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ABSTRACT

Water pollution has recently garnered increased attention due to its severe negative
impacts on life and the planet's ecosystem. Given the essential role of water in sustaining a
healthy life, sourcing clean freshwater is one of the most pressing challenges facing modern
society. The grave situation demands further advancements in sustainable water use

practices and the developing of cost-effective wastewater treatment technologies.

This thesis focuses on the remediation of organic and inorganic pollutants in
wastewater using nanomaterials as nano-adsorbents and nano-catalysts. The primary goal
is to develop nanomaterials and demonstrate their effectiveness, at the laboratory level, in
adsorption and catalytic processes for water remediation. It addresses four common but
toxic industrial effluents—surfactants, phosphate ions, antibiotics, and industrial dyes—
using adsorptive and catalytic strategies with metal chalcogenides and Bi-based

nanomaterials.

We synthesized CuS nanostructures and demonstrated their effectiveness as
adsorbents and catalysts for removing sodium dodecyl sulfate (SDS) from water. The
efficient decomposition of SDS was achieved through adsorption and advanced oxidation
processes driven by hemi-micelle enhanced adsorption and the synergistic action of H20x.
The fast catalytic decomposition of SDS resembles a Fenton-like process. This study is the

first to report the use of metal chalcogenides for surfactant removal from water.

We developed a dual-functional MnS nanomaterial for the removal of phosphate
ions and Congo Red dye. Synthesized via a hydrothermal route, the MnS nanomaterials
exhibited a phosphate adsorption capacity of 160.73 mg P/g. Adsorption studies indicated
a spontaneous, exothermic process with mechanisms involving electrostatic attraction,
surface complexation, and ion exchange. MnS maintained selective phosphate adsorption
despite competing ions and demonstrated high sonocatalytic efficiency by degrading Congo
Red dye within 10 minutes. These findings highlight MnS as a promising non-lanthanum
or zirconium material for phosphate removal from wastewater and a sonocatalyst for textile

dye degradation.

We synthesized BiOB7(;_x)Cl, nanoplates with varied Br:Cl ratios using a co-

precipitation method, showing superior visible-light-driven photocatalytic activity



compared to BiOCI and BiOBr. Morphological, optical, and structural analyses revealed
that halide alloying successfully tuned the optical bandgap in the samples from 3.39 eV to
2.75 eV, enhancing their light-harvesting capabilities. The BiO Bt ,5Cl,, 75 sample achieved
89% and 99% degradation efficiency for ciprofloxacin and tetracycline hydrochloride,
respectively, within 20 minutes. The high performance is due to its large surface area,
suitable morphology, band gap, and effective electron-hole separation in the solid solution.
The material is recyclable, stable, and adaptable to aquatic environments, making it a

promising eco-friendly photocatalyst for antibiotic pollution control.

We developed a heterojunction BiVOs structure by combining distinct crystal
phases to overcome limitations in traditional BiVO4 photocatalysts, such as poor charge
transport and surface adsorption. A hydrothermal method was used to synthesize tetragonal,
monoclinic, and monoclinic/tetragonal BiVOs phases. The photocatalytic activity,
particularly for Rhodamine B degradation, was enhanced using ultrasonic sound waves.
The study revealed that the crystalline phases significantly affect photo-sono-induced
charges, providing deeper insight into the mechanisms behind improved sonophotocatalytic

activity.

This study scientifically demonstrates, at the laboratory level, the effective removal
of toxic contaminants found in industrial effluents using innovative adsorbents,
photocatalysts, sonocatalysts, and sonophotocatalysis. These findings reveal the potential
of these nanomaterials for scalable and energy-efficient water purification. An in-depth
analysis of the mechanism and the kinetics and thermodynamics of the adsorption and
catalytic processes is also reported. The research underscores the promise of metal
chalcogenides and bismuth-based nanomaterials as innovative solutions for addressing

water pollution challenges.

Key words: Water remediation, adsorption, photocatalysis,  sonocatalysis,
sonophotocatalysis, sodium dodecyl sulfate, phosphate ions, antibiotics, ciprofloxacin,

tetracycline hydrochloride congo red, rhodamine B.
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PREFACE

Escalation in pollution degrades water quality and diminishes its natural
regenerative capacity, leading to a growing scarcity of clean water. Major capital cities,
such as New Delhi in India, struggle to meet the water demands of their inhabitants. With
the ever-increasing global population and rising water needs for food production and
irrigation, water reuse is essential to address these challenges and support economic growth.
Additionally, water regulations for effluent discharge are becoming more stringent to
protect the water quality of natural reservoirs. There is an urgent need to implement
wastewater reuse programmes across all industrial sectors. However, improvements are still
necessary to achieve sustainable water utilisation practices and to develop cost-effective

wastewater treatment technologies.

Water contaminants are generally classified into inorganic toxic elements, organic
chemicals, and microorganisms. Inorganic toxic elements include various metallic elements
such as mercury, cadmium, lead, chromium, and copper, as well as anionic pollutants like
nitrate, phosphate, sulfate, and chloride, which can significantly impact water quality and
ecosystem health. Typical organic contaminants in water include pharmaceuticals, personal
care products, endocrine disruptors, pesticides, organic dyes, detergents, and common

industrial organic wastes like phenolics, halogens, and aromatics.

Several technologies are used for water treatment, each with advantages and
drawbacks. Adsorption has emerged as the most effective method to remove pollutants from
water without secondary potential pollution - at an acceptable cost. Adsorption involves a
fluid (water) and a solid phase (the adsorbent). The dissolved contaminants (adsorbates) are
transferred from the liquid phase to the adsorbent surface, thus purifying the water.
Adsorption is favoured for water treatment due to its low cost, high efficiency, ease of

operation, and the ability to use various solid materials as adsorbents.

Advanced Oxidation Processes (AOPs) are also highly effective for treating
contaminated water. They generate powerful oxidising agents, primarily hydroxyl radicals
(*OH), to degrade a wide range of organic pollutants. AOPs involve chemical,
photochemical, sonochemical, or electrochemical methods to produce these radicals.
Recent advancements in AOPs focus on enhancing catalyst efficiency, stability, and

reusability and developing hybrid systems that combine different AOPs for improved
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performance. The development of novel catalysts, such as doped metal oxides,
chalcogenides, nanocomposites, heterojunctions, and supported catalysts, aims to increase
the generation of hydroxyl radicals and extend the applicability of AOPs under various

environmental conditions.

Nanomaterials have garnered significant interest worldwide for their potential in
water treatment. Compared to conventional technologies like activated carbon,
nanomaterials provide better and more efficient remediation for water pollutants due to their
high surface area and reactivity. Advanced developments in nano absorbents and nano-
catalysts reduce the concentrations of toxic compounds in water and enhance water quality

for health.

Considering all the factors mentioned, we have decided to scientifically
demonstrate, at the laboratory level, the effective removal of toxic contaminants found in
industrial effluents using innovative adsorbents, photocatalysts, sonocatalysts, or

sonophotocatalysis.

This thesis focuses on the remediation of organic and inorganic pollutants in
wastewater using nanomaterials as nano adsorbents and nano-catalysts. Specifically, it
addresses four common, but toxic industrial effluents: surfactants, phosphate ions,
antibiotics, and industrial dyes, which severely impact ecosystems and water reservoirs. We
employ adsorptive and catalytic strategies using metal chalcogenides and Bi-based
nanomaterials - prioritising versatility, cost-effectiveness, and efficiency. This thesis
provides an account of nanomaterial synthesis, a comprehensive analysis of pollutant
removal, and explores the science and thermodynamics behind the remediation processes.
Our research aims to advance wastewater treatment technologies, improve catalyst

performance, and contribute to a cleaner, healthier environment.

Based on the aforementioned motivation, this thesis is organised into five
interconnected objectives. The primary goal is to develop nanomaterials and demonstrate,
at the laboratory level, their effectiveness in adsorption and catalytic processes for water

remediation. The specific objectives include:

1. Synthesise and characterise a novel material tailored for the efficient
removal and degradation of sodium dodecyl sulfate (SDS), a prevalent
anionic surfactant in agrochemical, pharmaceutical, oil, paper, mining,

and textile wastewater, and elucidate the associated removal mechanisms.
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2. Design and develop a naturally abundant material for the selective
removal of phosphate ions from wastewater, focusing on understanding
the fundamental mechanisms driving the adsorption and ion exchange
processes.
3. Investigate the synergistic effects of ultrasonic waves and visible light in
the degradation of abundant pollutants, including antibiotics and
industrial dyes, to optimise catalytic processes for the treatment of
industrial effluents.
4. Explore the potential of oxyhalide solid solutions in the photodegradation
of antibiotics in aqueous environments, aiming to understand the
material's photocatalytic behaviour and efficiency.
5. Synthesise and evaluate an isotype heterojunction photocatalytic material
for its efficacy in water remediation, with a focus on unravelling the
material's photocatalytic mechanisms and applicability in environmental
cleanup.
In order to accomplish objective 1, we synthesised CuS nanostructures. In the thesis, we
demonstrated that the CuS nanoflowers are highly effective as adsorbents and catalysts for
removing and decomposing sodium dodecyl sulfate (SDS) in water. The efficient
decomposition of surfactants from effluents can be achieved through adsorption and
advanced oxidation processes. The 100% catalytic decomposition of SDS was achieved
within 11 minutes, with activity approximated to a Fenton-like process. The fast catalytic
decomposition of SDS into COz and water is driven by hemi-micelle enhanced adsorption
and the synergistic action of H202. The mechanism of surfactant adsorption on CuS
nanoflowers was understood through various adsorption isotherm models. The kinetics of
adsorption were also thoroughly examined. The adsorption thermodynamics were studied
and observed to be endothermic and enthalpy-driven. In summary, we combined the
adsorption and Fenton-like catalytic activity of CuS to completely remove SDS from water.

Our work is the first report of metal chalcogenides being used to remove surfactants.

To meet the goal of objective 2, we introduced a dual-functional MnS nanomaterial
for removing phosphate ions and Congo Red textile dye. MnS nanomaterials were
synthesised via a hydrothermal route. Batch adsorption experiments revealed a phosphate
adsorption capacity of 160.73 mg P/g, which is commendable for an adsorbent in its bare

form. The adsorption isotherm and kinetic studies were conducted to gain a detailed

il



understanding of the adsorption process. The thermodynamics of the process were studied
thoroughly, indicating a spontaneous, exothermic process, confirming favourable
adsorption. FTIR analysis confirmed the adsorption mechanism, which includes
electrostatic attraction, surface complexation, and ion exchange. MnS maintained its
adsorption capacity despite competing ions, demonstrating a selective affinity for
phosphate ions. MnS also showed high sonocatalytic efficiency, degrading Congo Red dye
within 10 minutes of ultrasonic irradiation. The degradation mechanism of Congo Red dye
in the sonocatalytic process was proposed. This novel metal chalcogenide material exhibits
exceptional affinity for phosphate ions and Congo Red dye molecules, surpassing La-based
adsorbents in efficacy. These findings underscore MnS as a promising alternative to
lanthanum or zirconium-based materials for the removal of phosphate and textile dyes from
wastewater. The results suggest that MnS nanomaterials are promising for practical

applications in phosphate removal and textile dye degradation from wastewater.

To explore objectives 3 and 4, we synthesised a series of BiOBr1-x)Clx nanoplates
solid solutions with varied Br:Cl molar ratios through a simple co-precipitation method.
These solid solutions exhibited superior visible-light-driven photocatalytic activity
compared to pristine BiOCI and BiOBr. Successful tuning of the optical bandgap from 3.39
eV to 2.75 eV in the samples has been achieved through halide alloying. Notably, the
BiOBr0.25Clo.7s sample demonstrated exceptional performance, achieving 89% and 99%
degradation efficiency for ciprofloxacin (CIP) and tetracycline hydrochloride (TCH),
respectively, within 20 minutes under optimum conditions. The outstanding performance is
attributed to factors such as a large specific surface area, suitable morphology and band
gap, effective separation of photo-generated electron-hole pairs, and the presence of meso-
size pores in the structure. Thermodynamic studies confirmed the exothermic and
spontaneous nature of the photocatalytic reactions. The proposed degradation pathways of
CIP and TCH and the photocatalytic mechanisms were elucidated. The BiOBr-x)Clx solid
solution exhibits facile recyclability, robust stability, and adaptability to aquatic
environments, establishing its potential as a promising eco-friendly photocatalyst for

antibiotic pollution control.

Owing to its suitable energy band and strong catalytic capacity, BiVO4 has received
extensive attention in photocatalysis. To address objective 5, we propose a straightforward
approach to address the challenges of insufficient compatibility, poor charge transport

characteristics, and limited surface adsorption properties commonly found in traditional

v



BiVOs photocatalysts. A heterojunction BiVOs4 structure was developed by incorporating
two distinct crystal phases within a single semiconducting material. A facile hydrothermal
procedure was used to synthesise distinct crystalline phases of BiVO4 photocatalysts, viz.,
tetragonal, monoclinic, and monoclinic/tetragonal heterophase. The physicochemical
characteristics of the pristine and isotype BiVOas heterojunctions were characterised using
various techniques. The photocatalytic activity of BiVO4 samples was examined by
monitoring the degradation of Rhodamine B (RhB). Ultrasonic sound waves were
employed within the reaction medium to boost the degradation reaction. The study
examined the photocatalytic, sonocatalytic, and sonophotocatalytic activity of BiVOa
microcrystals concerning the degradation of RhB dye. The results showed that the
crystalline phases of BiVO4 samples significantly influence the behaviour of photo-sono-
induced charges. This would provide greater insight into the intrinsic reasons for the

enhancement in sonophotocatalytic activity.

In conclusion, this thesis highlights significant progress in water remediation using
metal chalcogenides and Bi-based nanomaterials. Through systematic research, we
developed four nanomaterials—CuS nanoflowers, MnS nanomaterials, BiOBr(1-x)Clx solid
solutions, and heterojunction BiVOs structures—each demonstrating exceptional
performance in removing various industrial pollutants, such as sodium dodecyl sulfate,
phosphate ions, antibiotics, Congo red dye, and Rhodamine B dye. These findings reveal
the potential of these nanomaterials for scalable and energy-efficient water purification and
offer valuable insights into the mechanisms of adsorption and catalytic processes. The
research underscores the promise of metal chalcogenides and bismuth-based nanomaterials

as innovative solutions for addressing water pollution challenges.
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CHAPTER 1

Introduction

India on brink of worst-ever water crisis

400 micnpecpeacind v vtar thorage The e =l worsan
rojected to be twice the avallable supply by 2000

To start with....

BENGALURU WATER CRISIS: AS
SHORTAGE DEEPENS, TECHIES
'MOVE AWAY' FROM INDIA'S
SILICON VALLEY
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"Water and air, the two essential fluids on which all life depends, have

become global garbage cans."

-Jacques-Yves Cousteau

This introduction chapter highlights the urgent need for wastewater remediation in the current
context. This chapter discusses the necessity of advanced wastewater treatment systems and
explores potential improvements through emerging technologies, such as adsorption and
advanced oxidation process-based catalysis. It also outlines the motivation for this research and
the specific objectives aimed at enhancing the effectiveness of current wastewater treatment

methodologies.
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The thesis, entitled 'Insights on Adsorptive and Catalytic Water Remediation
Using Metal Chalcogenides and Bismuth Based Nanomaterials', addresses the critical
global challenge of water pollution, which has recently garnered increased attention due
to its severe negative impacts on life and the planet's ecosystem. Given the essential role
of water in sustaining a healthy life, sourcing clean freshwater is one of the most pressing

challenges facing modern society.

The thesis focuses on the remediation of organic and inorganic pollutants in
wastewater using nanomaterials. It systematically summarises the various types of
pollutants and the different classes of nanomaterials used for water remedial applications.
Water contaminants are generally classified into inorganic toxic elements, organic
chemicals, and microorganisms. Inorganic toxic elements encompass a variety of
metallic elements such as mercury, cadmium, lead, chromium, and copper. Additionally,
anionic pollutants like nitrate, phosphate, sulfate, and chloride fall under this category.
These substances can significantly degrade water quality and pose serious risks to
ecosystem health. Organic contaminants in water typically include pharmaceuticals,
personal care products, endocrine disruptors, pesticides, organic dyes, detergents, and
common industrial organic wastes like phenolics, halogens, and aromatics. These organic
pollutants can disrupt biological processes and accumulate in the environment, leading
to long-term ecological and human health issues. In this thesis, we are focused on four

classes of pollutants commonly found in industrial effluents:

R/

¢ Surfactants - a significant components of cleaning products like
detergents and personal care products.

¢ Phosphate ions, particularly from food, textile, cosmetics,
rubber, and drug effluents.

¢ Antibiotics are a significant pharmaceutical industry pollutant.

% Industrial dyes.

These four classes of pollutants can have severe impacts on ecosystems and water
reservoirs. We have chosen adsorptive and catalytic water remediation strategies for
successful removal and degradation. These methods are versatile, cost-effective, capable
of removing various pollutants or pollutant mixtures and producing high-quality treated
effluent [1]. We have selected metal chalcogenides and Bi-based nanomaterials for this
process because these materials are emerging as effective solutions for water remediation

applications.
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This study comprehensively analyses each problem and thoroughly addresses the
remedial solutions for practical industrial applications. The research focuses on the
scientific aspects of the water remediation process, exploring the underlying science and
mechanisms behind all processes. This provides insights into adsorptive and catalytic

water remediation using metal chalcogenides and Bi-based nanomaterials.
1.1. WATER REMEDIATION

The growing population, industrial expansion, and insufficient rainfall have led
to a global water scarcity crisis. Numerous methods and solutions have been
implemented to restore water resources [2]. However, restoration solutions such as
rainwater harvesting only offer partial relief. Approximately 4 billion people worldwide
have access to unsafe water, leading to a significant rise in acute waterborne illnesses.
This issue is expected to worsen due to the massive discharge of pollutants and
micropollutants from industrial and agricultural activities into natural water sources.

Therefore, restoration in terms of purity is also a significant part of the solution [3].

A substantial number of toxic pollutants enter groundwater and freshwater bodies
due to modern human activities, including industrial operations, municipal and domestic
household activities, and agricultural processes [4]. Even small amounts of toxic
materials, such as heavy metals, organic dyes, pharmaceuticals, pesticides, and
polycyclic aromatic hydrocarbons, can pose significant health risks. These elements are
known to cause genetic mutations, cancer, neurological damage, teratogenic effects, and
severe harm to various organs, including the reproductive, respiratory, and
gastrointestinal systems, as well as the liver. Therefore, the direct or indirect
contamination of freshwater reservoirs by toxic elements significantly reduces water

quality and contributes to water scarcity [5].

Chlorination is widely used for disinfection in municipal treatment plants but is
limited to removing microorganisms. These methods are insufficient for completely
degrading pollutants, and removing inorganic heavy metal ions remains challenging.
Additionally, it is essential to remove harmful substances from industrial wastewater [6].
Adsorption and coagulation, common water purification methods, merely transfer
pollutants from one phase to another without destroying or eliminating them [7]. Other
conventional water treatment techniques, such as membrane filtration, sedimentation,

precipitation, ion exchange, solvent extraction, reverse osmosis, distillation, and
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chemical treatments, are costly and often generate secondary pollutants [8]. These
limitations have spurred rapid research and development in Advanced Oxidation
Processes (AOP) as innovative water treatment methods. Moreover, developing a cost-

effective treatment that can convert pollutants into less harmful forms is highly relevant
[9].

This thesis explores the roles of adsorption and catalysis in water remediation,
focusing on advanced methods to remove and degrade pollutants. Developing and
optimising these techniques can create more effective and sustainable solutions to

address the global water crisis and improve water quality for all.
1.2. THE IMPORTANCE OF WASTEWATER TREATMENT

Wastewater pollution poses a significant threat to ecosystems and human health,
with 42% of household wastewater globally not being appropriately treated, according to
UN Water reports [10]. This inadequate treatment degrades freshwater sources, which is
crucial for maintaining biodiversity and ensuring safe drinking water. Currently, only
11% of domestic and industrial wastewater is being reused, despite an untapped potential
for wastewater reuse estimated at 320 billion cubic meters per year [11,12]. This volume
could surpass the capacity of global desalination efforts by more than tenfold, presenting

a substantial opportunity to alleviate water scarcity.

Despite these potentials, water quality monitoring is insufficient in many regions.
60 % of assessed water bodies in 89 countries have good ambient water quality, yet
routine water quality data collection is lacking in most countries [13]. This gap leaves
over 3 billion people at risk, as the health of their freshwater ecosystems remains
uncertain. Groundwater, which often constitutes the largest share of freshwater resources
in many countries, is particularly under-monitored [14]. Of the 89 countries with water
quality data, only 52 have information about groundwater conditions, posing a critical

challenge for comprehensive water resource management [15].

Furthermore, wastewater contributes to global greenhouse gas emissions,
accounting for about 1.57% of the total, comparable to the climate impact of the
worldwide aviation industry. This underscores the urgent need for improved wastewater
management practices to protect water quality and public health and mitigate climate

change impacts. Advancing technologies and strategies for wastewater treatment and
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reuse can play a pivotal role in addressing these interconnected challenges, making it an

essential focus for sustainable water management [16].

A significant part of the solution is reducing pollution and enhancing wastewater
management. Effective pollution control measures are essential to prevent contaminants
from entering water sources, while advanced wastewater treatment technologies can
recycle and purify used water, making it suitable for various applications. These
strategies protect public health by providing clean drinking water and contribute to the
sustainability of water resources, which is crucial in the face of climate change and

increasing water scarcity [17].

Despite the growing need, wastewater management is often neglected. Untreated
wastewater from industries is a major issue, where a large proportion of wastewater is
discharged untreated into the nearest water body. This practice exposes water bodies to
industrial effluents, cloth dyes, toxic chemicals, and pharmaceutical wastes.
Implementing comprehensive water management practices can help mitigate the impact
of human activities on natural water systems and ensure that future generations have

access to this vital resource [18].
1.3. METHODS FOR REMOVING POLLUTANTS FROM WASTEWATER

Several techniques have been employed to enhance water management and wastewater

treatment, including:

o Reverse Osmosis (RO): Reverse osmosis (RO) is an effective water
remediation technology that utilises a semi-permeable membrane to
remove ions, molecules, and larger particles from water. By applying
high pressure, RO forces water through the membrane, allowing only
smaller water molecules to pass while rejecting contaminants such as
salts, organic compounds, and microorganisms. The technology is
crucial for desalinating seawater and brackish water, especially in arid
regions, due to the membrane's pore size of 0.1 to 1 nm. However, RO
systems are energy-intensive and prone to membrane fouling by
organic and inorganic matter, which can reduce efficiency. Ongoing
advancements aim to improve membrane materials and fouling

mitigation, enhancing RO's sustainability and cost-effectiveness [19].
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e Membrane Separation: Membrane separation is a highly effective
technology for water remediation, utilising semi-permeable
membranes to filter contaminants from water selectively. Various
processes—microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis—differ by pore size and operational pressure, enabling the
removal of particles, microorganisms, and dissolved substances.
Microfiltration and ultrafiltration handle larger particles and suspended
solids, while nanofiltration and reverse osmosis target smaller
molecules and ions. Advantages include low energy consumption and
modular scalability. However, challenges such as membrane fouling,
high operational costs, and maintenance needs persist, necessitating
ongoing advancements in membrane materials and methods. Despite
these issues, membrane separation is a promising solution for high-
quality water treatment, addressing complex contaminants and
regulatory requirements [20].

e Flocculation and Coagulation: Flocculation and coagulation are
crucial for removing suspended particles and contaminants in water
treatment. Coagulation adds coagulants like aluminium sulfate or ferric
chloride to neutralise particle charges, causing aggregation into larger
clusters. Flocculation then gently mixes these clusters into larger,
settleable masses, enhancing sedimentation and filtration efficiency.
Despite their benefits, these processes generate sludge that requires
disposal and can leave chemical residuals in treated water, posing
environmental and health risks. Chemical costs and careful dosing are
also critical, and these methods may not remove all contaminants,
necessitating additional treatments [21].

e Electrocoagulation: Flocculation and coagulation are crucial for
removing suspended particles and contaminants in water treatment.
Coagulation adds coagulants like aluminium sulfate or ferric chloride
to neutralise particle charges, causing aggregation into larger clusters.
Flocculation then gently mixes these clusters into larger, settleable
masses, enhancing sedimentation and filtration efficiency. Despite

their benefits, these processes generate sludge that requires disposal
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and can leave chemical residuals in treated water, posing
environmental and health risks. Chemical costs and careful dosing are
also critical, and these methods may not remove all contaminants,
necessitating additional treatments [22].

Biological Treatment: Biological treatment for water remediation
uses microorganisms—bacteria, fungi, and algae—to degrade organic
contaminants through bioremediation. Methods such as activated
sludge, biofilters, and bioreactors efficiently remove organic pollutants
and nutrients in ambient conditions with lower energy requirements
than physical and chemical methods. However, these processes are
sensitive to environmental conditions, can be slow, require careful
monitoring, and may produce secondary waste needing further
treatment. Additionally, they may not effectively address all pollutants,
such as heavy metals and non-biodegradable substances, often
necessitating supplementary water treatments [23].

Ion Exchange: Ion exchange removes ionic contaminants from water
using resins with charged functional groups that swap ions with those
in the solution. It effectively targets heavy metals, nitrates, and specific
ions with high selectivity. However, it can be costly due to resin
expenses and frequent regeneration involving potentially harmful
chemicals. It also doesn't address non-ionic contaminants and may
require pre-treatment to adjust pH and ionic strength. Disposal of spent
regenerants and exhausted resins poses environmental challenges,
necessitating sustainable waste management [24].

Desalination: Desalination is vital for addressing freshwater scarcity,
using methods like reverse osmosis (RO) and thermal distillation to
remove salts and impurities from seawater or brackish water. RO forces
water through a semi-permeable membrane, while thermal distillation
heats water to produce steam, leaving salts behind. Despite its
effectiveness, desalination is energy-intensive and costly, with high
carbon emissions and environmental concerns related to brine disposal.
Additionally, infrastructure and maintenance costs are significant,

particularly for developing regions. Advancements are needed to
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improve energy efficiency, reduce environmental impact, and lower
costs [25].

Ozonation: Ozonation is an advanced oxidation process for water
remediation that uses ozone (Os) to degrade organic pollutants,
disinfect pathogens, and remove odours and tastes. Ozone is generated
from oxygen via electric discharge or ultraviolet radiation and
introduced into the water, oxidising contaminants into less harmful
substances. It effectively treats a range of pollutants, including
pesticides and pharmaceuticals. However, ozonation has high energy
and operational costs, requires on-site ozone production, and can
produce harmful by-products like bromate. Additional treatment may
also be needed to mineralise persistent organic pollutants fully [26].
Fenton's Process: The Fenton process is an advanced oxidation
method for degrading organic pollutants in water, utilising hydroxyl
radicals generated from hydrogen peroxide (H202) and ferrous iron
(Fe*"). It operates effectively at room temperature and atmospheric
pressure and is relatively low-cost. However, it requires acidic
conditions (optimal pH around 3), generating ferric hydroxide sludge
that complicates waste management. The process can also be hindered
by scavengers that react with hydroxyl radicals, and the need for
continuous addition of hydrogen peroxide and iron salts impacts
sustainability and resource efficiency [27].

Wet Air Oxidation: Wet Air Oxidation (WAQO) is a process that
removes organic contaminants from wastewater by oxidising them
with air or oxygen at temperatures between 150°C and 320°C and
pressures of 5 to 20 MPa. It generates hydroxyl radicals and other
oxidative species to break down complex organic molecules into less
harmful compounds. WAO is effective for high-strength industrial
wastewater and refractory substances but requires costly, specialised
equipment and is energy-intensive. It can also produce secondary
pollutants and may not be suitable for wastewater with low

contaminant concentrations or high inorganic salt content [28].
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AOPs are gaining popularity due to their ability to rapidly and non-selectively degrade
contaminants through complete mineralisation or transformation into less toxic
compounds. These processes are highly effective in treating wastewater and producing
potable water, offering significant degradation rates and broad applicability advantages.
An overview of the different technologies used for wastewater treatment in the industrial

effluents is shown in Fig.1.1.
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Fig.1.1. An overview of the different technologies used for wastewater
treatment in the industrial effluents. The figure is adapted from [29].

1.4. ADSORPTIVE WATER REMEDIATION

The adsorption process is an efficient and adaptable physical method for treating
wastewater. It is a surface phenomenon characterised by an increase in the concentration
of a specific component at the interface between two phases, applicable at both laboratory
and industrial scales. Adsorption is a versatile and cost-effective method for removing
various pollutants, eliminating any pollutants or pollutant mixture and producing high-
quality treated effluent. Additionally, the process is reversible, as adsorbents can be
regenerated using appropriate desorption procedures. The type of adsorbent used
significantly impacts the economic sustainability and effectiveness of the adsorption

process [30].
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Considering the literature, the critical aspects of applying adsorption for water
treatment include selecting, developing, and characterising adsorbent materials,
optimising adsorption processes, mathematical modeling, developing regeneration
procedures, and applying them to actual samples. Cost evaluation is also essential, as it

involves all these aspects and must be assessed on a case-by-case basis.
1.4.1. Adsorbents for Water Remedial Applications

Adsorbents play a crucial role in adsorptive water remediation because they
effectively remove contaminants through selective binding and retention on their
surfaces. Their high efficiency is attributed to their large surface area and specific affinity
for pollutants, enabling the removal of contaminants even at low concentrations.
Adsorbents offer versatility, as different materials can be tailored to target particular
pollutants, providing customised solutions for various water contamination issues. They
are also cost-effective, with many options for regeneration and reuse, making them
practical for large-scale applications. The rapid response of adsorption processes allows
for quick water treatment, which is advantageous in emergencies. Additionally,
adsorbents typically produce minimal secondary pollution compared to some chemical
treatments, contributing to a cleaner and more sustainable water remediation approach.
Their scalability, from laboratory to industrial use, further underscores their importance

in improving water quality and environmental protection [31].

The selection, development, and characterisation of adsorbent materials are
crucial for designing an effective adsorption process for water treatment. An ideal

adsorbent should possess the following attributes [32]:

e Low cost and availability

e Chemical stability

e Mechanical stability

e Desirable textural and physicochemical properties
e High adsorption capacity

e High efficiency

e Shows fast kinetics

e Regeneration and reuse potential

Developing an adsorbent that meets all these criteria is challenging. However, extensive

research has led to the development of various adsorbent materials for water treatment.
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These include carbon-based materials such as chars, biochar, activated carbons, coals,
and nanomaterials; chitin and chitosan derivatives; biosorbents and agro-industrial
wastes; inorganic materials like zeolites, layered double hydroxides, and geopolymers;
metal-organic frameworks (MOFs); and silica-based materials [33]. The literature
provides extensive information on these materials' preparation methods and advanced
characterisation techniques [33]. Despite the availability of well-developed and
characterised adsorbents, ongoing research is essential to create new materials that fulfil
all the desired characteristics, leading to more efficient adsorption processes for water

treatment.
1.5. CATALYTIC WATER REMEDIATION

Conventional water treatment technologies often fall short of fully mineralising
refractory water contaminants, which are pollutants resistant to degradation. This
inefficiency highlights the need for more effective alternatives, such as catalytic
processes. Catalytic processes offer significant advantages, including faster reaction rates
(kinetics), higher selectivity for target contaminants, and reduced energy consumption.
Despite these benefits, implementing these processes on an industrial scale has been

challenging [34].

Advanced Oxidation Processes (AOPs) lead these technologies by utilising
highly reactive species for efficient pollutant breakdown. Incorporating sonocatalysis,
photocatalysis, and sonophotocatalysis into AOPs marks significant progress in this field.
Visible light-driven catalytic technologies harness solar energy to activate catalysts,
offering a sustainable and cost-effective water treatment solution; this process is called
photocatalysis. Ultrasound-assisted catalysis employs ultrasound radiation to enhance
catalytic reactions, resulting in faster and more efficient pollutant degradation, known as
sonocatalysis. Ultrasound and visible light irradiation are highly effective chemical-free

methods for degrading various wastewater pollutants [35].

Although photocatalysis has been commonly used for water treatment, its long
reaction times and diminished effectiveness due to water pollutants limit its practical
application. Ultrasound irradiation can enhance photocatalytic efficiency through
simultaneous irradiation. Despite their limitations, combining visible light irradiation and

ultrasound shows promise for degrading organic pollutants in wastewater. Studies

12
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indicate that this combined approach, termed sonophotocatalysis, is more efficient than

either method alone [36].

Recent research on sonocatalysts and sonophotocatalysts for pollutant
degradation is emerging, supported by numerous review articles highlighting the high
potential of photocatalysis, sonocatalysis, and sonophotocatalysis for organic pollutant
degradation [37]. This thesis focuses on water remediation through these catalytic
processes. It elaborates on degradation mechanisms, the impact of various operating
parameters on process performance, and the synergistic effects of sonophotocatalysis.
The evaluations compare individual processes, identify degradation pathways, and

highlight research gaps.
1.5.1. Catalysts for Water Remedial Applications

Catalysts are highly relevant in water remedial applications because they
significantly enhance the degradation and removal of a wide range of contaminants. Their
primary function is to accelerate chemical reactions without being consumed in the
process, making them efficient and cost-effective for repeated use. An ideal catalyst for

water remedial applications should possess the following attributes [38]:

e High Activity

e Selectivity

e Stability and Durability

e Non-toxicity

e Renderability

e Efficient Light Utilisation
e [Ease of Separation

e Cost-effectiveness

e Environmental Compatibility

Developing a catalyst that meets all desired attributes for water remedial applications
is complex. However, significant research efforts have resulted in various catalytic
materials for water treatment. These include metal oxides such as TiO2, ZnO, CuO, and
SnO2; metal sulfides like MoS2, ZnS, CdS, and SnS2; advanced composites including
graphene-based composites and heterostructured materials; carbon-based catalysts; and
novel materials like metal-organic frameworks (MOFs) and graphitic carbon nitride (g-

C3Na) [39,40,41]. The literature offers extensive information on these catalysts' synthesis

13
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methods and advanced characterisation techniques. Despite the progress in developing
well-characterised and efficient catalysts, ongoing research is crucial to design new
materials that meet all the desired properties, ultimately enhancing the effectiveness and

sustainability of catalytic water treatment processes.

1.6. METAL CHALCOGENIDES

As told at the beginning of this chapter, the thesis work attempts to unravel the
applicability of a few metal chalcogenides for water remediation purposes. Group 16 of
the periodic table, known as the chalcogens, includes oxygen, sulfur, selenium, tellurium,
and polonium. Oxygen and sulfur are non-metals, selenium and tellurium are metalloid
semiconductors, and polonium is a metal. Transition metal chalcogenides, which include
tellurides, sulfides, and selenides (denoted as M-tellurides, M-sulfides, and M-selenides,
where M represents a transition metal), have long intrigued researchers. Chalcogenides
are ideal for visible-light harvesting and related applications due to their lower band gaps
than most oxides [42]. Within this group, metal sulfides have attracted the most research
attention because of their low band gap energy, superior light-harvesting capabilities, and
diverse applications. Chalcogenides can be categorised into three distinct groups based
on their composition: those containing alkali or alkaline-earth metals, transition metals,

or elements from the main group. Some distinctive characteristics of metal chalcogenides

are highlighted below [42]:

e Less dense chalcogens, essential to life, are non-toxic.

e Heavier chalcogens, such as tellurium, selenium, and polonium,
are toxic and potentially hazardous.

e Chalcogens show significant variation in atomic sizes, but they
all have six valence electrons.

e An increase in atomic weight leads to higher density, melting,
and boiling points and a larger nuclear radius.

e Non-metals like oxygen, sulfur, and selenium, as well as
semimetals such as tellurium and polonium, can conduct

electricity.

Transition metal chalcogenides have recently garnered significant research
interest due to their versatile elemental composition, tunable bandgaps, earth abundance,

excellent optoelectrical properties, visible light activity, and catalytic stability. These
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materials and their composites can be broadly classified into binary (e.g., CuS, ZnTe,
CdS, ZnSe), ternary (e.g., Cu2WSi, CuFeS:), quaternary (e.g., Cu:FeSnS4), and
heterostructure (e.g., AgInS>/Snlns, Cu2ZnSnSe4) categories. Each category can be doped

with conductors to enhance their applications [43].

Metal chalcogenides are employed in diverse applications such as solar cells,
optoelectronic sensors, fluorescent labelling for particle detection and tracking, and
cancer diagnosis. These nanostructures are also used in superconductors, fuel cells,
photovoltaics, photocatalysts, and energy storage devices. Notably, NiS, a sulphide-based
chalcogenide, has attracted significant interest due to its abundant phases and potential
in rechargeable lithium batteries [44]. These materials have gained popularity as
components in solar absorber devices, benefiting from the quantum size effect and higher
specific surface areas than their bulk counterparts. Chalcogenide-based materials and
other nanomaterials are utilised to remove environmental pollutants, including dyes,
chlorinated organic compounds, organophosphorus chemicals, volatile organic
compounds, and halogenated herbicides [44]. A brief description of various applications

of transition metal chalcogenides and oxides is shown in the following diagram Fig.1.2.
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Fig.1.2. The summary of various applications of transition metal-
chalcogenides. The figure is adapted from [45].

Due to their unique architecture and dimensions, nanomaterials exhibit distinctive

properties ideal for advanced water treatment strategies. Addressing environmental

15



Chapter 1

pollution and energy constraints necessitates the development of novel nanocomposites.
Transition metal chalcogenide catalysts are studied for their stability, optoelectronic
behaviour, and ability to absorb visible light, making them suitable for wastewater
treatment applications. Extensive research has explored their use in water purification
through adsorption, photocatalysis, antimicrobial disinfection, persulfate/peroxy

monosulfate activation, and Fenton-like processes [45].

Furthermore, their versatile composition allows for easy doping with various
elements, enabling fine-tuning for specific contaminants. Their flexibility in morphology
provides for the synthesis of materials with optimal surface properties and reactivity.
Metal chalcogenides also demonstrate good chemical stability in aqueous environments,
making them suitable for long-term water treatment applications. Certain metal
chalcogenides are less toxic and more environmentally friendly than metal oxides,
reducing potential environmental impact. These attributes make metal chalcogenides a

promising class of materials for efficient and sustainable water remediation [46].

This thesis has focused on specific metal chalcogenides that exhibit exceptional
affinity towards certain pollutants commonly found in wastewater. The pollutants chosen
in this study include sodium dodecyl sulfate and phosphate ions, which are major
components of many industrial effluents. Researchers are actively seeking materials with
high affinity for these contaminants to enhance the treatment of industrial effluents. We
have evaluated various metal chalcogenides for their affinity towards these pollutants and
identified copper sulfide (CuS) and manganese sulfide (MnS) as promising candidates
for the aforementioned process. A detailed description of the remediation process using
these materials is provided in Chapters 4 and 5. This research contributes to developing
more efficient and sustainable materials for wastewater treatment, addressing critical

environmental and industrial needs.

