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ABSTRACT

The application of photocatalytic decomposition has garnered significant interest as a viable
approach to mitigate water contamination and environmental pollution. In the face of
expanding industrial development and rapid population increase, water pollution poses a
grave threat to the ecosystem and human well-being. This study employs a hydrothermal
technique to synthesize the photocatalyst by varying the mole ratios of Bi.Oz and ShSa.
Loading Sbh,S; onto BioOz enables broad-spectrum solar light absorption, efficient
segregation of charges, and enhanced surface area. The characteristics of the elements were
thoroughly examined through XRD and XPS techniques, enabling analysis of the crystal
structure, chemical valence, and surface chemical makeup. The formation of smaller Sb>Ss
nano-rods, effectively deposited onto bigger Bi>Oz nano-rods, was visually confirmed via
SEM and TEM images. The EDS spectra evidenced the even dispersion of elements. PL and
UV-DRS spectroscopy provided evidence of low charge recombination and a narrow band
gap, indicating appropriate traits for photocatalysis. Furthermore, BET analysis revealed the
photocatalyst's extensive surface area and mesoporous nature. Remarkable decomposition
0.03149 min?)
0.01749 min?)

achieved for Tetracycline. These impressive results were obtained using 0.3 g/L of the

efficiencies were achieved, with a 98.2% degradation rate (rate constant

observed for Rhodamine-B and a 91.5% degradation rate (rate constant

13BOSBS photocatalyst under sunlight illumination for 120 min. Reusability studies
confirmed the catalyst's impressive stability, with approximately 74.4% degradation of Rh-B
maintained even after seven consecutive runs. Scavenger experiments highlighted the crucial
role of *OH radicals in the photodecomposition mechanism. For the RhB dye, the 13BOSBS
catalyst demonstrated remarkable 90.2% and 85% reductions in COD and TOC, respectively.
The commercially available TC powder substantially reduced 84% in COD and 80% in TOC.
Owing to its excellent attributes and simple synthesis method, the fabricated heterojunction

holds great potential for ecosystem rehabilitation.

Keywords: Bi»Os/Sh,Ss, Tetracycline, Rhodamine-B, Photocatalytic degradation,

Wastewater.



CHAPTER 1 - INTRODUCTION

1.1 Basic frame

The escalating global energy requirements and the detrimental effects of environmental
pollution have become the foremost priorities for humanity [1-3]. The severity of water
contamination resulting from substances such as pesticides [4], phenolic compounds [5], dyes
[6,7], microplastics [8], pharmaceutical compounds [9], and others has been widely
acknowledged. These substances pose significant challenges due to their high toxicity,
carcinogenic properties and resistance to degradation. Each year, a staggering amount of
approximately 45,000 tons of organic dye is generated, and regrettably, over 11% of this
quantity finds its way into our precious water bodies [10]. This hazardous and vividly colored
waste degrades water quality and increases toxicity levels. In addition to dyes, contaminants
from pharmaceutical industries, especially antibiotics, pose a grave and imminent
environmental threat [11]. Pharmaceutical substances have been detected in wastewater
reclamation plant effluents and superficial waters, starting from nanograms per liter (ng/L)
and going upto micrograms per liter (ug/L) [12]. The environmental risk posed by these
drugs' persistence in water bodies is severe. Hence, ensuring adequate treatment of
wastewater prior to its discharge is of paramount importance in preserving the delicate

balance of our ecosystem.
1.2 Rhodamine-B dye (RhB), a colored pollutant

Rhodamine-B (RhB) is solvable in aqueous medium. It is toxic, fluorescent and is extensively
employed in the textile industry. With a pKa value of approximately 3.7, RhB is mostly
found in its positively charged state (RhB*) in water-based solutions. It's structure is
mentioned in Fig. 1.1. However, upon surpassing the pKa threshold, the formation of a
zwitterion (RhB*) occurs due to the deprotonation of the carboxyl group [13]. RhB holds
great prominence in the food and fabric-making sectors and plays a vital function in coloring
procedures within the leather, paint, pulp and paper industries [14]. However, exposure to
RhB can result in severe allergic reactions affecting the eyes and skin, causing throat
irritation, nausea, itching, and gastrointestinal problems. Furthermore, RhB causes

mutagenic, neurotoxic, and reproductive side effects [15]. It's detrimental impact on human



beings necessitates it's urgent degradation to prevent water pollution and safeguard our well-

being.
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Fig. 1.1 Structure of Rhodamine-B dye.

1.3 Tetracycline (TC), a pharmaceutical contaminant

Tetracycline (TC) is a strong wide-spectrum antibiotic extensively employed in both

veterinary and human medicine to address and mitigate various illnesses.

OH O OH O O
OH

\ / NH»

OH

HO
CHj N(CHs),

Fig. 1.2 Structure of Tetracycline antibiotic.
Its wide-ranging efficacy enables it to effectively suppress the growth of various micro-
organisms, including bacterias with both kinds of stains (positive and negative) and
protozoan parasites like chlamydia, mycoplasma and rickettsia [16]. Tetracycline's
affordability and strong effectiveness have established it as a prevalent and frequently utilized
antibiotic in medical practice. The structure of TC is shown in Fig. 1.2. However, TC is not

effectively absorbed by the digestive systems of animals and humans, resulting in its
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excretion through faeces or urine, typically accounting for 50-80% of the administered dose
[17]. Environmental monitoring studies have revealed significant concentrations of TC
(ranging from 100 to 500 mg/L) in the wastewater discharges of hospitals and pharmaceutical
facilities. Furthermore, tetracycline poses risks to both drinking and irrigation water sources,
and it also disrupts the microbial balance within the human intestinal flora. Its over

consumption is highly fatal for the mankind [18].
1.4 Practices for wastewater treatment

It is crucially imperative to eliminate the detrimental and potentially life-threatening organic
pollutants like dyes, microplastics, antibiotics, pesticides etc. Numerous approaches have
been explored in an attempt to eradicate the persistent pollutants released into the aquatic
environment. These processes include solvent extraction, reverse osmosis, sedimentation,
adsorption, oxidative degradation, precipitation, and biological and electrochemical methods
[19]. However, these techniques exhibit relatively slow progress, necessitate meticulous
temperature and pressure control, and pose cost challenges. Moreover, these methods do not
cause complete eradication of the pollutant but rather result in its conversion into secondary
pollutants, which subsequently demand additional removal measures [20]. So, it is essential
to embrace economically viable practices that ensure complete degradation of pollutants
while also being environmental friendly. One such technique is photocatalysis which is

explained ahead.
1.5 Photocatalysis and some heterojunction photocatalysts

Photocatalysis has emerged as a highly attractive and superior method for degrading dyes,
antibiotics, present in water. It offers several advantages, including simplicity, innocous
nature, prolonged durability, non-erosive properties, and cost-effectiveness [21].
Photocatalysis harnesses the power of sunlight, utilizing a solid photocatalyst to effectively
eliminate organic pollutants. Moreover, through this process, harmful pollutants are entirely
eliminated as they are transformed into simpler compounds such as carbon dioxide (CO>) and
water (H20) [22]. This elegant approach holds the enormous potential to address

environmental challenges with remarkable effectiveness as shown in Fig. 1.3.

