accelerate the generation of OH". For oxidising textile wastewater,
03/H,0,, O3/UV, and H,0,/UV show the most promise. The table below compiles the
many dye removal procedure types, important variables, removal efficiency, benefits,
and drawbacks.

Table 1: Different types of dye removal processes

Technolo | Target | Significant Results Advantages / | Referenc
gy Dye factors Disadvantag | es
es
Chemical | Reactive | (i) Optimum | Reactive Advantages: | (Tan et
Coagulati | dye, dose of [dye: 98% |1t 1s an]|al., 2000)
on sulfur coagulant: (alum), 71% | economically | (Georgio
dye, acid | alum, (ferric feasible u et al,
dye, magnesium chloride), process and | 2003)
disperse | chloride, 90% (ferrous | efficiently (Golob et
dye, ferric sulfate), removes the | al., 2005)
chloride, 85% colour from | (Bidhend
ferrous sulfate | (magnesium | wastewater |1 et al.,
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(11) Coagulant | chloride) Disadvantage | 2007)

aids:  Poly- | Disperse S: Huge | (Gao et

acrylamide dye: 78.9% | sludge al.,

based (alum), 71% | production is|2017a)

polymer s | (ferric the major

used with | chloride), disadvantage

alum 98% of this

&Polyelectrol | (magnesium | process

yte Can be | chloride)

used for ferric | Sulfur dye:

chloride, 100% (ferric

magnesium chloride),

chloride & | 90% (ferrous

ferrous sulfate | sulfate) Acid

(111) pH of the | dye:  98%

solution: alum | (alum)

(5.3-7),

ferrous

sulfate-(9.4-

12.5), ferric

chloride-(6

8.3),

magnesium

chloride-(11-

12)
Electro reactive | voltage, 1) Dye | Advantages: | (Kobya
coagulatio | red 198 | electrode removal requires et al.,
n connection follows first | smaller 2007)

mode, order space, easy | (Dalvand

electrical kinetics; i) | operation, et al.,

energy 98.6% dye | eco-friendly |2011b)

consumption, |removal and | process, cost|(Latha et

inter electrode | 84% COD | effective al., 2017)

distance, dye | removal; method;

concentration Disadvantage

and S: sludge

Generation
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electrolyte

concentration;
Membran | acid red, | RO: 1) NF | Advantages: | (G.
e reactive | membrane method higher Avlonitis
processes: | blue, pore size (0.5 | consumes removal et al.,
reverse reactive | nm), half of the | potential with | 2008)
0SMosis black, operating electrical lower (Gozélve
(RO), pressure (7— | power effective z-Zafrilla
nano 100 bars); NF: | compared to | cost; et al.,
filtration membrane RO; i1) NaCl | Disadvantage | 2008)
(NF) pore size | in dye | s: production | (Abid et
(0.5-2  nm), | solution of al.,
operating increases concentrated | 2012))
pressure (5— | dye removal | sludge;
40 bars); efficiency;
iii) pH, TDS,
applied
pressure and
dye
concentratio
n show good
effect on dye
removal; 1v)
Feed
temperature
shows  bad
effect on dye
removal;
Biological | Malachit | Dye 1) Dye | Advantages: | (Crini,
processes: | e green | concentration, | decolourizat | Algae are | 2006)
Green Algal ion rate 1is|available in|(Daneshv
algae concentration, | described worldwide in|ar et al.,
(Cosmariu solution pH, | with different 2007)
m species) and Michaelis- | kinds of
temperature | Menten habitats,
model; 1) | good
Optimum capability for
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pH is 9;

verity of dye

temperature | decolourizati
(545 C) has | on,
positive economically
effect on | feasible,
decolourizat | publicly
ion rate; iii) | acceptable
Optimal process;
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parameters: | s: slow
Vimax process,
(maximum | needs to be
specific performed
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ion rate) is | optimal
7.63 mg dye | favorable
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and Km
(dissociation
constant) is
164.57 ppm;
Activated | Methyle | AC  surface | 1) Three | Advantages: | (Crini,
carbon ne blue, | area, surface | adsorption | very effective | 2006) (El
(AC) basic chemistry, isotherm adsorbent, Qada et
adsorption | yellow | pore models high al., 2008)
21, basic | structure; (Langmuir, | adsorption
red 22 adsorbent Freundlich | capacity;
dose, and | and Redlich- | Disadvantage
solution pH; | Peterson) S non-
have  been | destructive
used, process, AC
Redlich- regeneration
Peterson is very costly;
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best fit; 1i)
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and low pore
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size of AC
favored dye
adsorption;

Adsorptio | Basic Adsorbent 1) Langmuir | Advantages: | (Crini,
n with | violet, | particle size, | and cost effective | 2006)
non- Basic adsorbent Freundlich | adsorbent, (Mohan
conventio | fuchsine | dose, solution | adsorption | high et al.,
nal pH, and | isotherm adsorption 2002)
adsorbents temperature; | have been | capacity;
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from nonlinear s:  non -
thermal Freundlich | destructive
power model gave | process,
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free energy | process;
value and
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enthalpy
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and
endothermic
process; 1il)
Dye
adsorption
follow
1%'order
kinetics;
Advanced | Several | Ozone (0O3),|1) In Os/UV | Advantages: | (Al-
oxidation | textile hydrogen process complete Kdasi et
processes | dyes peroxide hydroxyl mineralizatio | al., 2004)
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O5/UV, activation of | generation,
H,0,/UV, O; by UV(L | appropriate
03;/H,0,/UV, |= 254 nm); | process for
solution pH, |ii) H,O,/UV | recalcitrant

dye also dyes;
concentration, | produces Disadvantage
and OHe radical | s: several by
temperature; | for dye | product

degradation; | formations,
i) Among less

all AOPs | economic
03/H,0,/UV | feasibility;
shows
highest
efficiency
for dye
degradation;

AOP's adaptability is increased by the fact that it can be applied to OH" in a number of
ways. It is usual practice to combine Os, H,O,, TiO,, UV radiation, electron beam
irradiation, and ultrasound to accelerate the generation of OH". For oxidising textile
wastewater, O3/H,0O,, O3/UV, and H,O,/UV show the most promise. The table below
compiles the many dye removal procedure types, important variables, removal
efficiency, benefits, and drawbacks.

2.4 PHOTOCATALYSIS:

When photocatalytic mineralization for different halogenated hydrocarbons was
accomplished successfully in the 1980s, photocatalysis for water purification was
initially recognised (PRUDEN, 1983). In the Advanced Oxidation Process (AOP)
known as photocatalysis, when exposed to under the influence of light, a
semiconductor-based photocatalyst creates pairs of electrons holes when electrons
move from the valence band into the conduction band. Electron hole pairs produced by
photolysis will migrate towards the semiconductor's surface, where they will
experience a redox process (Mohamed et al., 2012). The conduction band electron
combines with oxygen to make superoxide radical anions (‘O;’), and the hole created
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in the valance bond readily reacts with H,O to produce hydroxyl radicals (OH"). The
following equations illustrate the process by which hydroxyl radicals and superoxide
radical anions are produced.