1.7. BISMUTH BASED NANOMATERIALS

Bi-based nanomaterials are another class of nanocomposites explored in this
thesis for water remediation. They have diverse and impactful applications across various
fields. In environmental remediation, they are used for photocatalysis to degrade organic
pollutants and adsorption to capture heavy metals. In electronics and optoelectronics,
bismuth-based nanomaterials, such as bismuth telluride and bismuth antimony, play
critical roles in thermoelectric devices and optoelectronic components due to their unique

electrical properties. They are also utilised as catalysts in chemical reactions, offering

16



Chapter 1

high activity and selectivity for processes such as oxidation and reduction. Bi-based
nanomaterials are employed in medicine for imaging, drug delivery, and targeted cancer
therapy. They are also used in sensitive sensors for detecting gases and biological
molecules and in energy storage and conversion devices like batteries and
supercapacitors, where they enhance electrochemical performance. Overall, Bi-based
nanomaterials are integral to environmental, electronic, catalytic, medical, and energy
advancements [47]. A brief description of various applications of Bi-based nanomaterials

is shown in the following diagram Fig.1.3.

Fig.1.3. The summary of various applications of Bi-based nanomaterials.
The figure is adapted from [48].

Bi-based nanomaterials are increasingly replacing traditional bulk materials and
semiconductor-based catalysts in advanced technologies due to their unique properties,
including large specific surface areas, diverse sizes, and morphologies, which enhance
their functionality and sustainability. For instance, the tetragonal matlockite structure of
BiOCl, which forms compact sheets, significantly increases its surface area and catalytic
efficiency for pollution reduction. This has led to a growing focus on understanding the
relationship between the physical-chemical characteristics, resulting morphology, and
synthesis methods of these materials. Moreover, the cost-effectiveness and eco-

friendliness of Bi-based nanomaterials make them valuable for applications in
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photocatalysis and heavy metal detection. Bi-based catalysts can be synthesised through
simple, energy-efficient, cost-effective methods, such as rapid wet chemical processes.
Additionally, the conduction band (CB) and valence band (VB) positions of Bi-based

photocatalysts can be finely tuned for various photo-redox reactions [49].

Researchers have explored a wide range of photocatalytic applications, from
wastewater treatment to dye-sensitised solar cells, hydrogen evolution, CO: reduction,
and NO oxidation. TiO:2 is a popular photocatalyst due to its excellent performance, low
cost, and non-toxicity. However, TiO: has a wide band gap (3.2 eV) and is only effective
under ultraviolet light, limiting its utility under sunlight. Therefore, developing
photocatalysts responsive to visible light is essential. Bi-based compounds offer a
promising alternative with their ability to act as visible-light photocatalysts. Bi-based
compounds are highly effective as visible-light-activated photocatalysts due to their
semi-metallic nature, allowing them to function directly as semiconductor photocatalysts
or serve as co-catalysts to enhance the photocatalytic performance of target materials.
Common Bi-based photocatalysts, including sulfides (Bi.Ss), multiple oxides (Bi2WOe,
BiVO., BiPO4), halogen oxides (BiOCIl, BiOBr, BiOI), and Bi-rich compounds, often

feature a characteristic layered structure and exhibit favourable optical properties [50].

To enhance the photocatalytic activity of Bi-based catalysts, researchers employ
various strategies. This study focuses on special modification techniques for Bi-based
materials used in selected catalytic applications, addressing gaps in the literature that
often emphasise preparation methods and morphology. We have adopted two strategies
to enhance photocatalytic efficiency: developing solid solutions and isotype

heterojunctions of Bi-based nanomaterials.

The formation of solid solutions significantly enhances catalytic efficiency by
creating a homogeneous mixture of different elements at the atomic level. This process
tunes electronic and structural properties, optimising active sites, enhancing charge
transfer, and increasing catalyst stability [51]. These modifications improve performance
in various catalytic processes, such as increased reaction rates, higher selectivity, and

more excellent resistance to deactivation.

Isotype heterojunctions enhance photocatalytic efficiency by combining two
crystal structures with different electronic properties within the material. This junction

facilitates efficient charge separation and transfer by creating a built-in electric field at
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the interface, reducing the recombination of photo-generated electron-hole pairs.
Consequently, more charge carriers are available for catalytic reactions, improving
overall activity. Isotype heterojunctions can also optimise light absorption across a
broader spectrum, enhancing solar energy utilisation and boosting performance in

applications like pollutant degradation, hydrogen production, and CO: reduction [52].

In this research, we developed BiOBr-Cl solid solutions using an in-situ co-
precipitation approach, investigating the impact of different Br to Cl molar ratios and
assessing their photocatalytic activity in degrading Ciprofloxacin and Tetracycline
hydrochloride antibiotics. We also synthesised and thoroughly characterised various
crystalline phases of BiVOs, including the isotype heterostructure of tetragonal-
monoclinic BiVOs, and studied its sonophotocatalytic activity towards the degradation
of rhodamine B dye. To our knowledge, there is no prior report on using hierarchical
BiVOs structures as a sonophotocatalyst for degrading organic pollutants under visible
light. This study provides experimental evidence and insights into the significance of
solid solutions and isotype heterojunctions in various catalytic water remedial
applications. Furthermore, we investigated the synergistic effects of the photocatalytic
and sonocatalytic processes on dye degradation and presented a comprehensive
evaluation by comparing the outcomes with those of individual processes. A detailed
description of the remediation process using these materials is provided in Chapters 6

and 7

1.8. MOTIVATION OF THE WORK

The escalating challenges associated with water pollution and the limitations of
conventional treatment methods drive the motivation for this research. The objective is
to explore and optimise novel approaches for water remediation that combine adsorption
and advanced catalytic processes. This research aims to enhance the efficiency and scope

of pollutant removal.

This section outlines the rationale behind the study and the specific goals it seeks
to achieve - including the development of high-performance adsorbents and catalysts and
the evaluation of their effectiveness in various remediation scenarios. The motivation for

this thesis-related research work can be listed as follows:
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Motivation statement: To scientifically demonstrate, at a laboratory level, the

efficient removal of toxic contaminants prevalent in industrial effluents using

innovative adsorbents, photocatalysts, sonocatalysts or sonophotocatalysts.

¢ The surfactants present in industrial effluents pose a significant
environmental challenge. Our primary motivation was to explore
efficient methods for decomposing these surfactants through
adsorption and advanced oxidation processes, thereby mitigating
their environmental impact.

*» Removing phosphate ions, antibiotics, and textile dyes from
wastewater is a critical challenge in industrial treatment systems.
By introducing novel materials with specific affinities for these
pollutants, we were motivated to enhance the efficiency of
wastewater treatment processes significantly.

% Incorporating ultrasonic sound waves into catalytic reactions
offers a promising approach to enhance the efficiency of
photocatalytic environmental remediation applications. We were
motivated to combine this innovative approach to boost the
effectiveness of existing treatment methods.

*» Researchers are actively seeking new materials to replace TiO2-
based photocatalysts. We were motivated to develop materials
that can match or surpass TiO: in photocatalytic performance.

s We were motivated to build a theoretical backbone for our
experimental findings related to adsorption and catalysis
processes.

< We were motivated to study the thermodynamic properties of
adsorption and catalytic processes. It is essential to ensure the

scientific feasibility and efficiency of these methods.

In conclusion, our research is driven by the critical need to address environmental
challenges associated with industrial effluents. By focusing on the efficient
decomposition of surfactants, the removal of persistent pollutants, and the development
of innovative catalytic processes, we aim to advance wastewater treatment technologies
significantly. Ultimately, we are committed to pioneering advanced strategies that

improve catalyst performance and contribute to a cleaner, healthier environment.
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1.9. OBJECTIVES OF THE WORK
The primary objective of this thesis is to develop nanomaterials and scientifically
demonstrate, at a lab level, the adsorption and catalytic processes for water remediation.

Specific objectives include:

1. Develop a suitable material for removing and degrading sodium
dodecyl sulfate, an anionic surfactant commonly found in
industrial agrochemical, pharmaceutical, oil, paper, mining, and
textile wastewater, and explore the underlying mechanisms.

2. Develop a naturally abundant material designed for removing
phosphate ions from wastewater and investigate the underlying
mechanisms of the removal process.

3. Advance the applicability of ultrasonic sound waves and visible
light to degrade prevalent pollutants, such as antibiotics and
industrial dyes, to treat industrial effluents. And utilise the
combined effect of ultrasonic sound and visible light to improve
catalytic degradation processes.

4. Explore the utility of oxyhalide solid solutions for degrading
antibiotics or dyes in aqueous medium.

5. Develop and investigate the relevance of an isotype
heterojunction photocatalytic material for water remediation

activity.

1.10. OVERVIEW OF THE THESIS

Chapter 2 offers a detailed overview of adsorption and catalysis techniques for
water remediation, focusing on theoretical aspects and various catalytic processes like
sonocatalysis, photocatalysis, and sonophotocatalysis. It emphasises the role of
adsorption in removing water contaminants and explains how adsorbents interact with
pollutants. The chapter aims to build a foundational understanding of these processes and
their importance in mitigating water pollutants, providing insights into advanced

treatment methods for environmental remediation.

Chapter 3 details the experimental techniques employed for synthesising,
characterising, and applying metal chalcogenides and Bi-based nanomaterials in water

remediation. The synthesis methods include solid-state reactions, hydrothermal
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processes, and co-precipitation techniques. Additionally, the experimental techniques and

the characterisation methods used in this study are thoroughly discussed.

Chapter 4 discusses our attempt to adsorb and catalytically degrade sodium
dodecyl sulfate (SDS) in water using a metal chalcogenide, copper sulfide (CuS). This
pioneering method combines CuS's adsorption capacity with Fenton-like catalytic
activity to completely remove SDS, marking a novel approach in metal chalcogenide-
based surfactant removal. Our detailed kinetic, thermodynamic, and catalytic studies
provide crucial insights into the mechanisms of SDS removal by CuS, with potential

applications in water purification.

In Chapter 5, we report our investigation on employing another metal
chalcogenide, manganese sulfide (MnS), to remove phosphate ions and congo red dye
from water simultaneously. We achieved efficient pollutant degradation by integrating
MnS's adsorption properties with its sonocatalytic capabilities under ultrasound,

contributing significantly to metal chalcogenide-based phosphate ion removal strategies.

Chapter 6 reports our exploration of synthesising and utilising 3D mesoporous
flower-like BiO Br(1_x)Cl, solid solutions as heterogeneous photocatalysts for antibiotic
degradation. Our study examined the impact of varying Br/Cl content on photocatalytic
performance, unveiling intricate mechanisms responsible for the exceptional efficiency

of these solid solution nanoplates in antibiotic degradation.

Chapter 7 discusses our work on developing isotype BiVOs heterojunctions for
enhanced sonophotocatalytic degradation of Rhodamine B (RhB). We observed the first
instance of RhB sonophotocatalysis in this unique monoclinic/tetragonal heterojunction
system by varying surfactant dosage. The chapter advances our understanding of the

factors influencing sonophotocatalytic efficiency in isotype BiVO4

Chapter 8 cover provides a summary and conclusions of the thesis. Chapter 9 lists

our recommendations for future exploration of the present study.

Overall, this thesis underscores the versatility and effectiveness of metal
chalcogenides and Bi-based nanomaterials in addressing diverse water pollution
challenges. The findings in the thesis attempt to provide valuable insights and
methodologies for sustainable water treatment, paving the way for scalable technologies

to combat water pollution and ensure clean water access on a global scale.
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This chapter offers a comprehensive examination of adsorption and catalysis techniques for
water remediation, emphasizing the theoretical fundamentals of adsorption and catalytic

processes such as sonocatalysis, photocatalysis, and sonophotocatalysis.
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Chapter 2

2.1. INTRODUCTION

This chapter provides a comprehensive overview of adsorption and catalysis
techniques for water remediation. The chapter delves into the fundamental theoretical
aspects of adsorption and various -catalytic processes, including sonocatalysis,
photocatalysis, and sonophotocatalysis. It explores the importance of adsorption in
removing contaminants from water and highlights the mechanisms through which
adsorbents interact with pollutants. The chapter aims to establish a foundational
understanding of these processes, highlighting their significance in mitigating water
contaminants and pollutants. This overview gives readers insights into the mechanisms
governing these advanced treatment methods, laying the groundwork for their application

in environmental remediation efforts.

2.2. ADSORPTION

Adsorption is a surface phenomenon where molecules or ions from a liquid or gas
adhere to the surface of a solid material. This process is driven by various interactions,
including van der Waals forces, electrostatic attractions, and chemical bonding [1].
Adsorption can be categorised as chemisorption or physisorption based on the strength
of the interaction between the adsorbate and the substrate. Physisorption occurs due to
weak electrostatic interactions, such as London forces, dipole-dipole forces, and Van der
Waals interactions, which can be easily broken. In contrast, chemisorption involves the
formation of covalent bonds through sharing or transferring electrons, resulting in much
stronger interactions [2]. Physisorption typically leads to multilayer formation on the

adsorbent, while chemisorption forms a monolayer [3].

Adsorption plays a crucial role in water remediation because it effectively
removes a wide range of contaminants, including heavy metals, organic pollutants, and
inorganic ions [4]. The high surface area and porosity of adsorbents like activated carbon,
metal oxides, and functionalised nanomaterials enhance their capacity to trap and
immobilise pollutants from wastewater [5]. This method is advantageous for its
simplicity, cost-effectiveness, and ability to achieve high removal efficiencies, making it
a vital technique in the treatment and purification of water for safe environmental

discharge and human consumption [6].

Choosing the proper adsorbent is crucial for developing an effective adsorption
system. An ideal adsorbent should be low-cost, readily available, efficient, and have a

high surface area and pore volume [7]. It should also exhibit mechanical, chemical, and
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thermal stability, ease of desorption and reuse, fast kinetics, and high adsorption capacity
[8].

2.2.1. Adsorption equilibrium

Adsorption equilibrium is achieved when the rate of molecules adsorbing onto a
solid surface equals the desorption rate back into the fluid phase, resulting in a constant
amount of adsorbate on the adsorbent over time. This equilibrium is typically described
by adsorption isotherms, which are mathematical models that relate the amount of
adsorbate on the adsorbent to its concentration in the fluid phase at a constant
temperature. On a homogeneous surface, physical adsorption should follow a linear form
at lower concentrations because there are no variations in the molecular state of the
adsorption [9]. Henry's adsorption isotherm model is suitable for describing adsorbate
adsorption at low concentrations, where all adsorbate molecules are isolated from their
nearest neighbours [10]. The following linear expression describes the equilibrium

concentrations of the adsorbate in the liquid and adsorbed phases:
qe. = KC, ... ... (2.1)

where qe is the adsorption density at equilibrium (mg adsorbate/g adsorbent), Ce is the
equilibrium concentration (mg/L), and K is the adsorption equilibrium constant (L/mg)

mentioned as Henry's law constant.

The adsorption capacity at equilibrium, ge (mg/g), can be calculated by the following

equation:

where Co is the initial concentration of the adsorbate and Ce is the equilibrium
concentration in mg/L, V is the volume of solution in L, and m is the mass of the

adsorbent in g.

In addition, the quantity of adsorption at a time t, q: (mg/g) can be calculated by equation
(2.3)

where C; is the concentration of the adsorbate at a time t.
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Understanding adsorption equilibrium is crucial for designing and optimising
adsorption systems in various applications, such as water purification, gas separation,
and catalysis. It provides insights into the capacity and efficiency of adsorbents, helping

to predict their performance under different conditions [11].

2.2.2. Adsorption isotherms

Adsorption equilibrium relationships, or adsorption isotherms, describe how
pollutants interact with adsorbent materials. This is vital for optimising adsorption
mechanisms, expressing the surface properties and capacities of adsorbents, and
designing effective adsorption systems. The shape of the adsorption isotherm provides
quantitative information about the adsorption process and the extent of surface coverage

by the adsorbate [12].
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Fig.2.1. The five types of adsorption isotherm, I to V, in the classification
of Brunauer, Emett, and Teller. The figure is adapted from [13].
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The five isotherm shapes depicted in Fig. 2.1 each reflects unique conditions. These

isotherms and the conditions leading to their occurrence are discussed below:

e Type I Isotherms: These occur when adsorption is limited to only a few
molecular layers, typical of chemisorption, where all surface sites are
occupied. In physical adsorption, Type I isotherms occur with
microporous powders with pore sizes only a few molecular diameters
wide. The molecules in such small pores encounter overlapping
potentials from the pore walls, enhancing gas adsorption at low
concentrations. The pores are filled at higher concentrations, leading to
a plateau, indicating no further adsorption once the micropores are
filled [14].

e Type II Isotherms: Commonly encountered on nonporous powders or
powders with larger pore diameters. The knee of the isotherm usually
occurs near the completion of the first adsorbed monolayer, with
additional layers forming at higher pressures until saturation, where the
number of adsorbed layers becomes infinite [15].

e Type Il Isotherms: Characterised by heats of adsorption lower than the
adsorbate heat of liquefaction. As adsorption proceeds, additional
adsorption is facilitated because the adsorbate interaction with an
adsorbed layer is more robust than with the adsorbent surface [16].

e TypelV Isotherms: Occur on porous adsorbents with pore radii ranging
from approximately 15 to 1000 angstroms. The slope increase at higher
pressures indicates increased adsorbate uptake as the pores fill. Similar
to Type Il isotherms, the knee of the Type IV isotherm generally occurs
near the completion of the first monolayer [17].

e Type V Isotherms: Result from small adsorbate-adsorbent interaction
potentials, similar to Type III isotherms, but are also associated with
pores in the same range as those of Type IV isotherms [18].

2.2.3. Adsorption isotherm models

The mathematical correlation plays a crucial role in the modelling, operational
design, and practical application of adsorption systems. It is typically depicted by
graphically expressing the solid-phase concentration (adsorption density) against its

residual concentration (equilibrium concentration). The physicochemical parameters and
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underlying thermodynamic assumptions offer insights into the adsorption mechanism,

surface properties, and the degree of affinity of the adsorbents.

Over the last decade, three fundamental approaches have shaped the development
of various isotherm models. The first approach is based on kinetic considerations,
defining adsorption equilibrium as a state of dynamic equilibrium where adsorption and
desorption rates are equal [19]. The second approach focuses on thermodynamics,
providing a framework for deriving different forms of adsorption isotherm models. The
third approach emphasises the generation of characteristic curves, a potential theory. A
notable trend in isotherm modelling is the use of multiple approaches, which leads to

differences in the physical interpretation of model parameters [20].

There are two classes of isotherm models: monolayer and multilayer isotherms.

A brief description of some isotherm models used for this study is described below.
2.2.3.1. Langmuir isotherm model

The Langmuir adsorption isotherm, initially developed to describe gas-solid
phase adsorption onto activated carbon, has traditionally been used to quantify and
compare the performance of various bio-sorbents [22]. This empirical model assumes
monolayer adsorption, meaning the adsorbed layer is only one molecule thick.
Adsorption can only occur at a finite number of definite localised sites that are identical
and equivalent, with no lateral interactions or steric hindrance between the adsorbed
molecules, even on adjacent sites [22]. The Langmuir isotherm describes homogeneous
adsorption, where each molecule has constant enthalpies and sorption activation energy
(indicating that all sites have equal affinity for the adsorbate), and there is no migration

of the adsorbate across the surface [23].

The Langmuir equation for the adsorption of molecules on the homogeneous

surface can be written as [24]:

where q, (mg/g) and C, (mg/L) are the amount of adsorbate adsorbed per unit
mass of adsorbent at equilibrium and adsorbate concentration at equilibrium,
respectively. gmq, (Mg/g) 1s the maximum adsorption capacity, and K; is the Langmuir

adsorption equilibrium constant (L /mg) and is related to the free energy of adsorption.
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The essential characteristics of the Langmuir isotherm can be expressed by a

dimensionless constant called the separation factor R ,and it is given by

Where €, (mg/L) is the initial concentration of the adsorbate solution and K; is
the Langmuir adsorption equilibrium constant (L /mg). A variation of the suitable area
and the adsorbent's porosity can be correlated with Ki constant, implying that higher
adsorption capacity can result from a large surface area and pore volume. The value of
R, indicates the adsorption process is to be favourable (R, < 1), unfavourable (R, > 1),
linear (R, = 1) or irreversible (R, = 0) [24].

2.2.3.2. Freundlich isotherm model

The Freundlich adsorption isotherm model describes a reversible and non-ideal
adsorption process. Unlike the Langmuir model, the Freundlich model is not limited to
monolayer adsorption and can be applied to multilayer adsorption. In this model, the
adsorption heat and affinities do not need to be uniformly distributed across the
heterogeneous surface. The Freundlich isotherm model accounts for surface
heterogeneity and the exponential distribution of active sites and their energies. The
empirical formula for the Freundlich adsorption model is given by [25]:

1

e = KzCIT ......(2.6)

Where K (L/mg) is the Freundlich adsorption isotherm constant related to the sorption

capacity of the adsorbent and ni is adsorption intensity; it also indicates the relative
F

distribution of the energy and the heterogeneity of the adsorbate sites. If the value of ni
F

lies between 0 and 1 designates favourable adsorption isotherm. If it is greater than 1, it
represents an unfavorable adsorption isotherm. When this value gets closer to zero, the

adsorption isotherm becomes non-linear, indicating the irreversible isotherm [25].
2.2.3.3. Temkin isotherm model

The Temkin empirical isotherm model was initially used to describe hydrogen
adsorption on platinum electrodes in an acidic solution, a chemisorption system. This
model accounts for the interaction between the adsorbent and adsorbate, ignoring

extremely high and low concentration values [26]. It assumes that the adsorption heat

34



Chapter 2

(AHads) of all molecules in the layer decreases linearly with temperature rather than
logarithmically as surface coverage increases. This adsorption isotherm model is only
valid for an intermediate concentration range. The empirical formula of the isotherm
model is [26]:
RT
qe = b—ln(KTCe) ...... (2.7)
T
Where by and K are Temkin isotherm constants, T is the absolute temperature, and R is
the universal gas constant (8.314 JK ~1mol~1). The constant by is related to adsorbate-

adsorbent interactions.
2.2.3.4. Dubinin-Radushkevich isotherm model

The Dubinin-Radushkevich adsorption isotherm model is typically used to
describe the adsorption mechanism involving Gaussian energy distribution on
heterogeneous surfaces. Unlike the Langmuir and Freundlich models, the Dubinin-
Radushkevich model is a semi-empirical equation that follows a pore-filling mechanism.
This model assumes a multilayer adsorption process involving Van der Waals forces,
making it applicable to physical adsorption processes [27]. The distinguishable feature
of D-R and Temkin models with respect to other models is that they are temperature
dependent, hence when the adsorption data at different temperatures are plotted as a
function of the logarithm of the amount adsorbed versus the square of potential energy.
It is usually applied to distinguish the physical or chemical adsorption of adsorbate
molecules on the adsorbent. D-R model presumes a pore-filling mechanism for the

adsorption process. The semi-empirical expression for this model is [27]:

Qe = Gmaxexp(—Pe>) ... ... (2.8)
where [ is the Dubinin-Radushkevich constant, R is the gas constant

(8.314 JK~'mol™1), T is absolute temperature, and ¢ is Polanyi potential and is defined

as
1
¢ = RTIn (1 + —) ...... (2.9)
Ce

The constant, [ is associated with the mean free energy of adsorption per mole of
the adsorbate as it is transferred to the surface of the solid from an infinite distance in the

solution, and this energy can be calculated using the equation [27]:
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The value of E is used to predict whether the adsorption is physisorption or
chemisorption. If the value of E < 8 KJmol™! the adsorption process is physisorption
[27].

The linearised form of the D-R equation is

Ing, = Inqg, — BE% ... ... (2.11)

From the slope and intercept of In g, versus £2 graph, we can calculate ¢4, and B.
2.2.3.4. Fowler-Guggenheim isotherm model

The Fowler-Guggenheim isotherm model considers the lateral interaction of the
adsorbent molecules. The F-G model isotherm equation can be written as [28]:

0

C. =
° Kpg(1-6)

exp (2 a)) ...... (2.12)

where Kr; 1s Fowler-Guggenheim equilibrium constant (L/mg), 6 is fractional
coverage, R is the universal gas constant (8.314 JK ~1mol™1), T is absolute temperature,

and w is interaction energy between adsorbed molecules kJ~*mol™*.

If the interaction between adsorbed molecules is attractive, then the heat of
adsorption will increase with loading because of increased interaction between adsorbed
molecules as loading increases (i.e., w = positive). However, if the interaction among
adsorbed molecules is repulsive, then the heat of adsorption decreases with loading (i.e.,
w = negative). But when w = 0, then there is no interaction between adsorbed molecules,

and the Fowler-Guggenheim isotherm reduces to the Langmuir equation [28].

The linearised form of F-G equation can be written as
C.(1-6) 20w
In [T] = _anFG +ﬁ ...... (213)

A plot of In[Ce(1 — 8)/0] versus 6 is used to obtain the values for Kg; and w. It is
important to note that this model only applies when surface coverage is less than 0.6 (6

<0.6).
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2.2.3.5. Sips isotherm model

Sips propose an isotherm model that combines the Langmuir and Freundlich
models. The model describes the localised adsorption of the molecules without the

adsorbate-adsorbate interactions. Sips isotherm model is given by the equation [29]:

_ AgBsC*

Where Ag and B are Sips isotherm constants, ng is Sips exponent factor. The
constant ng is often regarded as the heterogeneity factor. The ng parameter is usually
greater than unity; therefore, the larger this parameter is, the more heterogeneous the
system if its values close to (or exactly) 1 indicate a solid with relatively homogeneous
binding sites. If ng is unity, the equation reduces to Langmuir isotherm. At low adsorbate
concentrations or ng =~ 0 the Sips isotherm model effectively reduces to the Freundlich

isotherm. Therefore, it does not follow Henry's law [29].
2.2.3.6. Hill isotherm model

This model assumes that adsorption is a cooperative phenomenon, with the ligand
binding ability at one site on the macromolecule, which may influence different binding
sites on the same macromolecule. The Hill equation was postulated to describe the
binding of different species onto homogeneous substrates. The Hill isotherm model is

represented by the equation [30]:

Where Ay and By are Hill isotherm constants, ny is Hill exponent factor. In this
model, three possibilities can occur ny > 1, positive cooperativity in binding, ny = 1,

non-cooperative or hyperbolic binding, ny < 1, negative cooperativity in binding [30].

2.2.4. Adsorption Kinetics

The kinetic behaviour of adsorbates on adsorbents has been studied by examining
the effect of time on sorption. Designing an effective and sustainable adsorption system
requires a deeper understanding of the reaction dynamics, particularly the rate constants
[31]. Adsorption kinetics determine the rate at which adsorption occurs and are
influenced by factors such as the surface complexity of the adsorbent, solute

concentration, temperature, and pH of the solution [31].
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Adsorption kinetic models are classified into two groups: adsorption reaction
models and adsorption diffusion models. Adsorption reaction models reveal the rate of
adsorbate uptake by adsorbents but do not explain the underlying cause of adsorption
[32]. In contrast, adsorption diffusion models account for external diffusion, internal
(pore) diffusion, and the effect of mass action (i.e., adsorption/desorption between
adsorbates and active sites of adsorbents). Therefore, adsorption reaction models should

align with the proposed mechanisms defined by fitting adsorption diffusion models [32].

2.2.4.1. Pseudo-First-order (PFO) kinetic model

This is also known as the Lagergren model. The pseudo-first-order model is
mainly used to analyse adsorption data obtained from the adsorption of adsorbates from
aqueous solutions [33]. It describes the rate of adsorption, which is proportional to the
number of unoccupied binding sites on adsorbents. This kinetic model is usually

represented in the following equation [33]:

dq;

Frin ki(qe — q¢) .. .. (2.16)

where g, 1s adsorbate adsorbed onto adsorbent at time t (mg/g), q. is equilibrium
adsorption capacity (mg/g), and k; is rate constant per min. Integrating the above
equation with initial condition t = 0,q, = 0 we get the Non-linear form of the PFO

equation:

qr = q.(1 — e ) ... (2.17)

2.2.4.2.Pseudo-Second-order (PSO) kinetic model

The pseudo-second-order kinetic model explains how adsorbates bind to
adsorbents, where the interaction between adsorbates and functional groups on the
adsorbent surface determines the adsorption capacity [34]. This model relies on
equilibrium adsorption, which is influenced by both the initial adsorbate amount on the
adsorbent surface and the equilibrium adsorbate amount. It is employed to determine the
sorption process order and enables the assessment of sorption capacity. This model
assumes that the rate of adsorption of the solute is proportional to the available sites on
the adsorbent. The reaction rate is dependent on the amount of solute on the surface of

the adsorbent. The model can be represented as [34]:

dq;

E = k,(q. — Qt)z .. (2.18)
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k, (g.min"' mg™) is Pseudo Second Order rate constant. Applying the integral limits for t
(0’ t) and Qt(oa Qt)a WCe geta

kzqgt

=—..(2.19
1+ k,q.t ( )

q:

2.2.4.3.Intra-particle diffusion (IPD) model

The intra-particle diffusion model is used to identify the mechanism involved
during the adsorption process, described by external mass transfer and intra-particle
diffusion [35]. The solute adsorption in a solution involves mass transfer of adsorbate
(film diffusion), surface diffusion, and pore diffusion. Film diffusion is independent,
whereas surface and pore diffusion may occur simultaneously. This model can be

represented by Weber and Morris equation [35]:

qe = kigVt + C ... ... (2.20)

Where k;4 (mg g™! min'’?) is the rate constant of intra-particle diffusion and C is
proportional to the boundary layer thickness. If the regression of g, versus t'/? gives a
straight line, then intra-particle diffusion is involved in the adsorption process, and if this
line passes through the origin, then intra-particle diffusion is the sole rate-limiting step.
In the case of multiple linear regions, the plot indicates the influence of external mass
transfer on controlling the adsorption rate in single and binary systems. A significant

value for C indicates the role of film diffusion [35].

2.2.4.4. Liquid film diffusion model

The Liquid Film Diffusion model is used to describe the kinetics of the adsorption
process, mainly focusing on the initial stages, where the rate-limiting step is the diffusion
of adsorbate molecules through the liquid film surrounding the adsorbent particles [36].
The model is helpful in understanding how quickly an adsorbate can transfer from the
bulk solution to the surface of the adsorbent. The governing equation of the Liquid Film

Diffusion model is [36]:

ln(l - F) = _kfdt ...... (221)

where: Fis the fraction of adsorbate adsorbed at time t, defined as F = % , qt s
e

the amount of adsorbate adsorbed at time # and qe is the amount of adsorbate adsorbed at

equilibrium. kg4is the rate constant of liquid film diffusion (s
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The relation between In(1 — F) versus t suggests a linear relationship, where k4
can be obtained from the slope of the resulting straight line. This model is beneficial in
the initial stages of adsorption, where film diffusion is the dominant mechanism
controlling the adsorption rate. The Liquid Film Diffusion model in various contexts

makes them valuable resources for understanding the theory and practice of adsorption

kinetics [36].

2.2.5. Thermodynamics of adsorption

Thermodynamic parameters of adsorption processes are readily evaluated because
temperature influences adsorption. Assessing the thermodynamics of adsorption
experiments is necessary to determine the spontaneity and feasibility of these processes.
Consequently, experimental data from adsorption procedures are used to calculate
thermodynamic parameters such as Gibbs free energy change (AG), enthalpy change
(AH), entropy change (AS), and isosteric heat of adsorption (AHx). The various
thermodynamic parameters of the adsorption process can be determined using the
variation of solute distribution coefficient (K;) between the solid and liquid phases at

different temperatures. The equilibrium solute distribution co-efficient of the process is

defined as [37]:

Where qe and Ce are the adsorption density and concentration of adsorbate solution
at adsorption equilibrium. The Gibb's free energy change in an adsorption process is

usually related to the equilibrium constant by the Gibbs fundamental equation:
AG® = —RT In(1000 X Ky) ... ... (2.23)

where R is the universal gas constant (8.314 J mol—1 K—1), and T is the absolute
temperature of the system (K), and the factor 1000 is multiplied by K; to make it
dimensionless K; must be dimensionless. Since the adsorption was conducted using
aqueous solutions with very low concentrations of the target compounds, the
dimensionality of the K, (L g ') can be easily converted into dimensionless values by
multiplying the distribution coefficient by 1000 (as 1 L= 1000 g, and the solution density

is 1 g mL™"). The Gibb's free energy change of the reaction can also be written as [38]:
AG = AH — TAS ...(2.24)
Comparing the above two equations, we get,
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—RT In(1000 X K;) = AH —TAS ... ... (2.25)

AH AS
11’1(1000 X Kd) = —ﬁ + F ...... (226)

This is called Van't Hoftf's equation. Furthermore, the system's AH and AS values
were determined from the slope and intercept of Van't Hoff plot In (1000 X K,;) versus
1/T), respectively. The calculation of AG resulted in negative values in all cases,
indicating spontaneous adsorption. The spontaneity (increase in the negativity of AG

values) was increased with the more favourable adsorption temperature.

The physical significance of each thermodynamic parameter in the adsorption process is

briefly described below:

¢ Gibbs Free Energy Change (AG): Gibbs free energy change assesses
the spontaneity and feasibility of adsorption processes. A negative AG
value indicates a spontaneous process, while a positive AG value
signifies a non-spontaneous process. The free energy change in
adsorption is typically related to the equilibrium constant through the
Gibbs fundamental equation [39].
e Enthalpy Change (AH): Enthalpy change (AH) represents the energy
supplied as heat at constant pressure when the system does no extra
work. In adsorption studies, the enthalpy change provides insights into
the nature and mechanism of adsorption processes. A negative AH
value implies an exothermic adsorption process, while a positive AH
value indicates an endothermic process [40].
e Entropy Change (AS): Entropy change during adsorption can be
determined from the Van't Hoff equation. A positive AS value indicates
the affinity of the adsorbent towards the adsorbate, suggesting
increased randomness at the solid/liquid interface with some structural
changes in the adsorbent and adsorbate [41].
2.3. PHOTOCATALYSIS
Photocatalysis is a process where light activates a substance, known as a
photocatalyst, which then alters the rate of a chemical reaction without undergoing any
chemical change itself [42]. Unlike conventional thermal catalysts, which are activated
by heat, photocatalysts are activated by photons of appropriate energy. The [UPAC says

photocatalysis is "a catalytic reaction involving light absorption by the substrate." This
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process involves activating semiconductor materials by specific wavelengths of light

[43].

Photocatalysis is widely used to eliminate various pollutants, including alkanes,
alkenes, phenols, aromatics, and pesticides, leading to the complete mineralisation of
organic compounds. Although several photocatalysts, such as CdS, Fe.0s, ZnO, WO,
and ZnS, have been studied, TiO2 P25 has shown the best results [44].

This versatile process has diverse applications, including water and air purification,
odour control, bacterial inactivation, hydrogen production through water splitting, and
cancer cell treatment [45]. In wastewater treatment, photocatalysis offers distinct
advantages by effectively destroying organic hazardous compounds that are challenging
for conventional purification techniques. As an advanced oxidation process (AOP),
photocatalysis uses UV or visible light to generate reactive oxygen species, such as
hydroxyl radicals (-OH) and superoxide radicals (O:'"), from molecules like Os, H20-,
and UV light [46]. These species facilitate the complete mineralisation of organic

pollutants, degradation of by-products, and disinfection of waterborne pathogens.

Photocatalysis relies on photo-induced charge separation on the catalyst surface,
where light activation enhances chemical reaction rates. Semiconductor-based
photocatalysts are favoured for water purification due to their light absorption
capabilities, efficient charge transport properties, prolonged excited-state lifetimes, and
suitable electronic band structures. Photocatalysts with narrower bandgaps are especially
effective in utilising visible light, constituting a significant portion of solar energy,
making visible light-active photocatalysis a crucial technology for sustainable

environmental applications [47].

2.3.1. Basic mechanism of Photocatalysis

The photocatalytic process begins when a semiconductor catalyst is illuminated
with light energy exceeding its band gap. Electrons in the valence band (VB) are excited,
moving to the conduction band (CB) and leaving behind holes (h"). If these
photogenerated electron-hole pairs recombine, energy is released, reducing the
semiconductor's quantum efficiency in converting light into energy. When recombination
minimises, electrons and holes migrate to the material's surface, initiating secondary

reactions with adsorbed substances. Electrons can react with electron acceptors like Oz,

producing superoxide radical anions (O27), while holes can oxidise pollutants or H20 to
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generate hydroxyl radicals (-OH). These radicals are potent oxidising agents that
efficiently mineralise organic compounds into water and carbon dioxide under prolonged
exposure to high-energy UV light. Oxygen reduction is slower than pollutant oxidation
in the photocatalytic degradation of pollutants, necessitating synchronised processes to
prevent electron accumulation in the conduction band and enhance electron-hole
recombination [48]. The schematic representation of degradation of pollutants using

photocatalysis is shown in Fig.2.2.
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Fig.2.2. The schematic representation of photocatalytic degradation of
pollutants. The figure is adapted from [49].

2.4. SONOCATALYSIS

Sonocatalysis is an advanced oxidation process (AOP) that combines a
semiconductor catalyst with ultrasound (US) irradiation. The advantages of high-power
ultrasonic irradiation include operational simplicity, safety, cleanliness, high
penetrability in water, high degradation efficiency, and an environmentally friendly

nature [50]. Ultrasonic sound waves in water, a process known as sonolysis, can degrade
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a variety of recalcitrant organic compounds in wastewater. Sonolysis generates oxidising
agents, such as hydroxyl radicals ("OH), through acoustic cavitation, which involves the

nucleation, growth, and violent collapse of the microbubbles, creating local hot spots
with extremely high temperatures and pressures [51]. These conditions lead to the
dissociation of water molecules and the direct pyrolysis of volatile compounds. However,
sonolysis alone is time-consuming, energy-intensive, and often insufficient for the
complete degradation of azo dyes, limiting its practical application for wastewater
treatment [52]. The schematic representation of the propagation of ultrasound in water

and the formation of cavitation bubbles are shown in Fig.2.3.
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Fig.2.3. The schematic representation of the propagation of ultrasound in water
and the formation of cavitation bubbles. The figure is adapted from [49].

These limitations can be addressed using an efficient heterogeneous catalyst during the
sonolytic process. Unlike homogeneous nucleation in the bulk solution, solid particles
provide favourable sites for cavity bubble nucleation at the solid surface or phase
boundary. This significantly improves dye degradation rates compared to sonolysis alone
[53]. Additionally, the light emitted during sonoluminescence (SL) from ultrasonic
cavitation can excite electrons in the catalyst from the valence band (VB) to the
conduction band (CB), producing electron-hole pairs. This photocatalytic mechanism
further enhances dye degradation. The high temperatures at local hot spots also stimulate
thermal excitation in the semiconductor, generating additional electron-hole pairs

capable of dye degradation [54].
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Sonocatalysis benefits from increased mass transfer and catalyst surface area,
improving reaction rates and efficiency [55]. Furthermore, the process operates under
mild conditions, typically at ambient temperature and pressure, reducing energy
consumption compared to thermal methods. Ultrasound also prevents catalyst
deactivation by continuously cleaning the catalyst surface, maintaining its activity over
extended periods. This versatile technique is applicable to various water pollutants and
can be combined with other treatment methods to enhance overall remediation efficiency

[55].