An exquisite array of metal oxides, phosphides, sulphides, and other compounds has
gracefully emerged as semiconductors, adorning the field of photocatalytic degradation [22].

Among the vast collection, bismuth-based nanomaterials have emerged as captivating figures

3



within the realm of semiconductor-based photocatalysis. Among them, Bi.Osz (BO) stands out
as a promising option owing to its narrow energy gap starting from ~2 eV and going upto
3.96 eV [23]. Also, it has a high refractive index and photoluminescence, non-toxicity, high
photostability, abundant oxygen vacancies, and remarkable optical absorption properties
These properties enable it to absorb broad range of visible light [24,25]. But, the pristine form
of Bi20O3 encounters an obstacle due to the quick reunion of photogenerated charged particles
(electrons and holes), smaller surface area, and the lower conduction band edge position [26].
However, the fusion of Bi,Oz with other semiconductor photocatalysts has emerged as an
increasingly favored approach, as it engenders the formation of heterojunction photocatalysts.
Their successful synthesis tends to lower the reassimilation of the charges, and increases the
lifespan of photoinduced charges due to the synergistic effect of both semiconductors. a-
Bi203/g-C3Ns heterojunction exhibited degradation efficiency of 80.5 % for doxycycline
under the radiance of visible light [27]. About, 94% degradation of Tramadol was achieved
with a-NiS/Bi,O3 photocatalyst [28].

Sh2Ss (SBS) is a remarkable photocatalyst owing to its exceptional characteristics. These
include its small energy gap of ~1.84 eV, enabling it to harvest efficient sunlight. Notably,
SBS exhibits non-carcinogenic properties and is economically viable, further enhancing its
appeal as a viable option for photocatalytic applications [19]. Sb.Ss;, a significant
semiconductor, possesses remarkable photoelectronic, electrochemical and optical
characteristics. Hence, Sbh,Ss nanomaterials hold enormous potential for a variety of uses,
including gas sensors, photoelectronic devices, lithium-ion batteries, solar cells, near-infrared
optical devices , and more [29]. About 89, and 64% of degradation efficiency was achieved
for RhB, and thiamethoxam, respectively by Sb2Ss/rGO photocatalyst. Sb.Ss/PCS (porous
carbon spheres) heterojunction possessed the degradation rate of 77.65% for RhB and 62%
for thiamethoxam under visible light [13]. About 91.23% of degradation efficiency of
methylene blue dye has been achieved by Sb2Ss/a-Ag2WO, heterojunction within 60 min.
[30].

1.6 Present work

The present study focuses on synthesizing a novel nanocomposite Bi»O3/Sh,Ss (BOSBS) and

its various mole ratios. While pristine BO and SBS have been previously synthesized and

paired with various materials, but their combination with each other is a new and innovative

approach explored in this work for the photocatalytic application. The synergy achieved
4



through the combination of Sb2Ss and Bi.O3 has shown significant potential in elevating the
photocatalytic capabilities of Bi.Os. Heterojunction formation lowers the recombination rate

of charge carriers, consequently leading to improved photocatalytic performance.

A hydrothermal approach was used in this investigation to fabricate various mole ratios of
BOSBS nanocomposite. The synthesized photocatalyst was then evaluated for its
performance for the degradation of a colored pollutant (RhB) and a colorless pollutant (TC)
with the help of solarlight. A comprehensive set of experiments viz., the optimization of
photocatalyst concentration, kinetic analysis, pH influence, reusability assessment, and
scavenger studies were carried out. Furthermore, the performance of the fabricated
photocatalysts was evaluated by checking their degrading power in comparison to that of the
commercially available TiO2-P25. Additionally, mineralization experiments were done to
assess the photocatalysts' effectiveness.

Bi,0,/Sh,S,

Fig. 1.3 Conversion of wastewater into clean water using BOSBS photocatalyst.

1.7 Thesis objectives

Our fundamental approach involved the synthesis of a nanocomposite that aimed at
effectively eliminating and breaking down toxic pollutants present in wastewater. This was
achieved by incorporating Sh.Sz onto Bi>Os, resulting in the formation of a highly efficient

Bi203/Sh,S3 heterojunction nanocomposite for wastewater treatment.

The nanocomposite's structure and composition were meticulously analyzed using advanced
techniques such as Brunauer—-Emmett-Teller (BET) and X-ray Diffraction spectroscopy
(XRD). The elemental oxidation state was thoroughly investigated through the application of
X-ray photoelectron spectroscopy (XPS). To gain insight into its morphology, Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) were used,
confirming its intricate form. Furthermore, Photoluminescence spectroscopy (PL) enabled a
comprehensive assessment of the photocatalyst's electronic properties, providing valuable

insights into its efficiency.



To comprehensively examine and compare the decomposition ability of the photocatalyst, a
range of studies were conducted. These studies encompassed investigating the photocatalytic
activity in both dark conditions and under sunlight exposure, with measurements taken at
different time intervals. Additionally, the influence of different factors in the reaction that
affects catalyst's effectiveness of decomposition was investigated. These parameters included
catalyst concentration, the role of scavengers, impact of various light sources, reusability
efficiency, specific pH ranges and more. By meticulously analyzing these factors, a deeper
understanding of the photocatalyst's performance and its response to different conditions was
attained.

In order to culminate, the aforementioned findings were gathered to substantiate the

remarkable photocatalytic efficacy of the synthesized heterojunction photocatalyst.



CHAPTER 2 - LITERATURE REVIEW

In previous studies, researchers have successfully created a variety of nanocomposites using
Bi2O3 and Sh,S3 as the primary materials. These hybrid nanocomposites exhibit different
structures, surface shapes, and sizes. They have demonstrated great promise in various
practical uses, such as breaking down harmful organic pollutants, detecting dangerous heavy
metal ions, generating hydrogen, promoting nitrification, etc. Combining Bi.Oz and Sh,Ss in
the nanocomposite demonstrates impressive efficiency in breaking down dyes and antibiotics.
Adding Sh,Ss to the surface of Bi>Oz significantly enhances the separation of charged
particles created by light, leading to broader light absorption and improved photocatalytic

performance.

Berekute et al., 2023 successfully created a novel binary nanocomposite P-g-CsNas/a-Bi.O3
using a hydrothermal-calcination technique. The nanocomposite of P-g-CsNi/a-Bi.Os (25
wt%) demonstrated superior catalytic action compared to individual components for
degrading 4-hydroxy benzophenone (4H-BP) and benzophenone-1 (BP-1). The creation of
heterojunction and improved light absorption, which considerably improve the separation and
transmission of charged particles generated through light, are principally responsible for the
enhanced photocatalytic efficacy. This nanocomposite demonstrated high photocatalytic
performance for BP-1 and 4H-BP, achieving 95% and 94% degradation under visible light

conditions, respectively [31].