Photocatalyst + hv — e+ h'y ...(1)
H,O +h"y,— OH" + H" ...(2)
OH + h'y,— OH’ ....(3)
OH+OH —H,0, (4
H,0,+hv—20H" ....(5)
Ot €p— 'Oy ....(6)
‘0, +H,0,—0OH+0,+0OH" ..(7)
H,0,+e" —OH+OH" ....(8)

Reactive oxygen species (ROS) are superoxide radical anions (‘O;") and hydroxyl
radicals (OH") that break down dyes and produce CO,, H,O, and other degradation
products. The illustrations of dye deterioration are displayed below in Fig. 9.

Dyes

Degraded
Products

Byas Products

Dyes

Degraded
Products

Fig: 9. Pictorial representation of the process taking place in the photocatalytic
degradation of dyes on semiconductor surfaces
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Three significant factors impact how well the photocatalyst degrades dye: (1) band-gap
energy (EQ): Photocatalysts that have a broad band-gap are UV-sensitive, whereas
those that have a narrow band-gap are visible-sensitive; (2) Band edge potentials, or
VB and CB potentials: Only when the VB potential is more positive than the normal
oxidation potential of OH’/H,0 (+ 2.68 eV vs. NHE) or OH*/OH™ (+ 1.99 eV vs. NHE)
and/or the CB potential is smaller than the reduction potential of O, t0°O, (— 0.33 eV
vs. NHE) can ROS be produced(Panneri et al., 2017). In the event that this is not the
case, the pollutant and the h* in the VB interact immediately. Recombination leads to
the production of *O,'when the e returns to the VB without going through the reduction
reaction (Pelaez et al., 2012). These three crucial elements should therefore be taken
into account when choosing a photocatalyst.

2.4.1 Various kinds of photocatalysts:

Titanium dioxide has been utilised as a photocatalyst in most photocatalytic dye
degradation experiments; nevertheless, TiO,'s primary drawback is that, because of its
3.2 eV band gap, it can only absorb in the UV area (Viswanathan, 2017). Comparably,
ZnO is a semiconductor with a band gap of 3.3 eV that is also frequently employed due
to its wide availability and non-toxic nature; however, because of this wide band gap,
its operational range is limited to the UV region (Zhao et al., 2014). Particularly TiO,
and ZnO, semiconductors are used in thin porous films, nanorods, nanospheres,
nanofibers, and nanowires, or they are supported on polymeric films (Meng & Juan, n.d.).
Zinc oxide on a nanoscale is an inexpensive semiconductor with minimal
environmental impact and low toxicity. Compared to TiOy, it generates hydroxyl ions
more effectively, producing emissions that are visible (Jana & Gregory, 2020). However,
ZnO has several disadvantages, such as a high rate of electron-hole recombination
(Anwer et al., 2019). However, TiO, and ZnO are not practicable for large-scale
applications because of their broad band gap, fast charge recombination rates, and
limited sensitivity to UV light (high hv), which makes up only 4-5 percent of the solar
spectrum. This suggests that a narrow band gap photocatalyst sensitive to visible light
(low hv), which makes up roughly 52% of the solar spectrum, is a better long-term
option for reducing dye degradation. The flow diagram below shows the many types
of photocatalysts and provides the following descriptions in Fig.10:
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Fig.10: Various kinds of photocatalysts

Semiconductor photocatalyst without modification:

A type of photocatalyst known as an unmodified semiconductor
photocatalyst uses pure metal as a catalyst without altering its characteristics
by the addition of other contaminants. Due to their ease of preparation, high
chemical stability, and effective visible light response, metal-free narrow
band gap (2.5-2.7 eV) semiconductors such as graphitic carbon nitride (g-
CsNg), WO3, BiOX (X = F, Br, Cl, and I), and others are commonly used as
visible light photocatalysts. The production of OH" is restricted by the
photocatalyst's VB potential, which is less than the typical redox potentials
of OH'/H,0 and OH/OH™ (Hong, Li, et al., 2016). A single photocatalyst
with strong redox activity and good visible light responsiveness is not
achievable. The quick recombination of photogenerated e — h* couples is a
significant drawback of pure, unmodified photocatalyst (Xue et al., 2015).
Because of this, unaltered semiconductor photocatalysts are no longer
typically utilised directly for the efficient removal of organic pollutants;
instead, they are modified using a variety of techniques, such as doping,
adding nanoparticles, producing vacancies, etc.

Metal-or non-metal-doped semiconductor photocatalyst:

By doping broad band-gap photocatalysts with metals (Sr, Co, Ti, B, Fe, etc.)
and nonmetals (C, N, S, B, etc.), one can improve the efficiency of e —h*
separation while simultaneously narrowing the band-gap and permitting
visible light to flow through. TiO2, ZnO, and g-CsN, exhibit remarkable
photocatalytic activity in the breakdown of organic pollutants; nevertheless,
their broad band-gap renders them ineffective in the visible spectrum. ZnO
nanoparticles were made more photocatalytically active throughout a broader
range of wavelengths (UV to visible) by doping and adding impurities, which
decreased the band gap energy of the particles (Sun et al., 2013). ZnO
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nanoparticles have been altered with various dopants made of N and S atoms
to improve the photocatalytic oxidation of organic dyes under UV and visible
light irradiation (Shinde et al., 2012). When exposed to visible light, N-doped
ZnO exhibited 96.22% efficiency in removing Methylene Blue (MB) dye
(Prabakaran & Pillay, 2019). Similar to this, TiO,/g-CsN4 heterojunction was found
to have 90% efficiency in eliminating Methyl Orange (MOQO) dye when
exposed to visible light. This efficiency rises to 99.8% when carbon, nitrogen,
and sulphur heteroatoms are doped (Z. Huang et al., 2021D).

Photocatalyst with vacancy engineering:

The modification of photocatalyst characteristics is significantly influenced
by defect engineering, specifically with regard to vacancies (Niu et al., 2018).
According to Ding et al., vacancy induction enhances the electronic structure,
prevents electron hole recombination, and can even function as a particular
reaction site to increase photocatalytic activity. It helps to shorten the band-
gap energy of the semiconductor, extending its range for light harvesting.
Recent research has demonstrated that the production of nitrogen vacancies
in g-C3sN4 can greatly increase the bulk g-CsN4's photocatalytic efficiency
((Ding et al., 2018); (Niu et al., 2018); (Paquin et al., 2015)). Because it
improves electron trapping and active sites—which in turn improve charge
carrier separation, absorption, and activation ability for O, molecules—
oxygen vacancy induced photocatalyst synthesis has recently gained
attention as a research hotspot (Y. Huang et al., 2014). An oxygen vacancy-
induced BiO,./Bi,0,75 Z-scheme heterojunction has been described by
Wang et al. and has demonstrated enhanced photocatalytic activity (Wang et
al., 2019). Goud and colleagues examined how surface oxygen vacancies
promoted Z-scheme MoS,/Bi,O3 heterojunction in relation to the elimination
of Crystal Violet (CV) dye when exposed to visible light (Goud et al., 2020).
Another work conducted by Khan et al. examined the impact of surface
oxygen vacancy CeO,-Graphene nanostructure on organic dye degradation
(Khan et al., 2017).