2.4.1. Basic mechanism of Sonocatalysis

Sonolytic degradation of organic pollutants involves pyrolysis and free radical
attack, with the violent collapse of cavitation bubbles generating short-lived hydroxyl
radicals that oxidatively degrade organic compounds. However, achieving a rapid
degradation rate with ultrasound alone demands significant energy, with over 50% lost
to thermal dissipation, limiting the process's efficiency. Recent advancements have
focused on sonocatalysis, which uses catalytically induced ultrasound irradiation to
address these limitations. The catalyst provides additional active sites for cavitation,
enhancing the production of reactive radicals. These radicals typically recombine to form

H20, HO¢2, H202, and Oz [56].
H20 +))) — *OH +He
*OH +He — H202
He + O2 — HO=2
2 *OH — H202 + O2
H20 + «OH — H202 + He

The presence of semiconductor particles promotes the preferential formation of
nuclei at solid surfaces or phase boundaries, enhancing the creation of cavitation bubbles
and free radicals like hydroxyl radicals (*OH). Heterogeneous nucleation occurs on
surfaces and is more effective than homogeneous nucleation within the bulk solution due
to lower thermodynamic barriers. This phenomenon, often seen on hydrophobic surfaces,
is illustrated by the relationship between the maximum energy barriers of heterogeneous

and homogeneous nucleation processes for cavitation bubble formation [49].

16mo3

AGhet = Wf(@) = AGhomf(G) ...... (227)
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Here, AGp,: is the maximum energy barrier for heterogeneous. AGp,,, is the
maximum energy barrier for homogeneous, © is mathematical constant (3.145), o is the
surface tension of water (J m), 0 is the contact angle between liquid and solid, and P is

the sum of the partial pressure of the entrapped gas.

Furthermore, the bubble nucleation rate at solid surfaces is influenced by
sonication parameters and the physicochemical properties of the solid particles.
Sonication parameters include ultrasonic power, frequency, surface energy changes,
aqueous temperature, and type of absorbed gas. The solid particles' properties, such as
roughness, particle size, pore size, and wettability, also significantly determine the
nucleation rate [49]. The functions of cavitation bubbles in sonolytic and sonocatalytic
processes include heterogeneous nucleation, sonoluminescence, and thermal catalytic

mechanisms are illustrated in Fig.2.4.
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Fig.2.4. The functions of cavitation bubbles in sonolytic and sonocatalytic
processes include heterogeneous nucleation, sonoluminescence, and
thermal catalytic mechanisms. The figure is adapted from [49].

Sonoluminescence (SL) occurs when the collapse of a cavitation bubble emits light
across a wide wavelength range (200-700 nm) with high intensity. When introducing a
semiconductor catalyst during the ultrasonic process, the SL light energy, if higher than
the semiconductor's band gap, can excite electrons from the valence band (VB) to the
conduction band (CB), creating electron-hole pairs. These pairs react with oxidants to

form reactive radicals, similar to the photocatalytic mechanism [56].
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The hot spot theory suggests that the local high temperatures generated during
cavitation can induce thermal excitation in the semiconductor, contributing to electron-
hole pair production. This is due to the availability of highly oxidative holes generated

by the thermal excitation of the semiconductor [56].

2.5. SONOPHOTOCATALYSIS

Photocatalytic degradation of organic compounds occurs via hydroxyl radicals
generated on the photocatalyst during photolysis reactions. Combining photocatalytic
and ultrasonic irradiation (sonophotocatalysis) accelerates the degradation rate of organic
pollutants by increasing the generation of reactive radicals. The presence of a
heterogeneous catalyst enhances the formation of cavitation bubbles by providing
additional nuclei, which in turn boosts the pyrolysis of H20 molecules and the formation
of *OH radicals. This indicates a similarity between the mechanisms of the process and
those of photocatalysis. These observations suggest that ultrasonic irradiation with a
semiconductor catalyst may be preferred to enhance *OH formation. The synergistic
effect between sonolysis and photocatalysis is mainly responsible for the reaction
mechanism in the sonophotocatalytic degradation of organic pollutants. The combined
ultrasound and photocatalytic process, or sonophotocatalysis, offers several advantages

[49].

e In the liquid phase, sonolytic cleavage of water enhances the
production of oxidising species.

e Ultrasonic irradiation induces de-aggregation, increasing the mass
transfer of the organic pollutant to the catalyst surface.

e Acoustic cavitation prevents the aggregation of catalyst particles in
aqueous solutions, thereby increasing the active surface area.

e Ultrasonic waves continuously clean the catalyst's surface,
preventing the buildup of pollutants and their degradation
intermediates.

2.5.1. Basic mechanism of Sonophotocatalysis

The sonophotocatalytic processes typically operate based on the hot-spot theory,
sonoluminescence phenomenon, and visible light-driven (VLD) photocatalysis. By
combining visible light and ultrasonic waves, the degradation of pollutants occurs

through the following sequence of events [57]:
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e Nucleation: The catalyst plays a role in the nucleation process by
offering specific sites on its surface or at the boundaries between the
liquid and solid phases. This facilitates the initiation of bubble
formation, as well as their subsequent growth and eventual collapse,
contributing to the overall bubble dynamics in the cavitation process.

e Sonoluminescence (SL): The phenomenon of sonoluminescence,
which involves the sudden collapse of bubbles, can generate bursts
of light within the wavelength range of 200-700 nm. Consequently,
this stimulation affects the catalysts simultaneously, generating
electron-hole pairs during a photocatalytic process.

e Heat: The high local temperature caused by the cavitation
phenomenon can induce the decomposition of water molecules and
the production of hydrogen (H) and hydroxyl (OH) radicals.
Additionally, it can thermally excite electrons from the valence band
(VB) to the conduction band (CB) of the semiconductor catalyst
during a thermocatalytic process.

e Photocatalysis: The VLD-induced electron-hole separation and
transport of photogenerated charge carriers on the surface of the
catalyst leads to the formation of active species radicals and initiates
the degradation of RhB.

e Adsorption: The -catalyst's high surface area enhances the
adsorption of dye molecules on its surface.

In accordance with the explained mechanism, the pollutant molecules are eliminated
from the solution by binding to the catalyst's surface and undergo degradation due to the
action of the free radicals produced through water pyrolysis and photo-thermal catalysis
pathways [57]. The proposed mechanism of sonophotocatalytic degradation of pollutants

from water is shown in Fig.2.5.
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Fig.2.5. Proposed mechanism for the sonophotocatalytic degradation
process. The figure is adapted from [49].

2.5.2. Evaluation of the synergistic effect during sonophotocatalytic process
Evaluating the synergistic enhancement in pollutant removal during a
sonophotocatalysis based process is important to compare the effect of the hybrid process
with individual processes (ultrasonic irradiation and photocatalysis). A quantitative way
to estimate the synergistic effect during SPC process was done by calculating the synergy

index. It is defined as [49]:

(kap)spc
(kap) pe + (Kap)

Synergy index =

Where (kap)sc' (kaP)Pc and (kap)s ; are the rate constants of the reaction for
P

sonocatalysis, photocatalysis and sonophotocatalysis, respectively. A synergistic effect

can be observed if the synergy index value was larger than 1.0.

2.6. KINETIC MODEL OF CATALYSIS
The Langmuir-Hinshelwood (L-H) mechanism is employed to characterise

heterogeneous catalytic reactions through the following four steps [58]:
1. Adsorption of molecules onto the catalytic surface.
2. Dissociation of the adsorbed molecules.
3. Reaction of the dissociated molecules to form products.

4. Desorption of the products.
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This model has been utilised to describe the heterogeneous catalytic degradation
of organic wastewater. In step 1, the adsorption and desorption rates are represented by

equations (2.29) and (2.30), respectively.
R, =k,(1-0)C.... (2.29)
Rd = kd9 ...... (230)

where k, and k,; are adsorption and desorption rate constant, 0 is a fraction of the

coverage site, and C is a concentration of pollutant in a medium.

At equilibrium, R, = R4, which results

Kq - . e
Where K = k—“ is the adsorption equilibrium constant.
d

It is noted that organic molecules/ pollutant is adsorbed before catalytic degradation.

Therefore, the degradation rate is proportional to 0. Then,

kgegKC
Rieg = kaegh = —2— ... (2.33)

Where k4,4 is the rate of degradation (degradation constant).

According to the rate law of chemical reaction, the rate of degradation is also expressed

as follows:

dt 1+KC

In a highly diluted dye solution, the term of KC becomes less than 1, KC "1 = 1 + KC =

1. Then, under these circumstances:

B dC(t) — kK@) = — dc(t)

dt = = kappC (D) ... (2336)

Considering Kgpp = kgegK as the apparent rate constant of the reaction, the above

equation represents the pseudo-first-order reaction kinetics as :
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C(t) = Cye karrt .. (2.37)
Thus, the apparent rate constant of the reaction kg, can be obtained by estimating the

slope of the linear fit of In (%) versus time (t) [58].

2.6.1. Effect of various factors on catalytic degradation kinetics

e Catalyst Dosage: The amount of catalyst used significantly impacts
pollutant removal efficiency. Khataee et al. observed that the degradation
of moxifloxacin in water improves with an increase in catalyst dosage up
to an optimal point, after which the efficiency declines. The improvement
in degradation is due to the increased surface area, more active sites, and
better light and sound absorption by the catalysts. These factors enhance
the generation of oxidative radicals and the adsorption of pollutants on
the nanocomposite surface, thereby increasing the pollutant removal rate
[59].

e Solution pH: The pH of the solution is crucial in determining the rate and
extent of antibiotic degradation. The initial pH affects the interface
potential, surface charge, aggregation, and the status of the adsorbent
surface [60].

e Initial Pollutant Concentration: The initial concentration of pollutants
is a key parameter influencing degradation efficiency. This dependency
can be understood in two ways: first, a linear relationship where the
degradation rate either increases or decreases with pollutant
concentration; second, a non-linear relationship where an optimal
concentration results in a high degradation rate, but further increases in
concentration lead to a gradual decline in the degradation rate [61].

e Catalytic Particle Size: Smaller photocatalyst particles are more
favourable for catalytic degradation due to increased active sites. Xu et
al. reported that the degradation rate of methylene blue in an aqueous
solution follows the PFO model, with the modified rate constant kg,

being a function of particle size (dp), expressed as [62]:

kapp = —0.0641Ind, + 0.260 ......(2.38)
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e Dissolved Oxygen: Dissolved oxygen can adsorb onto the photocatalyst
surface, trapping electrons and preventing the recombination of hole-
electron pairs, thus enhancing the catalytic degradation rate. The
noncompetitive adsorption between dissolved oxygen and organic
compounds has also been confirmed in the literature [58].

e Temperature Effect: Reaction temperature generally has a slight impact
on catalysis. As temperature increases, the adsorption capacity of
photocatalysts improves, leading to a higher degradation rate of organic
compounds. The relationship between the degradation rate constant and
temperature follows the Arrhenius equation. However, higher
temperatures also enhance the recombination of hole-electron pairs, so
the optimal temperature for catalytic degradation needs to be determined

experimentally [58].

2.7. THERMODYNAMICS OF CATALYSIS
The transition state theory (TST) developed by Henry Eyring was used to analyse
the thermodynamics of the catalytic degradation. According to the TST, the pre-

equilibrium rate of the reaction A + B <> AB* — P can be characterised as follows [57]:

r= kBTTK[A] [B] .....(2.39)

where r refers to the rate of reaction, kp, h, and K are, respectively, the constants of
Boltzmann (1.38 x 10723] /K), Planck (6.62 x 10734Js) and reaction equilibrium. The

rate constant of the reaction

kT

k = TK ...... (240)

The thermodynamics relationship between the equilibrium constant and Gibbs energy of

activation (AG) is as follows:

A
AG=—-RTInK or K=exp (— R_> ...... (2.41)

Then, the rate constant becomes

kgT kgT AG
k= o = k= 5, €xp (— —) ...... (2.42)

Furthermore,
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AG = AH —TAS ......(2.43)

where AH and AS are the enthalpy and entropy change of the reaction, respectively.

k—kBT ( AH—TAS)_kBT ( AH) (AS) 5 44
= exp RT = exp RT exp 7)o (2.44)

This equation is called the Eyring equation, and its logarithmic form can be written as:

In (;) o A?H (%) + % +1n (%B) ...... (2.45)

By considering rate constant k = kg, Eq. can be rewritten as follows:

Kapp AH (1\ AS kg
111( T )——T(T)‘F?'Fln(T) ...... (246)

The values of AH and AS for the catalytic degradation can be calculated from the slope

and intercept of the In (ka%) — % plot.

e Gibbs Free Energy Change (AG): Gibbs free energy change
evaluates the spontaneity and feasibility of catalytic reaction. A
negative AG indicates a spontaneous process, while a positive AG
signifies a non-spontaneous process.

e Enthalpy Change (AH): Enthalpy change represents the energy
supplied as heat at constant pressure when the system does no extra
work. In catalytic studies, AH provides insights into the nature and
mechanism of catalysis. A negative AH indicates an exothermic
process, while a positive AH suggests an endothermic process.

¢ Entropy Change (AS): The entropy change in catalysis reflects the
disorder and randomness in the system. A positive AS indicates
increased disorder and a less ordered transition state. At the same
time, a negative AS suggests decreased disorder and a more ordered
transition state, potentially implying less favourable reaction
conditions.

2.7.1. Activation energy of catalysis

The Arrhenius equation was employed to calculate the activation energy of the

reaction (E,) and the frequency factor (A) [63]:
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where R and T are the universal gas constant (8.314 ] K~mol™1) and absolute
temperature (K), respectively. The linear form of the Arrhenius equation is given by

E, (1
Inkgpp = _Fa<F) +In4.....(2.48)

The slope of the In gy, — = plot provided Eq.

Activation energy is the minimum energy required for reactants to undergo a
chemical reaction. It represents the energy barrier that must be overcome for the reactants
to be transformed into products. The activation energy is usually expressed in kilojoules

per mole (kJ/mol).

The pre-exponential factor, also known as the frequency factor or Arrhenius
constant, represents the frequency of collisions and the probability that collisions are
favourably oriented for a reaction to occur. It encompasses aspects such as the number
of collisions per unit of time and the fraction of collisions with the correct orientation for

the reaction.

The pre-exponential factor has the same units as the rate constant k which

app»

depends on the order of the reaction. For a first-order reaction, k,,,, has units of s’!; for

app

a second-order reaction, it has units of L/mol-s, and so on.

2.8. CONCLUSION

In conclusion, the chapter on 'Overview of Adsorption and Catalysis' has
thoroughly explored the theoretical foundations of adsorption and catalysis. Detailed
explanations of adsorption and catalysis mechanisms have been provided, along with an
in-depth discussion of the various theories and models that underpin these phenomena.
This chapter has elucidated how these theoretical frameworks substantiate the
experimental results obtained in this study by examining classical and contemporary
models. The comprehensive analysis of adsorption isotherms, kinetic models, and
catalytic mechanisms offers a solid theoretical base that supports the interpretation of the
experimental data. This foundational knowledge is critical for understanding the complex

interactions at play and for guiding future research in the field.
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This chapter concentrates on the experimental methodologies employed for the synthesis,
characterization, and evaluation of the water remediation potential of the synthesized
nanomaterials.
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3.1. INTRODUCTION

This chapter focuses on the experimental techniques used for the synthesis,
characterisation, and investigation of the water remediation capability of the synthesised

nanomaterials.

The synthesis methods discussed include solid-state reaction, hydrothermal, and
co-precipitation techniques. Various aspects of these experimental techniques and the
characterisation methods employed in this work are detailed. Structural characterisation
was conducted using X-ray diffraction (XRD) and Raman analysis. The morphology,
structure, and size were examined with Field Emission Scanning Electron Microscopy
(FE-SEM). Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) and
photoluminescence (PL) spectroscopy were utilised for optical and photocatalytic
studies. Surface area and porosity were analysed using the Brunauer—Emmett—Teller
(BET) and Barrett-Joyner—Halenda (BJH) techniques. Temperature-programmed
desorption of NH3 (NHs-TPD) was carried out to estimate the adsorbent's active sites.
The functional group and vibrational mode analyses were performed using Fourier
Transform Infrared Spectroscopy (FTIR). Intermediates from various degradation
processes were identified using High-Performance Liquid Chromatography (HPLC). The
total organic carbon content was measured with a TOC analyser.

3.2. Methods for the synthesis of nanomaterials

The synthesis of nanomaterials involves various techniques designed to produce
materials with specific properties tailored for environmental applications. The following
methods are employed to synthesise metal chalcogenides and Bi-based nanomaterials,
characterised by their unique structures and properties, making them effective for

adsorption and catalytic processes in water treatment.

3.2.1. Solid state reaction

Solid-state synthesis is a widely adopted method for preparing nanomaterials,
involving the direct reaction of solid reactants to yield the desired product. This process
comprises several essential steps: mixing precursors, grinding, and high-temperature

heating.

The initial materials, typically powders, are chosen based on their reactivity and
suitability for forming the intended product. Common precursors include metal oxides,

carbonates, and sulfides. The solid reactants are thoroughly mixed to ensure a
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homogeneous distribution of components, often achieved through grinding with a mortar
and pestle or mechanical ball milling. This grinding process increases the surface area of

the reactants, enhancing their reactivity [1].

Solid-state reactions frequently involve diffusion mechanisms, where atoms or
ions traverse the crystal lattice of the solid reactants, forming new bonds and creating the
product. These reactions can be diffusion-controlled, with the reaction rate determined

by the rate at which reactants diffuse through the solid matrix [2].

Upon completion of the reaction, the product is cooled to room temperature. The
cooling rate can significantly influence the final properties of the nanomaterial.
Additional treatments, such as washing, drying, or annealing, may be conducted to purify

and enhance the properties of the synthesised nanomaterial.

Solid-state reactions are employed to synthesise various nanomaterials, including
metal oxides, chalcogenides, and composites. Due to their unique physical and chemical
properties, these nanomaterials are used in various applications such as catalysis, energy
storage, sensors, and water treatment [3]. Nanomaterials synthesised through solid-state
reactions often exhibit high stability, reactivity, and capacity for adsorbing or degrading

contaminants in water remediation.

By optimising the conditions of the solid-state reaction, such as temperature,
time, and precursor ratios, researchers can tailor the properties of the nanomaterials to
meet specific application requirements. As a demonstrative example, a schematic

representation of solid-state synthesis of BiFeO3 nanoparticles is shown in Fig.3.1.

H:0 Nano-sized precursor Nano-sized BiFeOs

Bi(NO3):#5H:0 Heat
Fe(NO:)9H:0 '
} = :
NaOH - —
B 'f( » As-washed
IF'eOOH
+
NaNQO:

Grind 30 minutes Bake at 4 5_0'—‘

Fig.3.1. The schematic representation of BiFeQOjs nanoparticles synthesised
by solid state reaction [4].
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In this research, CuS nanoflowers were synthesised using a straightforward solid-state
reaction method employing copper (II) chloride and thiourea as Cu and S sources
precursors. We synthesised three different morphologies of CuS by varying the grinding
time. The detailed procedure for the synthesis process can be found in Section 4.2.2 of

Chapter 4.

3.2.2. Hydrothermal synthesis

Hydrothermal synthesis is an advanced technique to produce nanomaterials under
controlled temperature and pressure conditions in an aqueous environment. The process
begins with preparing aqueous solutions containing dissolved metal salts or other
precursors, such as metal chlorides or nitrates. These solutions may include complexing
agents to regulate reaction kinetics and influence product morphology. These prepared
solutions are then introduced into a sealed vessel known as an autoclave, which is
specifically designed to withstand the high temperatures and pressures required for
hydrothermal reactions. Typically, the autoclave is heated to temperatures ranging from
100°C to 300°C, depending on the desired product, with the internal pressure elevated

above atmospheric levels to maintain the aqueous phase and prevent boiling [5].

In this controlled environment, hydrolysis and nucleation of dissolved metal ions
result in the formation of nanocrystals or crystalline phases. Factors such as reaction time,
temperature, pressure, pH, and reactant concentration influence nanoparticle growth and
crystallisation. Gradual cooling of the autoclave to room temperature prevents abrupt

phase changes, promoting well-defined crystalline structures.

Post-reaction, nanoparticles are washed with distilled water or solvents to
eliminate residual reactants and byproducts, a critical step for enhancing their purity,
stability, and functionality. The purified nanoparticles are then dried under ambient
conditions or gentle heating, yielding a dry powder suitable for characterisation and

application.

Hydrothermal synthesis is widely used in producing nanomaterials for various
applications, including catalysis, sensors, biomedical devices, and environmental
remediation. Its ability to tailor nanomaterial properties at the atomic scale makes it a
powerful tool for advancing materials science and technology. A Schematic diagram for

the hydrothermal synthesis of o/h-WO3 is shown in Fig.3.2.
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Na,WO,.2H,0

Hydrothermal
reaction

Washed & dried
at 180°C
for 12 hours
WO, powder

Hydrothermal

Fig.3.2. Schematic diagram for the hydrothermal synthesis of o/h-WQOs [6].

In this study, MnS and bismuth vanadate nanomaterials were synthesised using a
simple hydrothermal method. We obtained two distinct crystal phases of MnS by varying
the reaction time and temperature. The morphology and crystallinity of bismuth vanadate
could be changed by introducing a surfactant in the reaction medium. Moreover, we
successfully synthesised an isotype heterojunction of BiVO4 nanomaterials in this
process. The detailed procedures for the synthesis processes are included in Chapters 5

and 7, respectively, for the synthesis of MnS and BiVOa.

3.2.3. Co-precipitation method

The co-precipitation method is a versatile technique extensively used for
synthesising nanomaterials with precise control over their composition, morphology, and
structure. Initially, aqueous solutions containing soluble salts of desired metal ions, such
as chlorides, nitrates, sulfates, or acetates, are prepared as precursors. These solutions are
carefully mixed under controlled conditions, often at room temperature or slightly
elevated temperatures, to ensure uniform distribution of metal ions throughout the
solution. An appropriate precipitating agent is added dropwise or continuously to the
mixed precursor solution under constant stirring or agitation. This precipitation process
is driven by the reduction in the solubility of the metal hydroxides or carbonates as the

pH of the solution increases [7].

After complete precipitation, the resulting nanoparticle suspension is separated
from the solution using centrifugation or filtration. The collected nanoparticles undergo
multiple washes with distilled water or a suitable solvent to eliminate residual salts and
byproducts, ensuring the purity of the final product. Subsequently, the washed
nanoparticles are dried under vacuum or at moderate temperatures to remove solvent and

attain a dry powder form. Annealing, a heat treatment conducted at elevated temperatures
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(typically between 200°C to 800°C), may also be applied to enhance crystallinity, phase

purity, and overall structural stability of the nanoparticles.

The co-precipitation method is widely utilised for synthesising various
nanomaterials, including metal oxides, hydroxides, carbonates, and sulfides. These
materials are employed in diverse fields such as catalysis, biomedical sciences,
environmental remediation, and energy storage, benefiting from their tailored chemical
compositions and structural [8]. A Schematic representation of the synthesis of Fe3Os

nanoparticles using the co-precipitation method is shown in Fig.3.3.

f Drop wise
addition of
05— 92- NH4OH solution pH ~ 11
pr Addition of sodium Washing and
e lauryl sulfate magnetic Drying in oven
separation
=) |, 4 § t& )|
o 0
AMWlln\ 5% *E"
; sfoirds o
TERIR ke R SR Magnetic Fe;0,

Surfactant nano particles

stabilized Fe;0,
nano particles

Fig.3.3. Schematic representation of synthesis of Fe3Oy nanoparticles
using co-precipitation method [9].

In this research, bismuth oxyhalide solid solutions are synthesised using the co-
precipitation method. Bismuth (III) nitrate and potassium halide salts serve as the
precursors for bismuth and halides. The detailed synthesis method can be found in

Section 6.2.2 of Chapter 6.

3.3. STRUCTURAL CHARACTERISATIONS

The structural characterisation of synthesised samples involved X-ray diffraction
(XRD) and Raman spectroscopy. XRD confirmed the nanomaterials' formation and
crystalline phases, providing lattice parameters and crystallinity information crucial for
correlating structure with adsorptive and catalytic properties. Raman spectroscopy
complemented XRD by offering insights into bonding environments and structural
distortions, aiding in understanding the relationship between structure and catalytic

activity.

3.3.1. X-Ray Diffraction analysis
X-ray diffraction (XRD) is a versatile, non-destructive technique that provides

comprehensive information about the crystallographic structure of natural and
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synthesised materials. It is a fundamental tool to determine the structural phase and
degree of crystallinity in single crystals, bulk solids, and thin films. The principle of XRD
is based on the diffraction of X-rays. When a material is irradiated with X-ray photons,
its interaction with bound electrons results in coherent scattering, detected by
electromagnetic photon detectors. If scattering centres are at non-random distances
(integral multiples of the X-ray wavelength), the scattered waves interfere constructively,
producing high-intensity diffracted waves. Analysing these diffraction patterns allows
researchers to determine the sample's structure. The basic formulation for determining

crystal structure, Bragg's law, was established in 1913 [10].
2dpy; sin@ = ni

Here, n = 1,2,3. ., represents the order of diffraction, A is the wavelength of the X-rays
used, dyy; 1s the distance between the lattice planes, and 6 is the angle at which the
diffraction peak is observed. A pictorial representation of the diffraction phenomenon is

shown in Fig. 3.4.
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Fig.3.4. The schematic representation of diffraction of X-rays from lattice
planes. This figure is adapted from [11].

Different scanning modes can be employed on the sample to determine various structural
parameters, such as the '0-20' scan. In this technique, the angle between the sample and
the X-ray plane is incrementally varied up to '0' while simultaneously moving the detector
to '20'. This scan mode allows for assessing the phase purity, crystal structure, and
symmetry type of the sample. X-rays used in diffraction are generated by bombarding a

pure anode of a specific metal with high-energy electrons within a vacuum tube. For
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instance, copper (Cu) X-ray tubes emit radiation with a wavelength of approximately

1.54 A [12].

During the experiment, X-rays pass through two divergent slits: one between the
X-ray source and the specimen and another between the specimen and the detector. These
slits reduce background noise and collimate the radiation. The detector records the
number of X-rays scattered by the sample, and the resulting data is plotted as a diffraction
pattern showing X-ray counts versus the 20 angle. The schematic diagram of the X-ray

diffractometer is shown in Fig.3.5.
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Fig.3.5. Schematic representation of X-ray Diffractometer. This figure is
adapted from [13].

To analyse the crystal structure, diffraction peaks are converted into d-spacing values and
compared with standard databases like the JCPDS (Joint Committee on Powder
Diffraction Standards). This indexing helps identify the phases present. Additionally, the
crystallite size can be determined using the Scherrer formula, as described in equation
[14]:

D KA
" Bcosb

where D is the crystallite size, K is the dimensionless shape factor (here taken to
be 0.94), A is the wavelength of the X-ray used, and f is the full width at half maximum
corresponding to Bragg's angle 0. The micro-strain in the crystal lattice can be estimated

using the equation:
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&= p
4tan @

€ is the micro-strain, and B is the full width at half maximum corresponding to

Bragg's angle 6.

XRD analysis was conducted on all the synthesised samples to assess their
crystallinity and purity. The respective working chapters provide the detailed XRD

analysis results for each synthesised sample.

Fig.3.6. The image of X-ray diffractometer X'pert’ Powder Multi-Purpose
X-ray Diffractometer used in the study - CSIF, University of Calicut.

Specifications of the instrument used for the characterisation:
e Model : Rigaku Miniflex 600 diffractometer,
Department of Physics, University of Calicut
X'pert® Powder. It is a Floor Standing Multi-
Purpose
X-ray Diffractometer, CSIF, University of Calicut.
e Source : Cu K, radiation, A=1.5404 A
3.3.2. Raman analysis
Raman spectroscopy is based on the Raman Effect, a scattering technique where
the frequency of scattered radiation differs from the incident monochromatic radiation.
This effect results from the inelastic scattering of incident photons interacting with

vibrating molecules, providing insights into molecular vibrations. It serves as a versatile
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tool for both qualitative and quantitative analysis of samples. Qualitative analysis
involves determining the frequency of scattered radiation, while quantitative analysis
relies on the intensity of these scattered photons [15]. The schematic representation of

the formation of Raman scattered photons is shown in Fig.3.7.

In Raman spectroscopy, a sample is irradiated with a laser beam of
monochromatic light, interacting with sample molecules to produce scattered light at
frequencies different from the incident light. Raman spectra arise due to inelastic
collisions between sample molecules and incident photons. Most scattered radiation
maintains the incident frequency, known as Rayleigh scattering, with a small portion
exhibiting Raman scattering at different frequencies. If the incident frequency exceeds
the scattered energy, Stokes shifts occur in the spectrum, whereas anti-Stokes shifts occur

when the incident frequency is lower [15].
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Fig.3.7. Jablonski Diagram showing the origin of Rayleigh, Stokes and

Anti-Stokes Raman Scatter. This figure is adapted from [16].
The variation in molecular polarizability during molecular vibrations is essential for
obtaining a Raman spectrum, displayed as intensity versus wavelength shift. The number
of peaks in the spectrum corresponds to Raman-active modes, which are determined by

the space group symmetry of crystalline solids and the point group symmetry of
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molecules, making it a unique fingerprint of the material. Raman spectroscopy provides
information on interatomic and molecular bond strengths, mechanical strain in solids,

and the degree of crystallinity [15].

Instruments used for Raman spectroscopy include spectrophotometers equipped
with filters and devices like tunable filters and CCD detectors to enhance data quality
and acquisition speed. Advanced techniques such as Surface-Enhanced Raman
Spectroscopy (SERS) and Resonance Raman Effect (RRE) enhance weak Raman signals.
Micro-Raman spectrometers offer the advantage of analysing microscopic samples while
minimising laser-induced sample damage through reduced spot sizes. It becomes a
micro-Raman spectrometer when coupled with a microscope, enabling detailed analysis
of small-scale samples [17]. The schematic diagram of parts of the Raman spectrometer

with a microscope is shown in Fig.3.8.
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Fig.3.8. Schematic diagram of parts of a Raman spectrometer with a
microscope. The figure is adapted from [18].

Raman analysis was conducted on all the synthesised samples to assess their purity and
crystal structure. The respective working chapters provide the detailed Raman analysis

results for each synthesised sample.
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baco NBS-4100
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Fig.3.9. The image of Micro-Raman Spectrometer-Department of Physics,
University of Calicut.

Specifications of the instrument used for the characterisation:

e Model - Jasco NRS 4100 (Micro Raman with 532 nm green
laser)
Department of Physics, University of Calicut.

e Laser 532 nm, 20 mW

e Grating : 1800,1200 gr/mm

e Resolution » +0.2cmt

e Detector . Air-cooled Peltier CCD detector (Max. -60°C), 1650 x

200 pixel, 16 ym x 16 um, Visible to NIR.

3.4. GAS SORPTION AND POROSIMETRY CHARACTERISATIONS

Gas sorption and porosimetry characterisations are crucial for evaluating the
surface area, porosity, and adsorption properties of materials, impacting their
performance in catalysis, materials science, environmental science, and pharmaceuticals.
The Brunauer-Emmett-Teller (BET) method determines specific surface area by nitrogen
gas adsorption, measuring gas adsorption at various pressures and applying the BET
equation. Chemisorption characterises catalysts by measuring gas adsorption through
chemical interactions, providing insights into active sites, metal dispersion, and
adsorbate-surface interaction strength. These techniques are essential for understanding

and optimising material properties and catalytic processes.
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3.4.1. The Brunauer-Emmett-Teller (BET) analysis

Surface area properties are particularly relevant to environmental applications of
these materials; therefore, accurate surface area measurement is crucial for material
characterisation. The Brunauer-Emmett-Teller (BET) surface adsorption technique is the
most commonly used method for determining the surface area of nanosubstances. BET
adsorption assumes that the material has a homogeneous surface and that adsorption
occurs uniformly across the entire surface. Each adsorption site is either vacant or
occupied by a single adsorbate molecule. The overall adsorption process can be
expressed as a fractional coverage of the surface, with molecular interactions considered

to be limited [19].

The energy required for adsorption on the surface layer is equivalent to the heat
of adsorption. In contrast, the energy needed for each subsequent layer is equal to the
heat of liquefaction, treating each layer as a condensed liquid. These kinetic processes
are assumed to be uniform throughout the material. When saturation pressure (Po) is
reached, the number of adsorbed layers is sufficient for the material to be fully covered
by condensed liquid-phase adsorbent. Based on these assumptions, the kinetic rates of
adsorption and desorption can be determined from the surface coverage fraction, and the

adsorption for each layer can be modelled using the Arrhenius equation [20].

To examine the reliability of the BET equation using experimental data, the

equation is used in the following form:

P _ 1 N c—-1 (P)
V(Ph—P) V,C V,C\P,
In the BET equation, V is the volume of gas adsorbed, (Pi) is the relative pressure,
0

Vn is the volume of the adsorbate as a monolayer, and C is the BET constant. The BET

P
V(Po—P)

plot, which graphs against (PE), should yield a straight line. The intercept and
0

. c- . .
slope of this plot represent ﬁ and V—z respectively. Using those values, the constants

m m

Vm and C of the BET equation can be calculated.

The specific surface area (surface area per unit mass) can be calculated by the

equation

Vin NAg

S, =
A M
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where N is the Avogadro's number (6.023 X 10%), M is the molecular weight of

adsorbate, Acs is the adsorbate cross-sectional area (16.2A2 for nitrogen)

The BJH (Barrett, Joyner, and Halenda) method is used to determine pore size
distributions from experimental isotherms using the Kelvin model of pore filling. The
total pore volume is calculated from the amount of vapour adsorbed at a relative pressure
close to unity, assuming the pores are filled with liquid adsorbate. The equation for this
calculation is given as follows [22]:

Vi = P aVadst
lia = " pr

where Vads 1s the volume of gas adsorbed, Viiq is the volume of liquid Nz in pores,
Vm is the molar volume of liquid adsorbate (N2 = 34.7 cm?/mol), Pa is the ambient

pressure, and T is the ambient temperature.

The average pore size can be assessed from the value of pore volume by assuming
that the pores having cylindrical geometry and the average pore radius (rp) can be
articulated as

BET analysis requires a pure, clean, and dry sample placed in a sample tube and
degassed. This is achieved by connecting the tube to a vacuum pump and heating it for
at least one hour to remove water vapour before analysis. During the nitrogen adsorption
experiment, the samples are immersed in a liquid nitrogen bath, which helps achieve
rapid kinetic equilibrium due to the cold temperature. The instrument introduces known
amounts of high-purity nitrogen gas into the tube while recording the pressure (P/Po).

This data plots the BET equation and calculates the relevant surface area parameters [20].

The BET analysis determines the specific surface area, monolayer volume, and
mean pore diameter of the adsorbents and catalysts synthesised in this research. Chapters

4,5, 6, and 7 present the estimated values and isotherms for the concerned material.
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Fig.3.10. The image of Brunnauer-Emmett-Teller (BET) analyser-
BELSORP-max -CSIF, University of Calicut.

Specifications of the instrument used for the characterisation:

e Model : BELSORP-max
CSIF, University of Calicut

e Measurement method : Volumetric gas adsorption method + AFSM TM,
Standard mode (P/Po = 108 to 0.997)

e Specific surface area : 0.0l m? g ! or more (N2/ 77K)
e Analysis program : BELMaster TM, Specific surface area by BET method,
Meso-Pore analysis by BJH method.

3.4.2. Chemisorption analysis

Chemisorption analysis is crucial for quantifying acid or basic sites on catalyst
surfaces by measuring gas interactions, thereby optimising catalyst performance in
diverse applications such as chemical synthesis and environmental remediation. In metal-
supported catalysts, factors such as metal dispersion rate, metal surface area, and metal
particle size significantly influence both the cost and performance of the catalyst.
Similarly, for solid acid catalysts, the number and strength of acid sites dictate their
catalytic performance. Since catalytic reactions occur on the catalyst surface, the specific

surface area plays a vital role in evaluating catalytic efficiency [22].

Temperature Programmed Desorption (TPD) using ammonia gas is a robust
technique for estimating acid sites on catalyst surfaces. During TPD analysis, the catalyst

is exposed to ammonia gas at low temperatures, where it adsorbs into acidic sites. The
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catalyst is heated gradually while a carrier gas (typically helium or nitrogen) flows
through the system. As the temperature rises, ammonia molecules desorb from the
catalyst surface. The desorbed ammonia is detected using sensitive equipment like a
thermal conductivity detector or mass spectrometer, generating a TPD profile that records

the amount of ammonia desorbed at each temperature step [23].

The TPD profile reveals desorption temperature peaks corresponding to different
acidic sites on the catalyst surface; stronger acid sites desorb ammonia at higher
temperatures, whereas weaker sites desorb at lower temperatures. Each peak in the TPD
profile represents a specific type of acidic site, and the area under each peak indicates the
concentration or strength of the corresponding acid sites. Comparing TPD profiles
between different catalysts or under varying reaction conditions allows researchers to
study changes in acidity, providing valuable insights for catalyst design and optimisation
in industrial and research settings [23]. TPD analysis using NH3 was conducted to
estimate the acid sites on MnS nanostructures in this research. Detailed characterisation

analysis is described in Chapter 5.

Fig.3.11. The image of Temperature Programmed Desorption (TPD)
measurement system - BELCAT-M — CSIF, University of Calicut.
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Specifications of the instrument used for the characterisation:
e Model : BELCAT-M.
CSIF, University of Calicut

e Measurement principle : Dynamic flow method.
e Detector :Thermal Conductivity Detector
(W-Re filament).

3.5. MORPHOLOGICAL CHARACTERISATION

Morphological characterisation is crucial in adsorption and catalysis as it
provides detailed insights into the physical structure and surface properties of materials,
which directly influence their performance and efficiency. This research examined the
surface features and morphology of synthesised adsorbents and catalysts using scanning

electron microscopy (SEM). The basic principles behind SEM are described below:

3.5.1. Scanning Electron Microscopy

In Scanning Electron Microscopy (SEM), a high-resolution surface image of a
sample is produced through the interaction between a high-energy electron beam and the
sample material. This interaction generates secondary electrons, backscattered electrons,
X-rays, and auger electrons. The ejected electrons can be detected, and the corresponding
signal provides information about the sample under study. These signals reveal details
about the texture, chemical composition, and orientation of materials in the specimen.
Data collected from a specific region of the sample surface forms a 2-D image. SEM can
produce pictures of areas ranging from approximately 1 cm to 5 microns in width.
Secondary electrons, which have low energy, provide topographical information and the
shape of the sample, while backscattered electrons, which have high energy, convey
compositional details. The yield of backscattered electrons depends on the atomic
number of the constituent atoms, with heavier atoms appearing brighter in the images.
Samples for SEM must be conductive; a carbon tape can be applied to the sample, and a
very thin layer of gold or palladium can be coated over the sample to make it conductive

[24].

Instrumentation in SEM is crucial for accurate imaging and analysis of samples.
The electron gun is the source of the electron beam, which is usually generated using
tungsten or lanthanum hexaborides. A tungsten tip is exposed to a high potential to

produce a monochromatic beam of electrons. The condenser lens system, consisting of a
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pair of lenses, plays a vital role in regulating the electron beam's energy. These lenses, in
combination with the condenser and objective apertures, help to remove high-angle

electrons, ensuring a focused and coherent beam.
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Fig.3.12. The schematic representation of SEM. This figure is adapted from

[ 25].
Scanning coils are essential for directing this electron beam across the surface of the
sample in a controlled manner. The objective lens then precisely focuses the beam onto
the specific region of the sample that is being examined. The interaction between the
electron beam and the sample generates various signals, such as secondary electrons and
backscattered electrons, which are detected and analysed to form a detailed image on the
screen. This process allows for the examination of the sample's surface texture, chemical

composition, and material orientation with high resolution. The schematic representation

of the SEM is shown in the Fig.3.12. [26].
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In this research, all synthesised samples were characterised using Field Emission
Scanning Electron Microscopy (FESEM) analysis to obtain high-resolution images of
their surface morphology and structural details. The comprehensive analysis of each
synthesised sample is thoroughly discussed in the corresponding working chapters 4, 5,

6, and 7.

g Gemini

Fig. 3.13. The image of Field Emission-Scanning Electron Microscope-
ZEISS GeminiSEM 300- CSIE, University of Calicut.