Kashmery et al., 2023 successfully produced Bi>Oz with the help of a sol-gel procedure
taking surfactant as a stabilizing agent. Through the synthesis of nanocomposites comprising
Bi>S3/Bi2Os with different Bi>Sz concentrations (ranging from 1.0% to 4.0% by weight),
proficient photocatalysts for the degradation of Tetracycline under visible-light irradiation
were successfully formulated. Through optimization, they found that a dose of 2.0 g/L for
Bi>S3/Bi2Os nanocomposite achieved rapid TC solution degradation. This photocatalyst

completely removed the antibiotic after only 90 min of irradiation [32].

Subalakshmi et al., 2022 fabricated SrWQO4/Bi>Oz nanocomposite through co-precipitation.
They characterized it using techniques such as FT-IR, SEM, HR-TEM, UV-DRS, XRD,
EDS, TGA, FT-IR, and Raman spectroscopy. The synthesized nanocomposite was tested for

its ability to deteriorate methylene blue with the help of visible light. The highest efficiency
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of 99% was achieved using SrWO4/Bi203 (0.1 g/L), with 10mM starting amount of MB, and
irradiation was done for 180 min. [33].

Pournemati et al., 2022 designed TiO2/MgBi.Os/Bi.O3 ternary visible-light-driven
nanocomposite. The ternary photocatalyst's tetracycline degradation constant was 46.1-fold
greater than TiO2's. The photoluminescence and electrochemical analysis demonstrated
increased segregation of charges and easy transfer, that is due to the formation of n-n-p
ternary photocatalyst. Additionally, the combination of Bi.O3 and MgBi.Os (less band gap)
with TiO> (large band gap) resulted in the generation of more charge carriers. Compared to
the pristine components, this ternary composite exhibited good degradation efficiency for
other pollutants also, like Methyl orange, Methylene blue, and Rhodamine-B dye [34].

Ayappan et al., 2020 employed a wet-impregnation method to prepare rod-shaped n-type a-
Ag>WO4 with the combination of p-type Sb.Sz chalcogenide. They showed that compared to
pure AgoWO., adding Sb»Sz improves the light harvesting ability of the synthesised
composites. Among the nanocomposites, Sb>Ss/a-Ag2WO4 (25 wt.% ) exhibits the highest
photocatalytic degradation efficiency, with ~ 91% degradation of MB dye with the irradiation
time of 60 min. The rate constant for this photocatalyst is 5.7 and 3.7 times higher as
compared to a-Ag2WOs and ShySs, respectively. When unveiled to the colorless toxic
contaminant Tetracycline hydrochloride, Sh,Ss/a-Ag2WO4 photocatalyst achieved a
degradation of 53.06% in 180 min, with approximately 4.1 x 10° min! rate constant. Radical
trapping measurements revealed that the critical reactive moeties in this photocatalyst are h*

and "O2", which efficiently decompose the pollutant [30].

Xiao et al.,, 2022 successfully created Sb,Ss-ZnIn,Ss heterostructure using a one-step
hydrothermal method. This structure consists of Znln.S4 nanosheets uniformly growing onto
Sh>Ss nanorods, resulting in a closely bonded interface. The heterostructure enhances light
absorption, increases surface area, reduces electron transmission distance, and promotes
efficient migration and separation of photoexcited carriers. Notably, the optimal Sbh,Ss-
ZnlnySs sample exhibits an impressive photocatalytic H. production rate of 1685.14
pmol/g/h. This photocatalyst showed remarkable removal efficiency, reaching 85.36% for
Tetracycline hydrochloride. Moreover, it displayed excellent degradation capabilities for
Oxytetracycline (80.52%) and 2-Mercaptobenzothiazole (84.30%) with the help of visible
light for approximately 140 min. These findings highlight the significant potential of the
nanocomposite catalyst for environmental remediation applications [35].

8



Xiangwei Li et al., 2023 generated BixSs/Sh.S3 nanocomposite hydrothermally. The
Bi>S3/Sh,S3 heterojunction demonstrated high degradation performance under visible light
irradiation. They completely degraded MB (30 min), RhB (60 min), and MO (120 min) in
water. Additionally, these heterojunctions could reduce a 20 ppm Cr5* solution in just 80 min.
Moreover, the heterojunctions exhibited an outstanding H20. production, surpassing
individual BixSz by 1.9 times and Sh,Ss by approximately 1.7 times. These astounding
findings can be due to the thoughtful planning and assembly of 0D/1D Bi>Ss/Sh,S3, which
increases the segregation and transfer of charge carriers generated due to exposure to light,
broadens the spectrum of light absorption, and offers a sufficient number of active sites for
improved redox activities. [36].

Makhloufi et al., 2022 prepared Sb,Ss-Sh4sOsCl, photocatalyst through a hydrothermal
method, and they evaluated its efficacy in removing crystal violet dye from the water. Their
prepared samples underwent analysis through UV-Visible measurements, scanning electron
microscopy, and X-ray diffraction. The results verified the successful formation of the
desired binary composite system, displaying a distinct morphology. When exposed to visible
light, the Sb»S3-ShsOsCl, composite particles effectively degraded crystal violet dye in
aqueous solutions. The value of absorbance of the dye decreased significantly from 1.263 to
0.084, indicating successful photodegradation. The compostie was exposed to visible-light
for 270 min. This was further supported by the removal of the characteristic color of the dye.
The Sb,S3-ShsOsCl, composite achieved a high removal efficiency of 96.24% for crystal
violet after 270 min [29].

Dashairya et al., 2020 investigated the photocatalytic elimination of Rhodamine-B dye using
binary samples of BixSh2.xSz where the value of x can be 0.536, 1.09, and 1.68. It was done
under visible light. Analysis of the phases and microstructure confirmed the presence of
solid-solution phases, namely Bios3sSb1.464S3, Bi1.09Sbo91S3, and BiiesSho32S3, exhibiting
nanorods having diameter of approx 25-50 nm. The synthesized products showed exceptional
photocatalytic performance, achieving remarkable degradation of Rhodamine-B with
degradation levels ranging from about 95% to 99.5% within a 30 min. timeframe. They
confirmed the full elimination of pollutant through analysis of carbon dioxide generated after

photodecomposition, as determined by gas chromatography analysis [37].

Upon comparing our work with the previously reported studies listed in Table 2.1, it
becomes evident that our catalyst not only outperforms them but also demonstrates

9



exceptional efficacy even at lower dosages. The combination of Bi.Oz with Sh,Ss proves to

be an outstanding choice, yielding superior results in our research.

Table 2.1 List of various Bi.Oz and Sb2Ss-based photocatalysts reported in the literature.