Semiconductor photocatalyst deposited with noble metal:

Noble metals like Pt, Pd, Au, Ag, Cu, and others can be deposited on a
semiconductor's surface to enhance its photocatalytic efficacy. In
semiconductor—-metal composites, photo-induced holes can stay on the
semiconductor surface while photo-induced electrons in the conduction band
(CB) can move to metal deposits, which function as electron acceptors, due
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to the Schottky barrier at the metal-semiconductor heterojunction.
Consequently, it is possible to prevent electron and hole recombination and
boost photocatalytic effectiveness (Sa et al., 2008). When exposed to visible
light, Pt deposited on TiO? demonstrated a high RhB removal efficiency (D.
Zhang, 2012a). One of the best noble metals that is frequently utilised to
increase semiconductor photocatalytic activity is silver. According to Mosavi
et al., Ag-deposited CdSe/Zeolite nanocomposite removes MB dye with an
approximate 90% efficiency when exposed to visible light (Mosavi et al.,
2021). Ag/AgBr deposited Ag/Br/ZnO nanocomposite shown about 100%
effectiveness for elimination of RhB dye under visible light irradiation,
according to a different study by Shi et al. (Shi etal., 2014). Shen et al. (Shen
et al., 2010) investigated the degradation potential of various noble metals,
including Ag, Ru, Au, Pd, and Pt, and created a CdS/M/TiO? Z-scheme
photocatalyst (M = Ag, Ru, Au, Pd, and Pt). They also observed the removal
efficiency of MB dye under visible light irradiation.

Semiconductor photocatalyst with heterojunction:

Nowadays, heterojunction photocatalysts are commonly employed because
of their superior ability to separate photogenerated e —h* couples, which is a
result of the synergistic benefits of each unique semiconductor.
Heterojunction semiconductors combine two different semiconductor
types—one n-type along with a p-type. One semiconductor's VB and CB are
at a higher level than the other semiconductor in a type Il heterojunction. A
type Il heterojunction can be formed by an n-type and p-type semiconductor,
with the p-type having greater work function values and band edge levels
than the n-type. At the heterojunction interface, there are positively charged
n-type and negatively charged p-type semiconductors as a result of free e
from the n-type semiconductor flowing to the p-type semiconductor after
contact until equilibrium (EF) is established. An internal electric field is
created as a result of band edge bending, and this causes a potential barrier to
form. The e-h" pair separation is caused by the internal electric field's
facilitation of the transport of photogenerated e from the p-type CB to the n-
type CB and photogenerated h* from the n-type VB to the p-type VB with
incident light. Visible light can be strongly absorbed by copper sulphides
(CuS), a p-type semiconductor with a small band gap of 2.0 eV. However,
due to the quick recombination of the photo-induced e —h* pair, pure CusS has
little photocatalytic activity (Gao et al., 2017b). Nanosheets of bismuth
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tungstate (Bi,WQs¢) recombine easily with photogenerated carriers and
exhibit a mild reaction to visible light. However, under visible light
irradiation, the synthesis of Bi,WOg/CuS p-n heterojunction demonstrated
around 99% efficacy towards the elimination of RhB (Mao et al., 2021). In a
different illustration, we can see that zirconium oxide (ZrO,), an n-type
semiconductor with a large band gap of 5 eV, exhibits extremely low visible
light efficiency. An n-type semiconductor with a comparatively small band
gap of 2.7 eV is cerium oxide (CeQO,). Better photocatalytic properties were
demonstrated by a combination of two semiconductors with varied and gap
level energies of type n-n junction than by single ones.

Semiconductor photocatalyst with Z-scheme:

Z-schemes were inspired by the photosynthetic process of water splitting in
nature (Natarajan et al.,, 2018b). The Z-scheme photocatalyst and a
heterojunction share the same band structure configuration, but their charge
carrier transfer mechanism is distinct. The Z-scheme may efficiently separate
electrons and holes in various semiconductors while preserving larger
oxidation and reduction potentials for holes and electrons compared to
conventional Type | and Type heterojunctions (H. Li et al., 2015). For
photocatalytic reactions, this exaction transfer mechanism separates and
preserves photogenerated e —h* with better redox abilities spatially while
promoting recombination of photogenerated e —h* with lower redox abilities
(Q. Xu et al., 2018). Z-scheme systems can also be constructed with narrow
band gap semiconductors, which increase the light absorption range while
preserving the strong redox ability of the photocatalyst. Research on the
creation of Z-scheme heterojunctions is promising since it can
enhance the separation of charges and absorption of light (Wang et al., 2019).
With a band-gap of 2.7 eV, bulk g-CsN, is an excellent photocatalyst;
nevertheless, its limited charge-transfer capacity usually limits the
photocatalytic activity. Z-scheme heterojunctions can be produced to
increase photocatalytic activity, but first it is important to find a
semiconductor with the right band structure. The Z-scheme, which has a
number of benefits including a narrow band gap, a wide range of light
response, and reasonably stable chemical characteristics, can be created in
this way using V,0s semiconductor (van & Liu, 2020). The V,0s/g-C3N,4 Z-
scheme heterojunction composite was created by Hong, Jiang, et al. using
thermal polymerization. They discovered that this composite's efficiency in
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photocatalytic degradations of Rhodamine B (RhB) was much higher than
that of V,0s and g-C3N,4 (Hong et al., 2016).

Alternative Photocatalyst:

Currently, nanocomposite photocatalysts, which are essentially combinations
of several photocatalysts, are primarily in use. Although these
nanocomposites do not fit into any of the previously listed categories, we can
still learn something about their charge transfer mechanism from them. When
exposed to visible light, these nanocomposites are incredibly effective at
degrading synthetic dyes. Ag-based semiconductors, for instance, AgX (X =
Cl, Br, 1), Ag.CrO4, Ag2M0O,, AgVO3, AgsPO,4, Ag.CO3, Ag.WO,, etc., are
interesting candidates for photocatalysis because of their narrow band-gap,
which allows them to respond to visible light efficiently. Among these is the
Ag,Mo0, nanoparticle, which is widely employed in many different
applications, including ion-conducting glasses, gas sensing, photo-switch
devices, and antimicrobial agents ((Deb & Ghosh, 2011); (Gouveia et al., 2014)).
According to Zhang et al. (2021) Bi,MoOg is a less active photocatalytic
agent in the visible spectrum but a great one in the ultraviolet (Z. Zhang et
al., 2021). In order to remove MB dye under visible light, Balasurya et al.
produced a Bi,Mo0OsAg.M00O, nanocomposite that exhibits 91.8%
efficiency (Balasurya et al., 2021). For instance, copper selenide (CuSe), ap
type semiconducting material with a greater surface area, superior electrical
and optical properties, and a wider band gap, is less efficient when exposed
to visible light. CuSe and Graphene Oxide (GO) (CuSe/GO composite)
reduce electron-hole pair recombination due to GO's superior electron
conduction ability, which raises the photocatalytic activity of the
semiconductor materials (Ata et al., 2018). CuSe/GO nanocomposite was
developed by Igbal et al., who reported 89% efficacy in MG dye removal
under visible light (Igbal et al., 2021). Similarly, two newly found
nanocomposites that demonstrate excellent efficiency towards the
elimination of MB dye under visible light irradiation are BPN & ZnAl-LDH
nanocomposite (Yang et al., 2021) and TiO2/PVA(Polyvinyl Alcohol)/cork
nanocomposite (Mohamad Idris et al., 2021a).
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2.4.2 Dye degradation by photocatalysis:

As previously mentioned, conventional treatment methods such as chemical
coagulation, electrocoagulation, biological process, adsorption, etc., cannot entirely
eliminate the dyes. These procedures also have a number of drawbacks, such as high
costs, the formation of sludge, difficulty handling, etc. To remove these dyes, an
advanced oxidation method is employed. One of the more advanced oxidation
techniques that effectively removes dye is photocatalysis. The basic mechanism of
photocatalysis has already been covered. Numerous forms of photocatalysis exist,
including unaltered photocatalysis, photocatalysis with Nobel metal deposited on it,
vacancy engineered photocatalysis, heterostructure photocatalysis, and z scheme
photocatalysis, which were previously covered in the previous chapter. The most
popular semiconductor photocatalysts for treating pollution are TiO,, ZnO, WQOs3, and
so on; however, because of their large band gaps, these photocatalysts are unable to
remove dyes in the visible range. Because of this, scholars are primarily concerned
with creation of a nanocomposite, which combines a semiconductor photocatalyst with
a variety of materials to provide excellent removal efficiency. The following is a
chronological description of the various literatures and contemporary developments on
photocatalysis removal of dye under visible light irradiation.

In order to remove MB under visible light irradiation, X. Liu et al. effectively
synthesised a novel bi-functional Z-scheme heterojunction WO3/g-C3N4 with a well-
defined morphology using an in-situ liquid phase technique. In 90 minutes, it has a
95% clearance efficiency. Based on the active species trapping tests, a Z-scheme
heterojunction system generation may be the mechanism for the potential improvement
of photocatalytic activity. According to observations, O is the primary reactive species
that breaks down MB (Liu et al., 2017).

Ag/AgBr/ZnO composites were created by Shi et al. by a two-step deposition
precipitation process, which was followed by reduction under visible light irradiation
to eliminate the RhB dye. Ag/AgBr/ZnO composites outperformed pure ZnO in
photocatalytic activity for RhB dye degradation when exposed to visible light. The
enhanced photocatalytic activity is assumed to be caused by synergistic effects,
including enhanced visible light absorption, a reduced band gap, and effective
separation of photogenerated electron-hole pairs. Additionally, after 10 cycles,
catalytic repeated testing showed that the Ag/AgBr/ZnO composite retained good
stability, with activity marginally declining (Shi et al., 2014).
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Dongfang Zhang used a soft chemical reduction technique to create metallic platinum
Pt/TiO, nanocomposites and titania nanoparticles that may be used to remove RhB
when exposed to visible light. The Pt/TiO, nanocomposite photocatalyst’s superior
visible light-driven photocatalytic activity is responsible for the high efficiency of
charge-pair separation caused by the presence of deposited Pt serving as electron sinks
to retard the rapid e h* couple recombination, the good photo absorption capacity in
the visible light region, and the higher concentration of surface hydroxyl groups, which
can effectively scavenge photogenerated valence band holes. As holes build up on the
catalyst surface, more OH" is formed, a reactive species that quickly oxidises the
organic dye molecule (D. Zhang, 2012b).

The photocatalytic breakdown of MB over titania-doped copper ferrite, or
CuFe,04/TiO, photocatalyst synthesised via sol-gel technique under visible light
irradiation, was reported by Arifin et al. At the ideal dose of 0.5 g/L, it demonstrated a
maximum efficiency of 83.7% after three hours of radiation exposure. By effectively
separating charges, this photocatalyst increases photocatalytic activity by facilitating
photon absorption and reducing electron-hole pair recombination (Arifin et al., 2019).

Nitrogen doped zinc oxide nanoparticles with a cabbage-like morphology (N-
ZnONCBs) were created by Prabakaran and Pillay using a hydrothermal technique,
and they were used as a photocatalyst for the photocatalytic degradation of MB in the
presence of UV and visible light. Upon exposure to 80 minutes of UV light and 50
minutes of visible light, respectively, the N-ZnONCB photocatalyst demonstrated
effective MB degradation (98.6 percent and 96.2 percent). The dye in this experiment
was fully calcified. The N-ZnONCB catalyst’s photo-stability and reusability were also
examined; following four cycles, the degradation rate was MB (93.2%). It has been
demonstrated that the radicals ‘O, and OH" are both effective oxidising agents that
quickly react with the MB molecule to yield the breakdown products CO,, H,0, CI,
8042', and NOg™ (Prabakaran & Pillay, 2019).

Reduced graphene oxide-zinc oxide (rGO-ZnQO) composite was made by Ferreira et al.
using a one-step procedure to remove MB when exposed to visible light. In ninety
minutes, the removal efficiency is 98%. The composite is very useful for water
purification applications because of the photocatalytic qualities of ZnO and the
effective adsorption capacity of rGO sheets (Ferreira et al., 2020).
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Ghosh and Pal described the straightforward creation of a novel visible light active
photocatalyst by hydrothermally loading Bi,O3 nanoparticles on nitrogen-vacant 2D g-
CsN4 nanosheets for the removal of MB in the presence of LED light. This led to an
increase in the efficiency of electron hole separation and an increase in photocatalytic
activity for MB breakdown. In 60 minutes, it demonstrates a 92% eradication
efficiency (Ghosh & Pal, 2020a).

El-Katori et al. synthesized a CdS/SnO, heterostructure that is both recyclable and
effective for photocatalytically degrading MB dye in the presence of UV and ambient
light. This photocatalyst prolonged the life of the reactive radicals and improved the
charge carrier’s separation efficiency. Superoxide radicals and conduction band
electrons have been found to be the main reactive species for photocatalytic activity.
(El-Katori et al., 2020) report that the catalyst demonstrates exceptional photocatalytic
stability, as evidenced by its capacity to preserve 83% of its reactivity even after five
successive cycles, indicating no structural damage.

In order to remove MB under visible light irradiation, Lei et al. generated Fe;O,@ZnO-
RGO (RGO: reduced graphene oxide) composite with magnetic separation using the
low-temperature hydrothermal method. Fe;0,@ZnO RGO has good photocatalytic
activity, cyclic stability, and a larger MB adsorption range in visible light when
compared to pure ZnO and Fe3O,@Zn0O nanoparticles. Additionally, Fe;O,@ZnO-
RGO’s distinct structural features allowed electron-hole pairs to separate, which
improved the material’s photocatalytic capabilities (Lei et al., 2020).