Specifications of the instrument used for the characterisation:

e Model : ZEISS GeminiSEM 300
CSIF, University of Calicut
e Acceleration Voltage : 0.02 - 30 kV

e Probe Current : 3 pA - 20 nA (100 nA configuration also available)

e Magnification 12— 2,000,000

e Electron Emitter : Thermal field emission type, stability better than 0.2
%/h

e Detectors available in basic configuration: In lens Secondary Electron detector.
Everhart Thornley Secondary Electron detector.
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3.6. OPTICAL CHARACTERISATIONS

The optical characterisation is essential for understanding the properties and
performance of catalysts in photocatalytic and sonophotocatalytic applications. UV-
Visible (UV-Vis) absorption spectroscopy and Diffuse Reflectance Spectroscopy (DRS)
are primary techniques used to gain insights into the electronic structure, light absorption
capabilities, and band gap energies of catalysts. These methods help identify the optimal
light absorption range and the energy required for photocatalytic reactions and are crucial

for enhancing catalytic activity in sonophotocatalysis.

3.6.1. UV-Visible spectroscopy.

UV-visible spectroscopy examines the interaction between ultraviolet and visible
light with molecules, providing both qualitative and quantitative analysis of samples.
This technique relies on the principle that an unknown substance absorbs light at specific
wavelengths. When a sample is exposed to UV-visible light, some light is absorbed while
the rest is transmitted. This transmitted light is then detected and recorded as a function
of wavelength, producing the sample's UV-Vis spectrum. Each substance has a unique
absorption pattern, creating a specific relationship between it and its UV-vis spectrum.
The concentration of the sample is directly proportional to its absorbance, which can be
determined using a calibration curve obtained from the UV-Vis spectrophotometer. This
instrument measures the light intensity before and after it passes through a sample
solution in a cuvette [27]. The Beer-Lambert law explains the relationship between
concentration and absorbance, stating that absorbance (A4) is proportional to the product
of the concentration (c) of the solution and the path length (/). This law is beneficial for
explaining the absorption behaviour of solutions with relatively low concentrations. The

Beer-Lambert law can be expressed as [28]:

A=1 (1)— !
—nIO = &C

where lo is the initial intensity of light, | is the intensity of light after passing through the

sample, and ¢ is the molar absorption coefficient.

The UV-visible spectrophotometer comprises several vital components that work
together to measure the absorbance of a sample accurately. The primary parts include the
light source, sample holder, diffraction grating, and detector. The light source provides a
stable radiant energy output over the desired wavelength range. Tungsten filament and

deuterium arc lamps are commonly used, though LEDs and xenon arc lamps are now
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also utilised for visible light wavelengths. The sample holder is a transparent container
that securely holds the sample during measurement. The diffraction grating, a crucial
component, functions within the monochromator to split the incoming light into two
beams using a half-mirrored device. One beam passes through the cuvette containing the
sample, while the other passes through an identical cuvette holding the reference solution.
Quartz cuvettes, transparent to UV radiation, are typically used for this purpose. Finally,
the detector measures the transmitted light's intensity from the cuvette and displays the
results on an LCD screen, providing the absorbance values needed for analysis [30]. The

schematic representation of UV-Visible spectrometer is shown in Fig.3.14.
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Fig.3.14. The schematic representation of UV-visible spectrometer. This
figure is adapted from [29].

UV-visible spectroscopic analysis is essential for this research. All targeted pollutants in
this study are identified and quantitatively analysed using UV-visible spectroscopy. The
contaminants include sodium dodecyl sulfate, phosphate ions, Congo Red dye,
Ciprofloxacin (an antibiotic), Tetracycline hydrochloride (an antibiotic), and Rhodamine
B dye. All dyes and antibiotics are identified and quantified using UV-visible

spectroscopy. Each molecule has characteristic peaks within the 200 nm to 900 nm range.

Since the concentration of a dye solution is proportional to its absorbance, we can plot
the absorbance values against known dye concentrations to generate a calibration curve.
If the Beer-Lambert law is followed, this calibration curve should be a straight line,
indicating a direct proportionality between absorbance and dye concentration. To
determine the dye concentration in an unknown sample, compare its absorbance to the
calibration curve. The UV-visible spectrum of Rhodamine B and its calibration curve is

shown in the Fig.3.15. and Fig.3.16.
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Fig.3.15. UV-visible absorption spectrum of Rhodamine B. Its absorption
peak is near 552 nm.
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Fig.3.16. The calibration curve of Rhodamine B dye.
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Sodium dodecyl sulfate and phosphate ions cannot be directly identified using UV-visible
spectroscopy, as they lack characteristic peaks in the 200 nm to 900 nm range. Instead,
these ions are detected using indirect spectroscopic methods by forming complexes with
other active materials, which are then analysed. The absorbance of these complexes is
proportional to the concentration of the pollutants in the solution. The estimation of
sodium dodecyl sulfate is performed using the Methylene Blue Active Substances
(MBAS) method, while phosphate ion estimation is conducted using the Reduced
Molybdophosphate Photometric Method. The details of the procedure for these two

methods are given below:
Methylene Blue Active Substances (MBAS) method

Calibrating sodium dodecyl sulfate (SDS) using the Methylene Blue Active
Substances (MBAS) method involves a series of precise steps to ensure accurate
quantification. The MBAS method exploits the formation of a coloured complex between
methylene blue dye and anionic surfactants like SDS. The detailed procedure for the

calibration is shown below [31]:
Materials and Reagents:

1. Sodium dodecyl sulfate (SDS) standard solution: Prepare a series of known
concentrations of SDS in deionised water.

2. Methylene blue reagent: Prepare a methylene blue solution in deionised
water.

3. Chloroform: High-purity chloroform for extraction.

4. Buffer solution: pH-adjusted buffer to maintain the appropriate pH during
the reaction.

5. Deionised water: For all dilutions and preparations.

Calibration Procedure:
1. Preparation of SDS Standard Solutions:

e Prepare a series of SDS standard solutions with known concentrations
(e.g., 2.0,4.0, 6.0, 8.0, 10.0, 12.0, 14.0 mg/L) by diluting a stock SDS

solution in deionised water.
2. Addition of SDS Standards and Reagent:

e In separate volumetric flasks, add 1 mL of each SDS standard solution.
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e Add 0.5 mL of methylene blue reagent to each flask.
3. Buffer Solution Addition:

e Add a buffer solution to maintain the pH at around 7-8 to ensure optimal

complex formation.
4. Extraction Procedure:
e Transfer the reaction mixtures to separatory funnels.
e Add 3 mL of chloroform to each funnel.

e Shake the funnels vigorously for a fixed time (e.g., 2 minutes) to allow

the methylene blue-SDS complex to extract into the chloroform layer.

e Allow the mixture to settle and separate into two distinct layers (aqueous

and organic).
5. Collection of Chloroform Layer:

e Carefully drain the chloroform layer (containing the methylene blue-

SDS complex) into clean cuvettes.
¢ Run blank samples (without SDS) to ensure no interference.
6. Measurement of Absorbance:

e Measure the absorbance of each chloroform extract at the specific
wavelength corresponding to the maximum absorbance of the methylene
blue-SDS complex (typically around 650-660 nm) using a UV-Vis

spectrophotometer.
7. Generation of Calibration Curve:

¢ Plot the absorbance values against the known concentrations of SDS to

generate a calibration curve.

e Ensure the calibration curve is a straight line, indicating compliance with
the Beer-Lambert law, which shows a direct proportionality between

absorbance and SDS concentration.
8. Analysis of Unknown Samples:

e Follow the same procedure for the unknown sample as described above.
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e Measure the absorbance of the chloroform extract of the unknown

sample.

e Use the calibration curve to determine the SDS concentration in the

unknown sample by comparing its absorbance to the standard curve.

The calibration curve for the estimation of SDS is shown in Fig. 3.17.
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Fig.3.17. The calibration curve of SDS using the Methylene Blue Active
Substances (MBAS) method.

Ammonium vanadomolybdophosphate color development method

Calibrating phosphate using the ammonium vanadomolybdophosphate colour
development method involves a series of steps to determine phosphate concentrations
accurately. This method relies on forming a yellow-coloured complex between phosphate
ions and ammonium vanadomolybdate, which can be measured spectrophotometrically.

The comprehensive procedure is outlined below [32]:
Materials and Reagents:

1. Phosphate standard solutions: Prepare a series of known concentrations of

phosphate.
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Ammonium molybdate reagent: Prepare a solution of ammonium
molybdate.

Ammonium vanadate reagent: Prepare a solution of ammonium vanadate.
Sulfuric acid: For preparing the acidic environment needed for the reaction.

Deionised water: For all dilutions and preparations.

Calibration Procedure:

1.

N

(98]

Preparation of Phosphate Standard Solutions:

Prepare a series of phosphate standard solutions with known
concentrations (e.g., 20, 40, 60, 80, 100 mg/L) by diluting a stock

phosphate solution in deionised water.

Preparation of Ammonium Molybdate Reagent:

Dissolve 2.5 g of ammonium molybdate in 50 mL deionised water.

Preparation of Ammonium Vanadate Reagent:

Dissolve 0.125 g of ammonium vanadate in 1.6 mL nitric acid, then dilute

with 50 mL deionised water.

Formation of Detection Reagent:

Mix the ammonium molybdate and ammonium vanadate solutions

together to form the reagent for phosphate detection.

Reaction with Phosphate Standards:

In separate volumetric flasks, add 5 mL of each phosphate standard

solution.
Add 1 mL of the prepared reagent to each volumetric flask.

Mix well and allow the reaction to proceed for a specified time (typically
around 10 minutes) to form the yellow-coloured ammonium

vanadomolybdophosphate complex.

6. Preparation for Spectrophotometry:

Transfer the reaction mixtures to clean cuvettes.

Run blank samples (without phosphate) to ensure no interference.

7. Measurement of Absorbance:
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e Measure the absorbance of each solution at the wavelength corresponding
to the maximum absorbance of the complex (typically around 400-420

nm) using a UV-Vis spectrophotometer.

8. Generation of Calibration Curve:
o Plot the absorbance values against the known concentrations of phosphate

to generate a calibration curve.

o Ensure the calibration curve is a straight line, indicating compliance with
the Beer-Lambert law, which shows a direct proportionality between

absorbance and phosphate concentration.

9. Analysis of Unknown Samples:

e Follow the same procedure for the unknown sample as described above.
e Measure the absorbance of the complex formed with the unknown sample.

o Use the calibration curve to determine the phosphate concentration in the

unknown sample by comparing its absorbance to the standard curve.

The calibration curve for estimating phosphate ion is shown in Fig. 3.18.
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Fig.3.18. The calibration curve of phosphate ions using the ammonium
vanadomolybdophosphate color development method.
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Fig.3.19. The image of UV-Visible spectrometer-Jasco-750
spectrophotometer-Department of Physics, University of Calicut.

Specifications of the instrument used for the characterisation:

e Model : JascoV-750 spectrophotometer
Laboratory for mesoscopic science and devices,
Department of Physics, University of Calicut.

e Source : Tungsten filament and deuterium arc lamp

e Wavelength range : 200 nm — 900 nm

¢ Band width : 2 nm

e Optical system : Czerny-Turner mount Single monochromator Fully
symmetrical double beam type.

3.6.2. UV-Visible-DRS analysis

When light is focused onto a powdered sample, two types of reflection occur on
its surface: specular and diffuse reflection. Specular reflection follows Snell's law, where
the angle of incidence equals the angle of reflection. In diffuse reflection, light penetrates
the sample and undergoes scattering. Due to the nanostructured material, the light
experiences multiple processes such as refraction, reflection, and diffraction in all
directions, depending on the wavelength. Consequently, light exits the sample in all
directions. This is termed as diffuse reflectance. Diffuse reflectance is defined by the
condition that the angular distribution of the reflected radiation is independent of the
angle of incidence. This type of reflectance is commonly measured in the UV-Vis-NIR

and mid-IR regions to obtain molecular spectroscopic information [33].
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Fig.3.20. The schematic representation of UV-visible DRS spectrometer
instrumentation. The figure is adapted from [34].

During measurement, samples that exhibit diffuse reflectance simultaneously absorb and
scatter radiation. Like an integrating sphere with a spherical surface, a diffuse reflector
accessory collects the diffused reflection and directs it to a photodetector. A schematic
representation of the integrating sphere and UV-visible DRS spectrometer is shown in
Fig.3.20. The light source typically covers a wavelength range of 200-900 nm, with
BaSO4 used as the reference. The Kubelka-Munk theory is often used to describe and

analyse the diffuse reflectance spectra of powdered samples [33].

The Kubelka-Munk model (1931) is commonly employed in Diffuse Reflectance
Spectroscopy to determine the optical bandgap. The Kubelka-Munk function, F(R), is

used for infinitely deep samples and is derived from reflectance data. It is defined as [35]:

(1 - R)z _ k R = (R)sample

F(R) = == = e
2R S (R)reference

In this context, R represents the reflectance of a thick scattering layer, k is the
molar extinction coefficient, and s is the scattering coefficient dependent on particle size.
The spectrum is highly sensitive to particle size, influencing radiation scattering. If the
particle size is not uniformly fine, spectral distortion may occur compared to a
transmission spectrum. This technique can be applied to black, strongly scattering

materials like coal [36].
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By utilising the Kubelka-Munk function, the optical band gap of the powdered sample

can be calculated.
[AF(R)]'/n =A(hv — E,)

Where h is Planck's constant, v is the vibration frequency, Eg is the band gap, and
A is the proportional constant. The parameter n indicates the nature of the electronic
transition, with values of 1/2 for direct allowed, 3/2 for direct forbidden, 2 for indirect

allowed, and 3 for indirect forbidden transitions [35].

Plotting the left-hand side of this equation versus hv and drawing a tangent line
at the point of inflexion on the curve allows for determining the bandgap value Eg from

the corresponding hv value on the horizontal axis.

The UV-visible DRS analysis is employed in this research to estimate the optical
bandgap of the materials and to determine their absorbance in the UV and visible regions.
This analysis is crucial for understanding the excitation and photocatalytic activity of the
catalysts. The optical bandgaps of the bismuth oxyhalide solid solutions and bismuth
vanadate nanomaterials are estimated using this technique, and their UV-visible light
absorption is examined. A detailed description of the UV-visible DRS analysis for these
catalysts is provided in Chapters 6 and 7.

Specifications of the instrument used for the characterisation:
e Model : JascoV-750 spectrophotometer
Laboratiry for Mesoscopic Science and Devices,
Department of Physics, University of Calicut.
e Source : Tungsten filament and deuterium arc lamp
e Wavelength range : 200 nm — 900 nm
e Band width : 5 nm
3.6.3. Photoluminescence (PL) spectroscopy.

Photoluminescence spectroscopy is a non-destructive and versatile optical
technique for investigating the electronic structure of materials. When the sample is
irradiated with light, the molecules are excited to higher energy states, and the energy is

then dissipated through an emission process. The energy of the emitted light corresponds
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to the energy difference between two electronic states involved in the optical transition.
This emitted light can be collected and analysed both spectrally and spatially to obtain
detailed information about the electronic states of the sample. The instrument used for

measuring photoluminescence is called a spectrofluorometer [37].

A photoluminescence (PL) spectrometer consists of several key components
designed to measure the photoluminescent properties of samples accurately. The primary
light source, typically a Xenon lamp emitting light across the 200-900 nm range, is
directed by an elliptical mirror onto the entrance slit of the excitation monochromator,
with a quartz window separating the lamp from the monochromator to minimise heat and
spherical aberration. The spectrometer includes two monochromators (excitation and
emission) utilising reflective optics to reduce diffraction and spherical irregularities.
Gratings with vertical grooves disperse light, and the spectrum is acquired by rotating
the grating. Adjustable entrance and exit slits on both monochromators allow control over
signal intensity and resolution. Excitation and emission shutters protect the sample from
photodegradation and photobleaching by preventing continuous exposure to the light
source. The sample cell holds the specimen, with optical fibres directing light to and from
the sample. The detection system includes a signal detector that counts the photons
emitted from the sample and a reference detector that monitors the source lamp to correct

for any wavelength variations, ensuring accurate measurements [37].

Xenon flash
lamp (source)

Monochrometer

\\rlonochrometer
Excitation slit Inl

Sample q D ; Detector

Emission
slit

Fig.3.21. The  schematic  diagram  of  Photoluminescence
spectrophotometer. This image is adapted from [38].
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Photoluminescence (PL) measurement is scientifically relevant in explaining charge
carrier recombination in photocatalysts in photocatalytic applications. By analysing the
emitted light from a photocatalyst when irradiated, PL spectroscopy provides insights
into the electronic structure and recombination processes of charge carriers (electrons
and holes). High PL intensity indicates significant recombination, suggesting inefficient
charge separation and lower photocatalytic activity. Conversely, lower PL intensity
implies reduced recombination, indicating better charge separation and higher
photocatalytic efficiency. Thus, PL measurements are crucial for optimising
photocatalyst performance by understanding and controlling charge carrier dynamics.

The schematic diagram of Photoluminescence spectrophotometer is shown in Fig.3.21.

The PL measurement is conducted on bismuth oxyhalide solid solutions and
bismuth vanadate nanomaterials to understand the recombination rate of electrons and
holes and to study their photoluminescence properties. These results are crucial for
explaining the efficient photocatalytic and sonophotocatalytic activities. A detailed

description of the PL analysis for these catalysts is provided in Chapters 6 and 7.

Sg ™
dRCty OF\U(:-"OMQPD’“

Fig.3.22. The image of Horiba Fluromax-4c  Fluorescent
spectrophotometer. This image is adapted from [39].

Specifications of the instrument used for the characterisation:
e Model : Horiba Fluromax-4c¢ Fluorescent spectrophotometer
Department of Chemistry, University of Calicut.
e Source : 150W Xe arc lamp.
e Wavelength range : 185 nm — 850 nm.

e Detector : R928P photon counting PMT detector.
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3.7. FOURIER TRANSFORM INFRARED SPECTROSCOPY

Fourier Transform Infrared (FTIR) spectroscopy is a widely accepted technique for
the structural analysis and identification of chemical compounds. The IR spectrum of a
compound serves as its "fingerprint" because the peaks correspond to the excitation of
vibrational modes of the molecules, which are associated with various functional groups
and chemical bonds present in the molecules. FTIR examines the interaction between the
vibrating dipole moments of molecules and infrared radiation. For a molecule to exhibit
an IR spectrum, the vibrating motion of the bond must result in a time-dependent change
in its dipole moment. In FTIR, the sample is subjected to a single pulse of radiation
encompassing a specific frequency range, producing a rapidly decaying composite signal
of all possible frequencies. At resonance conditions, certain frequencies will dominate
and can be Fourier transformed to obtain the final spectrum. The Fourier transform
converts the signal from the time domain to the frequency domain, mathematically

represented as:

F(w) = f f(x) et“*dx

where F(w) is the spectrum, f(x) is the interferogram, ® is the angular
frequency, and x is the optical path difference. The experimentally obtained

interferogram f (x) is converted into the spectrum F (w) using the Fourier transform [40].

The main components of an FTIR spectrometer include the IR radiation source,
Michelson interferometer, sample cells, and detector. Common IR radiation sources are
the Globar, consisting of electrically heated rods of SiC; the Nernst glower, constructed
of rare earth oxides such as Er, Ce, Zr, Th, and Y; and the Nichrome coil. The Michelson
interferometer features a mid-IR range emitting broadband light source, a beam splitter,
and dual front surface-coated mirrors (one moving and one fixed) along with a detector.
When infrared radiation is directed at the beam splitter, half of the light is reflected at a
90-degree angle to a fixed mirror, while the other half transmits to a moving mirror. The
beams reflected back to the detector have a phase difference, causing constructive or
destructive interference depending on the moving mirror's position. Scanning the moving
mirror across a range generates a sinusoidal signal for each frequency, known as an

interferogram, which plots the detector signal versus optical path difference. The final
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spectrum is obtained from the interferogram through Fourier transformation [40]. The

schematic representation of FTIR spectrometer is shown in Fig.3.23.

Detector
Sample
Beam splitter
Fixed
. I 3 > < IR-Source
mirror
Fourier h
transformation
1 4
Spectrum B

Moving
mirror

Fig.3.23. The schematic representation of FTIR spectrometer. The figure is

adapted from [41].
For sample analysis, materials used must be transparent to IR, such as KBr. The sample
handling technique varies with the sample's state. Gaseous samples are placed in a gas
cell with IR-transparent windows. Liquid samples are pressed as thin films between IR-
transparent windows. Solid samples often utilize the KBr disc method, where 20 mg of
the sample is ground with 200 mg of KBr and pelletized under high pressure. This study
employed the KBr disc method. Finally, detectors in FTIR spectrometers are usually

pyroelectric detectors, photodetectors, or liquid-cooled phonon detectors.

Fig.3.24. The image of Cary 660 FTIR Spectrometer. The image is adapted
from [42].
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Specifications of the instrument used for the characterisation:
e Model : Cary 660 FTIR Spectrometer, Agilent
Technologies, CSIF, University of Calicut.
e Spectral range for spectrometer : 8500 to 50 cm™!
o Spectral Resolution of spectrometer :0.06 cm™
e Sampling method : KBr Disc Method
3.8. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

High-Performance Liquid Chromatography (HPLC) is an analytical technique
used to separate, identify, and quantify components in a mixture. The basic principle of
HPLC relies on the differential partitioning of compounds between a mobile phase (a
liquid solvent) and a stationary phase (a solid adsorbent material). Compounds in the
sample mixture interact with both phases to varying degrees, leading to different
migration rates through the column. These differences in interaction result in the
separation of the compounds as they elute at various times, known as retention times,

which can be detected and quantified [43].
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Fig.3.25. The schematic diagram of the High-Performance Liquid
Chromatography (HPLC) analyser. This figure is adapted from [44].
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High-Performance Liquid Chromatography (HPLC) instrumentation consists of
several key components working in tandem to achieve the separation, identification, and
quantification of analytes. The system begins with solvent reservoirs holding the mobile
phase solvents, delivered at a precise and consistent flow rate by a high-pressure pump.
The sample is introduced into the mobile phase stream through an injector, which can be
manual or automated, allowing precise sample volumes to enter the system. The mobile
phase carrying the sample then passes through the column, the core of the HPLC system,
packed with a stationary phase material. The stationary phase, typically composed of
silica particles with specific chemical modifications, facilitates the separation of
compounds based on their interactions with the stationary and mobile phases. As the
separated compounds elute from the column, they are detected by a sensitive detector,
such as a UV-Vis absorbance detector, fluorescence detector, or mass spectrometer. The
detector's signal is processed by a data system, which records the data and generates a
chromatogram. The chromatogram displays retention times and peak areas, enabling the
qualitative and quantitative analysis of the sample components. This integrated setup
allows HPLC to provide precise and reliable analytical results. The schematic

representation of the HPLC analyser is shown in Fig.3.25 [45].
Detection of Intermediates in the Degradation Reaction:

High-Performance Liquid Chromatography (HPLC) plays a vital role in detecting
intermediate products during the catalytic degradation of pollutants in water remediation.
This process begins with collecting and preparing water samples at various intervals
during the degradation reaction. The samples are injected into the HPLC system, where
they undergo chromatographic separation in a column designed to optimise the resolution
of intermediate compounds based on their distinct chemical properties. As the separated
intermediates elute from the column, they are detected by sensitive detectors such as UV-
visible absorbance, fluorescence, or mass spectrometry, providing qualitative and
quantitative data. The resulting chromatograms display peaks corresponding to the
intermediates, whose identities and concentrations are determined by comparing
retention times and spectral data with known standards. This detailed analysis enables
researchers to elucidate degradation pathways, optimise catalytic conditions, and ensure
the formation of non-toxic byproducts, thereby validating the efficacy and safety of the

water remediation process [46].
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In this research, various intermediates of the degradation reactions are identified
using HPLC analysis. These include the sonocatalytic degradation of Congo Red in
Chapter 5, the photocatalytic degradation of Ciprofloxacin and Tetracycline
Hydrochloride in Chapter 6, and the sonophotocatalytic degradation of Rhodamine B in
Chapter 7. Detailed analyses of the degradation reactions are also included in the

respective chapters.

Fig.3.26. The image of High-Performance Liquid Chromatography
analyser- Agilent 6100 Series Quadrupole LC / MS systems- CSIF
University of Calicut.

Specifications of the instrument used for the characterisation:
e Model : Agilent 6100 Series Quadrupole LC / MS systems

CSIF, University of Calicut.

e Mass range : m/z 10-1500
e Mass accuracy - £ 0.13 u within the calibrated mass range in scan mode
e Scan Speed 22500 u/s
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3.9. TOTAL ORGANIC CARBON ANALYSER.

The Total Organic Carbon (TOC) analyser measures the amount of organic carbon
in a water sample by oxidising the organic compounds to carbon dioxide (CO-), which is
then quantified. The process involves the conversion of all organic carbon present in the
sample to CO2, which is measured using various detection methods such as infrared (IR)
detection or conductivity measurement. The principle relies on the difference between
the total carbon (TC) and inorganic carbon (IC) in the sample, where TOC = TC — IC
[47].

A Total Organic Carbon (TOC) analyser consists of a sample injection system, an
oxidation reactor, an acidification unit, a gas-liquid separator, a detector, and a data
processing unit. In operation, a water sample is injected and acidified to convert inorganic
carbonates to CO:, which is removed by sparging with an inert gas. The remaining
organic carbon in the sample is then oxidised in the reactor via high-temperature
combustion with a catalyst or UV light with a chemical oxidant. The CO: gas is separated
from the liquid and measured by the detector, commonly using non-dispersive infrared
(NDIR) detection or conductivity measurement. The data processing unit calculates the
TOC concentration by analysing the detector signals and displays the result [48]. The

schematic diagram of TOC analyser is shown in Fig.3.27.
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Fig.3.27. The schematic diagram of the TOC analyser. This figure is
adapted from [49].
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TOC analysis is conducted throughout this thesis, which focuses primarily on water
remediation applications. Water samples are analysed using a Shimadzu TOC-L CPH
Analyzer to estimate total organic carbon concentration before and after the catalytic
reactions. During catalytic degradation, pollutants decompose into intermediate
compounds and eventually CO: and H>O. However, organic pollutants may not
completely decompose into water; some intermediates form less complex organic
molecules, which are less polluting. We can estimate the percentage of mineralisation
achieved by measuring the TOC value of the water sample. Each section calculates and
presents the mineralisation percentages for all catalytic processes. Detailed TOC analysis

is included in Chapters 4, 5, 6, and 7.

Fig.3.28. The image of Total Organic Carbon analyser-Shimadzu TOC-L
CPH- Department of Chemical Engineering, NIT Calicut. The figure is
adapted from [50].

Specifications of the instrument used for the characterisation:
e Model : Shimadzu TOC-L CPH

Department of Chemical Engineering, NIT

Calicut.

e Measurement method : 680°C catalytic combustion oxidation — non-
dispersive
infrared detection (NDIR) method.
e Measurement items : TO, IC, TOC, NPOC (Optional: POC, TN)
e Measurement range TC: TC 0 to 30,000 mg/L.
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3.10. CATALYTIC REACTOR

A catalytic reactor is a specialised setup designed for conducting catalytic
degradation experiments. The catalytic reactions in this research are mainly focused on
sonocatalysis, photocatalysis and sonophotocatalysis. Thus, a brief description of the

various catalytic reactor used in this study is described below.

3.10.1. Sonocatalytic reactor

The sonocatalytic reactor used in this work is primarily an ultrasonicator, a device
that uses high-frequency sound waves (ultrasound) to agitate particles in a solution. It is
widely used in various scientific and industrial applications for cleaning, mixing, and
accelerating chemical reactions. An ultrasonicator consists of an ultrasonic generator, a
transducer, and an ultrasonic probe or bath, with a control panel for setting parameters
like frequency, power, and duration. The generator converts electrical energy into high-
frequency sound waves, which the transducer, typically made of piezoelectric materials,
transforms into mechanical vibrations. These vibrations are transmitted to the probe or
bath, where they are applied to the sample. In this work, we used a GT Sonic ultrasonic
cleaner for the sonocatalytic reaction, which produces ultrasonic sound waves at a
frequency of 40 kHz. The temperature of the water bath can also be controlled. The
sonicator can produce ultrasonic sound waves in three different modes. The image of the

GT Sonic ultrasonic cleaner is shown in Fig.3.29.

Fig.3.29. The image of GT Sonic cleaner- sonocatalytic reactor —
Laboratory for Mesoscopic Science and Devices, Department of Physics,
University of Calicut.
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3.10.2. Photoreactor

The photoreactor used in this work is equipped with a Xenon arc lamp designed
to replicate the solar spectrum for photocatalytic experiments. This setup includes a light
source, typically a 300 W Xenon arc lamp, which emits a broad spectrum of light similar
to natural sunlight. The photoreactor also features a cooling system to maintain optimal
temperatures during experiments and a magnetic stirrer to thoroughly mix the reaction
solution. The Xe arc lamp provides a controlled and intense light source, allowing precise
studies of photocatalytic activity. The detailed spectrum of the Xenon arc lamp used in
our experiments is shown in Fig.3.30, and the experimental setup is illustrated in
Fig.3.31. This photoreactor setup ensures consistent and reliable results for

photocatalytic performance evaluations.
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Fig.3.30. The intensity spectra of Xe-arc lamp used in this research.
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Fig.3.31. The photoreactor setup with Xe arc lamp source- Laboratory for
Mesoscopic Science and Devices Department of Physics, University of
Calicut.

3.10.3. Sonophotoreactor

In the sonophotocatalytic process, ultrasound and visible light are simultaneously
irradiated into the reaction medium. To achieve this, we combined an Xe arc lamp
photoreactor with a GT ultrasonicator, allowing for the concurrent irradiation of light and
sound. This combined setup, termed a sonophotoreactor, can perform sonophotocatalytic

reactions. The image of sonophotocatalytic reactor is shown in Fig.3.32.
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Fig.3.32. The image of sonophotocatalystic reactor-Laboratory for
Mesoscopic Science and Devices, Department of Physics, University of
Calicut.
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3.11. CONCLUSION

In conclusion, the chapter on 'Experimental Techniques' has comprehensively
outlined the various synthesis methods and characterisation techniques employed in this
study. Detailed descriptions of the synthesis processes, including traditional and
advanced methods, have been provided to provide a thorough understanding of the
material preparation. The characterisation techniques, ranging from structural and
morphological analysis to optical and electronic property measurements, have been
meticulously discussed. These techniques are crucial for accurately assessing and
understanding the synthesised materials. By integrating these methodologies, the study
ensures a robust framework for systematically investigating the materials, thereby laying

a solid foundation for the subsequent research findings presented in this thesis.
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Adsorptive Removal and

Decomposition of Sodium Dodecyl
Sulfate using CuS Nanoflower
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» We combined the adsorption and Fenton-like catalytic activity of

Cus for the complete removal of SDS from wastewater.

» Firstly, we report the metal chalcogenides used for the removal of

surfactants.

» Enhanced adsorption of SDS on CuS nanostructures could be

explained using the hemimicellization phenomenon.

» Establishing kinetic, thermodynamic and catalytic studies of SDS

and CusS.
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ABSTRACT

The untreated surfactant in industrial effluents is a burgeoning environmental concern.

This study demonstrates that CuS nanoflowers are highly effective as both adsorbents
and catalysts for removing and decomposing sodium dodecyl sulfate (SDS) in water. The
efficient decomposition of surfactants from effluents can be achieved through adsorption

and advanced oxidation process. The fast catalytic decomposition of SDS into CO:2 and
water is demonstrated to be led by (i) hemi-micelle driven enhanced adsorption
(maximum adsorption capacity of 0.56 = 0.02 mmol/g) and (ii) synergetic action of H20:.

The mechanism of surfactant adsorption on CuS nanoflowers is understood through the
Dubinin-Radushkevich, Fowler-Guggenheim, Sips, Hill, and two-step adsorption
isotherm models. Pseudo-first-order kinetics and intraparticle diffusion mechanism
govern the adsorption kinetics. The adsorption thermodynamics is endothermic and
enthalpy-driven. The catalytic activity is approximated to a Fenton-like process-a rarity
in chalcogenides. Industrially scalable, energy-efficient catalytic remediation of
surfactants using copper chalcogenides holds vast significance for industrial effluent
treatment.

Keywords: catalytic degradation, surfactant; adsorption; hemi-micellization; Fenton
process.
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4.1. INTRODUCTION

Surface active agents, or surfactants, are the active components in detergents and
cleaning products for household and industrial applications [1]. Globally, the production
of surfactants is growing because of the increasing areas of industrial application.
Surfactants are widely used in the agrochemical, pharmaceutical, oil, paper, mining, and
textile industries [2,3]. It is a major organic pollutant with a very high potential to affect
the ecosystem via effluent discharges from industries [4]. The quantity discharged from
large-scale industrial units varies depending on the pollution regulations of the region.
Degradation products of surfactants can build up in the body, causing irreversible
pathological consequences [5]. It delays carcinogen breakdown and limits oxygen intake
and nitrification [6]. For commercial reasons, replacing those low-biodegradable
surfactants in all household and industrial applications is impractical. Therefore, it is
necessary to develop pre-treatment methods for surfactant effluent that allow for the
secure application of low-biodegradable surfactants [3]. Sodium Dodecyl Sulfate (SDS)
is a low-biodegradable anionic surfactant component of detergents and associated
products. Even below the toxic level, the presence of SDS in the water can lead to
biochemical alterations in aquatic life [7]. Moreover, the low biodegradability of SDS

makes its impact long-lasting [8].

Removing surfactants from wastewater is a significant problem at the industrial
level [9]. Because conventional physiochemical and biological treatment methods
produce foam beds in water treatment plants, they are difficult to remove from
wastewater [10]. Proposed techniques for removing SDS from wastewater include
reverse osmosis, chemical oxidation, coagulation, biological degradation methods,
membrane separations, and adsorption [11]. Adsorption has drawn wide attention as a
technologically promising research topic for eliminating organic and inorganic
wastewater contaminants [12]. Thus, removing surfactants from wastewater can be
employed through adsorption and is considered a popular, straightforward, inexpensive,
and cost-effective strategy.

Management of the exhausted adsorbent material and the adsorbed pollutant is a
crucial environmental concern with attached commercial implications. The improper
disposal of exhausted adsorbent material may result in a more extensive ecological
hazard. In addition, the reuse of the absorbent is also limited. To win this conflict, we

must consider not only filtering out contaminants but also degrading them- keeping the

111



Chapter 4

adsorbent ready for reuse. The advanced oxidation process (AOP) is a reliable technique
for degrading organic contaminants, including disintegrating surfactant molecules
[13,14]. Therefore, the attempt is to incorporate advanced oxidative decomposition and
adsorption within the same material to remove pollutants effectively from the effluent

water.

Nowadays, transition metal sulfides are employed for the catalytic decomposition
of organic pollutants present in wastewater [15]. A detailed account of the metal
chalcogenides was provided in Chapter 1, section 1.7. Among the inorganic metal
chalcogenides, CusS is reported as one of the most attractive catalysts - especially as a
functional component in nanocomposites. CuS is recognized as a crucial p-type
semiconductor owing to its versatility, availability, and non-toxic nature [16]. Recent
studies reveal that reducing the size of CusS to the nanoscale induces substantial changes
in its physical and chemical properties. Consequently, significant efforts have been
directed towards creating nanostructured copper sulfides with diverse sizes, shapes, and
morphologies. The morphology of the CuS plays a vital role in the adsorption and

catalytic processes [17].

Herein, we report a quick, simple, and efficient solid-state route for synthesizing
CuS nanoflowers at room temperature. These CuS nanostructures can be utilized to
remove SDS from water efficiently. In this chapter, we propose an adsorption mechanism
for the enhanced adsorption activity of the CuS nanostructure. The paradoxical situation
of having an adsorption capacity comparable to activated carbon but a low surface area
suggested by BET analysis made the elucidation of the adsorption mechanism

interesting.

Moreover, the CuS nanostructures exhibit high efficiency in degrading SDS as a
Fenton-like catalyst, capable of rapidly catalyzing H202 to decompose SDS.
Consequently, effluents from industries containing a high concentration of SDS,
contributing to water contamination, can be effectively removed and degraded by using
Cus as a catalytic adsorbent. We now report, for the first time, the direct catalytic SDS
degradation of CuS in the dark.

Furthermore, this work introduces a nature-abundant and environmentally
friendly nanomaterials for efficiently removing surfactants from industrial effluents. In

contrast to other adsorbents, this study proposes a chalcogenide capable of completely
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decomposing surfactants. The enhanced adsorption is attributed to hemimicellization and
morphology, with the distinctive feature being the complete breakdown of surfactants

through Fenton-like catalytic activity.

4.2. EXPERIMENTAL
4.2.1. Reagents and chemicals

The analytical reagents used for this study were Copper chloride dihydrate
(CuCl,.2H,0 > 98% Avra), Sodium hydroxide (NaOH, > 98% Qualigen), Thiourea
(CH4N,S = 98% Avra), Sodium Dodecyl Sulfate (NaC;,H,5S0, =
96% Spectrochem), and Hydrogen peroxide (H,0,,30% Merk) . Deionized water

was used as a solvent in all synthesis and adsorption experiments.

4.2.2. Synthesis of CuS nanoflower

CusS nanostructures were synthesized at room temperature via a simple solid-state
reaction route using CuCl,.2H,0, thiourea, and NaOH as starting materials [18].
CuCl.2H20 was evenly mixed with thiourea in the molar ratio of 1:2 by grinding in an
agate mortar for 2 minutes. Then, 4 mmol NaOH was added to the mortar, and another
grinding process was operated for another 2 minutes. The resulting black mash was
collected and settled in water for half an hour. Then, the precipitate was filtered and
washed with deionized water and absolute ethanol several times. The powder was dried
at 60 °C in a vacuum oven; dark green powders were obtained. Three different samples
were prepared by changing the reaction time to 5 and 10 minutes; we denoted these
three samples as CuS-1, CuS-2 and CuS-3, respectively, for the reaction times 2,5 and
10 minutes. The schematic representation of the synthesis of CuS nanoflower is shown
in Fig.4.1.

CuS

Fig.4.1. Schematic representation of synthesis of CuS nanomaterials using
solid-state reaction route.