Photocatalyst Pollutant Catalyst Source Time Degradation Rate Ref.
synthesized decomposed Conc. of light (min) efficacy(%) constant
(g/L) (min)
PANI@BIi,0Os- Methylene 0.5 Solar 120 80 0.012 [38]
BiOCI Blue
a-Bi203/C-dots  Indigo 1 Visible 120 86 0.01734 [39]
Carmine
Dye
Ag20/Bi,03 Methyl Red 75 Solar 40 93.22 2.148 [40]
BiVO4/Sh,S3 Tetracycline 0.3 Solar 120 88.7 0.01557 [19]
Sh2S3/Sh4OsCls - Crystal - Visible 270 96.24 - [29]
violet dye
ShyS3/rGO Rhodamine- 1 Solar 150 89,77.6 0.013, [13]
Sh2Ss/PCS B 0.0091

10



CHAPTER 3 - MATERIALS AND METHODOLOGY

3.1 Chemicals and materials

Sodium hydroxide (NaOH) and sodium sulfate (Na>SO4) were purchased from Merck. Bismuth
nitrate pentahydrate (Bi(NO3)3.5H20) and thioacetamide (C:HsNS) were procured from
Spectrochem, India. Antimony trichloride (SbCls), tartaric acid (C4sHeOs), and RhB dye were
purchased from Loba Chemie. Commercial TC powder was taken from Sigma Aldrich. TC
tablets (concentration 250 mg) manufactured by Abbott's company, with the active ingredient
Restecline 250, were used. Ultrapure double-distilled water was utilized for preparing the

solutions. High-purity reagents were employed unadulteratedly.
3.2 Synthesis of Bi»O3z powder

About 2 mmol of Bi(NOz)3.5H20 and 3 mmol of Na,SO4 were dispersed in 40 ml de-ionized
water. The resulting solution was magnetically agitated for 45 min at room temperature.
Subsequently, After that, 40 mL of DI water was used to dissolve 18 mmol of NaOH and it was
introduced drop by drop to the above-prepared solution accompanied by continuous swirling.
The resultant product was heated in a Teflon-lined stainless steel autoclave for 12 h at 120°C.
Eventually, the obtained slurry was washed thrice with DI water and once with ethanol, followed
by drying in a oven at 80°C [41]. Finally, a pale yellow powder was collected and was identified
as BO.

3.3 Synthesis of Bi.O3/Sb2S3 hybrid powder

The Bi.03/ShySs (BOSBS) hybrid material was prepared hydrothermally. Firstly, a uniform
solution was formed by dissolving 0.0016 mol of Bi>Os in 80 mL of distilled water. Under
vigorous agitation, 0.0016 mol of SbClz, 0.010 mol of C4sHeOs, and 0.0032 mol of CH3CSNH>
were introduced to the above prepared solution, followed by ultra-sonication for 1 h. The entire
solution was then subjected to heating at 180°C for 8 h in an autoclave made of stainless steel
lined with Teflon. Afterwards, the mixture was then dried at 60°C in an oven after being rinsed

three to four times with DI water and then ethanol. The resultant black colored powder material
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was tagged 11BOSBS. Calculations were made for the chemical amounts needed to create the
various mole ratios like 1:3, 3:1, and 1:5, then they successfully synthesized and were tagged as
13BOSBS, 31BOSBS, and 15BOSBS, respectively.

Similarly, bare Sh,S3z was synthesized as a reference in an analogous way but without the
addition of Bi2Os. This dark purple-colored Sh,Ss powder was labeled SBS.

3.4 Characterization methods

The X-ray diffraction (XRD) of materials was conducted utilizing the PAN analytical X' Pert-
Pro diffractometer. The XRD instrument utilized Cu Ka radiation at 45 kV, with a scan ranging
from 10 to 90 degrees and 0.026 degrees step size. The wavelength used for the analysis was
1.5406 A. For transmission electron microscopy (TEM) study, the Thermofisher (TALOS F200S
G2) instrument was employed. It was operated at 200 KV, featured a field emission gun (FEG),
and utilized a CMOS camera with a resolution of 4 K x 4 K. The analysis also involved a column
energy-dispersive X-ray spectroscopy (EDS) detector. To demonstrate nitrogen sorption
characteristics, the Microtrac Belsorp Mini-1l surface area analyzer from Bel, Japan, was
utilized. The materials underwent pre-treatment in a nitrogen environment at 100 degrees Celsius
for 5 hours to ensure the absence of unwanted contaminants and gases. The distribution of pore
size was examined using the Barrett-Joyner-Halenda (BJH) method, while the surface area was
found through the Brunauer-Emmett-Teller (BET) method. The morphological studies of the
catalyst were assessed using the JEOL instrument JSSM-6510, operating at a voltage of 15 kV.
Color mapping images were also generated using this instrument. The color spectra of the
desirable sample were inspected using Scanning electron microscopy - Energy-dispersive
spectroscopy (SEM-EDS). pH measurements were performed using the cyber scan pH 1100
meter from Eutech, Singapore. UV-Vis diffuse reflectance spectroscopy (DRS) was done using
the Hitachi-3900H spectrophotometer in diffuse absorbance mode. The oxidation states of metal
oxides were analyzed using the PHI5200 X-ray photoelectron spectroscopy (XPS) system, that
employed an Omicron ESCA apparatus with a monochromatic Al K X-ray source (1486.7eV).
PerkinElmer LS-55 PL spectrometer was used to carry out Photoluminescence (PL)
spectroscopic studies with an excitation wavelength of 330 nm for the catalyst. The kinetics of
the materials were examined using the Shimadzu UV 2600 spectrophotometer. This analysis

focused on the photocatalytic elimination of organic toxicants using sunlight. Total organic

12



carbon (TOC) was measured using the Multi N/C 2100 BU TOC analyzer from Analytik Jena
AG Corporation.

3.5 Photocatalytic deterioration of organic pollutants

For assessing the photocatalytic efficiency of BOSBS, decomposition of recalcitrant
contaminants, RhB and TC was carried out using natural sunlight conditions. Initially, 3 mg of
photocatalyst was dissolved into 10 mL of RhB solution (5 ppm) and 10 mL of TC solution (10
ppm) at the concenteration of 0.3 g/L. Prior to irradiation, both solutions were gently stirred in
dark (60 min) to accomplish equilibrium in the adsorption-desorption phenomenas. The solution
was then agitated for 120 min with the vessel horizontal in the sunlight to carry out the
degradation process. Approximately 3-4 mL of the solution was extracted time to time and was

analyzed using UV-visible spectrophotometer after the removing the BOSBS catalyst.

The photocatalysis experiment was conducted at Thapar University, Patiala, India, situated in a
sub-temperate area. The study took place from March 15, 2023, to April 10, 2023. A LICOR
pyranometer was used to measure the average solar radiation intensity and was found to be 850
W/mz2. The experiments were repeated three times, and graphs were plotted, incorporating error
bars having a 5% data source error. The absorbance spectra of RhB and TC was taken at regular
intervals, specifically at Amax = 554 nm and 360 nm, respectively. The assessment of

degradation efficacy was done using the Eq. (3.1).
% Deg = {(Abo - Aby)/Abo} x 100 = {(Co - Ct)/Co} x 100 (3.1)

Here, % Deg represents the degradation efficacy, Abo denotes the initial absorbance, and Ab
represents the absorbance at time 't'. Similarly, Co indicates the initial concentration, while Cq

signifies the concentration at time 't'.

The effectiveness of the photocatalytic treatments for RhB and TC was evaluated by conducting
Total Organic Carbon (TOC) and Chemical Oxygen Demand (COD) analysis. 60 mg of the
13BOSBS photocatalyst added to 200 mL solution was first exposed to sunlight for 120 min
prior to the investigation. Ater the irradiation, the resulting sample was then subjected to the

standard protocols of TOC and COD. The COD was determined using a titration technique,
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while the degree of mineralization was assessed through TOC removal. The percentage of COD
and TOC reduction was calculated using the Eq. (3.2) and (3.3).