Chaudhary and colleagues synthesised new graphene-supported ternary
nanocomposites (WO3-ZnO@rGO) by utilising easy ultrasonic assisted WO3-ZnO
binary nanostructure creation over 2D rGO nanosheets for the elimination of MB under
visible light irradiation. When WQO3-ZnO was impregnated over rGO sheets, the
photocatalytic effectiveness of WO3-ZnO@rGO was dramatically increased. Within
90 minutes, 94 percent of the dye was removed under visible light irradiation. Through
efficient separation and transmission of photo-induced electron-hole pairs, the
photocatalytic efficiency was enhanced by the WO3-ZnO@rGO. Furthermore, WO3-
ZnO@rGO continued to exhibit outstanding dye degradation efficiency even after four
recycling tests. Additionally, it has been found that ROS contribute to the MB
degradation in the following order: OH> h*>'0, (Chaudhary et al., 2020).
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Mosavi et al. used Response Surface Methodology (RSM) to construct
Ag@CdSe/Zeoilte photocatalyst and investigated its ability to remove MB dye. Their
results showed that 89.98 percent of the MB was removed at [MB] = 7.17 mg/L,
Ag@CdSe/Zeolite dose = 0.03 g/50 mL, pH = 8, and t = 40 minutes. Additionally, they
noticed that MB easily combines with OH" in an alkaline medium to produce CO; gas,
which is then efficiently eliminated from the mixture (Mosavi et al., 2021).

Y. Zhang et al. used a simple hydrothermal process to create a 2D/2D Z-scheme
heterostructure photocatalyst of BiOBr/TzDa covalent organic framework (COF)
(BTDC) for the elimination of RhB/Cr(V1) combination. In 20 minutes and 40 minutes,
respectively, about 97% of the entire RhB and Cr(VI) in the mixture could be
eliminated. They find that h* and ‘O, are essential to the breakdown of RhB, but OH"
Is not as Important. They also find that the reactive species that cause RhB degradation
function less effectively in the order of h*>'0,>0OH" (Y. Zhang et al., 2021).

Zhang X. et al. conducted an analysis on the removal of MO dye from water using a
heterojunction photocatalyst with the Z-scheme V,0s/P-g-C3sN4 under visible light
irradiation. The findings demonstrated that MO was degraded at the fastest apparent
rate by the V,0s/P-g-C3N,4 Z-scheme heterostructure, which did so 14.5 and 3.7 times
quicker than V,0s and P-g-C3sN,4 when utilised independently. They were able to reach
90% efficiency in just 105 minutes. Additionally, they found that h*™ and *O," were the
main active species in the photocatalytic degradation of MO (X. Zhang et al., 2021).

Carbon-nitrogen-sulfur co-doped TiO,/g C3N4 Z-scheme heterojunction photocatalyst,
synthesised by one-step hydrothermal and calcinations procedures under visible light
irradiation, was examined by Z. Huang et al. for its ability to remove MO dye. When
compared to pure TiO, and g-CsNy4, the CNS- TiO,/g-C3N4 Z-scheme heterojunction
photocatalyst shown outstanding degrading performance (99.8%) under visible light
irradiation. They have found that h* has a negligible impact on the MO photocatalytic
degradation process, whereas ‘O, & OH" play an active role (Z. Huang et al., 2021a).

When exposed to visible light, Ghattavi & Nezamzadeh-Ejhieh built a double Z-
scheme Agl/ZnO/WO3; photocatalyst for the removal of MB. Reduced electron/hole
recombination in this photocatalyst is favourable to the photocatalytic activity. In 48.5
minutes, 85.2% of MB is eliminated. According to research, the composite’s most
important contributions to the photodegradation of MB are the hydroxyl radicals and
photogenerated holes (Ghattavi & Nezamzadeh-Ejhieh, 2021).
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In order to remove MB under visible light irradiation, Yang et al. developed a novel
type of environmentally friendly nanocomposite made of ZnAl layered double
hydroxides (LDH) and black phosphorus nanosheets (BPNs), which were produced by
electrostatic self-assembly approach. In 80 minutes, the ZnAl LDH and BPNs
nanocomposite photocatalyst demonstrates 99% MB degradation. The fundamental
reason for the increase in photocatalytic performance is that BPNs offer an extra
electron and hole transport channel. While "O;" is not the primary species, it is further
transformed to OH" by reductive pathways (‘O," — H,O, — OH), which are primarily
responsible for the breakdown of MB (Yang et al., 2021).

The titanium dioxide nanoparticles (TiO, NPs) / polyvinyl alcohol (PVA) / cork
nanocomposite was described by Mohammed Idris et al. as a floating photocatalyst.
The cork acts as a floating substrate, and TiO, NPs are anchored on the surface of the
cork by using polyvinyl alcohol (PVA) as a binder. This photocatalyst was employed
to remove MB when exposed to visible light. Compared to anatase TiO, this
nanocomposite was shown to have a reduced rate of electron-hole pair recombination.
Under a visible light source, the TiO,/PVA/cork floating photocatalyst deteriorated at
98.43% of Methylene Blue (MB) after 120 minutes at the ideal mole ratio of 1:8. The
superoxide radical’s reactive oxygen species (‘O,") primarily regulated MB’s superior
photodegradation performance. According to (Mohamad Idris et al., 2021b) the
degradation kinetics of MB were first-order kinetics.

Asadzadeh-Khaneghah and colleagues created g-C3N, nanosheet/carbon dot/FeOCI
(also referred to as CsN4 NS/CD/FeOCI) nano-composites using a straightforward
calcinations process to photodegrade RhB dyes when exposed to visible light. The
results showed that 0.1 g of the ideal nanocomposite could effectively remove 250 mL
of RhB solution in 60 minutes. They note that the elimination reaction is aided by h™,
OH’, and O, (Asadzadeh-Khaneghah et al., 2021).

Using the auto solution combustion approach, Noman et al. synthesised p-n
CuO/Ce0,ZrO; heterojunction photocatalyst for the elimination of Methylene Blue
(MB) dye under visible light irradiation. This indicates a 3 hour elimination efficiency
of 98%. They found that the primary players in the photocatalytic degradation process
are OH’, Oy, and h*. Conversely, CuO/Ce0,ZrO,’s degradation of MB was unaffected
by H,0, (Aiman M.A Noman et al., 2021).
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Balasurya et al. investigated the elimination of Methylene Blue (MB) dye under visible
light irradiation wusing a Bi,M00Os-Ag.M00O, nanocomposite heterojunction
photocatalyst synthesised by a simple synthesis process. After the sixth cycle, the
Bi,Mo0Os-Ag.Mo0, nanocomposite showed 91.8% degrading efficiency, which was
much better than the individual values of Ag:Mo00, (54.66%) and Bi,MoOs (58.6%).
They further claim that this heterojunction can speed up the photocatalytic degradation
process and stop the e/h* pair from recombining. According to Balasurya et al. (2021)
OH" is mostly responsible for the photocatalytic breakdown of MB dye (Balasurya et
al., 2021).

To remove Rhodamine B (RhB) dye under visible light irradiation, Mao et al.
synthesised a Bi;WQOgs/CuS p-n heterojunction photocatalyst. In 105 minutes, around
98.8% of the RhB (10 mg/L) in a mixed solution was eliminated. Here, photogenerated
electrons and holes moved to the Bi,WOs/CuS surface, where they immediately
removed the RhB. Bi,WOg/CusS has significant photocatalytic activity and can be used
to remove RhB over a wide pH range of 2-6 (Mao et al., 2021).