The reaction process is described in the following reactions:
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Step 1. Reactions during the first grinding step:
2CuCl,.2H,0 + 2CH,N,S — [CuSC(NH;),].0.5H,0 ... ... 4.1)
Step 2. Reaction occurred after adding NaOH into the ground mixture:

4[CuSC(NH,),].0.5H,0 + 4NaOH + 0, + 4H,0
— 4CuS + 8NH; + 4H,0 + 4C0, + 4NaCl ... ... (4.2)

4.2.3. Adsorption experiments

As mentioned above, CuS nanostructures were used as the absorbent to remove
SDS from water. Batch adsorption studies were conducted to examine the effect of initial
concentrations of SDS on the adsorption process. The initial concentration of the SDS
solution varies from 0.07 mmol/L (20 ppm) to 1.18 mmol/L (340 ppm), and the dosage
of the adsorbent was 0.6 g/L. The initial and equilibrium concentrations of the SDS
solutions were estimated by the Methylene Blue Active Substances (MBAS) method [19]
using a UV-Vis spectrophotometer (JASO V-750). All experiments were conducted at a
temperature of 303 K, under ambient atmospheric pressure, and at the inherent pH (7-8)

of the SDS solution.

The amount of SDS adsorbed on the CuS surface at adsorption equilibrium

(adsorption density, g, mmol/g), can be calculated using the formula,

Qe = ———......(4.3)
where C, and C, are the initial and residual concentration of the SDS solution in mmol/L,

V is the volume of the SDS solution in L, and m is the weight of the adsorbent in g.

In the Kinetic studies of adsorption, an aliquot was examined every 5 minutes
using the previous method. The experiments were also conducted at different
temperatures, ranging from 303 K to 333 K, to study the thermodynamics of adsorption.
All kinetic and thermodynamic adsorption experiments were performed at 0.07 mmol/L
(20 ppm) of SDS solution and the adsorbent dosage of 0.6 g/L.

4.2.4. Catalytic experiments

The catalytic activity of different as-synthesized CuS nanostructures was studied
using SDS degradation. For a typical experiment, 60mg of catalyst is dispersed in 100
mL of 0.14 mmol/L (40 ppm) SDS solution. After the catalyst and SDS mixture were

stirred for 60 minutes in the dark to achieve complete SDS adsorption and desorption on
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the catalyst surface, 1 mL of H202 was added to the above catalyst and SDS mixed
solution for the decomposition of SDS. The SDS solution was collected after
predetermined intervals, and the Methylene Blue Active Substances (MBAS) method

was used to determine the SDS concentration. [19]

The degree of mineralization in the SDS solution was assessed by measuring the
oxygen equivalent of the organic matter in each sample, i.e., total organic carbon (TOC),
using a Shimadzu TOC L-CPH Analyzer. The percentage of mineralization was
calculated using a specific equation.

TOC, — TOC;

X 100 ... ... (4.4
TOC, (44)

% mineralization =

where TOCo and TOC: refer to the initial and the final total organic carbon,

respectively.

4.3. RESULTS AND DISCUSSION
4.3.1. Structural characterizations

The X-ray diffraction patterns of the synthesized samples are shown in Fig.4.2.
The XRD pattern agrees with the reported hexagonal covellite phase of CuS (JCPDS
Card 06-0464) [20]. The characteristic peaks of the samples are located at 20 around
29.39,31.8°, 47.9% and 59.3°, which are attributed to the diffraction peaks from (102),
(103), (110) and (116) planes respectively. The average crystalline size of the
nanoparticle is calculated using the Scherer formula D = KA/Bcos0; where d is the
crystallite size, K is dimensionless shape factor (here taken to be 0.94), A is the
wavelength of X-ray used and B is the full width at half maximum corresponding to the
Bragg's angle. The average crystallite size was estimated to be 9.86 + 0.25 nm, 6.80 +
0.24 nm and 8.98 + 0.42 nm for CuS-1, CuS-2, and CuS-3 samples, respectively.

Fig.4.3. Displays the Raman spectrum of CuS nanoparticles. The Raman peaks
appear at about 468 cm™ and 267 cm™. Among these two peaks, the strongest and
characteristic peak of CuS at 468 cm™ can be attributed to the stretching mode of
vibration of the S-S bond (A1g Ssymmetry), while the weak band at 267 cm™ corresponds
to vibration of the Cu-S bond (Aig TO mode) [21]. These bands are, according to the S2
groups, the acknowledged crystal structure of copper sulfide, and these peaks are
associated with the covellite phase of CuS [21]. No pronounced impurity peaks can be

observed in XRD patterns and Raman spectra, indicating the successful formation of
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uniform and pure covellite phase of CuS nanoparticles under our experimental

conditions.

Normalized intensity

20 (degree)

Fig.4.2. The XRD patterns of the synthesized CuS nanostructures. XRD
pattern agrees with the reported hexagonal covellite phase of Cus.

] — cwssa. B
CuS-2 2
2l ¢usa . = -
@ |0 = \Agss)
2 e | ‘
= E """" T Lo it
S e A
TQ .................................... e ] :_:..é ..............
B o4 A ] AN
P ' '
= s 2 g L
Z o~ Vi

160 240 320 400 480 560
Raman shift (cm™)

Fig.4.3. Raman spectra of the synthesized CuS nanostructures.
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4.3.2. Morphological characterization

The morphology and shape of the adsorbent are significant in the field of
adsorption. FE-SEM images of synthesized CuS nanostructures are shown in Fig.4.4, 4.5
and 4.6. Sample CuS-1 had a quick synthesis time, which prevented the proper nucleation
of CusS particles, as shown in Fig.4.4, which shows an agglomerated CuS. Fig.4.5 depicts
the shape of the CuS-2 nanostructure, which has enormous folds and resembles flower
buds. The CuS-3 shows a flower-like morphology (Fig.4.6). Thus, the morphology of the
synthesized samples alters with reaction time, evolving from a random form to a flower-
like one.

20KV X10,000 % 1pm S

20kV  'X10,000. ity 10 28 SEI W _

Fig.4.5. The FESEM images of CuS-2, shows a flower bud like
morpholohy.
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e 10 28 SEI

£

Fig.4.6.. The FESEI\‘/i‘ images of GS-3, shows a flower-like morphology

with many petals.
4.3.3. Surface area and porosity analysis

Nitrogen gas adsorption-desorption isotherm measurements were carried out to
gain insight into the surface features. Fig.4.7 shows the N2 adsorption-desorption
isotherms of CuS nanostructures closely match the type Il isotherm with a type H3
hysteresis loop [22]. The H3-type hysteresis loop suggests slit-like pores in the samples.

The BJH pore distribution curve of the synthesized samples is shown in Fig.4.8.
The pore distribution is almost the same in all synthesized samples and ranges from 1 nm
to 50 nm in the BJH curve, indicating micro-meso pore formation in the synthesized CuS
samples [23]. The porosity profile of synthesized samples was self-formed without any
templating agents, including surfactants.

The specific surface area of the synthesized samples is estimated using the linear
fit of the P/Va(Po-P) versus P/Po data points, as shown in Fig. 4.9. The estimated specific
surface area is found to be 9.36 + 0.01 m?g 12.26 + 0.02 m?/g 19.04 + 0.03 m?/g for
CuS-1, CuS-2, and CusS-3 respectively. It is worth mentioning that CuS-3 has a larger
BET surface area than the other CuS nanostructures. Compared to other samples, the
CuS-3 sample exhibits a more pronounced hysteresis loop of the isotherm, indicating

capillary condensation of the N2 gas on the sample
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Fig.4.7. N2 Adsorption-desorption isotherms which closely match the type
Il isotherm (S-shaped isotherm) with a type H3 hysteresis loop.

Fig.4.8. The BJH pore distribution curve indicating the micro-meso pore
formation was self-formed without any templating agents, including
surfactants.
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Fig.4.9. The linear fit of P/V4 (Po-P) versus P/P, data points to estimate
BET surface area.

4.3.4. Adsorption isotherms

The adsorption properties of the synthesized CuS nanostructures were
investigated using SDS as a pollutant. Fig.4.10. depicts the SDS adsorption isotherms on
various CuS nanostructures. All isotherms are identical to the type V isotherm of the
IUPAC classification [24]. At a high concentration, the adsorption density reaches a
plateau called the maximum adsorption density. The maximum adsorption densities of
the three nanostructures are estimated as 0.27 + 0.01 mmol/g, 0.45 £+ 0.01 mmol/g
and 0.56 + 0.02 mmol/g for CuS-1, CuS-2, and CuS-3 respectively. Thus, all the
isotherms have sigmoid shapes and originated from forming multilayers of adsorbate
molecules on the adsorbent surface. Notably, the isotherms do not follow the commonly
reported Langmuir and Freundlich adsorption models. This kind of sigmoidal adsorption
isotherm is often seen in the adsorption of surfactants at the interface between a solid and
a liquid, and it is thought to be caused by lateral interactions between the adsorbed species
[25].

120



Chapter 4

= = =
LN U =)}
— a1

q, (mmol/g)
[—]

0.0 0.2 0.4 0.6 0.8 1.0 1.2
C (mmol/L)

Fig.4.10. Adsorption isotherms of SDS on CuS nanostructures. All
isotherms are identical to the type V isotherm of the IUPAC classification.

To examine the nature of adsorption as well as the interaction between the adsorbate and
the adsorbent molecules at equilibrium, the adsorption data were tested using two
isotherm models, viz. Dubinin—Radushkevich (D-R) and Fowler-Guggenheim (F-G)

models. The linearized form of the D—R model is represented by equation (3) [26]:

Ing, =Inqug, — BE? ... ... (4.5)

where B is the Dubinin-Radushkevich constant, R is the universal gas constant

(8.314 JK'mol™1), T is the absolute temperature, and ¢ is Polanyi potential and is

defined as € = RT In (1 + Ci).And the F-G model is represented by

e

C,(1-0) 20w
In [T] =—In KFG + W ...... (45)

where Kg; is Fowler-Guggenheim equilibrium constant (L/mmol), 6 is fractional
coverage, and w is interaction energy between adsorbed molecules kJmol=1[27]. The
isotherm models and their significance are thoroughly explained in Section 2.2.3 of
Chapter 2.
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Fig.4.11. Linear fit of D-R model. Fig.4.12. Linear fit of F-G model.

The adsorption isotherms are fitted to the D-R and F-G models, as shown in Fig.4.11.
and 4.12. and the various parameters of the isotherm models are listed in Table.4.1. The
mean free energy of adsorption (E), designated as the free energy change when 1 mole

of SDS is transported to the surface of the solid from infinity in a solution, can be

computed from the equation as E =ﬁ [28]. The quantity of E is beneficial for

reasoning the type of adsorption, and if E values less than 8 kJ/mol, the adsorption
process is physical adsorption [28]. The mean free energy of adsorption for three
isotherms is less than 3 kJ /mol, indicating the adsorption process involved in this study
is nothing but physisorption. The adsorbent (CuS) is chemically stable during this process
of adsorption because the plausibility of chemical reactions or bonds between the

adsorbent and adsorbate molecules, in this case, is very low.

In the F-G model, lateral interaction energy o is physically relevant. It has been
determined that the lateral interaction energy of each isotherm is negative. This leads to
the fact that the interaction between adsorbed molecules is repulsive. Then, the heat of
adsorption will decrease with loading because of increased repulsion between adsorbed
molecules as loading increases [27]. The interaction between the hydrophobic tails of the
SDS molecules may contribute to the repulsion between the adsorbed molecules. The

enhanced adsorption seen in this solution is mainly attributable to what we refer to as the
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tail-tail interactions between the adsorbed SDS molecules. The SDS molecules at the
adsorbent surface produce a unique two-dimensional shape due to interactions between
their tails. Consequently, these two models imply that CuS and SDS molecules have
negative lateral interaction energy, which leads to tail-tail interaction of the SDS

molecules and may physically adsorb one another.

Table 4.1. The fitted parameters of D-R and F-G isotherm models.

Isotherm Fitted parameter Cus-1 Cus-2 CuS-3

model

¢ (mmol/q) 0.62+0.03 | 212+031 | 1.84+0.22

B (x1077mol?/J?) | 1.26+0.05 | 1.75+0.12 | 0.95+0.06

D-R model
E (k] /mol) 1.99+0.04 | 1.68+0.06 | 2.28+0.07
R? 0.9866 0.9696 0.9753
w (kJ /mol) —4.67+036 | —453+0.15 | — 448+ 0.31
F-G model Ky (L/mmol) 202+040 | 1.82+011 | 1.15+0.14
R? 0.9677 0.9930 0.9690

To gain insight into the adsorption process and related mechanisms, we analysed
the isotherm with three prominent isotherm models, viz. the Sips, Hill, and Two-step
adsorption models - typically used for fitting sigmoid-type isotherms. The isotherm
models and their significance are thoroughly explained in Section 2.2.3 of Chapter 2. The
Sips isotherm model makes it possible to rigorously calculate the distribution of
adsorption energies on a catalyst surface (surface heterogeneity) [29]. The Hill adsorption
isotherm model explains the binding of various species onto homogeneous substrates.
This isotherm model assumes that adsorption is a cooperative process in which the ability
of the adsorbates to bind at one site on the adsorbent may impact other binding sites on
the same adsorbent [30]. The 'two-step isotherm model' is defined primarily for surfactant

adsorption on soil/water interfaces, as proposed by Bu-Yao Zhu and Tiren Gu [31]. The
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nonlinear fit of these isotherm models on CuS-1, CuS-2 and CuS-3 is shown in

Fig.4.13,4.14 and 4.15, respectively, and the obtained parameters are listed in Table 4.2.
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Fig.4.13. Non-linear fitting of the Sips, Hill, and Two-step adsorption
models, typically used for sigmoid-type isotherms, for the sample CuS-1.
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Fig.4.14. Non-linear fitting of the Sips, Hill, and Two-step adsorption
models, typically used for sigmoid-type isotherms, for the sample CuS-2.
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Fig.4.15. Non-linear fitting of the Sips, Hill, and Two-step adsorption
models, typically used for sigmoid-type isotherms, for the sample CuS-3.

The parameter ng in the Sips isotherm is regarded as surface heterogeneity; the bigger
the parameter, the more heterogeneous the system is [29]. For all the isotherms, the
estimated value of ng is greater than one, which shows that all the synthesized catalysts
have heterogeneous active sites on their surfaces. For all isotherms, the estimated value
of the Hill exponent factor ny is positive and greater than 1. The estimate indicates the
positive, cooperative ability of the SDS molecules to adhere to the CuS nanostructure.
That is, the ability of the adsorbates to bind at one site on the adsorbent may positively

affect other binding sites on the same adsorbent [30].

The two-step adsorption model (TSA model) provides the best fit for all regions
of the isotherm. The high level of agreement between the TSA model and our
experimental data predicts that the adsorption of SDS molecules on the CuS
nanostructure takes place in two steps (according to the TSA model). The first step is the
monolayer adsorption of SDS molecules on the CuS nanostructure due to the electrostatic
interaction between the charged surface of CuS and the head group of SDS molecules.
The second step depends on the concentration of the SDS molecule. At a critical

concentration, the surfactant molecules begin associating with each other, forming a two-
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micelle-like structure called hemi-micelles [32]. This association

considerably enhances the adsorption of sulfonate ions and, hence, the rapid rise in the

adsorption of isotherms.

Table 4.2. The fitted parameters of Sips, Hill and Two-step model.

Isotherm Expression Fitted Cus-1 CusS-2 CusS-3
model parameter
A (mmol/g) 0.27 + 0.02 | 045 + 0.03 | 0.555 + 0.05
B, (L/mmol)™s 46.19 + 5.46 552.67 £ 65.61 651.37 £ 75.45
Sips ng
= % n 3224042 | 5354073 3.96 + 0.42
1+ BsC,*®
R? 0.8850 0.8918 0.8467
Ay (mmol/g) 0.27 + 0.02 0.45 + 0.03 0.55 + 0.05
By x 1073 21.70 £ 7.20 1.81 4+ 0.65 1.54 + 0.48
Hill _ AyCH (mmol/L)™H
By +C)*
ny 294 £+ 0.15 5.23+0.22 3.85+0.12
R? 0.8851 0.8918 0.8467
qe (mmol/g) 0.27 £ 0.01 0.45 +0.01 0.56 + 0.04
ki (L/mmol) 2437 £3.74 41.19+9.31 51.58 +£10.33
Two step 1 _
_ ki C (5 + keC™ ™) k, X 103 0.18 + 0.02 3.45 + 0.39 3.89 + 0.42
adsorptions | 9T 11k c(1 + ke 1)
(L/mmol)™ !
model
n 6.04 + 0.15 8.31+0.15 6.43 + 0.29
R? 0.9929 0.9935 0.9916

The Hemi-micelle concentration (H.M.C.) is defined as the concentration above

which the adsorption increases dramatically as hemimicelle forms on the solid/liquid

interface [32]. It can be determined from the inflection of the adsorption density versus

126




Chapter 4

concentration curve, i.e. adsorption isotherm. For the mathematical analysis, the H.M.C.

is the concentration at which the straight line with the maximum (Z_Z) on the adsorption

isotherm intersects the lineof g = 0 or & % = 0.
n+1

umc=(""t)" k= 4.6
M. _<n+1) n o (4.6)

where K = k,k, in the equation of the Two-step adsorption isotherm model. The
Hemimicelle concentration (H.M.C) for the three isotherms is estimated using equation
4.6. These values are summarized in Table 4.3. The estimated values of H.M.C are in

good agreement with the experimental results.

Table.4.3. The estimated values of hemi-micelle concentration for different adsorption

isotherms.
System n K H.M.C
(L/mmol)™ (mmol/L)
CuS-1 6.04 + 0.15 (0.45 £ 0.10) x 10* 0.20 £ 0.02
CuS-2 8.31+0.15 (1.42 + 0.28) x 10° 0.18 + 0.08
CuS-3 6.43 +0.29 (2.00 + 0.61) x 10° 0.11 + 0.09

4.3.5. Surface chemistry and adsorption behaviour of CuS nanostructures

The surface chemistry of adsorbents is determined by the acidic and basic
character of the surface, which can be tuned by the pH of the solution [33]. The pHp ¢,
is a fundamental parameter in adsorption studies that informs researchers about the
electrostatic characteristics of the adsorbent surface and how pH conditions can affect
adsorption processes [34]. It plays a critical role in optimizing adsorption conditions and
understanding adsorption mechanisms, mainly when dealing with solid-liquid interfaces
and the behaviour of adsorbent materials. The pHp,, represents the pH at which the
adsorbent's net charge becomes neutral [35]. When the solution’s pH is below the pHp,
the adsorbent surface carries a positive charge, promoting the adsorption of anionic
species. Conversely, when the solution's pH exceeds the pHp,, the adsorbent surface

becomes negatively charged, facilitating the adsorption of cationic species [36]. The drift
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method [37] is used to estimate the point of zero charge of the CuS nanostructures, as
depicted in Fig.4.16. It is found that CuS-1 and CuS-3 have a value of pH,,,. = 9.89 +
0.20, whereas CuS-2 has a value of pH,,. = 9.73 + 0.20. Thus, we can conclude that,
the surface charge of all the CuS nanostructures was entirely protonated and shows
positively charged at pH < 9.9. In the adsorption studies, the natural pH of the SDS
solution stayed between 7 and 8 (up to 2 mmol/L). Therefore, the surface of the CuS
nanostructure is highly protonated and positively charged during our adsorption
experiments. Although SDS is an anionic surfactant, the negative head group of SDS
molecules could interact significantly with the positively charged CuS nanostructures.
The surface protonation of the CuS nanostructure in the SDS solution aids the monolayer
adsorption of SDS molecules on the adsorbent. On the other hand, at solution pH > 9.9,
the surface becomes deprotonated and negatively charged, causing electrostatic repulsion
with negatively charged anions and deprotonated CuS nanostructure surface- decreasing

adsorption efficiency.

Initial pH

Fig.4.16. The graphical variation of the initial pH of the solution with
ApH- using the Drift method to find the pHpc of the adsorbent. It is inferred
that the surface of the CuS nanostructures was protonated at pH <
pH,,c = 9.9, and its surface charge becomes positive under this pH.
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The effect of the initial pH of the SDS solution on adsorption is shown in Fig. 4.17. The
percentage of SDS removal from water is significantly reduced if the pH is greater than
9, atrend observed consistently with two different SDS concentrations. At pH 2, a similar
decrease in removal efficiency is noted. This is due to the high concentration of hydrogen
ions (H") at low pH, leading to partial protonation of the sulfate groups of SDS, which
reduces its negative charge and affinity for adsorption onto the CuS surface [38].
Additionally, the CuS surface becomes positively charged due to the adsorption of H*
ions, repelling the protonated SDS molecules and further decreasing adsorption capacity.
These findings confirm the impact of surface protonation of CuS nanostructures on SDS

adsorption.

B 0.03 mM SDS
BN 0.30 mM SDS

Adsorptive removal of SDS (%)
-s3¥zsrozes

) 4 6 8 10
Initial pH of the solution

Fig.4.17. Percentage of removal of SDS from water with pH of the solution.
(Co=0.07 mM, Dosage = 0.6 g/L, T= 303 K).

4.3.6. Adsorption kinetics

Modelling the adsorption rate and understanding the system's dynamic
behaviour is vital for practical applications such as process design and control. The rate
of adsorption is determined by fitting the adsorption kinetic data to the Pseudo-first-order
(PFO), Pseudo-second-order (PSO), and Intra-particle diffusion (IPD) models [39]. The
adsorption kinetic models and their significance are thoroughly explained in Section
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2.2.4 of Chapter 2. The non-linear fit of PFO and PSO is shown in Fig.4.18, and the fitted
parameters are shown in the Table. 4.4. the correlation coefficients of pseudo-first order
is observed to be higher than those of pseudo-second order for all CuS nanostructures.
Furthermore, the equilibrium adsorption capacity g, values computed by the PFO are
comparable to the g, values gathered by experiment. Thus, the kinetic adsorption of SDS

onto CusS is in excellent agreement with PFO.

0.05 3 3 3
004§_§-§§-'§ -"--'--'-§ ---------
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%0 0.03 '3‘
=0 4 ’ .......................................... - -:t" .............
E 002 gi‘,}’,__..-. ..... 5=
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= 00109'0 ----- CuSd -t
= e
0.00d & . ----Nonlincar fit of PFO.
5 o emaan Non lmear fit of PSO

0 25 50 75 100 125 150
t (min.)

Fig.4.18. Nonlinear fit of Pseudo First Order (PFO) and Pseudo Second
Order (PSO) kinetics. Our results reveal that the kinetic adsorption of SDS
onto CuS was in good agreement with Pseudo First Order kinetics. (Cp=
0.07 mM, Dosage = 0.6 g/L, T= 303 K, pH ~ 7).

The sorption kinetics may alternatively be described from a mechanistic point of view.
The adsorption process on sorbents can be divided into four phases, each of which can
affect the rate and quantity of adsorption on the solid surface. The steps involved are bulk
diffusion, film diffusion, intraparticle diffusion, and solute adsorption on the surface [40].
The enhanced adsorption capacity for all the adsorbents in the initial stage indicated the
diffusion-based interaction between the adsorbate and adsorbent during adsorption. To
see whether the intraparticle diffusion phenomena play a role in the adsorption process,
we consider the Weber-Morris equation for the intra-particle diffusion model as

q(t) = kidx/f +C.... (47)
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where k;; (mmole g~ min'/?) is the intra-particle diffusion rate constant, and C is

related to the boundary layer thickness [41].

Table.4.4. The fitted parameters of kinetic models.

Kinetic Parameters Cus-1 CusS-2 CusS-3
Model obtained by
fitting
P -Fir rder e
seudo-First Orde (mmol/g) | 0.019 +0.001 | 0.027 + 0.001 | 0.039 + 0.001
Kinetics ky

_ (min."1) 0.039 £ 0.003 | 0.049 + 0.002 | 0.047 + 0.001
q() = q.(1 — e71f)

R? 0.9861 0.9956 0.9980
Pseudo-Second e
(mmol/g) 0.024 +0.001 | 0.033 +0.001 | 0.047 £+ 0.001
Order Kinetics 3
2

k,q2t (g/min.mmol) | 1.49 £ 0.30 1.62 £0.21 1.00 £ 0.06
e

£ =—27_

R? 0.9758 0.9861 0.9974

Fig.4.19. displays the regression of q(t) versus t'/2 for all the adsorbents. In Fig.4.19,
the data points are related by two straight lines for CuS-1 and CuS-2, while CuS-3 shows
three distinct linear portions. The multilinearity (like in the present case) in curves drawn
between q(t) and t'/2 has often been attributed to the involvement of two or more steps
in adsorption kinetics. The adsorption process consists of two stages for CuS-1 and CuS-
2. First, the SDS molecules are transported from the bulk solution to the external surface
of the adsorbent by boundary layer diffusion: this is represented by the first sharper
portion. The second linear portion (plateau) is the gradual adsorption stage, representing
equilibrium [42]. As shown in Fig.4.19., CuS-3 produced a three-stage plot of g(t) and
t1/2 with three distinct sections: the initial plot or steep-sloped portion represents bulk
diffusion or a very high exterior adsorption rate, the subsequent linear portion represents
intraparticle diffusion, and the plateau portion represents equilibrium [43]. It is to be
noted that the intraparticle diffusion process is distinctly seen in CuS-3. The list of fitted

parameters in the intraparticle diffusion model is shown in Table 4.5.
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Fig.4.19. The Weber-Morris plot. Kinetics of SDS adsorption onto CuS
according to the intraparticle diffusion model. The adsorption of CuS-1
and CuS-2 consists of two steps: boundary layer diffusion and gradual
equilibrium stage. However, CuS-3 shows three distinct sections: bulk
diffusion, intraparticle diffusion, and equilibrium stage. (Co = 0.07 mM,
Dosage = 0.6 g/L, T=303 K, pH ~ 7).

Table 4.5. List of fitted parameters in Intraparticle Diffusion Model.

Adsorbent Stages kiq C

(x 1073) (mmol g™1)
(mmol g~ min'/?)
Stage-I 4.21+0.01 0
Cus-1

Stage-II 2.34 4+ 0.02 0.017 £ 0.003

Stage-1 4.17 £0.02 0
Cus-2 Stage-|I 2.14 + 0.02 0.017 + 0.002

Stage-I 7.35 £ 0.02 0
Cus-3 Stage-|I 2.44 + 0.02 0.016 + 0.002
Stage-IlI 0.15 + 0.01 0.038 £ 0.003
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4.3.7. Thermodynamics of adsorption

Adsorption thermodynamic studies have a significant role in forecasting reaction
feasibility. The adsorption studies were conducted at five different temperatures, and
Gibb's free energy change of the reaction (AG) was calculated using the Van't Hoff

equation for each temperature [44].
AG = —RT In(1000 X K) ... ... (4.8)

where K; is the solute distribution co-efficient between the solid and liquid

phases at different temperatures; K; = %. In this study, the AG for SDS adsorption on

CuS nanostructure was found to be in the range of —18 kJ/mol — 21 k] /mol at all
temperatures, indicating that the adsorption is physisorption [45]. Moreover, the
adsorption was thermodynamically feasible and spontaneous in the defined temperature

ranges.

Comparing the Van't Hoff equation with the equation for Gibbs free energy change as
AG = AH — TAS, we get

AH AS

In(1000 X Kg) = =2 — o 49

Thus, the thermodynamic parameters like enthalpy change and entropy change of

the adsorption reaction can be estimated from the slope and intercept of In(1000 X K;)
Versus %graph, and this is shown in the Fig.4.20. The estimated values of the

thermodynamic parameters of the adsorption processes are shown in Table 4.6. The
detailed description of the thermodynamics of adsorption is thoroughly explained in

Section 2.2.5 of Chapter 2.

It is found that all CuS nanostructures exhibit a negative enthalpy change during the
reaction, signifying an exothermic process. For this exothermic process, the energy
released in bond formation between adsorbate and adsorbent is greater than the energy
absorbed for desorbing previously adsorbed solvent (water) molecules [46]. The affinity
of CuS for the adsorbate species is indicated by a positive value for AS. It suggests
increased randomness at the solid/solution interface during the adsorption of SDS on the
CusS nanostructure [47,48]. Additionally, this adsorption process is enthalpy-driven from
a thermodynamic point of view. The Gibb’s free energy change of the reaction with

temperature is shown in Fig.4.21.
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Fig.4.20. Variation of In(1000Ky) versus 1/T. The linear fit of this graph
gives the values of AH and AS of the reaction. (Co= 0.07 mM, Dosage=0.6
g/L, pH~ 7).
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Fig.4.21. The variation of Gibb's free energy change of the reaction with
temperature. (Co= 0.07 mM, Dosage=0.6 g/L, pH ~ 7).
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Table 4.6. Summary of estimated thermodynamic parameters- standard enthalpy change
of the reaction for all CuS nanostructures is negative, indicating an exothermic process
and positive standard entropy changes indicate the spontaneous process.

Adsorbent Temperature AG AH AS

(K) (k] /mol) (kJ /mol) (J/mol)
303 —18.77 £ 0.05
313 —18.84 + 0.06

CuS-1 —16.55+0.56 | +7.33+0.44
323 —18.91 £ 0.06
333 —18.99 + 0.05
343 —19.02 £ 0.04
303 —18.87 £ 0.04
313 —19.05 £ 0.04

CuS-2 -13.15+0.44  +18.88+1.38
323 —19.24 + 0.05
333 —19.43 £+ 0.04
343 —19.62 + 0.03
303 —18.98 4+ 0.04
313 —19.30 + 0.03

CuS-3 -9.49+0.62 | +31.33+1.93
323 —19.61 + 0.04
333 —19.92 4+ 0.04

4.3.8. Adsorption mechanism

Based on the physicochemical and isotherm analyses of the adsorption process,
the adsorption of the SDS at the solid/liquid interface should involve two main stages
with radically different features. In the first step, surfactant molecules are adsorbed

through the interactions between the molecules and the solid surface; the second is
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through the hydrophobic interaction between the adsorbed surfactant molecules. For
adsorption to occur, the molecules of SDS and the solid surface must be attracted to one
another. Specifically, the Coulomb attraction between the anionic head group of SDS
molecules and the protonated CuS nanostructures in the SDS solution plays a role in this
process. Sip's isotherm model clearly shows the adsorbent's surface heterogeneity, which
allows us to predict the random adsorption of SDS on the CuS surface. When the number
of sulfonate ions, the head group of SDS molecules, is equal to the number of surface
sites, the contribution from electrostatic attraction diminishes. It results in the formation

of monolayer adsorption [49].

The second stage comes from the characteristics of the surfactant, which leads to
an interfacial phenomenon. Suppose the SDS molecules are adsorbed at the solid/liquid
interface. In that case, they should also exhibit the hydrophobic effect, forming
aggregates at the solid-liquid interface with other SDS molecules. Above a particular
concentration, the conspicuous increase in adsorption signifies the beginning of
interfacial surfactant association due to lateral interaction between hydrocarbon chains.
This phenomenon is classically referred to as 'hemi-micellization' [32]. The surface
aggregates are referred to as hemi-micelles in this context. Each molecule adsorbed in
the first step provides a potential active centre for hemi-micellization, leading to a
dramatic increase in adsorption. The remaining adsorption is attributable only to the
interaction between the hydrocarbon chains, reaching its maximum as the concentration
of SDS increases. As a result, the slope of the adsorption isotherm falls, and the isotherm
curve flattens. The graphical representation of the adsorption mechanism is demonstrated
in Fig.4.22.
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@ Protonium ion QAnsa SDS Molecule

Fig.4.22. The mechanism of SDS adsorption on the CuS nanostructures. a)
the enlarged position of CuS nanostructures; b) protonated CusS surface;
c) the interaction of the SDS head group with the protonated CusS surface;
d) Monolayer adsorption of CuS nanostructure; e) hemi-micellization
takes place due to the tail-tail interaction of the SDS molecules.

4.3.9. Relevance of CuS adsorbent

Table.4.7. summarises the reported SDS adsorption capacities of various
adsorbents. The most often employed adsorbents in these processes are activated carbon,
mineral adsorbents, and biomass. The Table shows that the synthesized CuS
nanostructure has a higher adsorption capacity for SDS than other published natural and
synthetic adsorbents, and it considerably outperforms reported metal oxides and their
composites. As an outcome, the CuS nanostructure can be considered a promising
candidate for wastewater management, paving the way for metal chalcogenides to be

exploited as an adsorbent and a catalyst in environmental remediation research.
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Table 4.7. Summary of different adsorbents used for the removal of SDS from wastewater.
Note that the adsorbents in the given list, except CuS (present study), are incapable of
degrading SDS molecules post-adsorption.

Name of the adsorbent | Adsorption capacity Reference
Gmax (Mmmol/g)
Alumina 0.006 Koopal et al. [49]
Dolochar 0.02 Pham et al. [50]
y — Al, 04 0.08 Nguyen et al. [51]
Waste Activated Carbon 0.21 Shami et al. [52]
Magnetic MWCNT 0.21 Gupta et al. [53]
Chitosan beads 0.26 Rahmani et al. [54]
Fe,04 0.22 Pal et al. [55]
Pine cone mass 0.36 Gao et al. [56]
Activated coconut shell 0.38 Sen et al. [57]
CusS nanoflower 0.56 Present study
Standard Activated Carbon 0.61 Bhandari et al. [58]

4.3.10. Catalytic decomposition of SDS

During the adsorption process, the contaminant SDS is successfully removed
from the water; nevertheless, the procedure does not destroy the contaminants. The
catalytic activity of CusS in the presence of H20: is utilized for the complete degradation
of SDS molecules present in the water and adsorbed on the CuS nanostructures. The time-
dependent degradation of SDS on the catalytic activity of CuS and H20: is depicted in
Fig.4.23. Catalytic reactions were carried out after achieving the adsorption-desorption
equilibrium of SDS and CuS. The introduction of H202 markedly initiated the catalytic

dissociation of SDS molecules adsorbed on the CuS surface. Furthermore, there was no
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notable change in the degradation rate of the reaction under visible light irradiation. This
indicates that the adsorbent does not undergo photocatalytic decomposition of SDS. The

catalytic decomposition of SDS was performed in the dark.

thes!
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Fig.4.23. Catalytic degradation of SDS- The SDS molecules were
degraded entirely in the catalytic reaction of CuS-3 and H.O, The
experiment involved a 100 mL, 0.14 mM SDS solution with a catalyst
dosage of 0.6 g/L. After 60 minutes of stirring in the dark to achieve
adsorption-desorption equilibrium, the catalytic reaction was initiated by
adding H20- to the solution.

To quantify the rate of the decomposition reaction, the experimental data can be fitted to
the pseudo-first-order kinetic equation as C,/C, = e~** where k is the rate constant of

the pseudo-first-order kinetic reaction [56]. The rate constant of the reaction is estimated

by using the linear fit of the In (%) versus time graph. The slope of the graph gives the
t

rate constant of the reaction. The details of this kinetic model and its significance are

thoroughly explained in Section 2.6 of Chapter 2. Fig. 4.24 shows the aforementioned

linear fit, and Table 4.8 presents the reaction rates for SDS and various Cus structures.
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Fig.4.24. The linear fit of Pseudo First Order kinetic model for catalytic
decomposition of SDS. (Co= 0.14 mM, Dosage=0.6 g/L, T=303 K, pH ~ 7).

Table 4.8. The list of the catalytic decomposition's rate constant and mineralization
efficiency.

Catalyst Rate constant of the Mineralization efficiency
reaction (min.”1) %
CuS-1 0.50 £ 0.01 64.3
CuS-2 0.61 +0.01 78.5
CuS-3 0.78 £ 0.02 90.8

The mineralization efficiency of CuS in catalytically decomposing SDS was assessed
through total organic carbon analysis. CuS-3 exhibited a notably higher mineralization
efficiency, reaching 90.8%. For CuS-1 and CuS-2, the estimated mineralization

efficiencies are 64.3% and 78.5%, respectively, within an 11-minute catalytic process.
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4.3.11. Effect of pH on catalysis

The catalytic decomposition of SDS in the presence of CuS and H202 was
conducted under both acidic and basic conditions of the solution. It was observed that the
catalytic decomposition of SDS occurred more rapidly at pH level 4 compared to neutral
pH, while it proceeded more slowly at pH = 12. The temporal progression of SDS
degradation is illustrated in Fig.4.25. The acidic environment provided by H* ions
facilitate the catalytic degradation initiation, aiding in the protonation of hydrogen
peroxide [60]. This protonation step enhances the reactivity of hydrogen peroxide,

rendering it more susceptible to subsequent reactions [61].

Fig.4.25. The temporal variation of catalytic decomposition of SDS under
various pH of the solution. (Co= 0.14 mM, Dosage=0.6 g/L, T = 303 K).

4.3.12. Mechanism of catalytic decomposition of SDS

The SDS degradation mechanism can be ascribed to the formation of hydroxide
radicals in the presence of CuS and H202. The rate of degradation of SDS was negligible
in the presence of H202 without the assistance of the catalyst. Thus, H202 cannot produce

sufficient hydroxyl radicals without the CuS catalyst. This is shown in Fig.4.26
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Fig.4.26. Catalytic decomposition of SDS in the presence of H,O- alone
and H.O,+CusS. It is evident that the catalytic decomposition is drastically
enhanced in the presence of CusS. (Co= 0.14 mM, Dosage=0.6 g/L, T=303
K, pH ~ 7).

A brief description of the formation of hydroxyl radicals in the presence of CusS is given
as follows [62].

Cu?* + H202 — H* + CUOOH* ... ... (5a)

CuOOH*—HOO" + Cu*.... (5b)
Cu™ + H202 - Cu®* + HO +OH ".... ... (5¢)

These HO' radicals can attack the SDS molecules present in the solution. It is reported

that hydroxyl radicals can attack methyl groups at the ends of the hydrocarbon chain as
well as CH, — groups in the middle position of such long-chain hydrocarbons. It can
generate alkyl radicals by the abstraction reaction (or dehydrogenation) [63], represented

as:
RH+HO — R +H20 ...... (6)

Further, these alkyl radicals can react with other hydroxy! radicals and dissolved oxygen

in the water to alcohol and peroxy radicals [60].

R+HO —R-OH ... ... (7a)
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R+0; > R-0-0 .... ... (7b)

Then these organic radicals undergo oxidative chain reactions, leading to the formation
of aldehydes and carboxylic acids. This aldehyde and carboxylic acid can be further
reduced to form C0O,and H,0 [64].

4.3.13. Effect of dosage of the catalyst

In the experiment, the relationship between the amount of catalyst used and its
effectiveness in decomposing SDS was investigated. The results indicated that changing
the dosage of the catalyst did not significantly affect the efficiency of SDS degradation.
This finding is visually represented in Fig.4.27.

0.25
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Fig.4.27. The effect of dosage of the catalyst on the decomposition of SDS.
(Co=0.14 mM, T =303 K, pH ~ 7).

4.3.14. Reusability of the catalyst

The reusability test of the catalyst was conducted as follows: 30 mg of the catalyst
was introduced into 50 mL of SDS solution with an initial concentration of 0.14 mM and
stirred for 60 minutes to establish adsorption-desorption equilibrium. Subsequently, 0.5
mL of H.0: was added to the solution to initiate the catalytic reaction, which was allowed
to proceed for 15 minutes. The SDS concentrations in the initial and final solutions were

determined using the Methylene Blue Active Substances (MBAS) method.
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At the end of each cycle, the residual solution was drained, and the catalyst was
retained in the reaction medium. The catalyst was washed twice with distilled water to
remove any residual reaction by-products. Fresh SDS solution (50 mL, 0.14 mM) was
then added to the reaction medium, and the experiment was repeated under identical
conditions. This process was carried out for five consecutive cycles. In each cycle, the
initial and final SDS concentrations were measured using the MBAS method to evaluate

the catalytic efficiency and stability.