% COD = {(COD; — CODy)/COD;} x 100 (3.2)
% TOC = {(TOC; — TOC})/TOCi} x 100 (3.3)

Here, COD;, CODy, TOC;, and TOC: represents the initial and final values of COD and TOC,
respectively.
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CHAPTER 4 - RESULTS AND DISCUSSIONS

4.1 XRD analysis

The XRD pattern depicted in Fig. 4.1 elegantly provided a clear verification of the purity and

crystalline arrangement of the synthesized composites.

15BOSBS

Intensity (cps)

10
20 (degree)

Fig. 4.1 XRD spectra of pure BO, SBS, 11BOSBS, 13BOSBS, 31BOSBS, and 15BOSBS
composites.
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The successful fabrication of monoclinic BO was approved by the existence of peaks at 19.7" (-
111), 21.7° (020), 25.65' (002), 26.9" (-112), 27.4" (-121), 28.06° (012), 32.4° (-211), 33.2° (-202),
35.0" (-212), 35.3' (031), 35.9" (102), 36.8" (-131), 37.5" (-113), 46.2" (221), 51.7° (-214), 52.3" (-
322), 53.1" (-233), 54.8" (-241), 56.0" (-323), 59.1" (311), and 61.6" (-243). correspond to the
JCPDS card 01-071-0465. The diffraction peaks observed at the crystallographic planes, namely
11.04° (110), 15.62° (020), 17.58" (120), 22.27" (220), 24.4° (101), 24.88 (130), 25.77° (111), 28.4°
(230), 29.26° (211), 32.42° (221), 33.3’ (301), 34.3 (311), 35.5° (240), 36.9" (231), 39.5° (041),
40.3' (141), 43.1° (421), 45.4° (440), 46.8' (501), 47.3" (151), 52.9° (222) and 54.2° (132) are in
agreement with the JCPDS card having number - 00-006-0474. This ensures the successful
formation of SBS having orthorhombic structure. The persistence of sharp peaks indicated the
crystalline nature of the photocatalysts. Also, both types of peaks were observed in the
composites. No impurity peak as further detected indicating the successful fabrication of the
composites. Moreover, minimal peak shifting was observed, suggesting the exceptional purity of
the binary heterojunction photocatalysts and their two-phase composition.

4.2 XPS studies

The elemental make-up, the core electrons' binding energy, and the oxidation state of the
elements were all investigated using XPS analysis. XPS can discern the spin-orbit splitting of
metal ions in two distinct forms characterized by varying binding energies. Fig. 4.2(a) illustrates
the survey spectrum of the as-synthesized composite. The discernible peaks indicate that the
13BOSBS composite primarily comprises bismuth, oxygen, antimony, and sulphur. The
instrument's adventitious carbon is responsible for the C 1s signal at 284.7 eV. A least-square
Gaussian-fit model was employed for deconvolution purposes. The presence of deconvoluted
peaks in the spectra of bismuth (Bi) and oxygen (O) at the binding energies of 159.3 and 164.7
eV (Fig. 4.2(b)) and 531.9 eV (Fig. 4.2(c)) can be attributed to the Bi 4f7» and 4fs» [42,43] and
O 1s [44], respectively. These findings show that Bi and O, respectively, are in the +3 and -2
oxidation states. These peaks verify the accomplished formation of BO within the composite.
Fig. 4.2(d) illustrates a doublet peak observed at binding energies of 529.8 and 539.2 eV, which
can be attributed to antimony (Sb) 3ds2 and 3ds/2, respectively indicates the +3 oxidation state of
Sb [45,46]. Fig. 4.2(e) depicts doublet peak of sulphur (S) spectrum, precisely positioned at
161.3 and 165.1 eV corresponds to the S 2p12 and 2ps. states, respectively, associated with the
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Intensity (cps)

—2 oxidation state [47,48]. This demonstrates that the SBS in the composite was successfully

synthesized.
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Fig. 4.2(a-e) XPS spectra of 13BOSBS, (a) survey spectra, (b) Bi 4f, (c) O 1s, (d) Sb 3d, and (e)
S 2p.

4.3 Nitrogen sorption analysis

The surface area properties and distribution of the size of the pores of the produced samples were
evaluated through nitrogen sorption experiments. The photocatalysts demonstrate a type-1V
nitrogen adsorption curve, indicating their mesoporous nature as illustrated in Fig. 4.3(a) and
(b). The determination of size of the pores was accomplished by employing the BJH plot. Table
4.1 presents a summary of the specific surface area results, mean pore diameter, and pore
volume. It was found that 13BOSBS and 15BOSBS hetero-composites exhibited similar and
exceptionally high specific surface area out of all the bare materials and the other synthesized
photocatalysts. Heterojunction photocatalysts' large surface area allows for improved interfacial
contact between the two components, thereby, promoting efficient charge migration.
Additionally, the ample number of exposed surface-active sites facilitates the adsorption of an

immense amount of pollutant, resulting in improved photocatalytic performance [49].
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Fig. 4.3(a) BET surface area isotherm, and (b) BJH plot for pore size determination of the

synthesized photocatalysts.

Table 4.1 Surface properties of the fabricated photocatalysts.

Sample Pore Diameter Specific Surface Area Mean Pore Volume
(nm) (m?/g) (cm®lg)
BO 14.44 30 0.478
SBS 11.85 18 0.321
11BOSBS 15.32 46 0.358
13BOSBS 23.40 57 0.434
31BOSBS 18.21 49 0.404
15BOSBS 24.01 59 0.458

4.4 SEM and TEM analysis
The SEM analysis examined the surface topography of BO, SBS, and 13BOSBS composite at

varying magnifications. The results revealed that BO exhibited a morphology with larger nano-
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rods (Fig. 4.4(a)), while SBS displayed smaller nano-rods like morphology (Fig. 4.4(b)). While,
in the in-situ 13BOSBS composite, smaller nano-rods were observed to be loaded onto larger
nano-rods as shown in Fig. 4.4(c,d). Both morphologies are present in the composite, which
supports the successful creation of the heterojunction. Moreover, this dual morphology offers
numerous active sites, thereby, increasing the pollutant adsorption and enhancing the

photocatalytic degradation activity.

TEM analysis also confirmed the successful synthesis of the composite, showing smaller nano-

rods of SBS decorated onto larger nano-rods of BO as depicted in Fig. 4.4(e, ).

Fig. 4.4 SEM images of (a) BO, (b) SBS, (c, d) 13BOSBS composite, and (e, f) TEM images of
13BOSBS composite.

4.5 EDS and elemental mapping

The distribution of elements, composition, and the purity of the prepared photocatalyst were
assessed using EDS. Fig. 4.5(a) shows that the EDS spectrum exhibited prominent signals of Bi,
O, Sh, and S. The lack of any additional elemental peaks in the EDS spectrum demonstrates that
the surface of the synthesised composite is free of impurities and serves as proof that the
fabrication process was effective by showing that the surface is devoid of impurities. The SEM
image of the composite closely fits the geographical distribution of Bi, O, Sb, and S, illustrating

a uniform distribution of all the elements as depicted in Fig. 4.5(b-e). These findings represent
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an excellent dispersion of SBS onto BO, which is highly advantageous for a heterojunction
photocatalyst.