In order to remove methyl green under solar light irradiation, Igbal et al. examined the
photocatalytic activity of a composite of copper selenide nanoparticles and graphene
oxide (CuSe/GO). A CuSe/GO composite was created by utilising a modified
Hummer’s method for GO and a hydrothermal method for CuSe. CuSe/GO eliminated
89 percent of the MG in 45 minutes (Igbal et al., 2021).
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Chapter: 3

3. MATERIALS AND METHODS

3.1 MATERIALS:

The synthetic Merck MB solution is made and utilised as an organic
contaminant. The materials used to synthesise Bi;NbOgCl are Bismuth
oxychloride (BiOCI: 98% extra pure), Niobium pentoxide (Nb,Os: 99.9%), and
Bismuth Oxide (Bi,O3: 99% extra pure), all from Loba Cheme. As molten salt,
sodium chloride (NaCl: Merck) and potassium chloride (KCI. Basynth) are
utilised. g-C3sN4 was synthesised using Merck's urea (CO(NH,)2). The entire
study was conducted using Millipore water.

3.2 PHOTOCATALYST SYNTHESIS:

3.2.1

3.2.2

SYNTHESIS OF g-C3N4 (UGCN) NANOSHEETS:

In compliance with previous study, thermal poly-condensation of urea was
used to synthesise the g-C3N4 nanosheets (henceforth referred to as UGCN).
Generally, a covered alumina crucible was placed inside a muffle furnace
and 25g of urea was calcined for 4 hours at 550 °C. After grinding, the
product was calcined again for two hours at 500 °C. After that, the resultant
yellowish powder was grinding and kept it for further use (Majumdar et al.,
2021).

SYNTHESIS OF BisNbOgCl (BNOC) NANOSHEETS:

Bi,O3 (Loba Cheme Pvt Ltd., 99%; 3.21gm), BiOCI (Loba Cheme Pvt Ltd.,
98%; 1.19gm), and Nb,Os (Loba Cheme Pvt Ltd., 99.9%; 0.6gm) were the
raw materials used in the flux process used to synthesis the BisNbOgCI
samples. Use of a molten alkali metal chloride salt as a flux included NaCl
(Merk; 1.1187gm), KCI (Basynth; 1.808gm), or the eutectic mixture (1:
1.267). At a solute concentration of 5 mol%, the flow was combined with
Bi,03, BIOCI, and Nb,Os at the stoichiometric molar ratio for BisNbOgCl
(3:2:1). The mixture was put in an alumina crucible with cover and heated
in a muffle furnace to 700 °C, maintaining the temperature for 10 hours. The
heating rate was set at 50 °C per hour. The BisNbOgCl was thoroughly
cleaned with Millipore water once it had cooled to room temperature. After
a 24 hour drying process at 80 °C, it was kept for further use (Ogawa et al.,
2019a).
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3.2.3. SYNTHESIS OF g-C3N4/BisNbOsCl NANOCOMPOSITE:

Utilising the hydrothermal technique, the BisNbOgCl/ g-C3N4
nanocomposite was created. First, 40 millilitres of deionized water were
mixed with 100 mg of BisNbOgCl and a predetermined quantity of g-CsNy
nanosheets. This was followed by 30 minutes of sonication. Next, 40
millilitres of deionized water were mixed with 100 mg of g-CsN4 nanosheets
and a predetermined amount of BisNbOgCI. Following that, the mixes were
put in a 50 mL hydrothermal autoclave lined with Teflon and heated to
160°C for 24 hours. After the hydrothermal treatment, the products were
thoroughly washed and dried at 80°C for a whole day. Figure No. 11 below
shows the BisNbOgCl/g-CsNs nanocomposites synthesis technique. g-
CsN4/BisNbOgCIl nanocomposites with mass ratios of 10, 20, 30, and 40%
were obtained by varying the amount of g-CsNs nanosheets. These
nanocomposites are referred to as 10g-CsN4 BisNbOgCl, 20 g¢-
C3N4/Bi4NbOgC|, 309-C3N4/B|4Nb08C|, and 409-C3N4/ B|4Nb03C|
Different amounts of BisNbOgCl nanosheets were used to create
Bi,NbOgCl/g-C3N4 nanocomposites with mass ratios of 10, 20, 30, 40, 50,
and 60%. These are referred to as 10Bi;NbOgCIl/g-C3N4, 20Bi;NbOsCl/g-
C3N4, BOBi4NbOgC|/g-C3N4, 4OBi4Nb08C|/g-C3N4, SOBi4NbOgC|/g-C3N4,
and 60BisNbOsCl/g-CsNy, respectively. Below is Figure 11, which depicts
the schematic diagram used to create BisNbOsClI.

Bi203 Molten Salt [NacL l(cl) —
Biocl |t P | e
Nb;Os 700°C, 10 h |
Bi4Nb03CI nanosheets Hydrothermal
treatment
.l f
160°C, 12h
Calcination Calcination ~ y
— | g-C;N,/BiyNbOCI
Urea s Bulk g-C;N, mmmmmn) g nano-composites

550°C, 4h 500°C,2h |

g-C;N4 nanosheets

Fig.11. Synthesis of g-C3N4/BisNbOgCl Nanocomposite
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3.3 CHARACTERIZATION:

Morphological observations and EDX (Energy Dispersive X-ray Spectroscopy)
analysis were conducted using a Zeiss MERLIN scanning electron microscope
(SEM). The XRD pattern was obtained using an X-ray diffractometer (Model:
PANalytical, X'Pert® Powder). The optical characteristics were assessed using a
PerkinElmer UV/Vis Spectrophotometer Lambda 25.

3.4 PHOTOCATALYTIC EXPERIMENT:

In order to determine the photocatalytic efficiency of the as-synthesised
Bi4sNbOgCl/g-C3N,4 nano-composites, MB was degraded under the influence of a
visible LED light (20-W, Philips, India). The light's measured intensity was 10 mW
cm?. Generally, 10mL of MB (10 mgL™!) was added to a glass beaker along with a
10 mg dosage of the photocatalyst. An adsorption—desorption equilibrium between
the catalyst and MB was achieved by agitating the mixture with a magnetic stirrer
at 500 rpm for 40 minutes while it was dark. The photocatalytic reaction under light
irradiation came next for 60 minutes. Following the photocatalytic reaction's
conclusion, the supernatant was filtered using a 0.22 mm syringe filter and tested
for MB at a wavelength of 664 nm wusing an PerkinElmer UV/Vis
Spectrophotometer Lambda 25. Equation (1) was used to calculate the MB
removal.