The percentage of degradation was calculated using the equation.

Co — C;
0

% of degradadtion = x 100

where Co and Crare the initial and final concentration of SDS solution.
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Fig.4.28. The effect of reusability of the catalyst. (Co= 0.14 mM, Dosage
=0.6 g/L, T=303 K, pH ~ 7).

This study examined the reusability of the catalyst, determining how many times it could
be effectively used before its performance started to decline. It was found that the catalyst
maintained its efficiency for up to four cycles of use, with only a slight reduction in its
ability to decompose SDS after each cycle. This gradual decrease in efficiency is depicted
in Fig.4.28., showing that while the catalyst remains functional over multiple uses, there

is a minor loss in effectiveness with each reuse.
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The primary goals of this research were to improve the adsorption of SDS from

water and to develop an effective method for degrading SDS in water. Degradation of

SDS molecules in wastewater can be accomplished via various physiochemical

techniques. The removal efficiencies of various degradation processes for SDS molecules

in water are tabulated in Table 4.9. The catalytic degradation of SDS in the presence of

CuS and H202 is an excellent strategy for effectively removing SDS from wastewater.

Table 4.9. Summary of different AOP methods for decomposing SDS- It is evident that
the catalytic degradation of SDS in the presence of CuS and H20: is an efficient method
for completely removing SDS in the wastewater.

Name of the method Degradation Time Reference

efficiency required for

the
degradation

Photo-Fenton oxidation 80% 30 min. Kiran, et al.[65]
Photo-oxidative degradation 80% 6 hrs. Panich et al. [66]
Photocatalytic degradation using 90% 50 min. Aoudjit et al. [67]
TiO2/layered double hydroxide
materials
Biodegradation using Staphylococus 36% 88 hrs. Yeldho et al. [68]
aureusWAWI (bacteria)
Photo-electrochemical oxidation 90% 60 min. Nguyen et al. [69]
Electrochemical dark oxidation 90% 60 min. Nguyen et al. [69]
Sonochemical oxidative reaction 83% 120 min. Dehghani et al. [70]
Fenton like oxidation using 100% 11 min. Present study
CuS/H20
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4.4, CONCLUSION

The work demonstrated the fast-catalytic decomposition of a significant pollutant
surfactant, sodium dodecyl sulphate. The catalytic environmental remediation activity is
achieved via (i) interface hemi-micelle driven enhanced adsorption and (ii) synergetic
action of the (a). characteristics of CusS, (b). nanoflower morphology, and (c) the presence
of H20:.

The CuS nanoflower is synthesized using a facile single solid-state synthesis route.
The XRD and Raman results confirmed the formation of a pure hexagonal covellite phase
of CuS. FE-SEM images suggest tunable morphologies for CuS nanostructures. The CuS
nanoflower shows a high maximum adsorption capacity of 0.56 + 0.02 mmol/g. All
isotherms display type V sigmoidal structures. The two-step adsorption model for
surfactants can reasonably represent the adsorption isotherms of SDS onto CuS
nanostructures. The kinetics of SDS adsorption followed pseudo-first-order kinetics and
intraparticle diffusion mechanisms. The thermodynamic studies suggested that the
adsorption reaction is an endothermic and enthalpy-driven process. The kinetic and
thermodynamic studies confirmed that the adsorption of SDS molecules on CuS
nanostructures is based on physisorption. A fundamental understanding of the enhanced

adsorption of SDS on Cus is developed based on hemi-micellization.

Here, the CuS is demonstrated as an adsorbent that is on par even with activated
carbon (AC), as compared in Table.4.7 - but the AC cannot decompose SDS. The CuS
in the presence of H202 shows fast-catalytic activity to decompose the SDS molecules
into carbon dioxide and water. The catalyst is stable under various pH conditions of the
solution and can be recycled for up to 3 usage cycles. Almost 90% of SDS mineralisation
occurs within 11 minutes of the catalytic process. The outcome of the work promises a
reliable and industrially scalable chalcogenide for the environmental remediation of

typical surfactants in effluents from chemical industries.
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Phosphate Removal and
Degradation of Congo Red using
MnsS.
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e  MnS adsorbent: demonstrated as a replacement for La-based phosphate removal.
o Studying the effect of polymorphism on adsorption properties and efficiency.

o y-MnS showed superior phosphate removal, with a capacity of 160.73 mg P/g.

e Piolet report on efficient sonocatalytic degradation of Congo red dye.

o MnS nanomaterials synthesized for dual functionality: adsorption and

sonocatalysis.
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ABSTRACT

Naturally abundant, environmentally friendly alternatives for replacing the expensive
lanthanum-based phosphate removal technique are sought after. Solocatalysis is an
emerging area for water remediation. This study introduces a dual-functional MnS
nanomaterial for removing phosphate ions and Congo Red textile dye. MnS
nanomaterials were synthesized via a hydrothermal route. Batch adsorption experiments
revealed a phosphate adsorption capacity of 160.73 mg P/g, commendable for adsorbent
in its bare form. Thermodynamic parameters of the process indicated a spontaneous,
exothermic process, confirming favourable adsorption. FTIR analysis confirmed the
adsorption mechanism, which includes electrostatic attraction, surface complexation,
and ion exchange. MnS maintained its adsorption capacity despite competing ions,
demonstrating a selective affinity for phosphate ions. MnS showed high sonocatalytic
efficiency, degrading Congo Red dye within 10 minutes of ultrasonic irradiation. The
degradation mechanism of Congo Red dye in the sonocatalytic process is proposed. This
novel metal chalcogenide material exhibits exceptional affinity for phosphate ions and
Congo Red dye molecules, surpassing La-based adsorbents in efficacy. The results
suggest that MnS nanomaterials are promising for practical applications in phosphate

removal and textile dye degradation from wastewater.

Keywords: phosphate removal; congo red; sonocatalysis; polymorphic adsorbents;

chalcogenide.

154



Chapter 5

5.1. INTRODUCTION

Rapid industrialization and population growth have caused severe water
pollution, particularly from the food, textile, cosmetics, rubber, drug, and pharmaceutical
industries, with inorganic phosphate ions and textile dyes being especially concerning
due to their high concentrations and significant environmental impact [1,2,3].
Technologies like reverse osmosis, chemical precipitation, ion exchange,
electrocoagulation, and membrane filtration effectively remove phosphorus and dyes but
are costly, chemical-intensive, inefficient, and complex [4]. In contrast, adsorption and
catalysis based on advanced oxidation processes (AOP) offer low operational costs,
minimal energy consumption, high efficiency, and easy regeneration in water remedial
applications [5]. Modified adsorption carriers with lanthanides are frequently used for
phosphate removal due to the strong affinity between lanthanum and phosphorus [6].
Despite their effectiveness, La-based adsorbents are costly and scarce and pose
environmental and health risks due to potential ion leaching, making large-scale

applications challenging [7].

Common wastewater treatment materials and methods usually target single
contaminants due to their specific chemical affinities [8]. A comprehensive approach for
simultaneous multi-pollutant removal would enhance treatment systems. Developing
materials with a broad affinity for pollutants, especially phosphate ions and dyes
simultaneously, can significantly improve efficiency, streamline processes, and

potentially revolutionize wastewater remediation.

Metal chalcogenides, known for their high adsorption capacity and catalytic
efficiency, are ideal for environmental remediation. Manganese sulfide (MnS), with
natural abundance, light-absorbing capabilities, excellent charge separation properties
and eco-friendly synthesis, is a promising alternative to La-based adsorbents [9,10].
MnS's catalytic properties can degrade textile dyes in wastewater [11]. However, its
adsorptive properties and sonocatalytic performance have been underexplored. Mn?* ions
can act as active species in advanced oxidation processes, making MnS a promising

material for catalytic and adsorptive systems [12,13].

MnS exists in three crystal phases: a-MnS, B-MnS, and y-MnS. Crystal phases
probably influence the morphology, active sites, and charge separation in advanced
oxidation processes (AOPs), affecting catalytic and adsorptive performance [14,15].

Understanding the relationship between crystalline phase changes and adsorptive activity
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is crucial for improving water remediation [16]. In this study, we demonstrate how the

crystalline phase of MnS affects adsorption and catalytic degradation activity.

In this study, we report our investigations on two crystalline phases of MnS: cubic
a-MnS and hexagonal y-MnS. The objective is to assess the utility of MnS for removing
phosphate ions and the textile dye Congo red from an aqueous medium. Selective
adsorption of MnS towards phosphate ions is explored. We examined the catalytic
activity of polymorphic forms of MnS in degrading Congo red under ultrasound
irradiation. Experimental evidence and insights into the significance of crystal phases
and the effect of ultrasound-induced electron-hole pairs and active radicals in catalysis
are provided. Our study elucidates the mechanism by which MnS effectively removes
phosphate from aqueous solutions, offering theoretical and practical support for future

research on transition metal chalcogenides.

5.2. EXPERIMENTAL
5.2.1. Reagents and chemicals

Manganese chloride (MnCl2> 97%, Alfa Aesar), Sodium sulphide (NazS > 97%,
Fisher Scientific), Potassium phosphate dibasic anhydrite (K2HPO4 > 99%, SRL), Congo
Red (C32H22N6Na206S2, > 99%, Spectrochem). All chemicals used were of analytical

grade. Deionized water was used as a solvent in all synthesis and other experiments.

5.2.2. Synthesis of MnS nanomaterials

The MnS nanostructures were synthesized using the facile hydrothermal method
by varying the reaction temperature and time. Typically, MnCl, and NaxS were dissolved
in 30 mL of deionized water in the same molar ratio. The NazS aqueous solution was then
added dropwise into the MnClz solution. The solution was vigorously stirred for 2 hours.
Next, the mixture was hydrothermally treated in an autoclave at 180°C for 8 hours and
then allowed to cool naturally into room temperature. The precipitate was collected by
centrifugation, then washed, and dried at 50°C for 12 hours to obtain a-MnS. For the
synthesis of y-MnS, the experiment was repeated at 180°C for 16 hours. The schematic

representation of synthesis of MnS nanostructures are shown in Fig.5.1.
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Fig.5.1. The schematic representation of synthesis of MnS nanostrutcures.

5.2.3. Batch adsorption study

The adsorption of phosphate onto MnS nanostructures was evaluated through a
series of batch experiments. In each experiment, 15 mg of MnS nanomaterials were
added to 30 mL of phosphate solution in a 100 mL conical flask. This flask was then
placed on a mechanical shaker at 150 rpm for a predetermined time at a specified
temperature. To control the competitive anionic strength, a specific amount of four
common anions (CI;, NOs™, SO4*, and HCO3") was added as needed. Once adsorption
reached equilibrium, the suspensions were separated, and the phosphate concentration in
the residues was measured using the ammonium vanadomolybdophosphate color

development method.

5.2.4. Sonocatalytic activity of MnS

The sonocatalytic activity of the synthesized MnS was studied through the
degradation of Congo Red (CR). For each experiment, 25 mg of catalyst was added to a
50 mL CR solution (80 ppm). Before irradiation, the suspension was stirred in the dark
for 10 minutes to achieve adsorption—desorption equilibrium. The suspension was then
irradiated with ultrasonic waves. Approximately 3 mL of the solution was removed from
the reaction medium at successive intervals and centrifuged to remove the catalyst. The
supernatant solution was examined using UV-visible spectroscopy to estimate the

concentration of Congo Red, utilizing a JASCO V-750 spectrophotometer.

5.3. RESULTS AND DISCUSSION
5.3.1. Structural characterization

The X-ray diffraction pattern in Fig.5.2. shows the synthesized MnS
nanostructures. The XRD peaks of a-MnS predict a cubic structure (space group: Fm-

3m), and y-MnS show a hexagonal phase (space group: P63mc) [17, 18, 19]. The
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crystallite size of the samples was calculated using Scherer's equation D = 0.9A/(3 cos6 )
where A is the X-ray wavelength (A = 1.5418 A for Cu-Ka radiation), B is the full width
at half maximum (FWHM) and 0 the Bragg's angle. The average crystallite size of the
samples was estimated as 40.2 £ 2.8 nm and 38.6 £ 5.6 nm respectively, for a-MnS and

y-MnS.

Normalized intensity

20 (degree)

Fig.5.2. XRD pattern of synthesized samples. a-MnS exhibits a cubic
crystal system (space group: Fm-3m-JCPDS No.06-0518), y-MnS exhibits
a hexagonal phase (space group: P63mc- (JCPDS No. 40-1289).

5.3.2. Morphological analysis

The morphology of the synthesized samples was characterized using FE-SEM.
Fig.5.3 show the FE-SEM images of a-MnS, revealing a nano-almond-like morphology
with a uniform size of about 50 nm. Fig.5.4. display the FE-SEM images of y-MnS, which
exhibit a hexagonal nano-tile-like morphology with a width of approximately 3 pm and

a thickness in the nanometer range.
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Fig.5.3. The FESEM images of a-MnS reveal a nanostructure structure
resembling nano almond, showcasing their unique morphology.

L oW
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H WD= 5.0 mm Mag= 50.00 K X

Fig.5.4. The FESEM image of y-MnS unveils an array of hexagonal nano-
tiles, creating a mosaic-like morphology.

5.3.3. Surface area and porosity analysis.

Nitrogen adsorption—desorption measurements were carried out to determine
specific surface area, pore volume and pore diameter, and the results are illustrated in
Fig.5.5. The isotherms for the samples exhibit a classical type II pattern with a hysteresis

loop observed in the relative pressure (P/Po) range of 0.8-1.0, indicating the presence of
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surface mesopores and interparticle pores of significant size due to the composite nature
of the material [20]. The linear fit of P/Va(Po-P) versus P/Po data points for the estimation
of BET surface area is shown in Fig.5.6. The surface area of the sample is estimated as
1.61+0.11 m?*/g and 10.71 £ 0.12 m?*/g for a-MnS and y-MnS respectively. The pore size
distribution is examined using a BJH analysis. The mesoporous pore distribution is

observed in both samples. This is shown in Fig.5.6.

A\ (cm3/g at STP)

Fig.5.5. N: adsorption-desorption isotherms display a type Il pattern with
a hysteresis loop at P/Po = 0.8-1.0, signifying surface mesopores and
substantial interparticle pores from the composite material.
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Fig.5.6. The BJH pore distribution curve, indicating mesoporous pore

distribution.
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Fig.5.7. The linear fit of P/Va(Po-P) versus P/P, data points for the
estimation of BET surface area.
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The surface acidity of the catalysts was studied using temperature-programmed
desorption of NHs (NHs-TPD), and the results are shown in Fig.5.8. The a-MnS
desorption profile exhibits a weak peak around 525 K, a broad high-temperature shoulder
up to 660 K, and an intense peak near 811 K. The peaks near 525 K and 660 K indicate
weaker acid sites. In comparison, the high-temperature shoulder up to 811 K suggests a
range of stronger acid sites, reflecting the heterogeneous nature of the catalyst surface

with varying acid site strengths.

In contrast, the y-MnS TPD profile reveals distinct peaks at approximately 514
K, 562 K, and 704 K, along with intense high-temperature peaks around 809 K and
shoulder peaks near 783 K and 860 K. This indicates a complex distribution of both weak
and strong acid sites, attributed to the heterogeneous surface, varied surface species, and
specific preparation and treatment conditions. Consequently, y-MnS has a higher number

of active acid sites than a-MnS, with estimated values presented in Table.5.1.

Intensity (A.U)

400 500 600 700 800
T (K)

Fig.5.8. NHs-temperature-programmed desorption (TPD) profiles were
obtained for the samples.
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Table.5.1. The table shows the estimated values of acid sites on MnS

nanostructures.

Sample Peak position Active sites

(K) (mmol/g)
Y — MnS 514 141+ 0.11
562 1.19 +£ 0.08
704 0.58 £ 0.03
783 2.30+0.12
809 3.31+£0.13
860 1.27 £ 0.10
a— MnS 525 1.71 £ 0.09
660 0.89 £ 0.05
811 2.03+0.13

5.3.4. Adsorption studies

The batch adsorption experiments were carried out to study the affinity of
phosphate on MnS and to estimate its maximum adsorption capacity. The phosphate
adsorption capacities of as-synthesized MnS nanostructures were investigated by varying
the initial phosphate ion concentration. The adsorption capacities of both adsorbents
showed a rapid increase with initial phosphate concentrations from 10 mg P/L to 100 mg
P/L, followed by a plateau. The maximum adsorption densities were estimated as 160.73
+ 8.37 mg P/g for y-MnS and 128.31 £+ 6.12 mg P/g for a-MnS. Compared to the
adsorption densities of various adsorbents used for phosphate ion removal (Table.5.2),
the values obtained for MnS are relatively high, making it highly suitable for water

remediation applications.

Langmuir, Freundlich, and Temkin models were employed to describe the
isotherm data, aiming to further understand the adsorption behaviour and mechanism of

phosphate adsorption onto MnS nanostructures. Their non-linear fitting curves and
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parameters are summarised in Fig.5.9. & Fig.5.10. and Table.5.2, respectively. The
Langmuir model indicated homogeneous monolayer chemisorption without lateral or
vertical competing forces among adsorbed molecules, while the Freundlich model
suggested multilayer physisorption on a heterogeneous surface [21]. The high non-linear
correlation coefficients (R? > 0.947) for Langmuir and Freundlich models demonstrated
that phosphate adsorption involved multiple mechanisms. The Temkin model, which
assumes uniformly distributed binding energy and decreasing adsorption energy with
increased surface coverage, also fits the data well, indicating the involvement of chemical
forces in the adsorption process [22]. The positive Temkin constant Ar for both isotherms

suggests that the adsorption process is exothermic [23].

TableS5.2. The estimated parameters of the various isotherm models using the non-linear

curve fitting.
Isotherm model Fitted parameters a— MnS Y — MnS
Langmuir model Gm (mgg™1) 134.72 + 1.38 201.78 £ 4.91
qe. = % K, (x1072Lmg™1) 299 +0.17 15.24 £ 0.93
R? 0.9958 0.9914
Freundlich model Kr(Lmg™1) 49.78 + 591 18.25 + 3.26
q. = KFcé n 499 + 0.68 2.19+0.21
R? 0.9437 0.8836
Temkin model by 121.05 £+ 8.89 59.58 + 2.32
de = (’;_:) In(4,C,) Ar 4334170 0.33 4 0.02
R? 0.9859 0.9479
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Fig.5.9. The non-linear fit of Langmuir, Freundlich and Temkin isotherm
model on the sample a-MnS.
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Fig.5.10. The non-linear fit of Langmuir, Freundlich and Temkin isotherm
model on the sample y-MnS.
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5.3.5. Adsorption Kinetics

Fig. 5.11. illustrates the amount of phosphate adsorbed on MnS nanostructures
over time, showing that y-MnS had a significantly higher adsorption capacity than o-
MnS regardless of contact time. The adsorption kinetics were analysed using pseudo-
first-order and pseudo-second-order models. The fitting curves Fig.5.11. indicated that
the pseudo-first-order model better matched the experimental data with higher
correlation coefficients (R* = 0.98 and 0.96). This result suggests that chemisorption,
involving electron exchange or sharing to form covalent bonds or new complexes
between MnS and phosphate, governed the adsorption process [24]. The estimated

parameters of the various kinetic models are shown in Table.5.3.

S0 ! 5 ! ‘ ! 1
ey s} %"?‘%"'é
40' """"""" é%t" """"""""" ;'"”__”_;'_”;”.”-”—”-” """""
5 | Qéf‘ﬁé@.i-é—-?' 44
A 304 w9 & . ... . .
%ﬂ L@é’} @ y-MnS
>~ | A @ o-MnS
= W1 4. @ PFOfit
gé: ----- PS({ﬁt
10-?5 -------------------------------------------------------------------- e
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t (min.)

Fig.5.11. Non-linear fit of PFO and PSO kinetic models. (Cy = 20 ppm,
dosage = 0.5¢/L, pH=~7, T = 303 K).

The intraparticle and film diffusion models were also applied to fit the kinetics data of
phosphate adsorption by MnS nanostructure [25]. Fig.5.12. shows the linear fit of the
intraparticle diffusion model for phosphate adsorption onto MnS nanostructures, divided
into two stages: (1) liquid diffusion, where phosphate ions transfer from the solution to
the outer surfaces of MnS, and (ii) adsorption equilibrium, where phosphate ions bind to

the active sites of MnS.
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Fig.5.12. The linear fit of intra-particle diffusion model. (Co = 20 ppm,
dosage = 0.5g/L, pH=~7, T = 303 K).
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Fig.5.13. The linear fit of film diffusion model. (Cy = 20 ppm, dosage =
0.5g/L, pH=~7, T =303 K).

167



Chapter 5

The kinetic data were also examined using the liquid film model, with the linear fit shown

in Fig.5.13. This model suggests that the rate-determining step is the diffusion of

adsorbate molecules through the liquid film surrounding the adsorbent particles [27]. The

rate constants obtained from the linear fit are 0.013 £ 0.001 min™' and 0.016 = 0.001 min-

!, with corresponding reduced square values of 0.9754 and 0.9654, indicating a strong

fit. Compared to the intraparticle diffusion model, this superior fit underscore the

significance of the liquid film boundary layer in controlling the adsorption rate under the

given experimental conditions.

Table.5.3. The estimated parameters of the various adsorption kinetic models

using the linear curve fitting.

Kinetic model Fitted parameters a — MnS Y — MnS
Pseudo-first-order Kinetics qge (mgg™1) 37.26 £ 0.51 43.48 £ 0.61
q: = q.(1-e*1) I
1 1.38 £ 0.05 1.86 + 0.01
(x 107%2min.”1)
R? 0.9858 0.9756
Pseudo-second-order qg.(mgg™") 4343+ 1.41 49.02 + 1.08
kinetics
koqit k,
Q9 =1 -+
1+ kpq.t (x 107%g 3.78 £ 0.52 513+ 0.55
/min. mg)
R? 0.9576 0.9649
Liquid Film Diffusion ksq
model 0.013 + 0.001 0.016 + 0.001
(min.”1)
ln(l - F) = _kfdt!
R? 0.9724 0.9654
q:
F=—
qe
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5.3.6. Thermodynamics of adsorption
The effect of temperature on the adsorption behaviour of phosphate onto MnS

was studied by varying the temperature from 303 K to 353 K. Thermodynamic

parameters were calculated using the Van't Hoff equation: In(1000 X K,;) = —2—1;+

%S determine the enthalpy change (AH) and entropy change (AS) [27]. The linear fit of

In(1000 X K;) vs. 1/T shown in Fig.5.14. allows for the estimation of the
thermodynamic parameters governing the adsorption process from the slope and
intercept of the graph. The negative AH value indicated an exothermic process, while the
negative AG values at different temperatures demonstrated the spontaneity of phosphate
adsorption onto MnS. Higher temperatures favoured phosphate adsorption (Fig.5.15.), as
the decreasing AG with increasing temperature suggested enhanced spontaneity [28]. The
positive AS value also indicated an increase in randomness at the solid-liquid interface.
Thus, phosphate adsorption onto MnS was a spontaneous, exothermic process with

increasing randomness.

11.0-

10.5-

In(1000K )
s

=
n
1

-
=
1

2.85x10°  3.00x10°  3.15x10°  3.30x10°
T'K™

Fig.5.14. The linear fit of In(1000 X K;) vs. I/T for estimating the
thermodynamic parameters (Cy = 20 ppm, dosage = 0.5g/L, pH= ~7).

169



Chapter 5

AG (kJ/mol)

K
(=
L

N
~1
1

300 310 320 330 340 350 360
T (K)

Fig.5.15. Temperature variation of Gibb's free energy change of the
adsorption.

5.3.7. Effect of pH on adsorption

pH significantly impacts adsorption outcomes by altering the surface charge of
MnS and the speciation of phosphate in the solution. As shown in Fig. 5.16, the
adsorption capacity was measured under various pH conditions, remaining high between
pH level 3 and 8 but decreasing beyond pH = 8. MnS demonstrated significantly higher
adsorption capacity in acidic and neutral environments than alkaline ones. This is likely
due to the main phosphorus species being H.PO4~ and HPO+*~ at pH values of 2.5-7.2
and 7.2-11.5, respectively, with H.PO4~ having lower adsorption energy than HPO4*,
making it more readily adsorbed by MnS [29].

At extreme pH levels (pH = 2 or 12), MnS adsorption capacity significantly
decreased. At pH 2, the high concentration of H* ions could disrupt MnS adsorption sites,
with most phosphate existing as Hs;POa, which is less readily adsorbed by MnS. At pH
12, the high OH™ concentration competes with phosphate for adsorption sites, and the
dominant species PO+*~ experiences electrostatic repulsion from the negatively charged

MnS surface, negatively affecting adsorption [30].
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Fig.5.16. The variation of the adsorption density with the initial pH of the
solution. (Cyp = 20 ppm, dosage = 0.5g/L, T = 303 K).

The pH-dependent adsorption can be explained by understanding the surface
characteristics of the adsorbent. The surface features of MnS are significantly influenced
by the pH of the solution, which alters the surface charge of the MnS nanostructures. The
point of zero charge (pHpz) or the neutral charge of the adsorbent can be estimated using
the drift method [31]. Fig.5.17. illustrates the variation in pH difference of the solution
with its initial pH, showing the pHpz value of the two adsorbents. The pHpzc value for
both adsorbents is nearly 8, indicating that below pH 8, the adsorbent surface is highly
protonated and positively charged, which is favourable for the adsorption of negatively
charged phosphate ions onto MnS nanostructures. Above pH 8, the adsorbent surface

becomes negatively charged, hindering phosphate adsorption.
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Initial pH

Fig.5.17. The graphical variation of the initial pH of the solution with
ApH- using the Drift method to find pH).. of the adsorbent.

5.3.8. Effect of co-existing ions and analysing selectivity.

Various anions are frequently found in aqueous environments and can affect the
efficiency of phosphorus removal by the adsorbent. The influence of five anions on the
phosphorus removal performance of MnS is shown in Fig.5.18. There is no considerable
decrease in the adsorption density of the MnS adsorbent in the presence of other
competing ions, demonstrating its ability to selectively adsorb phosphate ions from the
solution. Only a slight decrease in adsorption density is observed in the presence of other
co-existing ions, indicating the adsorbent's versatility and suitability for industrial

applications.
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Fig.5.18. The effect of co-existing ions on phosphate adsorption by MnS.
(Initial concentration of phosphate solution Cy = 20 ppm, concentration of
competing ions = 20 ppm, dosage = 0.5g/L, T = 303 K).

5.3.9. FTIR studies of the adsorbent

To elucidate the mechanism of phosphate adsorption by MnS, FTIR spectra of
two adsorbents, a-MnS and y-MnS, were recorded before and after adsorption in
phosphate solutions. Fig.5.19. shows peaks near 501 cm™ and 609 cm™, corresponding
to the stretching vibrations of the Mn-S bonds in y-MnS and a-MnS, respectively [32]. A
peak near 520-541 cm™ is attributed to the S-S bond vibration in MnS nanostructures.
After phosphate adsorption, these peaks weakened, indicating that MnS played a crucial
role in the phosphorus adsorption process. Notably, MnS exhibited a distinct and
fluctuating vibrational band within the range of 1119—1037 cm™, primarily due to the P—
O bond vibrations. Stronger peaks at 541, 612, and 1054 cm™! are associated with PO4*~
vibrations, while the peak around 3467 cm™ is ascribed to the —OH stretching vibrations
and H-O-H bending vibrations of H2PO4 [33]. These results confirm that the adsorbent
has successfully adsorbed phosphate, forming the absorbent-phosphate structure.
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Fig.5.19. FTIR spectra of the adsorbents before and after phosphate
adsorption. The figure shows significant changes in the spectrum after
adsorption, indicating the incorporation of phosphate ions into the MnS
nanostructures.

5.3.10. Mechanism of adsorption

The isotherm data for phosphate adsorption onto MnS fit well with both Langmuir
and Freundlich models, indicating that the process involves monolayer homogeneous
chemisorption and multilayer heterogeneous physisorption. The large surface area and
porosity of MnS create more accessible binding sites and pore channels for phosphate
adsorption and transport. Experiments on solution pH demonstrated that near-acidic and
neutral environments promote phosphate adsorption onto MnS nanostructures. The
detection of the zero-point charge revealed that the MnS surface is positively charged in
natural phosphate solutions, highlighting the significant role of electrostatic attraction in
phosphate ion adsorption. When the initial pH of the adsorption solution was between 2
and 8, the pH of the water sample at adsorption equilibrium significantly increased, likely
due to ligand exchange between hydroxyl and phosphate ions, releasing OH™ into the
water. This exchange occurs as Mn** is replaced by H.POs~ and HPO+* (depending on

the initial pH) on the adsorbent surface, forming inner-sphere surface complexes via
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Lewis's acid-base interactions [34]. When the initial pH was 8—11, the pH of the solution
only slightly decreased after phosphate adsorption, suggesting inhibition of ligand
exchange. However, MnS maintained adsorption capacity, indicating that complexation
is also essential for phosphate ion adsorption. The FTIR spectrum of the phosphate-
loaded adsorbent confirms these findings. Based on the experimental investigation, we
propose that phosphate adsorption on MnS occurs through three primary mechanisms:

electrostatic attraction, ion exchange, and surface complexation.

Electrostatic Attraction: Electrostatic forces play a significant role due to the ionic
nature of both phosphate and MnS surfaces. Phosphate ions (PO+*") are attracted to the

positively charged sites on the MnS surface (e.g., Mn?* ions.

Ion Exchange: Here, MnS can exchange its surface-bound ions with phosphate ions in
the solution. The Mn?*" ions on the MnS surface can be partially or fully replaced by

phosphate ions (PO4*") through reactions such as:
MnS (s) + H,PO, (aq) » Mn(H,P0,) (s) + S?7(aq)
MnS (s) + HPO?™ (aq) » Mn(HPO,) (s) + S~ (aq)
In these reactions, phosphate ions replace surface-bound sulfide ions (S*°), forming

manganese phosphate (Mn(H2P04) / Mn(HP04)) on the MnS surface.

Surface Complexation: This mechanism involves the formation of chemical bonds or
complexes between phosphate ions and specific sites on the MnS surface. The surface
complexation enhances the adsorption capacity and stability of phosphate on MnS.

Reactions include [34]:
Mn?* + OH™ + H,PO; — Mn(OH)(H,P0,)
Mn?* + OH™ + HPO2?~ — Mn(OH)(HPO;)

These reactions indicate the formation of inner-sphere surface complexes through
Lewis's acid-base interactions, where phosphate ions replace water or hydroxyl groups
on the MnS surface. Surface complexation can involve the formation of mono-, bi-, or
polydentate complexes, depending on the coordination geometry and available surface

sites.

The summary of the adsorption mechanism process is illustrated in the Fig.5.20.
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Fig.5.20. The schematic representation of the adsorption process. The
adsorption of phosphate on MnS occurs through three primary
mechanisms: electrostatic ~attraction, ion exchange, and surface
complexation.

5.3.11. Sonocatalytic activity of MnS

The synthesized MnS nanostructures serve as an effective adsorbent for
phosphate removal from water and exhibit sonocatalytic activity for the degradation of
textile dyes. Congo red (CR) dye was used to demonstrate this sonocatalytic degradation.
CR dye molecules show a strong affinity for MnS nanostructures, enabling degradation
experiments at an initial concentration of 80 ppm. In the dark reaction, 11.5% and 31.6%
of CR dyes were removed by adsorption within 10 minutes for a-MnS and y-MnS,
respectively, achieving adsorption-desorption equilibrium. A 100% adsorptive removal
of CR is attained for a 50-ppm solution, demonstrating the strong affinity of CR dye
molecules for MnS. This strong affinity can be explained as follows: The molecular
structure of Congo red includes functional groups such as amino (-NH2) and azo (-N=N-
) groups, which can form hydrogen bonds with MnS surface atoms. Additionally, the
aromatic rings in Congo red participate in n-m interactions with the MnS surface, where
electron-rich © systems of the dye molecules interact with the MnS surface, enhancing

adsorption affinity.

Upon exposure to ultrasonic sound waves, sonocatalytic degradation resulted in

the degradation of 91.8% of CR dyes with a-MnS and 99.8% with y-MnS within 10
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minutes (for 80 ppm initial concentration of dye solution). The kinetic degradation

reaction follows pseudo-first-order kinetics given as In (%) = kt where Co and C: are
t

the initial concentration and concentration at time t of the dye solution £ is the rate
constant of the reaction [35]. The temporal variation of the degradation reactions and the
linear fit of pseudo-first-order kinetics are shown in Fig.5.21. and Fig.5.22. respectively.
The rate constants were estimated to be 0.15 + 0.05 min™' for a-MnS and 0.31 + 0.01
min' for y-MnS. TOC analysis of the initial and final dye solution samples revealed
mineralization rates of approximately 83.5% for y-MnS and 78.2% for a-MnS. The effect
of catalyst dosage and reusability was also examined, as illustrated in Fig.5.23. MnS
catalysts performed degradation reactions effectively at dosages starting from 0.25 g/L,
with increased efficiency at higher dosages. The catalysts maintained their degradation
efficiency for five cycles without significant decline, as shown in Fig.5.24. The TOC

mineralization efficiency of the catalytic degradation is shown in Fig.5.25.
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Fig.5.21. Temporal variation of the concentration of the CR dye under dark
reaction and sonocatalytic degradation. Sonocatalytic degradation
resulted in 91.8% degradation with a-MnS and 99.8% with y-MnS within
10 minutes.
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Fig.5.22. The linear fit of pseudo-first order kinetic model - the rate
constants were estimated to be 0.15 = 0.05 min™ with a-MnS and 0.31 +
0.01 min~ with y-MnS. (Cyp = 80 ppm, dosage = 0.5g/L, pH=~7, T = 303K).
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Fig.5.23. Variation of degradation with the dosage of the sonocatalysts.
The degradation efficiency is independent of the dosage of the
sonocatalysts. (Cyp = 80 ppm, pH=~7, T = 303K).
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Fig.5.24. The reusability of the sonocatalysts. The sonocatalysts can be
reused up to 5 cycles without any considerable decrease in its efficiency.
(Cop = 80 ppm, dosage = 0.5g/L, pH=~7, T = 303K).
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Fig.5.25. TOC mineralization of the sonocatalysis of CR. (Cy = 80 ppm,
dosage = 0.5g/L, pH=~7, T = 303K).
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5.3.12. Mechanism of sonocatalytic degradation of CR

The degradation mechanism of sonocatalytic processes is primarily based on the
hot-spot theory and the sonoluminescence phenomenon. According to the hot-spot
theory, most physical and chemical effects of ultrasonic (US) waves are related to
cavitation, which involves the formation, growth, and collapse of microbubbles in an
aqueous solution [36]. When these bubbles collapse, they produce shock waves that
create localized high temperatures and pressures. These extreme conditions can lead to
the pyrolysis of water molecules, forming hydrogen and hydroxyl radicals (H- and ‘OH),
and the thermal excitation of electrons from the valence band (VB) to the conduction
band (CB) of the semiconductor catalyst [36]. Additionally, the collapse of the bubbles
generates picosecond flashlights known as sonoluminescence, which can create electron-
hole (e/h") pairs by light stimulation of the semiconductor. The dye molecules are
adsorbed onto the catalyst surface and degraded by the free radicals generated from water

pyrolysis and photo-thermal catalysis [37].
H20 +)))) —» ‘H + -OH
MnS + SL/Heat — MnS (h") + MnS (¢)
h"+H0 —-OH + H"
h"*+OH — -OH
e+ 02— O
CR + ‘OH — Intermediates + CO2 + H20
CR + 02" — Intermediates + CO2 + H20

These highly active oxidative species vizOH and ‘Oz  radicals can attack the CR
molecules present in the water - forming various intermediate products and finally
mineralized into CO2 and H20. The mechanism of sonocatalytic degradation is shown in

the Fig.5.26.

To investigate the sonocatalytic mechanism, the influence of radical scavengers
(benzoquinone for O2 and tert-butanol for ‘OH) was studied under optimized conditions.
The addition of benzoquinone slightly reduced sonocatalytic efficiency, while tert-
butanol significantly hindered the process. These results indicate that hydroxyl radicals

play a crucial role in the sonocatalytic degradation of CR using MnS.
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Fig.5.26. Mechanism of sonocatalytic degradation of CR using MnS. The
mechanism of sonocatalytic processes is based on the hot-spot theory and
sonoluminescence phenomenon, where cavitation from ultrasonic waves
leads to the formation of radicals and thermal excitation of electrons in the
catalyst. These radicals degrade dye molecules adsorbed on the catalyst
surface through water pyrolysis and photo-thermal catalysis.

5.3.16. Degradation pathway of CR

High Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS)
analyzed the intermediate products of CR dye at various time intervals. Fig.5.25.
illustrates a possible degradation pathway derived from the HPLC-MS data. The
degradation process involves the removal of the amine group and oxygenation of the CR
dye, forming a new compound with a mass-to-charge (m/z) value of 680. The cleavage
of the benzene ring, NQN, and C—N bonds in the CR dye generates compounds with m/z
ratios 224 (4-hydroxynaphthalene-1-sulfonic acid) and 207 (4-aminobiphenyl-4'-sulfonic
acid) [38]. Further oxidation, nitrification, desulfonation, or deamination along with
hydroxylation by OH radicals, lead to the formation of 4-carboxybutanoate (m/z = 138)
and naphthalene (m/z = 122) [38]. Subsequent oxidation causes the cleavage of amino,
nitro, hydroxyl, and/or sulfonic groups attached to the benzene ring, resulting in low
molecular weight intermediates such as 3-carboxypropanoate (m/z = 120), malonic acid
(m/z = 108), and malonate (m/z = 101) [39]. These short linear intermediates are further
mineralized into CO2 and H20 upon light irradiation. The HPLC-MS analysis indicated
the complete removal of higher mass fragments of the CR dye, leaving only lower mass

fragments, which explains the less than 100% mineralization observed in the TOC
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analysis shown in Fig.5.27. The list of intermediate products and their details are

provided in the Table.5.4.

CR (m/7=696) NH,

-¢H+-

boma $0Na CRP2 (m/7=224) CRP3 (m/7=207)

CRP1 (m/z—680) N o
AT — ) — ‘,‘O
o SI 0
SO;Na 50;Na SO, o
(l)u l
CRPS (m/z=101) CRP7 (m/z=108) CRP6 (m/2=120) CRP5 (m/z—122)

A= =l
I CRP4 (lw’z—138)

Fig.5.27. Proposed sonocatalytic degradation pathway of the CR dye
based on the HPLC-MS results.

In this study, we introduce MnS as a promising candidate for the efficient adsorptive
removal of phosphate from water - a new role for metal chalcogenide. Numerous studies
have focused on removing phosphate using lanthanum (La) and zirconium (Zr) based
adsorbents, known for their strong affinity towards phosphate ions. Our findings reveal
that MnS exhibits a similar affinity for phosphate ions as these established adsorbents.
Furthermore, MnS can be integrated with other commercially available adsorbents to
enhance their adsorption capacity. Table.5.5. summarises the reported phosphate

adsorption capacities of various adsorbents.
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Table.5.4. List of intermediates formed in the sonocatalytic degradation of Congo Red.