Element Weight % Atomic %
Bi 22.96 9.84

(8] 10.74 15.26

Sb 48.64 31.65

S 17.66 43.25

SRl

Fig. 4.5(a) EDS spectrum of the 13BOSBS heterojunction with the corresponding SEM image,
and (b—e) mapping of elements of the 13BOSBS composite.

4.6 PL analysis

The PL spectra was done to find out the migration, separation, and recombination of charge
carriers [50]. A good photocatalyst should possess a lower rate of reassimilation, a high capacity
for transporting charge carriers, and effective charge segregation [51]. The PL signal's emission

intensity is a direct reflection of the exciton recombination rate. A low emission intensity

20



indicates a reduced rate of recombination of the electrons and holes, leading to enhanced charge
transfer efficiency and improved photocatalytic performance [52]. In this study, the PL spectra
were taken using an excitation wavelength of 330 nm. Fig. 4.6 shows that pure BO and SBS
displayed the maximum PL intensity. The 13BOSBS and 15BOSBS photocatalysts exhibited
similar yet the lowest PL intensities among all the samples suggesting their lower recombination
rate, efficient charge segregation, and superior charge carrying ability. This is due to the
formation of a heterojunction between BO and SBS. Furthermore, on adding more of SBS in the
composite, PL intensity got reduced significantly, illustrating that most photogenerated charge

carriers were primarily sourced from SBS.

— BO

— SBS
— 11BOSBS
— 13BOSBS
— 31BOSBS
15BOSBS

Intensity (a.u.)

330 360 390 420 450
Wavelength (nm)

Fig. 4.6 PL Spectra of bare BO, SBS and fabricated BOSBS photocatalysts.
4.7 DRS studies

An efficacious photocatalyst must exhibit excellent light absorption strength and a narrow energy
gap. DRS was done to scrutinize the absorption range and band gap. From the Fig. 4.7 (a), it is
evident that the synthesized photocatalysts exhibit notable visible light absorption capability. On

enhancing the weight ratio of the SBS in the composite, a noticeable red shift was observed,
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indicating their ability to absorb sunlight actively. The band gap energy was determined using
Tauc's plot, which was obtained through the following Eq. (4.1).

(ahv)Y? = hv - Eq (4.1)

Here, a, h, v, and Eg represent the absorption coefficient, Planck's constant, light frequency, and
band gap energy, respectively. By extrapolating the Tauc plot to the photon energy (hv) axis, Eg
values were determined. As a result, the band gaps of BO, SBS, 11BOSBS, 13BOSBS,
31BOSBS, and 15BOSBS were calculated as 2.62, 1.84, 1.70, 1.35, 1.62, and 1.29 eV,
respectively, as illustrated in Fig. 4.7(b).

(a), 15BOSBS 51BOSBS hv=1.29 eV

A " 31BOSBS 31BOSBS

hv=1.62 eV

/
13BOSBS hv=1.35eV
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”
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11BOSBS

Absorbance (a.u.)

Fig. 4.7(a) UV-Visible DRS absorption spectra, and (b) the band gap energies of BO, SBS,
11BOSBS, 13BOSBS, 31BOSBS, 15BOSBS.

These findings indicate that 13BOSBS and 15BOSBS composites possess lesser band gap and
highest visible light absorption capability among the synthesized photocatalysts. These two traits
make these catalysts apt for photocatalytic degradation. Narrow band gap and high visible light

absorption enhances their ability to carry out the photocataytic reactions smoothly.
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4.8 Photocatalytic studies

4.8.1 Photocatalytic degradation of the model colored pollutant, RhB

Photocatalytic abatement of the model pollutant, RhB was done to scrutinize the performance of
the photocatalysts. Initially, for the photolysis experiment, a solution containing 10 mL of 5 ppm
RhB was exposed to sunlight for 120 min and only 25.9 % of RhB degradation was observed.
While, in the existence of 13BOSBS, and 15BOSBS photocatalysts, highest degradation rate of
98.2% and 99 % was observed, respectively. The rate constant (k) was determined using the Eq.
4.2).

In(C/Co) = - kt (4.2)

where Co represents the initial concentration at time t = 0, C represents the concentration at a
given time (t), and k is the rate constant.

Fig. 4.8(a) and 4.8(b) depicts the kinetic analysis for the photocatalytic reduction of RhB.
Hence, from Fig. 4.8(b), it can be gauged that the reaction is following pseudo-first order
kinetics. The 13BOSBS and 15BOSBS possessed the maximum rate constants of 0.03149 and
0.03876 min, respectively out of all the fabricated photocatalysts. While both 13BOSBS and
15BOSBS displayed similar activity, the latter required a larger quantity of SBS, which has a
more expensive precursor salt than the precursor salts required for the fabrication of BO.
Therefore, further detailed photocatalytic experiments were conducted using 13BOSBS due to its
cost-effectiveness compared to 15BOSBS. In contrast, a degradation experiment utilizing TiO»-
P25 was conducted In comparison, a degradation experiment employing TiO2-P25 was carried
out under comparable circumstances to evaluate the effectiveness of the generated composites in
terms of degradation. The degradation efficiency achieved was 52%, with a corresponding rate
constant of 0.00485 min™t. To assess the level of synergistic effect in the composites, the synergy

factor (R) was calculated using Eq. (4.3).
R = kso/Ksss (4.3)

kso + Ksgs

23



Here, K, keso/ksss, keo, and kses stand for the rate constant, the rate constant of hybrid BO and
SBS, the bare BO, and SBS, respectively.
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Fig. 4.8(a,b) Kinetic analysis of the synthesized photocatalysts for the degradation of RhB.

Table 4.2 The % degradation, rate and synergistic constants achieved by the photocatalytic
removal of RhB.

Catalyst Rate Constant (min™) Decomposition R
Efficacy (%)

TiO2-P25 0.00485 52 -
BO 0.00583 58 -
SBS 0.00757 66.2 -
11BOSBS 0.00952 74.9 0.71
13BOSBS 0.03149 98.2 2.35
31BOSBS 0.01206 82 0.90
15BOSBS 0.03876 99 2.89
No Catalyst 0.00238 25.9 -

Among the prepared materials, 13BOSBS exhibited the highest R factor (2.35), indicating

superior efficiency attributed to its strong synergistic effect on BO and SBS. This result indicates
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that 13BOSBS outperformed TiO2-P25 as the most efficient photocatalyst for degrading RhB.
The degradation efficacy, rate constants, and synergistic constant values of the different

photocatalysts are summarized in Table 4.2.

4.8.2 Impact of light sources

Under optimal conditions, comparative photocatalytic experiments were carried out with the help
of different sources of light, including UV, visible, and natural sunlight. From the Fig. 4.9, it can
be scrutinized that the pollutant decomposition reached to 69% under UV light and 83% under
visible light. While, the maximum elimination of 98.2% was achieved under natural sunshine
using the 13BOSBS heterojunction photocatalyst. These findings demonstrate that natural
sunlight can effectively degrade the pollutant using the developed photocatalyst. Thus, the
natural sunlight is remarkably significant over other artificial light sources in pollutant

deterioration.
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Fig. 4.9 The impact of diferent sources of light on the decomposition efficacy of RhB using
the 13BOSBS photocatalyst.