C"C‘C X 100 (D
0

where Cy and C are the initial and final concentrations of MB, respectively

MB degradation (%) =

3.5 RADICAL SCAVENGING EXPERIMENT:

The scavenging of superoxide radicals (‘O), holes (h*), and hydroxyl radicals
("OH) was accomplished by using radical scavengers such as benzoquinone (BQ),
ethylenediamine tetraacetic acid disodium salt (EDTA-2Na), and isopropanol
(IPA). The concentrations of the BQ, EDTA-2Na, and IPA were 0.25 mM, 1 mM,
and 1 mM, respectively. Similar photocatalytic degradation tests were carried out,
but this time scavengers were added to the solutions beforehand.
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Chapter:4
4. RESULTS AND DISCUSSION:

4.1. X-ray DIFFRACTION ANALYSIS (XRD):

Fig. 12 shows the crystal lattice structure and XRD patterns of the
synthesised catalysts that could be found using XRD analysis. The
orthorhombic phase of BisNbOgCl (JCPDS No. 84-0843) and the XRD
pattern of the nanosheets were identical. The characteristic peak of g-
C3sN4, which corresponds to the interlayer stacking of graphitic sheets, is
the strong diffraction peak of g-CsN4 nanosheets around 27.45° (Ghosh &
Pal, 2020b). The peaks belonging to both g-C3N,4 and BisNbOgCIl made up
the patterns of g-CsN4/BisNbOgCl nano-composites. This suggests that g-
CsNs and BisNbOgCl nanosheets were fused together with a strong
interfacial contact after hydrothermal treatment.

50-BNOC/UGCN

— BiyNbO4Cl (BNOC)

A ——— g-C.N, (UGCN)

10 20 30 40 50 60 70
Angle 26 (degree)

Intensity (a.u)

Fig. 12. XRD patterns of g-CsN4, BisNbOgCl, and 50-BNOC/UGCN nano-
composites
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4.2. FESEM:

Using a FESEM analysis, the detailed morphology of g-Cs;Ns nanosheets,
Bi;sNbOgCl nanosheets, and the 50-BisNbOgCl/g-C3N, nano-composite was
examined and is shown in Fig. 13-15. The FESEM picture of BisNbOgCI (Fig.
13) verified the nanosheet-like morphology of the material, which was generated
by flux synthesis and has a thickness ranging from 56 to 66 nm. BisNbOgCl has
a similar shape, according to a prior work (Ogawa et al., 2019b). The picture in
Fig. 14 made the formation of g-CsN,4 nanosheets clear. It is evident from the
50-BisNbOsCl/g-C3N, image (Fig. 15) that following the hydrothermal
treatment, the BisNbOgCl nanosheets were uniformly deposited on the surface
of the g-C3N4 nanosheets.

——

300 nm EHT = 5.00 kV Signal A = InLens Date :23 Jan 2024
— WD = 6.0 mm Mag= 50.00 KX MERLIN - IIT Kgp

Fig. 13. FESEM images of BisNbOgCl nanosheets
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Fig. 14. FESEM images of g-C;N4 nanosheets.
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Fig. 15. FESEM images of 50-BisNbOgCl/g-C3N4 nanocomposite
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4.3

EDX MAPPING:
The energy-dispersive X-ray (EDX) spectrum confirms the presence of C and
N, in the synthesized g-C3N4 nanosheet (Fig. 16). The energy-dispersive X-ray
(EDX) spectrum confirms the presence of Bi, Nb, O and Cl, in the synthesized
BisNbOgCl nanosheet (Fig. 17). The energy-dispersive X-ray (EDX) spectrum
confirms the presence of Bi, Nb, O, CI, C and N, in the synthesized 50-
BisNbOgCl/g-C3N4 nano-composite (Fig. 18).

108K

060 20 40 6.0 8.0 10.0 120 140 16.0 18.0

I

Lsec: 204.8 0 Cnts 0.000 keV Det: Octane Plus

Fig. 16. EDX of g-C3N4 nanosheet

8.40K

7.56K

6.72K

5.88K

5.04K

4.20K

3.36K

2.52K

1.68K

0.84K

0.00’6

.0 20 40 6.0 8.0 10.0 120 140 16.0 18.0

Lsec: 51.5

0 Cnts 0.000 keV Det: Octane Plus

Fig. 17. EDX of BisNbOgCl nanosheet
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Fig. 18. EDX of 50-Bi4sNbOgCl/g-C3N,4 nano-composite

4.4 UV-visible DRS:

The performance of a photocatalyst is greatly influenced by its optical
characteristics. In Figs. 19, 20 and 21, respectively, the UV-visible DRS of the
nano-composites Bi;NbOgCl, g-C3sN4 and 50-BisNbOgCl/g-C3N,4 are displayed.
The g-C3N,4 and BisNbOgCl nanosheets' absorption edges are situated at about 440
and 520 nm, respectively (Majumdar et al., 2021). From the bandgap energies (EQ)
of 50-BisNbOsCl/g-C3N,, BisNbOgCl, and g-CsN4 were found to be 2.60 eV, 2.61
eV, and 3.04 eV, in that order. It is possible to attribute the increased absorption in
the visible light range and consequently higher photocatalytic efficiency of 50-
Bi;NbOgCl / g-CsN4 to the complementary effects of g-CsN4 and BisNbOgCl
nanosheets. According to estimates derived from Mott-Schottky plots in earlier
research, the conduction band (CB) potential values of g-CsN, (vs. NHE) and
BisNbOgCl were 1.2 eV and 0.54 eV (Majumdar et al., 2021), respectively.
Bi;,NbOgCl and g-CsN's valence band (VB) potential was determined using Eq.

(9),
Evg = Eg +Ecg e (9)
where VB and CB potential are denoted, respectively, by Eyvg and Ecg. As a result,

+2.07 eV and +1.84 eV, respectively, are the estimated valence band (\VVB) potential
values of BisNbOgCl and g-CsN..
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4.5 PHOTOCATALYTIC EXPERIMENT:

When catalysts are not present, MB degrades by 11% in 10 minutes. Thereafter, there
Is very little variation in photo-degradation, which reaches up to 16% over 60 minutes,
suggesting that MB is reasonably stable when exposed to visible light. Within 60
minutes, only 35.44% and 44.07% of MB were degraded by BNOC and UGCN
nanosheets, respectively. However, the combination of UGCN nanosheets with BNOC
was found to significantly increase the photocatalytic efficiency for the breakdown of
MB. In 60 minutes, the photocatalyst 50-BNOC/UGCN demonstrated the maximum
degrading efficiency of 99.35% towards MB. To provide useful information on the
reaction kinetics, the non-linear form of the pseudo first-order kinetics equation (C =
Co. € ) was fitted to the findings of MB degradation tests. The experimental data
agreed well with the pseudo first-order kinetic equation, as shown by the R? values in
Fig. 22(c). Additionally, it is noted that the 50-BNOC/UGCN nano-composite has the
greatest apparent first-order rate constant (k) value (0.02711 min), which is 1.3 and
2.7 times greater than that of the pristine BNOC (0.02109 mint) and UGCN nanosheets
(0.0102 mint), respectively. The findings of some recent literature on the application
of visible-light-assisted photocatalyst towards MB degradation have been presented in
Table 3 to compare with the present study. It is evident that, when compared to the k
values of the other investigations listed in Table 3, the k value of the 50-BNOC/UGCN
nanocomposite was very comparable. Many dye degradation experiments have
reported on the impact of pH. In the current instance, this parameter is likewise
investigated, and Table 2 displays the findings. It was discovered that 81.08%, 97.96%,
and 99.35%, of the dye (Methylene Blue, MB) could undergo degradation in 60 min in
the presence of 50-BNOC/UGCN under the experimentally optimised conditions of
MB (10ppm), catalyst amount= 1g/L, and pH of 4,7, and 9.2 respectively. After
examining the impact of pH, it was found that, because the dye is cationic, its
isoelectronic point (pHzpc) is equal to 9. Above 9, it is basic (anionic), and below 9, it
Is acidic (cationic) (Waghchaure et al., 2022).