Intermediates tr (min) m/z Chemical structure

CR - 696

o NI
Ny 2N
OO0
SONa S0Na

CRP1 3.57 680

NH,
N, N

SO3Na SO;Na

CRP2 3.24 224 T

CRP3 4.95 207

CRP4 2.95 138 H,

CRP5 2.63 122

CRP6 1.06 120
o 0
H

CRP7 1.95 108 0 0

CRPS8 2.84 101
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Table.5.5. Summary of different adsorbents used to remove phosphate from wastewater.
La and Zr based adsorbents are known for their high phosphate affinity. Our findings
show that MnS similarly adsorbs phosphate ions effectively and can enhance the capacity

of commercial adsorbents.

Adsorbent Maximum Reference
adsorption capacity
(mg P/g)

La-modified herbal residues 52.00 Caigao Zhou et al. [40]
calcium modified biochar 70.26 Ying Liu et al. [41]
Layered double hydroxide 36.00 Wei-Hao Huang ef al. [42]
loaded pinecone biochar
biogenic calcium carbonate 4.57 Andreia F. Santos et al. [43]
La-modified natural zeolite 122.70 Qingyue Luo ef al. [44]
Fe-Mg co-modified water 114.00 Xianguo Ji et al. [45]
hyacinth-based biochar
Zr-modified Merlinoite 67.72 Youness Abdellaoui et al. [46]
Hydrated Zr-loaded resin 47.22 Huanhuan Xu et al. [47]
Zr-chitosan-soyabean husk 154.71 Banu HT et al. [48]
MnS 160.73 Present study

Beyond its role as an adsorbent, MnS also serves as an effective sonocatalyst for
degrading textile dyes in water, showcasing rapid sonocatalytic activity. This dual
functionality highlights the versatile application potential of MnS nanoparticles in
environmental remediation, particularly in wastewater treatment. The selective activity

and high removal efficiency of MnS for both phosphate ions and Congo red dye in single
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and binary mixture studies demonstrate its effectiveness as a viable candidate for

wastewater treatment. This is illustrated in Fig.5.28. in the supplementary session.
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Fig.5.28. Effect of removal efficiency of MnS nanomaterials in the single
and binary mixture of phosphate ions and congo red dye solutions.

5.4. CONCLUSION

MnS nanomaterials with distinct crystal phases (o-MnS and y-MnS) were
successfully synthesized using a straightforward hydrothermal method. y-MnS exhibited
superior adsorption properties for phosphate removal, attributed to its larger active sites,
higher surface area, and surface heterogeneity. Thermodynamic analyses confirmed that
phosphate adsorption onto MnS is a spontaneous, exothermic process that increases
randomness at the solid-liquid interface. The adsorption mechanism, supported by FTIR
and other characterization techniques, involves -electrostatic attraction, surface
complexation, and ion exchange. MnS maintained its adsorption capacity in the presence
of competing ions, demonstrating a selective affinity for phosphate ions. This study
introduces MnS as the first metal chalcogenide effective for phosphate removal from
water, more efficient than the established lanthanum and zirconium-based adsorbents,
with the potential to enhance the adsorption capacity of other commercial adsorbents.

Additionally, MnS functioned as a potent sonocatalyst, efficiently degrading textile dyes
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in water, notably achieving Congo red dye degradation within 10 minutes of ultrasonic
irradiation. The proposed mechanism for Congo red degradation elucidates the

sonocatalytic process facilitated by MnS nanoparticles.

In conclusion, MnS nanoparticles exhibit dual functionality as effective
sonocatalysts for rapid textile dye degradation and highly efficient non-La or Zr-based
adsorbent for phosphate ions. This versatile capability underscores MnS's promising role
in environmental remediation, particularly in wastewater treatment, where it
demonstrates selective activity and high removal efficiency for both contaminants in

various environmental conditions.
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ABSTRACT

This research addresses the environmental threat posed by residual antibiotics in water
and explores the potential of the photocatalytic process as an eco-friendly solution for
antibiotic wastewater treatment. Here in, a series of BiOBr_,Cl, nanosheet solid
solutions with varied Br:Cl molar ratios were synthesized through a simple co-
precipitation method. Morphological, optical, and structural analyses revealed
successful tuning of the optical bandgap from 3.39 eV to 2.75 eV in the samples for light
harvesting, facilitated by halide alloying. These solid solutions exhibited superior
visible-light-driven photocatalytic activity compared to pristine BiOCl and BiOBr.
Notably, the BiOBr, ,<Cl, -5 sample demonstrated exceptional performance, achieving
89% and 99% degradation efficiency for ciprofloxacin (CIP) and tetracycline
hydrochloride (TCH), respectively, within 20 minutes under optimum conditions. The
outstanding performance is attributed to factors such as a large specific surface area,
suitable morphology and band gap, effective separation of photo-generated electron-
hole pairs, and the presence of meso-size pores in the structure. Thermodynamic studies
confirmed the exothermic and spontaneous nature of the photocatalytic reactions. The
proposed degradation pathway of CIP and TCH, along with the photocatalytic
mechanism, is elucidated. The solid solution, BiOBr_,Cl,, exhibits facile
recyclability, robust stability, and excellent adaptability to actual aquatic environments,
establishing its potential as a promising eco-friendly photocatalyst for antibiotic

pollution control.

Keywords: solid solution, antibiotics, photocatalysis, ciprofloxacin and tetracycline
hydrochloride
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6.1. INTRODUCTION

Antibiotics are widespread due to their health benefits, which have led to the
growth of pharmaceutical manufacturing units. Improper effluent management from the
manufacturing units has led to sewage plants discharging antibiotic components into
aquatic environments [1,2]. This persistent pollution threatens ecosystems and promotes
antibiotic resistance in living beings. The remains and degraded products of antibiotics
in the environment underscore the urgency of their removal to protect the environment

and human well-being [3].

Various methods, including adsorption, biological treatment, filtration,
coagulation, and advanced oxidation, are used for antibiotic removal. However, they face
limitations like limited capacity, incomplete removal, high costs, and harmful byproducts
requiring further treatment. [4]. Photocatalytic degradation technology, with its high
efficiency, non-toxicity, low cost, and reusability, is gaining prominence in
environmental water remediation [5]. Despite its advantages, challenges like wide band
gaps and high rates of photoinduced carrier recombination limit its applications [6].
Therefore, developing efficient photocatalysts for improved visible-light absorption and

enhanced electron-hole separation is crucial.

Bismuth-based compounds, with their unique layered structure and suitable band
gap, are efficient photocatalysts due to the effective separation of photogenerated
electron-hole pairs. [7, 8]. However, pure BiOX (X=Cl, Br, I) exhibits limited absorption
in the visible-light range, necessitating improvements for practical use. In contrast, mixed
solid solutions offer a promising strategy for enhancing photocatalyst properties. The
scientific relevance of solid solution photocatalysts lies in their ability to deliver tailored
properties for enhanced photocatalytic activity, improved stability, and versatile
applications in addressing environmental challenges [9]. Researchers continue to explore
and refine these materials to unlock their full potential for sustainable and efficient

photocatalysis.

To date, various strategies, including the design of heterojunctions, doping of
elements, and the fabrication of solid solutions, have been explored to enhance the
photocatalytic performance of bare bismuth oxyhalide [10,11]. It has been demonstrated
that the solid solution strategy is an efficient method in this pursuit. The solid solution

structure can absorb a broad range of the light spectrum due to its appropriate band gap,
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crystal structure, and local electronic structure of photocatalysts [12]. Bismuth
oxyhalide-based solid solutions (BiOXY, where X and Y can be Br, Cl, or I) are
promising photocatalysts due to their unique layered structure. This structure consists of
[B1202] layers and double halogen atom layers arranged in a staggered manner. Notably,
these solid solution materials maintain the typical layered structure and intrinsic internal
electric field of BiOX materials, which promotes charge separation. BiOXY
photocatalysts can achieve flexible and adjustable band positions compared to single
BiOX materials by modifying the halogen atoms and their proportions. The band position
was optimized by adjusting the atomic ratio of Br and Cl atoms, which extended the light
response range of pure BiOCl material from UV to visible light. Despite the successful
synthesis of BiOX solid solutions using hydrolysis, sol-gel, mechanochemical synthesis,
and hydrothermal processes, developing simple, reproducible methods for controlled
synthesis remains challenging. [13]. Given the high inclination of Bi*" cations to
hydrolysis in water, solvent-based synthesis methods, such as co-precipitation, appear

suitable for preparing photocatalysts.

Regarding the above-aforesaid, herein, a series of 3D mesoporous flowerlike
BiOBT(1_5)Cly solid solutions with varying Br: Cl molar ratios were successfully
synthesized through a straightforward one-pot co-precipitation method. The aim was to
employ these solid solutions in the hetero photocatalytic degradation of ciprofloxacin
(CIP) and tetracycline hydrochloride (TCH) antibiotics under simulated solar light
irradiation. The primary objectives included the fabrication of sunlight-activated 3D
mesoporous flowerlike CI-Br bismuth oxides nanosheet solid solutions using an in-situ
co-precipitation approach, investigating the impact of different Br to Cl molar ratios, and
assessing the photocatalytic activity of these solid solutions in the degradation of CIP and

TCH antibiotics.
6.2. EXPERIMENTAL
6.2.1. Reagents and chemicals

Bismuth  nitrate  pentahydrate  (Bi(NO3)3.5H,0 > 99% Alfa Aesar),
Potassium chloride (KCl > 98 % Qualigens), Potassium bromide (KBr >
98 % Qualigens) Glacial acetic acid (CH;COOH, Merk), Ciprofloxacin (> 99% Alfa
Aesar), Tetracycline hydrochloride (SRL), anhydrous ethanol (99% Merk), deionized

water.
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6.2.2. Synthesis of the photocatalysts

The BiOBr(1_4)Cl, microflowers were successfully prepared by the co-
precipitation method. Dissolving 2 mmol of Bi(N0O5)s.5H,0 in 10 mL of glacial acetic
acid, followed by adding 30 mL of deionized water, allowed for magnetic stirring for 15
minutes. Similarly, 2 mmol of KBr was dispersed uniformly in 30 mL of deionized water,
and stirring for 15 minutes was done. The resultant KBr solution was gradually added
drop by drop into the Bi precursor solution, forming a white precipitate. After thorough
mixing, the mixture underwent continuous stirring for 2 hours and was subsequently
washed using deionized water and ethanol. Finally, the obtained products were dried at
60 °C for 12 hours to yield BiOBr powder. The synthesis method of BiOCI is similar to
BiOBr; just KCI was replaced by KBr. The BiOBr;_,)Cl, solid can be synthesized by
varying the molar ratio of KBr and KCI, used in the previous method. The schematic
representation of the synthesis of BiOBr;_)Cl, solid solutions microflowers are shown

in the Fig.6.1.

Fig.6.1. Schematic representation of synthesis of BiOBr_,)Cl,

micro flowers.
6.2.3. Photocatalytic decomposition of antibiotics.

The photocatalytic activities of the as-prepared materials were studied by the
decomposition of CIP and TCH single and binary mixtures under simulated sunlight
illumination. The photocatalytic experiments were performed at the catalyst dosage of
0.5 g/L and an initial concentration of 20 ppm. A 300W Xe arc lamp was used as the light
source for the photocatalytic decomposition of antibiotics in wastewater. The 100.0 mL
CIP solution (10.0 mg/L) was first mixed with 50.0 mg of photocatalysts before the
photocatalytic process, and the resulting suspension was then stirred for 30 minutes in
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the dark to reach adsorption-desorption equilibrium. 2.5 mL of the solution was sampled
regularly throughout the photocatalytic process. The sample was centrifuged to facilitate
additional analysis and remove the solid material. A Jasco 750 S UV-vis
spectrophotometer was used to measure the concentration of CIP at its characteristic
wavelength of 276 nm (Lai et al., 2019). Through four adsorption-degradation-

regeneration runs, the optimal photocatalyst's recyclability was evaluated.

6.3. RESULTS AND DISCUSSION
6.3.1. Structural characterization.

Fig.6.2. shows the X-ray diffraction (XRD) patterns of photocatalysts comprising
BiOBr_4)Cl, solid solutions. The diffraction peaks of both BiOBr and BiOCI agreed
with the tetragonal structures of BiOBr (JCPDS No. 00-009-0393) and BiOCI (JCPDS
No. 00-006-0249), characterized by the p4/nmm space group [14].

o
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Fig.6.2. The XRD pattern of synthesized samples. The diffraction peaks of
both BiOBr and BiOCI corresponded precisely to the tetragonal
arrangements found in BiOBr (JCPDS No. 00-009-0393) and BiOCI
(JCPDS No. 00-006-0249), each possessing the p4/nmm space group.

The XRD patterns of BiOBr, BiOCI and their solid solutions are strikingly similar,
underscoring their identical crystal structure and space group. Nevertheless, discernible
shifts in peak positions are evident, indicating the substitution of smaller CI- ions with
larger Br- ions [9]. This ionic replacement induces strain within the crystal lattice,
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manifesting as observable peak shifts. The enlarged XRD patterns (Fig.6.3) visually
elucidate these shifts, offering compelling evidence for the formation of BiOBr;_4)Cl,
solid solutions. Table 6.1 presents the estimated crystallite size and micro-strain values

for the catalysts, providing additional insights into their structural characteristics.

BlOBr Cl

1030 70.50

.. BloB,p,,,cl ,,,,,,,

Normalized intensity

23 24 25 26 27
20 (Degree)
Fig.6.3. The enlarged portion of the XRD pattern of the sample in the range

23°-27° demonstrates the shift in peak originating from the strain due to
ion replacement.

Table 6.1. The estimated crystallite size and micro-strain value in the crystal lattice of
the photocatalysts.

Sample Crystallite size Micro-strain (g)
(nm) (x 1073)
BiOBr 33.16 £ 2.37 5.50+0.56
BiOBTy 75Cly 55 27.27 + 2.30 6.75 + 0.85
BiOBTy5,Cly 50 28.08 + 1.32 6.53 + 0.26
BiOBTy55Cly s 28.68 + 1.79 6.67 + 0.12
BiOCl 3552+ 2.44 4.71 £ 0.66
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6.3.2. Raman analysis

In Fig. 6.4, the Raman spectra of synthesized samples unveil two Raman active
modes in both BiOBr and BiOCl. The intense peak at around 130 cm™ is ascribed to the
stretching vibrations A1g mode of Bi-Br and Bi-Cl, while the 201 cm™! peak corresponds
to the Eg mode of internal Bi—Cl stretching [15]. Notably, the BiOBr sample exhibits only
the Aig mode, with the Eg peak being less prominent. Furthermore, compared to the
BiOCl sample, the dominant peak undergoes a lower wavenumber shift, likely attributed
to the lighter atoms in BiOCI altering the bond length and resulting in a higher
wavenumber for the Aig mode in BiOCl. Notably, the significant peaks in all other solid
solutions fall between the Raman shifts of BiOBr and BiOCI, aligning with literature
reports and underscoring the high quality of both BiOCl and BiOBr [16,17].

iOBrﬂ.Sﬂqlﬂ.Sﬂ

Normalized intensity

T U ROBY T

100 150 200 250 300
Raman shift (cm )

Fig.6.4. The Raman spectrum of the synthesized samples displays a
dominant peak at 147 em™, associated with the Aiq Bi-Cl internal
stretching mode and 201 cm™ originating from the E, Bi—Cl internal
stretching mode.

6.3.3. Morphological analysis
FESEM analysis was used to evaluate the morphology of samples. As is evident
from Fig.6.5. to Fig.6.9., all of the samples have a sheet-like structure with a thickness

of several nanometres. As depicted in Fig.6.9., a pristine BiOCl photocatalyst is
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composed of stacking small nanoplates, which is a significant result of its unique
synthesis conditions. The surface of the nanoplates is smooth; the morphology of these
nanoplates can increase their light-harvesting capacity. These nanosheets can provide
increased surface area and active sites for the photocatalytic reaction, resulting in
enhanced photocatalytic performance. Careful analysis of the FESEM images reveals
that the nanoplates are oriented in a regular manner to achieve the micro flower
morphology as the CI : Br ratio increases. The well-oriented micro flower morphology is
obtained for the photocatalyst BiOBr1y ,5Cl, 75.For the photocatalyst BiOCI, the micro
flower morphology shows a slightly altered, withered flower-like appearance. Thus, we
can conclude that the CI : Br ratio in the solid solution significantly influences both the
crystal structure and the morphology of the photocatalysts. This fine-tuning of the
morphology through solid solution is achieved using halide alloying, and it is notable
that this is accomplished via a simple co-precipitation method, highlighting a unique

aspect of this work.

3

EHT = 10.00 kV Signal A = InLens
WD= 3.6 mm Mag= 10.00KX

Fig.6.5. FESEM images of BiOBr
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1um EHT = 10.00 kV Signal A= InLens
WD= 4.3mm Mag= 10.81KX

Fig.6.6. FESEM images of BiOBry 75Cl 55

X y A
1um EHT = 10.00 kV Signal A = InLens
— WD= 4.3 mm Mag= 15.00 K X

Fig.6.7. FESEM images of BiOB1y50Cly 50
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Fig.6.8. FESEM images of BiOB1 ,5Cl 75

1um EHT = 10.00 kV Signal A = InLens
— WD= 4.3 mm Mag= 15.00 KX

Fig.6.9. FESEM images of BiOCl.
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6.3.4. Surface area and porosity analysis

The BET-BJH technique was employed to examine the BiOBr_,)Cl, solid
solution samples, providing insights into the specific surface area (Sggr), pore-size
distribution, pore volume (V,), and pore diameter (d,). The adsorption-desorption
isotherms for all samples, depicted in Fig. 6.10, exhibit a distinctive type IV classification
according to IUPAC, characterized by pronounced hysteresis, indicating the mesoporous
structure of the as-prepared samples [18]. The BJH distribution of the samples is shown
in Fig. 6.11. The pore-size distributions further validate the presence of mesopores within
the size range of 635 nm in the synthesized samples. The BET surface area of the
samples was estimated using the linear fit of P/Va(Po-P) versus P/Po data points. The
estimated surface area, monolayer volume, and mean pore diameter of the samples are

shown in Table 6.2.

Table.6.2. The estimated values of surface area, monolayer volume, mean pore diameter

of the sample.
Sample Surface area (Sggr) | Monolayer Volume Mean pore
m?/g (V) cm3/g diameter (d,,) (nm)

BiOBr 5.80+0.10 1.334+0.01 25.02
BiOBTy 75Cly 55 5.17 + 0.08 1.18 + 0.02 26.23
BiOB1y50Cly 5o 6.01 + 0.15 1.36 + 0.03 23.50
BiOBTy 55Cly 75 7.15 + 0.15 1.64 + 0.03 30.07

BioCl 4.79 £ 0.12 1.02 £ 0.03 25.15
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Fig.6.10. N; Adsorption-desorption isotherms which closely match IUPAC
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Fig.6.11. The BJH pore distribution of mesopores within the size range of 635 nm.
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Fig.6.12. The linear fit of P/Vu(Py-P) versus P/Py data points for the

estimation of BET surface area.
6.3.5. UV-Visible spectroscopic analysis

The light-harvesting ability of the photocatalysts is a crucial factor in determining

photocatalytic activity. Fig.6.13. depicts the UV-visible DRS spectrum of the synthesized
samples. Notably, the BiOCI sample exhibits a broad UV light response, evident from its
absorption edge at approximately 356 nm. In contrast, the BiO Br(;_)Cl, solid solution
displays a remarkable increase in visible light absorption compared to BiOCl, with its
band edge shifting from 356 to 428 nm. The band edge positions of the synthesized

samples are provided in Table.6.3.

The determination of the band gap energy for as-synthesized photocatalysts was

performed by the Kubelka-Munk equation [19]:
(FRRM)" = k(hv — Ej) ......(6.1)

F(R) is the Kubelka-Munk function for the approximation of absorption co-
efficient, hv is the energy of a photon, E, is the energy band gap of the sample and k is
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the proportionality constant. While n is the constant associated with different types of

electronic transition, in this study n = > implies the indirect transitions.

. . i { —BiOBr

' i N = BiOBr O,
5 . TR . BiOBrosoCI(;so
<1597 /0 N\ T BiOBr,,Cl,
5 = v DN — BiOCL.. ...
Q:) :
e 1.0- ...........................................................................................
=
= . N LA\
=
2 0.5
20

0.0 -

250 300 350 400 450 500
Wavelength (nm)

Fig.6.13. The UV-Visible absorption spectrum of the sample shows a band
edge shift from 356 nm to 428 nm (redshift) as the ratio of CI to Br in the
bare BiOCl sample is increased.

The band gap energy of the synthesized samples can be estimated by extrapolating the

linear portion of the (F (R)hv)% versus hv graph. This is shown in 6.14. Table.6.3.
represents the estimated band gap values for the samples, revealing the successful tuning
of the optical band gap from 3.39 eV to 2.75 eV by increasing the Br : Cl molar ratio.
This observation signifies effective halide alloying within the pristine BiOBr crystal

lattice.
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Fig.6.14. The plot of (F(R)hv)z versus hv . The successful tuning of the
optical band gap from 3.39 eV'to 2.75 eV in the samples is a clear indicator
of the effective introduction of halide alloying into the pure BiOBr crystal

lattice.

Table.6.3. Estimated values bandgap and band edge of the synthesized samples.

Sample Band gap (eV) Band edge (nm)

BiOBr 2.75 + 0.05 428 +1
BiOBTy 75Cly 55 2.81 + 0.05 413+ 1
BiOBTy5,Cly 50 2.96 + 0.05 401+ 1
BiOBTy55Cly s 3.13 + 0.05 381+ 1

BiOCl 3.39+£0.05 356 £1
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6.3.6. Photocatalytic studies

The performance of BiOBr(;_,)Cl, nano photocatalysts were evaluated for
degrading CIP and TCH antibiotics under simulated solar light. Adsorption equilibrium
was achieved within 20 minutes prior to illumination. Photolysis experiments in the
absence of the photocatalyst, under simulated sunlight, showed negligible degradation.
However, significant degradation of CIP and TCH was observed in the presence of the
photocatalyst under visible light irradiation. Notably, the BiOBr, ,5Cl, 75 solid solution,
after 20 minutes of irradiation, exhibited superior performance, removing 99% of TCH
and 89% of CIP from wastewater. In comparison, pristine BiOBr achieved only 69% of
TCH and 58% of CIP removal, and BiOCl achieved approximately 86% of TCH and 82%
CIP removal. Additionally, experiments involving a binary mixture of TCH and CIP
affirmed the superior photocatalytic activity of BiOBr1y,5Cl, 75 photocatalysts. These
findings underscore the enhanced photocatalytic activity of solid solution samples over
their pure counterparts. The time-dependent degradation of the CIP and TCH antibiotics
in the single and binary system are shown in Figs.6.15-6.18. The percentage of
degradation efficiency in the single and binary mixture is shown in Table 6.4.
Table.6.4. Summary of degradation efficiency of various photocatalytic decomposition

of CIP and TCH. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303 K Ph ~ 7, Irradiation time
of light =20 min.)

Sample Degradation efficiency (%) — | Degradation efficiency (%) —
Single Binary
TCH CIP TCH CIP

BiOBr 69.8 £ 1.7 587+ 1.2 844+ 1.8 587 +1.1
BiOBry,5Cly,s | 785+ 1.1 68.7 £ 1.2 68.7 £ 1.4 445+ 1.2
BiOBry50Clyso | 94.7 £ 1.1 76.5+ 1.3 74.7 £ 1.8 49.8+ 19
BiOBry,5Cly75 | 99.0+ 1.1 89.7+1.2 98.4 +1.2 63.8 £ 1.5

BioCl 89.7+1.1 834 +1.2 89.7+ 2.1 55.7+1.2
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Fig.6.15. The temporal variation of the degradation of CIP in the single
system. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303 K pH ~ 7, Irradiation

time of light =20 min.)
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Fig.6.16. The temporal variation of the degradation of TCH in the single
system. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303 K pH ~ 7, Irradiation

time of light =20 min.)
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Fig.6.17. The temporal variation of the degradation of CIP in the binary
system. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303 K pH ~ 7, Irradiation

time of light =20 min.)
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Fig.6.18. The

temporal variation of the degradation of TCH in the binary

system. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303 K pH ~ 7, Irradiation time
of light =20 min.)
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The photodegradation kinetics of the CIP and TCH molecules over the fabricated

photocatalysts were investigated by the Pseudo first-order kinetic formula [20]:

Co
In (a) = Kappt o (6.2)

The table displays the estimated apparent rate constant for the reaction (refer to Table
6.5.). In comparison to pure BiOCIl and BiOBr, BiOBry,5Cl,,5 demonstrated the
highest value, exceeding them by 1.1 and 2.2 times, respectively, for CIP degradation and
1.7 and 2.8 times, respectively, for TCH degradation in single and binary systems,
respectively. This remarkable improvement can be attributed to the compelling presence
of surface-active sites and the efficient separation of photoinduced charge carriers. The
linear fit of the binary system, particularly the data points corresponding to the
photocatalyst BiOBry ,5Cl, 75 shows slight deviations from linear behavior. This implies
that the degradation of CIP and TCH in the binary system deviates slightly from pseudo-
first-order kinetics. This deviation can arise from factors such as mass transfer
limitations, variations in light exposure, surface interactions, and the formation of
reaction intermediates. These factors may lead to the exhibition of higher-order kinetic
degradation in the binary system. Further studies in this area are being considered for
future work.

Table 6.5. The apparent rate constant of the degradation reaction for the single and
binary systems. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303 K pH~ 7, Irradiation time of
light =20 min.)

Sample Rate constant Rate constant
kapp (x 103min."1) Kapp(x 103min."1)
- Single - Binary
CIP TCH CIP TCH
BiOBr 43.69 £ 0.75 56.77 £ 0.24 28.92 +0.07 46.54 + 0.14
BiOBry75Cly55 | 53.95+0.10 74.36 + 0.25 42.17 £0.42 70.31 £ 0.25
BiOBry50Clyso | 65.32+0.13 | 122.16 + 1.33 | 33.27 + 0.12 58.88 + 0.19
BiOBry,5Cly75 | 9698+ 0.18 | 160.83 +1.23 | 50.033 £0.61 | 102.54 + 0.54
BiOCl 81.58 £ 0.12 93.76 £ 0.25 37.35+£0.29 84.30 + 0.32

210




In(C,/C))
>
¥

é 0 BiOEr ...... fs e i Lt g

2,049 BlOBrM;CI025 ......... o fi }
: 3 ClP-Smgle : 3

. _____ B-IQ'BI{}SOCI(;-S(} .......... ......... S - 1'}

1.5_ 0 kkkkk BiOBr025Clg75 kkkkkkkk kkkkkkkk ', ,,,,, . ,“

e e

: ! : : - . :

: : : . - : :

05 : : Y - T gl = : . : :
SiH i e L i O Tl

. : ; e’ -3 @ —‘Q : ; ; :

: : - | - b : : : : :

o : : ! : : : :

0.0

0 2 4 6 8 10 12 14 16 18 20
t (min.)

Chapter 6

Fig.6.19. Pseudo First Order kinetic fitting of the photodegradation
reaction of CIP single system. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303K
pH ~ 7, Irradiation time of light =20 min.)
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Fig.6.20. Pseudo First Order kinetic fitting of the photodegradation
reaction of TCH single system. (Co=10 ppm CIP, Dosage= 0.5 g/L,
T=303K pH ~ 7, Irradiation time of light =20 min.)
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Fig.6.21. Pseudo First Order kinetic fitting of the photodegradation

reaction of CIP binary system. (Co=10 ppm CIP, Dosage= 0.5 g/L, T=303K
pH ~ 7, Irradiation time of light =20 min.)
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Fig.6.22. Pseudo First Order kinetic fitting of the photodegradation
reaction of TCH binary system. (Co=10 ppm CIP, Dosage= 0.5 g/L,
T=303K pH ~ 7, Irradiation time of light =20 min.)
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The linear fit of PFO kinetics for various photocatalytic reactions are shown in
Figs.6.19-6.21.The results indicate that the fabrication of the BiOBr(1_,)Cl, solid
solution significantly enhances photocatalyst activity by developing physicochemical
properties during the halide alloying process. Compared to pristine BiOBr and BiOCl,
the solid solution demonstrates superior photocatalytic activity in the degradation of
antibiotics in both single and binary mixtures. Upon further investigation of the enhanced
photocatalytic activity among the three solid solutions, it was found that the one
BiOBr, ,5Cl, 75 exhibits the highest efficiency in degrading CIP and TCH. Now let us
investigate how these solid solutions exhibit superior photocatalytic activity over pristine
BiOBr and BiOCI. Firstly, the solid solution samples offer a larger specific surface area,
providing more reaction sites for the photocatalytic process. Secondly, as confirmed by
BET and BJH analysis, the presence of large pores facilitates the diffusion of reactant
molecules. Additionally, the solid solution structure aids in efficiently separating charge

carriers, further enhancing photocatalytic activity.

The light-harvesting capability of the photocatalysts significantly influences their
photocatalytic efficiency. The process of halide alloying tunes the bandgap, enhancing
the light-harvesting capability by adjusting the Br:Cl molar ratio in the solid solutions.
Specifically, a Br:Cl molar ratio of 1:3 demonstrated the highest efficiency. This
enhanced photoactivity at the 1:3 molar ratio, in comparison to the pristine BiOBr
photocatalyst, can be attributed to the widened band gap with increasing Cl content. This
widening facilitates increased absorption of visible light and the generation of more

electron-hole pairs.

6.3.7. Hall measurement studies of the photocatalysts

Charge carrier concentration and transport in the photocatalyst can be
investigated with DC field Hall effect measurements. The investigation can provide the
samples' carrier mobility (i) and carrier concentration (n). Conductivity (o) is evaluated
with the equation ¢ = neu, where 'e' represents the charge of the electron. Table.6.6.
presents the Hall measurement outcomes and calculated conductivity values. All samples
exhibit a positive carrier concentration, identifying them as p-type semiconductors.
Despite BiOBr having a significantly greater carrier concentration than other
photocatalysts, its mobility and conductivity remain relatively low. Upon introducing Cl1
into the BiOBr solids, an initial decrease in carrier concentration is observed, followed

by an increase, reaching a maximum value in the BiOBr, 55Cl, 75 sample. Moreover, the
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mobility and conductivity of this photocatalyst exhibit significantly larger values than
others. The optimal combination of carrier concentration, mobility, and conductivity in

BiOBr, ,5Cl, 75 contributes to its favourable photocatalytic activity.

Table.6.6. The carrier concentration, mobility and conductivity of the catalysts obtained

from DC Hall measurement.

Sample Carrier Mobility u Conductivity o
concentration n (CmZV_ls_l) (.Q_lcm_l)
(x 10%%cm™3)

BiOBr 476 £ 0.11 22.54 £1.25 0.17 £ 0.01
BiOB1y75Cly 25 1.76 + 0.48 122.99 + 3.12 0.34 +£0.10
BiOB1y50Cly s 0.50 £ 0.04 156.10 £ 3.41 0.13 +£0.01
BiOB1y25Cly 75 3.24 +0.10 167.38 + 4.12 0.86 + 0.04

BiOCl 3.06 £0.18 140.16 £ 2.15 0.75+ 0.05

6.3.8. Thermodynamic studies of photocatalysis.

Henry Eyring's Transition State Theory (TST) analyses the thermodynamics of
photocatalytic degradation by relating the rate constant of the reaction to

thermodynamic parameters, expressed in logarithmic form as [23]:

kapp\  AH 1\ AS ks
In (T) = — ? (?) + F + In (7) ...... (63)

where kg, is the apparent rate constant of the reaction, R is the universal gas constant
(8.314 JK'mol™1) , kg is the Boltzmann constant (1.38 x 10723JK~1), AH and AS
are the enthalpy and entropy changes of the reaction. The values of AH and AS for the

photocatalytic degradation reactions were calculated from the slope and intercept of the

In (k“ﬂ) —2 plot, which is shown in Fig.6.23. The estimated values of thermodynamic
T T

parameters are shown in Table 6.7.
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Fig.6.23. The In (ka%) - % plot for estimating the various thermodynamic

parameters of the catalytic reactions. (Co=10 ppm, Dosage= 0.5 g/L,

T=303 K pH ~ 7, Irradiation time of light =20 min.)

In all photocatalytic degradation reactions, a consistently negative enthalpy change (AH)

signifies the exothermic nature of these processes, indicating the release of heat into the

surroundings [24]. Concurrently, a positive entropy change (AS) suggests an increase in

overall disorder or randomness as the photocatalytic reactions progress [25]. The

negative AH and positive AS combination results in a negative Gibbs free energy change

(AG) across all temperatures, as depicted in Fig.6.24. This observation underscores the

spontaneity and thermodynamic feasibility of the photocatalytic reactions under standard

conditions. The negative AG values affirm the favourability of these reactions without

the need for external energy input, emphasizing their spontaneous nature in the given

experimental conditions.
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Fig.6.24. The variation of Gibb's free energy change of the reaction with
temperature. (Co=10 ppm, Dosage= 0.5 g/L, pH ~ 7, Irradiation time of
light =20 min.)

The temperature influence on the reaction rate was investigated through kinetic
experiments conducted within the temperature range of 298-318 K. The determination
of the activation energy (Ea) for the reaction was carried out using the Arrhenius equation
[26].

E, /1
In kgpp = _Fa<T> +1nA....(64)

The slope of the Inkgy, — % plot provided E,. This is shown in Fig.6.25. A lower

activation energy, as seen in Table.6.7. for various photocatalytic processes, signifies
higher catalytic activity and effectiveness. In binary systems, activation energy is lower
than in single pollutant systems, possibly due to increased molecular collisions from
pollutant crowding, leading to decreased activation energy and less pronounced

temperature dependence of the reaction rate [27].
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Fig.6.25. The linear fit for the estimation of activation energy. The

nkapp — % plot. (Co=10 ppm, Dosage= 0.5 g/L, pH ~ 7, Irradiation time

of light =2

0 min.)

Table 6.7. The estimated value of thermodynamic parameters of the photocatalytic

reactions.
Photocatalytic | AH (kJmol™1) AS JK™1) E,(kJmol™1)
reaction
CIP-Single —28.18+1.11 | 355.13+7.84 —24.84 +1.24
TCH-Single —27.64+2.59 | 350.89 +8.70 —25.29 1+ 2.75
CIP-Binary —13.16 + 1.15 | 442.70 £+ 4.25 —-10.67 £ 1.12
TCH-Binary —21.514+0.52 | 336.18 +4.02 —18.95 + 0.55
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6.3.9. Effect of dosage of the photocatalysts
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Fig.6.26. Effect of dosage of the catalyst on catalytic degradation of TCH.
(Co=10 ppm, T=303 K pH ~ 7, Irradiation time of light =20 min.)

The amount of catalyst used is not greatly influences the antibiotic degradation, as
indicated by changing the dosage from 0.25 g/L to 1.25 g/L. Fig.6.26 shows that higher
catalyst amounts create more active sites and species, resulting in improved degradation
efficiency in all catalytic processes. This increased dosage minimizes diffusion
limitations, allowing pollutant molecules a shorter path to the active sites on the catalyst
surface. As a result, more active sites are accessible for adsorption and degradation,
raising the likelihood of pollutant molecules interacting with the catalyst and boosting

degradation efficiency.

6.3.10. Recyclability of photocatalyst

The BiOBr,,5Cly75 photocatalyst demonstrated degradation efficiencies of
approximately 65.5% and 86.8% for CIP and TCH, respectively, after 4 cycles. These
outcomes signify the photocatalyst's stability and absence of photo corrosion during the
photocatalytic process. Additionally, XRD patterns of BiOBr,,5Cl, 75 photocatalyst
after 4 runs showed no significant changes compared to new catalysts, highlighting the

excellent stability of the BiOBry ,5Cl, 75 solid solution. The marginal deactivation of the
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degradation efficiency is attributed to the loss of photocatalyst particles and the leaching
of active sites as the photocatalyst is used. The reusability test of the photocatalyst is

shown in Fig.6.27.
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Fig.6.27. Recyclability test of the catalyst- under photocatalysis. (Co=10
ppm, Dosage= 0.5 g/L, T=303 K pH ~ 7, Irradiation time of light =20 min.)

6.3.11. Active species reaction test

Radical quenching experiments were conducted to investigate the potential
oxidative species participating in the photocatalytic degradation of CIP and TCH. The
presence of dominant oxidative species, namely *O2", h*, *OH and electron, are identified
by using silver nitrate (AgNO3), EDTA, isopropanol (IPA), and ascorbic acid,
respectively. The results, as depicted in the Fig.6.28. suggest that photogeneration via
electrons (¢), holes (h") and *OH radicals play a supporting role in the presence of visible
light degradation of CIP and TCH. Meanwhile, photocatalytic CIP and TCH degradation
are similar, with or without adding AgNOs3, suggesting that *O2" only plays a minor role

in CIP and TCH removal.

219



Chapter 6

I CIP-Single TCH-Single

100 - e'-scavengér

OH-scavenger AR

804

:02 -scavenger

604

..... A e sam e e aye ]
h -scavenger

404

204

Degradation efficiency (%)

—
1

AgNO3  IPA Asc.Acid EDTA  Nil

Fig.6.28. Schematic diagram illustrating the generation and function of
dominant reactive species during the photocatalytic degradation of CIP
and TCH. (Cy=10 ppm CIP, Dosage= 0.5 g/L, T=303K pH ~ 7, Irradiation
time of light =20 min.)

6.3.12. Mineralization of the reaction using TOC analysis

Furthermore, to assess the photocatalytic activity of BiOBr,5Cl, ;5 after 30
minutes of light irradiation, the residual solutions were examined for total organic carbon
(TOC) content. The results show that the TOC removal efficiency for CIP and TCH
solutions reaches 81.2% and 86.3%, respectively, after 30 minutes of visible light
exposure. This substantial TOC removal efficiency suggests that the photocatalyst
decomposes antibiotic molecules and mineralizes the majority of organic compound

byproducts generated during the photocatalytic reaction. This is illustrated in Fig.6.29.
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Fig.6.29. TOC removal efficiency for the photocatalytic decomposition of
CIP and TCH in the single and binary mixture. (Cy=10 ppm, Dosage= 0.5
g/L, T=303 K pH ~ 7, Irradiation time of light =20 min.)

6.3.13. Proposed photocatalytic degradation pathway of CIP and TCH

HPLC-MS was employed to detect intermediate products during the
photocatalytic degradation of CIP and TCH to explore degradation pathways. The results
indicated two primary CIP photodegradation pathways: defluorination and piperazine
ring oxidation. In pathway I, defluorination primarily occurred through hydroxylation
substitution. The intermediate with an m/z of 330 (CP6) resulted from the substitution of
—F with —OH, confirming the *OH attack on —F [28]. Furthermore, CP7 represented a
highly hydroxylated product, while CP8 was formed by replacing the -NH2 of CP5 with
—OH. An alternative defluorination method directly released fluoride when the C—F bond
was excited or through water addition [29]. In Pathway II, the oxidation of the piperazine
ring may occur due to the attack of electrophilic agents such as holes and 'O2. The
radicals generated during this attack can form a dialdehyde with an m/z of 362 through a
ring opening [30]. Intermediate CP1 underwent sequential elimination of the two
aldehyde moieties (—CO), resulting in the formation of intermediates CP2 and CP3. In
line with previous studies, CP3 was preferentially attacked by h™ or *OH, leading to the
formation of CP4 and CP5 through dealkylation. The opening of the piperazine ring
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resulted in the formation of CP9 (m/z = 288), which could further undergo stepwise
conversion to CP10 and CP11 (m/z = 245) [31]. The list of intermediate products and
their details are provided in the Table.6.8. The proposed degradation pathway of CIP is

shown in Fig.6.30.
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Fig.6.30. Proposed photocatalytic degradation pathways of CIP.