4.8.3 Impact of concentration of the catalyst

The productiveness of the photocatalytic process is greatly linked to the precise quantity of

catalyst employed. It is essential to use the optimal amount of catalyst to prevent its excessive
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usage, which can lead to particle aggregation [19,53]. Additionally, employing the right amount
ensures maximum photon absorption, promoting the efficient photodecomposition. Tests were
done to see what effect the catalyst concentration, which ranged from 0.1 g/L to 0.6 g/L, had on
the dye's photocatalytic degradation. From the Fig. 4.10, it can be observed that as the
photocatalyst dose is enhanced from 0.1 g/L to 0.3 g/L, the degradation efficiency increases
notably, reaching approximately 98.2% at 0.3 g/L. This is because of the augmentation in the
number of reaction sites resulting from the increased catalyst amount. But as the concentration
was raised to 0.4 g/L, the efficacy of the degradation decreased. It can be attributed to the
solution becoming more opaque, which causes light to disperse and diminishing its influence on
the solution. Also, the catalyst surface becomes saturated with dye through complete adsorption,
therefore, additional incorporation of catalyst does not contribute to further degradation. It is
because the active sites become deactivated and lose their effectiveness [54]. As a result, best

concentration for future experiments was found to be 0.3 g/L of the photocatalyst.
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Fig. 4.10 Concentration impact of the 13BOSBS photocatalyst.

4.8.4 pH studies

The pH of the solution plays a crucial role in determining the photocatalytic performance of the
catalyst. pH variations can modify the surface characteristics of the catalyst, affecting the
adsorption of target compounds and potentially altering the degradation pathway [55]. Over a
variety of pH values, including 2, 3, 4, 5, 6, 7 (natural pH), 8, 9, 10, and 11, the effect of pH on
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the photocatalytic degradation of RhB as shown in Fig. 4.11(b) was investigated. The surface
charge of the catalyst under various pH settings and the electrical charges of the pollutant can
both be blamed for the observed pH fluctuations. The pH at which the surface of Bi,O3/Sh,S3 has
a zero charge (pHpzc) was determined to be 5.37, shown in Fig. 4.11(a). At pH values higher than
5.37, the dominant species on the oxide surface is M - O, where M represents the metal which
favors the adsorption of cationic species due to electrostatic interaction. Conversely, at pH values
lower than 5.37, the primary species were M - OH?*, promoting the adsorption of anionic species

[56]. The highest degradation efficiency of 98.2% was obtained for RhB at natural pH.
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Fig. 4.11(a) pzc of the 13BOSBS nanocomposite, and (b) pH impact on the decomposition
efficiency of the 13BOSBS photocatalyst.

RhB primarily exists as a cation (RhB*) at pH below 3.7 (pkarns). However, it exists in
zwitterionic form (RhB*) at pH values above 3.7, which can be attributed to the deprotonation of
the carboxyl group [57]. Within the pH range of 2 and 3, the cationic form of RhB repels the
cationic surface of the catalyst, resulting in comparatively diminished degradation efficiency.
Within the pH range of 3.7 to 5.37, the degradation efficiency increases as the anionic portion of
the dye from the zwitterionic form gets adsorbed onto the cationic surface of the catalyst. Once
the pH surpasses 5.37, the catalyst's surface acquires a negative charge. Now, the degradation
efficiency is enhanced as the cationic component of the dye in its zwitterionic form becomes
adsorbed onto the anionic surface of the catalyst. Thereby, the highest efficiency was attained at

pH 7, but the degradation efficacy decreased beyond this pH. This decline can be attributed to

27



the repulsion between the anionic portion of the dye in its zwitterionic form and the anionic

surface of the catalyst [57,58].
4.8.5 Scavenger studies

A scavenger experiment was conducted utilizing commonly employed quenchers to find out the
function of the reactive radical moeties accountable for the photocatalytic elimination of the dye.
In the photocatalytic reactions, chemical quenchers such as benzoquinone (BQ), methanol, and
dimethyl sulfoxide (DMSO) were utilized at a concentration of 1 mM each to examine the
function of superoxide radicals (O27), holes (h*), and hydroxyl radicals ("OH), respectively [59].
When no trapping agent was present, the dye exhibited a maximum degradation of 98.2%.
However, the introduction of the aforementioned scavengers to the reaction medium effectively

suppressed the rate of photocatalytic decomposition.
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Fig. 4.12 Effect of different scavengers on the decomposition of RhB.

According to Fig. 4.12, the introduction of DMSO largely impacted the photocatalytic efficiency
of the 13BOSBS composite, resulting in a reduction to 37.5% of the RhB. This finding suggests
that *OH radicals were the principal species accountable for the breaking down of the pollutant.
Similarly, the presence of methanol also affected the degradation process, but to a lesser extent

(58%), indicating that h* plays a minor yet significant role in eliminating the dye.
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4.8.6 Reusability studies

Ensuring the longevity of a photocatalyst is crucial for its widespread practical implementation.

Therefore, it is crucial to assess the catalyst's photocatalytic stability over a number of

experimental deterioration cycles.
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Fig. 4.13(a) Reusability graph, (b) XRD spectra of 13BOSBS composite after photocatalytic
usage, (c) BET with inset showing BJH graph of 13BOSBS after deterioration activity, and (d)
SEM image of the used catalyst after degradation studies.

Fig. 4.13(a) presents the findings of the reusability studies conducted on the 13BOSBS

photocatalyst. The photocatalytic activity was evaluated under sunlight over seven degradation

cycles lasting 120 min each. Due to physisorption of RhB onto the catalyst's surface, it can
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easily desorbed from it. For renewal, the catalyst was thoroughly washed with DI water 3-4
times and subsequently dried at 60°C. This was done to vacate the catalyst's surface active sites
for the next deterioration round. The initial decomposition of the pollutant was recorded at
98.2%. Remarkably, even after seven consecutive cycles, the catalyst maintained an impressive
photodegradation efficiency of 74.4%. This observation highlights the catalyst's excellent
reusability and stability. XRD analysis was done after the reusability studies revealed that peak
positions and peak intensities remained the same, demonstrating that composite retained its
nature even after the degradation studies (Fig. 4.13(b)). BET analysis revealed that the average
pore volume was 0.343 cm®/g. The surface area was found to be 51m?/g, and the pore diameter
was 18.15 nm, for the 13BOSBS photocatalyst after the degradation studies. The BET studies are
shown in (Fig. 4.13(c)). Although surface area got decreased, however, it was sufficient to carry
out degradation. Furthermore, the SEM analysis confirmed that the morphology of the composite
remained unchanged after the photocatalytic degradation experiments (Fig. 4.13(d)). Thus, the
13BOSBS photocatalyst exhibited reliable and stable photocatalytic performance.