Table: 2. Effect of pH on Methylene Blue (MB) degradation (MB = 10mg/L,
Catalyst dose = 1g¢/L, Irradiation time = 60 minutes)

pH Value % Degradation
4 81.08
7 97.96
9.2 99.35
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Table: 3 Summary of the recent literature on photocatalytic MB degradation

Photocatalyst Photoca | MB Light %Degrad | Reference
talyst Concentr | Source ation
doses ation / time
(g (mg/1) (min)

WOs/g-CsNy 0.5 50 300 W1{95%, 90| (Liu et al.,
Xenon min 2017)
lamp

WO; ZnO@rGO | 0.2 5 200 W |94%, 90 | (Chaudhar
tungsten min y et al,
filament 2020)
lamp

Agl/ZnO/WOs3 3.8 7 100 W | 85.2%, (Ghattavi &
tungsten | 48.5 min | \Nezamzadeh-

Ejhieh, 2021)
filament
lamp

CuFe,04/Ti0, 0.5 20 500 W | 83.7%, 3| (Arifin et
Xenon hr al., 2019)
lamp

BPN and ZnAl|l 20 300 W |99%, 80|(Yang et

LDH Xenon min al., 2021)
lamp

Ag@CdSe /10.6 7.17 300 W | 89.98%, |(Mosavi et

Zeoilte tungsten 40 min al., 2021)
halogen
lamp

Bio,ngo.o7Lao.o3Fe 0.45 20 120W 95%, 90 (Manl et

O3 min al., 2022)

C005ZnosMgosFe;. | 0.05 10 300 W | 98.78%,6 | (Chahar et

504 tungsten 0 min al., 2023)
lamp

50Bi4sNbOsCl/ 1 10 20W LED | 99.35%, | This study

g-CsN4 lamp 60 min
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Fig 22. (a) Photocatalytic efficiency, (b) Pseudo first order reaction kinetics towards
MB (10 mg/l) degradation, (c) Effect of pH.

4.6. RADICAL SCAVENGING EXPERIMENTS AND PHOTOCATALYTIC
MECHANISM:

The main reactive species responsible for MB degradation were identified through a
series of radical scavenging tests. The study's results are displayed in Fig.23. The
degradation efficiency is significantly reduced upon the addition of BQ and EDTA2Na,
suggesting that O, and h* are the primary reactive species in this investigation,
respectively. The addition of IPA results in a minor reduction in degradation efficiency,
demonstrating that OH has no effect on the 50-BNOC/UGCN nanocomposite's ability
to degrade MB. Figure 24 presents a potential mechanism for the photocatalytic
degradation of MB by the 50-BNOC/UGCN nano-composite, based on the band
structure configuration of BNOC and UGCN, as well as the outcomes of radical
scavenging studies. Both semiconductors generate charge carriers that are triggered by
light when visible light exposure. The photogenerated electrons (e) in the CB of g-C5Ny
will move to the CB of BisNbOsClI because the CB of g-C3N4 (1.2 €V) is more negative
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than the CB of BisNbO3sClI (0.54 eV). Since the VB of BisNbOsCl (+2.07 eV) is more
positive than the VB of g-C3sN4 (+1.84 eV), the photogenerated holes (h™) of BisNbOgCl
will migrate to the VB of g-C3N4. This will increase the electron and hole separation
in g-C3N4 and BisNbOgCl, leading to higher photocatalytic efficiency. Since the O,/O,
potential (0.33 eV vs. NHE) is greater than the ECB value (0.54 eV), the electrons in
the Bi;NbOgCI CB will therefore convert O,\0,. MB will be weakened and mineralized
by the potent oxidising agent known as the O, radical. However, because the Ey value
of g-CsN4 (+1.84 eV) is more negative than the potential of OH/H,O (+2.68 eV vs.
NHE) or OH/OH (+1.99 eV vs. NHE), the holes in the VB will not be able to oxidise
H,0O or OH to ~OH. As a result, MB will be directly degraded and mineralized by the
VB holes in g-C3N4. Thus, we may deduce that the 50-BNOC/UGCN nanocomposite
employs a type-Il heterojunction photocatalytic system for its electron-hole transport
mechanism.

BisNbOsCl + hv —> ¢ (BisNbOsCl) + h" (BisNbOsCl) ...(10)
g-C;Ns+hv —» e (g-C3Ny) + h' (g-C5Ny) ..(11)
e g-CsNy —> e (B1isNbOgCl) (Charge transfer) ...(12)
h" (BisNbOsCl) __,  h" (g-C3N4) (Charge transfer) ...(13)
e (BuUNbOsCl) + Oy —»  “Oy- ...(14)
‘0,+ MB — By-products + CO; + H,O ...(15)
h* (g-C;N4) + MB  —» By-products + CO, + H,O ...(16)
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Fig 23: Photocatalytic degradation efficiency of 50-BNOC/UGCN nano-composites
towards MB influenced by radical scavengers.
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Fig:24: Schematic representation of the potential photocatalytic mechanism of the 50-BNOC/UGCN

nano-composite during visible-light-assisted MB degradation.
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Chapter:5

CONCLUSIONS:

A hydrothermal technique was used to successfully synthesize a novel BisNbOgsCl/g-
CsN4 nano-composites, and reports of their photocatalytic efficiency towards MB
degradation under visible light have been made. The results of different
characterizations indicated that a strong contact was used to place the g-CsNg4
nanosheets on the Bi;NbOgCl surface. The optimised 50-BI;NbOsCl/g-C3N4 nano-
composite had the best MB degrading efficiency (99.35%) during 60 minutes of visible
LED light irradiation. In comparison to pristine BisNbOgCl and g-C3N4 nanosheets, the
photocatalytic efficiency was 2.25 and 2.8 times higher, respectively. For the 50-
Bi,NbOgCl/g-C3N4 nano-composite, the apparent first order rate constant towards
MB degradation was the highest (0.02711 min). Due to its increased surface area,
visible light absorption, and electron-hole pair separation, the 50-BisNbOgsCl/g-C3sN4
nanocomposite exhibited higher photocatalytic efficiency when compared to pure
Bi;,NbOgCl and g-CsN4. Moreover, the radical scavenging studies demonstrated that
‘O, & OH-" are the primary reactive species responsible for MB degradation over the
50-BisNbOgCl/g-CsN, nanocomposite. An energy band structure and radical
scavenging tests have led to the suggestion of a Z-scheme heterojunction photocatalytic
process. Consequently, the present study demonstrates the synthesis of a novel and
efficient photocatalyst for the energy-efficient, low-cost treatment of dye pollutants
with visible light assistance. This will stimulate the synthesis of more photocatalysts
with similar properties for environmental remediation.
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