4.8.7 Photocatalytic degradation of colorless pollutant (TC)

A photocatalytic degradation of the pharmaceutical pollutant, TC, was done to check the efficacy
of 13BOSBS for the degradation of colorless contaminants in addition to dyes. Initially, a TC
solution having 0.3 ¢g/L of 13BOSBS photocatalyst was agitated in the dark (60 min) to
accomplish the equilibrium in adsorption-desorption processes. The reaction was then carried out
by exposing the solution to sunshine for 120 min. From Fig. 4.14(a) and (b), it was assessed that
the maximum degradation efficiency of 91.5% was achieved with the rate constant of 0.01749
mint. These findings demonstrate that the as-prepared catalyst can effectively eliminate
colorless contaminants, extending its applicability beyond dyes. This extends the applicability of
the catalyst beyond just targeting dyes. The ability of the catalyst to effectively degrade colorless
contaminants broadens its potential applications in water treatment and environmental
remediation, where the presence of colorless pollutants is common. Overall, these results
indicate that the 13BOSBS photocatalyst has promising properties for efficient contaminant
degradation and highlights its potential for addressing a wider range of pollutants beyond colored

compounds.
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Fig. 4.14(a,b) Kinetic analysis of the 13BOSBS composite for the photocatalytic degradation

4.8.8 Mineralization studies

of TC.

TOC was carried out to determine the extent of mineralization of RhB and TC by 13BOSBS

composite. In the beginning, elevated levels of TOC and COD provided evidence that the

contaminants RhB and TC contained a significant quantity of organic matter. For the RhB dye,
the 13BOSBS photocatalyst reduced COD and TOC by 90.2 and 85%, respectively, when
illuminated under solar light for 120 min. Similarly, the commercially available TC powder
exhibited significant reduction of 84% in COD and 80% in TOC (Fig. 4.15). The creation of

successive organic intermediates during the process, prior to the complete conversion of the

target compounds (RhB and TC) into carbon dioxide and other simpler byproducts, caused the

percentage of TOC eliminated to be lower than that of degradation [19]. Owing to limitations

imposed by ethical permissions, actual experimentation using natural medical/pharmaceutical

wastewater was not feasible. As an alternative, the effectiveness of the 13BOSBS photocatalyst

in degrading a TC tablet (specifically, Abbott's Tetracycline capsules, 1.P. Restecline 250, with

250 mg concentration) was evaluated through COD and TOC analysis, resulting in removal

efficiencies of 78, and 73%, respectively. These findings validate the superior surface catalytic

properties of the photocatalyst compared to the costly and time-harvesting physicochemical

methods employed in the industry.
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4.9 Possible photocatalytic mechanism

The conduction band and valence band positions were determined by incorporating Mulliken's
electronegativity value to gain insight into the charge transfer mechanism taking place in the
BOSBS composite as indicated in Eq (4.4) and (4.5).

Eve =y — Ee + 1/2E4 (4.4)
Ecs = Evs — Eg (4.5)

Here, y, Evs, and Ecs represents Mulliken electronegativity, the valence band, and the
conduction band's energy, respectively. Ee and Eg4 stand for the respective free electron energy on
the hydrogen scale (4.5 eV) and band gap energy. The computed Ecg values for BO and SBS
were 0.31 eV and 0.21 eV, respectively, while the Evg values for BO and SBS were 2.93 eV and
2.05 eV, respectively. [60,61]. During exposure to light, the electrons present in the valence band
of the semiconductors got transferred to their respective conduction bands. When both the

semiconductors are near together, holes diffuse from the more positively charged valence band
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of BO to the less positively charged valence band of SBS to prevent the reintegration of
photogenerated charge carriers. Furthermore, electrons from more negatively charged conduction
band of SBS migrate to the less negatively charged conduction band of BO. Consequently, these
electrons in the conduction band of BO facilitate the reduction of oxygen, forming O2™ which
can further react with water molecules, generating "OH radicals. These oxidative species
efficiently decompose RhB and TC, transforming them into H.O, CO», and other degraded
products that are less toxic. Further, the h* existing in the valence band of SBS react with water
to generate OH" which can oxidize harmful pollutant to simpler products. This possible
mechanism is depicted in Scheme 4.1. As a result, the quick separation of electron-hole pairs and

less recombination rate considerably improve the photocatalytic performance of BOSBS.

Pollutant

o Pollutant
Radical species +
Radical species ==+ > Intermediates
A .
@ 7 /
Intermediates ) ] : g
: A\ 2.62¢eV 2.05¢v_gmip( OH COy, H30 and other
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Scheme 4.1 Proposed route for the photodecomposition of contaminants by BOSBS composite.
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CHAPTER 5 - CONCLUSIONS AND FUTURE SCOPE

The eco-friendly hydrothermal route was utilized to fabricate novel heterojunction Bi>2Os/Sh,S3
photocatalysts with varying mole ratios. To validate the successful synthesis of the samples, a
number of analytical methods, including XPS, DRS, SEM, EDS, TEM, XRD, and BET analysis
were employed. SEM studies revealed that smaller nano-rods of SBS effectively loaded onto
larger nano-rods of BO, were observed in the 13BOSBS composite efficiently forming a
heterojunction. To assess the efficacy of the synthesized samples the photocatalytic
decomposition of RhB and TC was conducted under the illumination of the natural sunlight. The
concentration of SBS was found to have the direct impact on the decomposition efficacy,
showing that as the concentration of SBS got increased, the decomposition effectiveness got
improved. Among the fabricated photocatalysts 13BOSBS, and 15BOSBS demonstrated the
highest photocatalytic decomposition efficacy with the highest rate constant value. However, due
to the cost-effectiveness, 13BOSBS was considered the more efficient photocatalyst. According
to PL, BET, and UV-visible DRS investigations, the composite effectively broke down
contaminants when exposed to natural sunshine, which was attributed to its lesser recombination
rate, high surface area, and adequate band gap. To further assess the superiority of the prepared
nanocomposites, their decomposition efficacy was compared to that of the commercial TiO»-
P25. A range of experiments were conducted to investigate various factors affecting the
photocatalytic degradation process. These include impact of catalyst concentration, effect of pH,
Kinetic studies, evaluation of different light sources, scavenger analysis, and assessment of the
reusability of the catalyst. Trapping studies confirmed that ‘OH were the main contributors
effecting the degradation of the pollutant. The composite showed remarkable reduction efficacy
even after seven trial cycles, emphasising its reusability for the photocatalytic eradication of
organic pollutants. The composite maintained its original characteristics following the
degradation studies, which was validated by XRD and SEM analysis, demonstrating physical
adsorption of the dye onto the composite. Higher % COD and TOC removal demonstrate the
catalyst's efficiency and superiority over industrial physicochemical methods. GC-MS analysis
was conducted to study the products and intermediates resulting from the photodegradation

experiments. Concisely, the BOSBS catalyst demonstrated efficient degradation of organic
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pollutants using minimal quantities under the natural sunlight. Hence, it holds great potential for
treating the challenging pollutants and industrial wastewater on a large scale. This catalyst has
tremendous potential for a variety of wastewater treatment applications because it is affordable,
simple to use, and environmentally benign. It offers a promising solution to prevent the persistent

buildup of harmful toxic pollutants in water systems.
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