The photocatalytic decomposition of TCH can progress through three distinct
pathways. In the first pathway, the N-demethylation reaction occurred quickly,
accompanied by hydroxylation, resulting in the formation of intermediate TPI.
Subsequently, TP1 underwent ring cleavage, dihydroxylation, and deamination, leading
to the formation of intermediate TP4. In the second pathway, TCH undergoes
hydroxylation and dehydrogenation to produce intermediate TP2, which then
experiences ring cleavage and deoxidation, resulting in intermediate TPS. Further ring
cleavage reactions occurred, transforming TP4 and TP5 into intermediate TP7. In the
third pathway, intermediate TP3 was generated through hydroxylation, which underwent
ring cleavage and hydroxylation to generate intermediate TP6. TP6 then underwent ring
cleavage to form TP8 and TP9. Subsequently, TP7-TP9 continued to be transformed,
giving rise to three other possible intermediates (TP10-TP12). Ultimately, all the
intermediates mentioned would undergo further mineralization under the sustained
influence of reactive oxygen species (ROS) during photocatalytic degradation [32]. The
Table 6.9. lists the intermediate products and their respective details. The proposed

degradation pathway of TCH is shown in Fig.6.31.
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Fig.6.31. Proposed photocatalytic degradation pathway of TCH.

Table.6.8. List of intermediates formed in the photocatalytic degradation of
CIP

Intermediates tr (min) m/z Chemical structure
CIP - 332 ] o o
N N
W)
CP1 4.57 362 f o 1t
o, LTI
= N N
HN ] A
CP2 4.24 334 . 11
Hea
N N
HN__ A

CP3 3.95 306 ey
HN N

HN._ A

CP4 3.95 291 o o
HN N
P

CP5 4.63 263
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Table.6.9. List of intermediates formed in the photocatalytic degradation of
TCH.

Intermediates tr (min) m/z Chemical structure

Ho, . \r?q’
TCH - 445 O“ OHNH2
OH
)

OH O OH O

TP1 1.58 437
TP2 2.11 459
TP3 1.97 477
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6.3.14. Mechanism of photocatalysis

Photocatalytic degradation of antibiotics relies on the generation of electrons
(¢), holes (h"), and hydroxyl radicals (*OH) as active species. A BiOBr(;_,Cl, solid
solution generates electron-hole pairs when illuminated with light at or above its bandgap
energy. These reactive species engage in redox reactions, with holes in the valence band
oxidizing water to produce hydroxyl radicals (*OH). The highly reactive *OH radicals
act as potent oxidizing agents, initiating the breakdown of antibiotic molecules, as
illustrated in degradation pathways (Fig.10 and Fig.11) [33]. The collaborative action of
electrons, holes, and *OH radicals ensures a thorough degradation process, exemplified

in the schematic representation of the degradation mechanism of CIP and TCH,

illustrated in Fig.6.32.
Intermediate
products
+C0,+H,0
Demethylatlon, Defluorination 2
Dlhydroxylatlon
CB —) ‘
______ - . o
I Ring cleavage | o Ll mmmm———— I
: due to ROS 1 BiOBr(;_Cl, ‘ OH | 'ROS damage of |
L _attack 1 N j Quinolonering |

1 HO L] ht V’B h*
Deamination,

Intermediate Hydroxylation Plperazme ring oxidation
products H,0,0H H,0,0H
+C0,+H,0

Fig.6.32. Schematic representation of the photocatalytic degradation of
CIP and TCH.

Table 6.10. provides a comprehensive overview of diverse photocatalysts employed for
the degradation of ciprofloxacin (CIP) and tetracycline hydrochloride (TCH) antibiotics
under varying experimental conditions. A meticulous examination of this table reveals
that the solid solution photocatalysts exhibit significantly superior and accelerated
photocatalytic degradation efficiency when compared to other photocatalysts

documented in previous studies.
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Table 6.10. Summary of the various photocatalysts used for the degradation of CIP and

TCH.
Photocatalysts | Antibiotics Expt. Degradation Time for Reference
conditions efficiency (%) | degradation
(min.)
MoS,/Zn0 CIP Initial conc. 16 92 120 Y.M.
composite ppm Hunge
Dosage = 0.5 et.al.
g/L [34]
250 W metal
halide lamp
Zn0O/SOD CIP Initial Conc. 99.8 120 Santos
10 ppm et.al.
Dosage = 0.16 [35]
g/L
120W Hg
vapour lamp
MnS/Ppy CIP Initial Conc. 5 88 300 Miao Lv
composite ppm et.al.
Dosage = 1.6 [36]
g/L
300 W Xe
lamp
Bi,MoOq CIP Initial Conc. 96 60 Xiao Xu
20 ppm et.al.
Dosage = 0.4 [37]
g/L
300 W Xe
lamp
Ag/silica CIP Initial Conc. = 98.2 180 Morteza G
40 ppm olmoham
Dosage = 0.6 madi et.
g/L al.
[38]
Ag;PO, TCH Initial Conc. = 86 60 Lizhe Ma
20 ppm et al.
Dosage = 0.1 [39]
g/L
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Porous ionic TCH Initial Conc. = 98 60 Shuaishuai
polymers 20 ppm Shang et
Dosage = 0.15 al.
g/L [40]
300 W xenon
lamp
BiOBr/MIL- TCH Initial Con. = 86 100 Mingkun
101(Cr) 20 ppm Wau et.al.
Dosage = 0.5 [41]
g/L
400 W Xe
lamp
ZIF-8@CHs TCH Initial Conc. = 80 180 Juan
catalysts 30 ppm Wang et
Dosage = 0.3 al.
g/L [42]
350 W Xenon
lamp
PDI/FePc TCH Initial Conc. = 78.6 60 Kaiyang
20 ppm Shi et. al.
Dosage = 0.5 [43]
g/L
350 W Xe
lamp
BiOBr(1_x)Cly CIp Initial Conc. 89 20 Present
solid solution 20 ppm study
Dosage = 0.5
g/L
TCH 300 W Xe 99 20 Present
study
lamp
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6.4. CONCLUSION

In summary, through a rapid co-precipitation method, we successfully synthesized
pristine and BiOBr(;_,)Cl, solid solution semiconducting photocatalysts. This novel
approach allows precise adjustment of the structural and electronic properties by tuning
the Br:Cl molar ratio. Comprehensive examinations of morphological, optical, and
structural characteristics revealed successful tuning of the optical bandgap from 3.39 eV
to 2.75 eV in the samples for light harvesting applications - facilitated by the halide

alloying process.

The BiOBr(4_4)Cl, solid solutions demonstrated excellent photocatalytic activity
in degrading CIP and TCH, outperforming pristine BiOBr and BiOCl photocatalysts in
single and binary mixtures. This study underscores the significance of interface formation
and distortions in solid solutions, promoting enhanced photocatalytic activity. The
BiOBry ,5Cly 75 sample exhibited high carrier concentration, mobility, conductivity,
surface heterogeneity, visible light absorption capacity, and effective charge transfer,

contributing to its exceptional photocatalytic activity.

Thermodynamic studies confirmed that all photocatalytic degradations are
exothermic, enthalpy-driven, and spontaneous reactions. Free-radical trapping tests
identified electrons (e-), holes (h"), and hydroxyl radicals (*OH) as crucial active radicals
during photocatalysis. HPLC techniques were employed to investigate the degradation
pathways of antibiotics. HPLC-MS was used to detect intermediate products during the
photocatalytic degradation of CIP and TCH, revealing their degradation pathways. CIP
degraded primarily through defluorination and piperazine ring oxidation, while TCH
followed three pathways, with rapid N-demethylation and hydroxylation leading to
intermediates. All intermediates eventually underwent mineralization under the sustained
influence of reactive oxygen species (ROS). This work introduces a facile synthesis
method for controlling the growth of BiOBr(1_,)Cl, solid solutions, providing a non-
toxic, low-cost, inexpensive, noble metal-free, and highly efficient photocatalyst for

environmental remediation.
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Highlights

o Isotype BiVO4 heterojunction is tuned via varying surfactant dosage.
o Demonstration of sonophotocatalysis with an isotype heterojunction.
e Examination of the correlation between crystal phases and

sonophotocatalysis.

o [sotype heterojunction as a platform to study photo-sono-induced charge

carriers.
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ABSTRACT

Owing to its suitable energy band and strong catalytic capacity, BiVO4 has received
extensive attention in photocatalysis. Here, we suggest a straightforward approach to
address the challenges of insufficient compatibility, poor charge transport
characteristics, and limited surface adsorption properties commonly found in traditional
BiVOy4 photocatalysts. A heterojunction BiVOqs structure is developed by incorporating
two distinct crystal phases within a single semiconducting material. A
facile hydrothermal procedure is used to synthesize distinct crystalline phases of BiVO4
photocatalysts, viz., tetragonal, monoclinic, and monoclinic/tetragonal heterophase. The
physicochemical characteristics of the pristine and isotype BiVO4 heterojunctions were
characterized using various techniques. The photocatalytic activity of BiVO+ samples
was examined by monitoring the degradation of rhodamine B (RhB). In order to boost
the degradation reaction, ultrasonic sound waves are employed within the reaction
medium. The present study examined the photocatalytic, sonocatalytic, and
sonophotocatalytic activity of BiVO4 microcrystals in relation to the degradation of RhB
dye. The results show that the crystalline phases of BiVO4 samples significantly influence
the behaviour of photo-sono-induced charges. An interface in the monoclinic/tetragonal
heterophase creates a spatial environment that facilitates charge transfer and enhances
the separation of photo-sono-induced electron-hole pairs. The paper extensively
examines the correlation between the behaviour of photo-sono-induced charge carriers
and the level of sonophotocatalytic activity. This would provide greater insight into the

intrinsic reasons for the enhancement in sonophotocatalytic activity.

Key words: Photocatalysis, hectero junction, sonocatalysis, sonophotocatalysis.
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7.1. INTRODUCTION

Bismuth vanadate is a promising option for visible-light-driven water splitting
and organic contaminant decomposition due to its suitable band gap, non-toxicity, high
stability, and effective sunlight utilization [1, 2]. BiVOa4 can exist in three primary
crystalline phases: monoclinic scheelite, tetragonal zircon, and tetragonal scheelite [3].
Tetragonal BiVOs has a band gap of 2.9 eV and mostly shows a UV absorption band.
Monoclinic scheelite BiVO4 has a band gap of 2.4 eV and shows visible light and UV
absorption bands [4]. Both tetragonal and monoclinic BiVO4 exhibit UV bands due to
the band transition from O 2p to V 3d orbitals. Visible light, on the other hand, is
absorbed when a valence band (VB) made up of Bi 6s or a hybrid orbital of Bi 6s and O
2p changes into a conduction band (CB) made up of V 3d lines [5]. This distinct band
structure extends the absorption into the visible range. However, scientific research has
confirmed that pristine BiVO4 exhibits limited photocatalytic efficiency due to its
suboptimal charge transport characteristics and inadequate surface adsorption properties
[6]. Comprehensive analysis suggests that inherent deficiencies in charge transport act as
a barrier to the effective utilization of photogenerated electron-hole pairs, thereby
impeding the overall efficiency of the photocatalytic process. Additionally, the
inadequate surface adsorption characteristics of unmodified BiVVO4 hinder its ability to
effectively engage with desired molecules, thereby constraining its overall catalytic
efficiency [7]. These observations emphasize the need for innovative approaches to
enhance the photocatalytic efficiency of BiVOa.

To enhance the photocatalytic activity of monoclinic BiVOa, various approaches
have been proposed, including the formation of heterojunction structures, loading co-
catalysts, doping with impurities, controlling morphology, utilizing structure
deformation-based catalysis, and incorporating sensitizers [8, 9, 10]. Among these
methods, the coexistence of heterostructures emerges as a promising avenue. However,
as the semiconductor composite photocatalyst is at the interface of different materials,
each possessing distinct physiochemical properties, it results in poor compatibility for
intimate contact between junctions, which hinders the charge separation process [11].
Recent literature surveys have shown that these restrictions and limitations can be
resolved by creating an isotype heterojunction structure between two distinct phases of
exclusive semiconductor materials [12]. The construction of isotype heterojunctions

involving two dissimilar crystal phases within a single semiconductor offers an advanced
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band alignment strategy. Numerous reports have showcased the efficacy of isotype
heterojunctions in photocatalytic applications. For instance, Bera et al. demonstrated that
the o/B-Bi2Os isotype crystal phase junction displayed exceptional photocatalytic
performance, more effectively degrading rhodamine B and methyl orange under visible
light than the pristine materials [13]. The efficient separation and transfer of charge
carriers at the phase junction interface is responsible for this enhanced activity. Similarly,
An et al. observed a significant enhancement in the photocatalytic performance for the
H2 evolution reaction by forming an isotype heterojunction between the surface anatase

and rutile phases [14].

Considering the discussions above and various perspectives, we recognize the
pressing need and exciting opportunity to develop and explore an isotype heterojunction
involving BiVO4 and assess its impact on catalysis. We anticipate that the monoclinic-
tetragonal heterostructured BiVOs4 will significantly enhance the separation of
photoinduced electron-hole pairs. The presence of interfaces within the
monoclinic/tetragonal heterophase provides favourable conditions for charge transfer,
thereby improving the separation of these pairs and redirecting the migration direction of

these carriers.

The changes in the local structure that occur during the formation of a
heterojunction in BiVO4 lead to modifications in its electronic structure, contributing to
its high visible light photocatalytic activity [15]. We can assess symmetry distortions in
the local structure of BiVO4 by observing shifts in Raman peaks and X-ray diffraction
patterns. These distortions likely impact the separation and delocalization of
photogenerated electrons and holes. Therefore, a deeper understanding of the relationship
between structural distortion and the transfer of photoinduced charge carriers will

provide valuable insights into the underlying reasons for the enhanced catalytic activity.

The photocatalytic process is a commonly employed method for water and
wastewater treatment. However, it has drawbacks, such as the lengthy reaction time
required and its reduced effectiveness when dealing with various water pollutants,
limiting its practical application [16]. In this regard, ultrasound irradiation offers a
potential solution to enhance catalytic efficiency through the simultaneous irradiation of
ultrasound and visible light. Ultrasound is a versatile and supplementary method that can
eliminate a wide range of organic compounds in wastewater [17]. Sonolysis, a process

where ultrasound passes through an aqueous solution, facilitates the breaking of chemical
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bonds. This involves phenomena like nucleation, cavitation, bubble dynamics and
interactions, and chemical processes that lead to the formation of free radicals [18]. The
combination of visible light irradiation and ultrasound emerges as a promising approach
for degrading organic pollutants in wastewater, known as sonophotocatalysis. This
combined approach presents an excellent opportunity to reduce reaction time and the

number of reagents needed without extreme physical conditions [19].

In this study, we synthesized and thoroughly characterized various crystalline
phases of BiVOs, including tetragonal, monoclinic, and a combination of both tetragonal
and monoclinic phases. Our objective was to assess the catalytic activity of these BiVOas
catalysts by examining the degradation of rhodamine B (RhB), a common model dye
contaminant, under visible light and ultrasound irradiation. To the best of our knowledge,
there is no prior report on using hierarchical BiVVO4 structures as a sonophotocatalyst for
degrading organic pollutants under visible light. This chapter provides experimental
evidence and insights into the significance of isotype heterojunctions and the effect of
sono-photo-induced electron-hole pairs in catalysis. Furthermore, we investigated the
synergistic effects of the sonophotocatalytic process on RhB degradation and presented
a comprehensive evaluation by comparing the outcomes with those of individual

processes.

7.2.EXPERIMENTAL
7.2.1. Reagents and chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3.5H,0 > 99% Alfa aesar) ,
Ammonium vanadate (NH,VO0; > 99% Alfa aesar), Sodium lauryl sulfate
(NaC;,H,5S0, > 96% Spectrochem), Sodium hydroxide (NaOH >
98% Qualigens), Nitric acid (HNO;, Qualigens), and Rhodamine B
(C,gH3,CIN,05,> 98% Alfa aesar) were analytical reagents used for this study.

Deionized water was used as a solvent in all synthesis and other experiments.

7.2.2. Synthesis of the catalysts

Bi(NO3)5.5H,0 and NH,VO; were dissolved in 30.0 mL of 2M HNOj, and
NaOH in a molar ratio of 1:1. To both of the above solutions, 0.1 g of sodium lauryl
sulphate was added. After stirring for 30 minutes, the two solutions were slowly mixed,
resulting in a bisque solution. The pH of the solution was adjusted to 7 using a 2M NaOH
solution, and the mixture was stirred for another 30 minutes. This precursor solution was

poured into a Teflon-lined stainless-steel container with a capacity of 100.0 mL. The

239



Chapter 7

autoclave was then sealed, heated up to 200°C, and maintained at that temperature for
1.5 hours. Finally, it was cooled to room temperature naturally. The resulting yellow
precipitate was separated by filtration, washed with distilled water and absolute ethanol
several times, and then dried in a vacuum oven overnight. This procedure was done
without the addition of sodium lauryl sulphate and with the addition of 0.2g of sodium
lauryl sulphate to the precursor solutions. Bismuth vanadium oxide made without sodium
lauryl sulphate is denoted as BVO-0.0. Bismuth vanadium oxide made with 0.1 g and 0.2
g of sodium lauryl sulphate is designated as BVO-0.1 and BVO-0.2, respectively.

The schematic representation of the sample synthesis is shown in Fig.7.1.

Lo

P>
=

Bi(N03); N
+HNO; |

Fig.7.1. The schematic representation of hydrothermal synthesis of BiVO,
heterostructures.

N

7.2.3. Catalytic experiments

The catalytic performance of the synthesized samples for the degradation of
rhodamine B (RhB) was evaluated in the presence of visible light and ultrasonic sound.
In each experiment, 35 mg of photocatalyst was added to 50 mL of an aqueous solution
containing the RhB with a concentration of 5 ppm. Prior to light irradiation, the
suspensions were magnetically stirred in the dark for 30 minutes to reach adsorption-
desorption equilibrium. For sonocatalytic studies, the suspensions were sonicated in the
dark using a GT ultrasonic cleaner (GT sonic, 50 W, 40 kHz). The photocatalytic
degradation of RhB was conducted in a chamber equipped with a 150W Xe arc lamp as

the light source.

Additionally, for sonophotocatalytic activity, the suspensions were exposed to
visible light while continuously subjected to ultrasonic sound irradiation. We have
irradiated the reaction medium with ultrasonic sound and visible light for up to 90

minutes. At regular intervals (10 min.), 3.0 mL of the solution was sampled, centrifuged,
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and measured to determine the degradation of pollutants using a UV-visible
spectrophotometer (Jasco 750). The efficiency of the process was evaluated by plotting
the changes in Ct /Co of pollutants against irradiation time, where Co and C: represent the
total concentration of RhB at time (t = 0) and time t, respectively. The efficiency of RhB

degradation can be calculated using the equation:

_Ct

Degradation efficiency % = x 100...... (7.1)

(o)

To elucidate the degradation mechanism of degradation, different scavengers were added
during the catalytic process. KI, isopropanol, AgNO; and benzoquinone were added

separately as h*, OH, e"and O3 scavengers in solution.

7.3. RESULT AND DISCUSSION
7.3.1. Structural characterization

Fig.7.2. displays the XRD pattern of the synthesized samples. The diffraction
peaks of BVO-0.0 exhibit the tetragonal zircon phase (z-t) of BiVO4, which agrees well
with JCPDS card no. 14-0133 [20]. The diffraction peaks of the BVO-0.1 sample can be
readily identified as the scheelite-monoclinic (s-m) phase of BiVOa, corresponding to
JCPDS card no. 14-0688 [21]. However, the diffraction peaks of the BVO-0.2 sample
indicate a mixed phase of tetragonal and monoclinic BiVOa. Therefore, samples BVO-
0.0 and BVO-0.1 can be regarded as the pure tetragonal and monoclinic phases of BiVOs,
respectively. In contrast, the BVO-0.2 sample can be characterized as a composite phase

comprising both tetragonal and monoclinic BiVOa.

The percentage composition of monoclinic and tetragonal phases of BiV 0, in the
composite has been calculated based on the normalized ratio of relative intensities of the
(121) peak (28.92°) of the monoclinic phase against that for (200) peak (24.39°) of the
tetragonal phase [22]. If ,,0n0 and N¢errq  are the percentage of the monoclinic phase

and tetragonal phase, respectively, then

I x 100
nmono( %) = oo - — - . (72 a)

Imono + Itetra

T’tetra( %) = 100 - annO ...... (7.2. b)

Table.7.1 displays the estimated percentage composition of the monoclinic and
tetragonal phases of BiVOa. The results indicate that 97.9% of the BVO-0.0 sample
consists of the tetragonal phase, while 97.6% of the BVO-0.1 sample comprises the
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monoclinic phase. However, in the case of BVO-0.2, the percentage of the monoclinic
phase is 46.5%, and the tetragonal phase is 53.5%. Thus, the sample is approximately an

equal combination of monoclinic and tetragonal phases.

0
= 1
<P :
~N— %
= |
o : : : : : ] :
Tlae  lgn? ¢ s s BV001
N[y ("‘“’) (002)(2”1“1')“"(04’2)‘#'(1'61)' """""""""""
Q] [ — — UM A ""‘ ?
E ..... e @00 gy
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(2“) (220)(301)(103)* s i** ** * *
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20 (degree)

Fig.7.2. XRD pattern of synthesized samples. The characteristic peaks of
the tetragonal phase of BiV 0, are indexed by *, and that of the monoclinic
phase are indexed by #. The sample BOV-0.2 contains the peaks of the
tetragonal and monoclinic phases.

The crystallite size of the synthesized samples can be calculated using Debye—

Scherrer formula D = ﬁi’lse

factor (here taken to be 0.94), 4 is the wavelength of the X-ray used, and B is the full
width at half maximum corresponding to Bragg's angle 0. The estimated value of the
crystallite size of the synthesized samples is shown in Table 7.1. It is evident that the

crystallite size of the samples slightly increases when they form the composite phase.
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Table 7.1. The estimated values of percentage composition of monoclinic and tetragonal
phase of BiV 0, and its crystallite size.

Sample Nmono (%0) Ntetra( %) Crystallite size (nm)
BVO - 0.0 2.1 97.9 54.7 £ 1.7
BVO - 0.1 97.6 2.4 28.8+ 1.0
BVO — 0.2 46.5 53.5 56.7 + 1.1 (Tetragonal)
31.8 + 1.0 (Monoclinic)

7.3.2. Raman analysis

The Raman spectrum of the synthesized samples is shown in Fig.7.3. The Raman
bands at 325, 366, 717, and 830 cm™ represent the characteristic Raman peaks of
monoclinic-BiVOs. The band appearing at 830 cm™ is assigned to the symmetric V-O
stretching mode (Ag symmetry), and the weak shoulder at about 717 cm™ is set to
antisymmetric V-0 stretching (Bg symmetry) corresponding to the V-O bond, providing
valuable structural information. The symmetric V-O stretching mode in the tetragonal
phase of BiVOs is fully accountable for the prominent band observed at 856 cm™ of
BVO0-0.0. The bands at 366 cm™ and 325 cm™ are due to the bending modes of the V-O

bonds, assigned to the symmetric (Ag) and asymmetric (Bg) deformation modes of the

(V0),>” tetrahedron, respectively [23]. The remaining two Raman peaks, located at 210
cm™ and 127 cm™?, respectively, are related to the external mode of BiVO4 and provide
minimal structural information. For BVO-0.2, the Raman bands around 721 and 830 cm"
! coexist with tetragonal bands around 763 and 856 cm-! confirming the existence of

mixed phases.
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Fig.7.3. The Raman spectrum of the synthesized samples. The most intense
Raman band at about 830 cm™ is assigned to the symmetric. vs(V — 0)
stretching mode (A), the weak shoulder at about 717 cm™ is assigned to

antisymmetric v, (V — 0) stretch (Bg), the symmetric & 0),>" (Ag) and

antisymmetric 8,,(V0),>~ (Bg) bending modes are at 366 and about 325
cm, respectively.

The variations in the length of the VV-O bond can be correlated with the Raman shift. A
lower stretching frequency corresponds to a longer metal-oxygen bond length, as
indicated by the inverse relationship between Raman stretching frequencies and the
respective metal-oxygen bond lengths. The following expression is used to calculate the
bond length of VV-O [24]:

v(em™) = 21349exp[—1.9176R(A)] ... .. (7.3)

wherein v corresponds to the Raman frequency of the symmetric stretching mode (Ag)
of the V-0 bond, and R is the length of the vanadium—oxygen bond.

Brown and Wu have connected the interatomic distance R and the cation-oxygen bond
valences. The empirical formula for relating the length of a VV-O bond to its bond valence
is [25]-

s(v - 0) = {0.29121n (21349)}_5'1
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Where s is the Pauling V-0 bond strength in valence units. Table.7.2 summarises the V-
O bond length and bond strength calculated by eqgn. (7.3) & (7.4).
Table.7.2. Estimated value of V-O bond length using Raman characterization. The

positions of the most intense bands near 830 cm™* and 856 cm™* were determined by fitting
the Lorentzian peak function.

Sample Raman frequency | V-O bond length | V-O bond strength
v (em™) (3) (valence unit)
BVO-0.0 856.60 £ 0.04 1.6769 + 0.0001 1.3978 + 0.0003
761.53 + 0.09 1.7383 + 0.0002 1.1637 £ 0.0007
BVO-0.1 830.84 + 0.04 1.6929 + 0.0001 1.3320 + 0.0003
717.91 £ 0.09 1.7691 + 0.0002 1.0641 £+ 0.0006
BVO-0.2 856.63 £ 0.09 1.6769 + 0.0001 1.3979 + 0.0007
763.77 £ 0.08 1.7367 + 0.0002 1.1690 £+ 0.0006
830.52 + 0.05 1.6931 + 0.0001 1.3316 £ 0.0004
721.85 1+ 0.08 1.7662 £+ 0.0002 1.0739 £ 0.0006

Different combinations of VV-O bond strengths, which correspond to the experimentally
determined +5 valence of the vanadium cation, can identify the structure of vanadate
species. In the case of BVO-0.1, the combination of three V-O bonds with a calculated
bond strength of 1.3320 units and one V-O bond with a calculated bond strength of
1.0641 units results in a total of 5.0601 valence units. This value closely matches the
expected +5 valence state of the vanadium cation, indicating a certain degree of distortion
inthe (V0)43_ tetrahedron of bismuth vanadate [25]. The calculated valence state of V +>
in the BVO-0.2 sample is 5.0687 valence units - slightly higher than that of the BVO-0.1

sample. This suggests a more significant distortion of the (V0)43_ tetrahedron in bismuth

vanadate in the BVO-0.2 sample. Based on these calculations, it is proposed that BiVOa

nanostructures are formed with distorted (V0)43_units containing two uneven sets of V-
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O bonds. We expect the tetrahedron to undergo permanent distortion due to the
irreversible phase transition. Previous reports have highlighted that the distortion of the
(V0)43_ tetrahedron is a critical factor that enhances the catalytic activity of bismuth
vanadate [26]. The extent of distortion of the tetrahedron is greater in BVO-0.2, which
leads to enhanced catalytic degradation compared to BVO-0.0 and BVO-0.1. Fig.7.4

shows the crystal structure representations of the tetragonal and monoclinic phases of
BiVO4[27, 28].
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BiVO; is Zircon structured and crystallizes inthe  p;y0, crystallizes in the monoclinic C2/c space
tetragonal 14:/amd space group. V*" is bonded in  groyp. Y5+ is bonded in a tetrahedral geometry to
a tetrahedral geometry to four equivalent O fo, 0> gtoms. O is bonded in a distorted single-

atoms. O*" is bonded in a 3-coordinate geometry  p,ud geometry to one V** and two equivalents Bi**
to one V>* and two equivalents Bi** atoms. atoms.

Fig.7.4. Crystal structure representation of tetragonal zircon (fig.3.a) and
scheelite monoclinic phase (fig.3.b) of BiVO,4 with an indication of BiOsg

dodecahedra (in purple) and (V0),>” tetrahedron (in red shade).

7.3.3. Morphological analysis

Fig.7.5. — 7.7. display the FE-SEM images of the synthesized samples. Fig.7.5.
shows the FE-SEM image of BVO-0.0, revealing a nanofinger-like morphology. Fig.7.6.
illustrates the morphology of BVO-0.1, exhibiting nano-tiles with precise crystal facets.
The thickness of the nano-tiles ranges from 50 to 200 nm. In contrast, BVO-0.2 (Fig.7.7.)
displays an agglomerated nanostructure with irregular morphology. Notably, in this
study, we observed that the surfactant dosage impacts the morphology and crystal
structure of the samples. SLS, being an anionic surfactant, can form micelles in an

aqueous solution under specific conditions. During the synthesis process, the SLS ions
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can adhere to the surface of the bismuth vanadate nanoparticles and influence their
growth. Therefore, adsorbed SLS on the precursor particles are suggested to promote the
development of distinct crystal structures and morphologies. This mechanism of crystal
formation, facilitated by organic agents, is commonly referred to as oriented aggregation-

based crystal growth and has been frequently reported in recent studies.

200 nm EHT= 500 kV Signal A = InLens . :

—i WD= 5.4 mm Mag= 50.00 K X
Fig.7.5. The FESEM images of BVO-0.0 exhibits a nanofinger-like
morphology.

250 nm ) EHT = 10.00 kV l Signal A= InLens

H WD= 5.3 mm Mag= 50.00 K X
Fig.7.6. The FESEM images of BVO-0.1 which displays Nano-tiles with
distinct crystal faces.
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200 " EH 10.00 kV Signal A = InLens

H WD = 5.3 mm Mag= 50.00K X
Fig.7.7. The FESEM images of BVO-0.2, showing an arbitrary
morphology.

7.3.4. Surface area and porosity analysis

To assess the specific surface area and pore distribution of the samples, we
conducted N2 adsorption-desorption isotherm tests, and the results are illustrated in
Fig.7.8. The isotherms for the samples exhibit a classical type II pattern with a hysteresis
loop observed in the relative pressure (P/Po) range of 0.8-1.0, indicating the presence of
surface mesopores and interparticle pores of significant size due to the composite nature
of the material [32]. The specific surface area of the samples was estimated to be 0.49 +
0.02m?/g,1.68 + 0.04 m?/g,3.43 + 0.11m?/g for BVO-0.0, BVO-0.1 and BVO-
0.2 respectively. The BET isotherm fitted data is shown in Fig.7.10. As shown in shown
in Fig.7.9. Barrett-Joyner-Halenda (BJH) pore distribution analysis reveals that the
samples exhibit micro-mesoporous distributions, with a more pronounced mesoporous

distribution in BVO-0.2 and an average pore radius of approximately 20 nm.

248



Chapter 7

30
o

p—

=y
209 5 0 b et

£ L -L:L..‘BVO..QO ........... -

S g5l TE==BYO-01 o

o .

=

 10-

e’

>

Fig.7.8. The N: adsorption-desorption isotherm shows that the isotherms
for the samples exhibit a classical type Il pattern with a hysteresis loop and
micro-mesoporous distributions.
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Fig.7.9. The Barrett-Joyner-Halenda (BJH) pore distribution curve of the
samples.
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Fig.7.10. The linear fit of P/Va(Po-P) versus P/P, data points for the
estimation of BET surface area.

7.3.5. Optical absorption analysis

UV-visible diffused reflectance spectra (UV-DRS) were utilized to study the
optical absorption behaviour of the synthesized samples. All samples exhibit strong
absorption in the UV-visible region, displaying a distinct and sharp absorption edge,
which is evident in Fig.7.11. The band gaps were calculated by extrapolating the

horizontal and sharply ascending portions of the Tauc plot as shown in Fig.7.12.

These findings indicate that the absorption of visible light is primarily attributed to

intrinsic bandgap transitions. The Raman analysis suggests an observable distortion in

(Vo) 43_in the sample BVO-0.2. The estimated valence state of V57 is greater than the
expected +5 valence state of vanadium cation, implying that an increased positive charge
on vanadium may be the root cause of distortion of the 6s lone pair of Bi**. This distortion
may be the probable reason for its band gap values increasing. Since the BiVO4
conduction band is made up of V 3d states, an increase in its valence state may lead to its
displacement, causing an increase in the band gap values [33]. According to reports,
BiVOu4 has optical properties that are more influenced by electronic structure than particle

size. For instance, Zhao et al. has reported that a slight structure distortion enhances the
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lone pair impact of the Bi 6s states, resulting in unique optical properties and excellent

photocatalytic activities [34].

TEEErEEaeEr e
5 __________________________________________________________________________________
: 0.6+
<

5 P\ T B A
=

= 044+ eV
=

h ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Z
D 02 deei b QR ke b b
<

e e

200 300 400 500 600 700 800 900
Wavelength (nm)

Fig.7.11. The UV-visible absorption spectrum of the samples. The
absorption band edge positions are nearly 505 nm,530 nm and 516 nm for
BVO-0.0, BVO-0.1 and BVO-0.2 respectively.
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Fig.7.12. Estimating the optical band gap of the samples using the
Kubelka-Munk function.
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Sample Band edge Bandgap (eV)
(nm)
BVO - 0.0 505+1 2.85+0.05
BVO — 0.1 5301 2.51+£0.05
BVO — 0.2 516 £1 2.93 +£0.05

Chapter 7

Table .7.3. The estimated values of band-edge positions and band gap of the samples.

7.3.6. Catalytic performance of BiVO4

The catalytic performance of BVO samples was investigated by the degradation
of RhB dye in the presence of ultrasonic sound and visible light. The degradation of RhB
that occurs when exposed to visible light is referred to as photolysis, while sonolysis is
the term used when only ultrasonic sound is used. When ultrasonic sound and visible
light are used in conjunction, the process is called sonophotolysis. If BiVOs is used as
the catalyst with visible light, the process is referred to as photocatalysis, and when
BiVOs4 is used as the catalyst with ultrasonic sound, it is called sonocatalysis. Finally,
when all three - ultrasonic sound, visible light, and BiVOs4 catalysts - are used, the process

is known as sonophotocatalysis.

The Fig.7.13. displays the temporal evolution of sonophotocatalytic degradation of RhB.
In the sonophotolytic degradation, approximately 16% of the RhB was decomposed.
However, the addition of BiVOas catalysts considerably impacted the degradation
efficiency of this process. Within 90 minutes of ultrasonic sound and visible light
irradiation, the BVO-0.0, BVO-0.1, and BVO-0.2 catalysts can achieve degradation
efficiencies of approximately 96%, 88%, and 100%, respectively. The temporal evolution
of photocatalytic and sonocatalytic degradation of RhB is displayed in Fig.7.14. and
Fig.7.15.
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Table.7.4. estimates and demonstrates the degradation efficiency of the catalysts for
various catalysis. It is evident that, combining ultrasound irradiation with visible light
enhanced the catalytic degradation reaction. The efficiency of sonophotocatalysis is
significantly higher than that of bare photocatalysis or sonocatalysis alone. Experimental
studies demonstrated a synergistic effect in the catalytic degradation of RhB when both
visible light and ultrasound were present. Our experimental studies show that bismuth
vanadate's tetragonal phase exhibits higher sonocatalytic and sonophotocatalytic activity
than its monoclinic phase. The mixed phase of bismuth vanadate is more actively

engaged in all catalytic processes than its single crystalline phases.
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Fig.7.15. The temporal evolution of soocatalytic degradation of RhB.

To comprehend the quantitative approach to the catalytic reaction, we have examined the
kinetics of the catalytic degradation of RhB by BiVO4, employing the pseudo-first-order

reaction kinetics as C, = C,e "¥arrt. Thus, the apparent rate constant of the reaction kapp

can be obtained by estimating the slope of the linear fit of In (%) versus time (t).
t

The Fig.7.16. depicts the linear fit of a pseudo-first-order kinetic model of

sonophotocatalysis. The linear fit of photocatalytic and sonocatalytic reactions is shown
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in Fig.7.17. and Fig.7.18. All catalytic reactions confirmed the linear fitting of pseudo-

first-order kinetics and Table 7.5. lists the calculated apparent rate constants.

-

t (min.)

Fig.7.16. The linear fit of the Pseudo-first order (PFO) kinetic model of
sonophotocatalytic degradation of RhB.
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Fig.7.17. The linear fit of the Pseudo-first order (PFO) kinetic model of
photocatalytic degradation of RhB.
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Fig.7.18. The linear fit of the Pseudo-first order (PFO) kinetic model of
sonocatalytic degradation of RhB.

This quantitative kinetic analysis of catalysis establishes that BVO-0.2 outperforms the
monoclinic and tetragonal phases of BiVOs4 in all catalytic processes. In particular, BVO-

0.2 has an apparent rate constant that is 1.5 times greater than BVO-0.0 and 2.5 times
greater than BVO-0.1 for sonophotocatalysis.

Table.7.4. Estimated values of the removal efficiency of RhB of the reactions
(within 90 min.)

Sample % of removal % of removal % of removal
(Sonocatalysis) (Photocatalysis) (Sonophotocatalysis)
Without the 9 15 16
catalyst
BVO-0.0 64 68 96
BVO-0.1 51 81 88
BVO0-0.2 78 90 100
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Table.7.5. Estimated values of the apparent rate constant of the reactions.

Sample Sonocatalysis Photocatalysis Sonophotocatalysis

Kapp(x 1072min™1)| kgp,(X 1072min1) | kgpy, (X 1072min™1)

Without the 0.12 +£0.01 0.20 £ 0.01 0.28 +£ 0.01
catalyst

BVO-0.0 1.14 £+ 0.02 1.29 £ 0.02 3.73 £0.03
BVO-0.1 0.78 £ 0.03 1.84 +0.02 2.354+0.03
BVO-0.2 1.58 + 0.04 2.32 +0.04 5.70 + 0.04

The reason behind the enhanced catalytic degradation in BVO-0.2 can be

attributed to the more significant distortion of the (VV0) 43_ tetrahedron, which is caused
by differences in valence states and is also evident in their bond lengths as computed by
equation (7.2). Additionally, the agglomerates in BVO-0.2 may have a larger surface area
because of the loosely packed nanoparticles, which increases the number of active sites
available for catalysis. The -catalytic performance of BVO-0.0 and BVO-0.1
demonstrates how the crystal phase of BiVOa influences its catalytic activity, indicating
that the transition from tetragonal to monoclinic crystal structures leads to a reduction in
catalytic activity due to the smoothing of the surface, which in turn decreases the surface
heterogeneity. Therefore, tetragonal scheelite crystal structures exhibit better photo,
sono, and sonophoto catalytic activity in all catalytic processes compared to their
monoclinic scheelite counterparts. This study highlights the dependency of catalytic
performance on the crystal phase of BiVOa.

7.3.7. Hall measurements of the catalysts

Kweon and Hwang used hybrid DFT to predict the structural, bonding, and
electronic properties of BiVOa, paying particular attention to the difference between its
tetragonal and monoclinic phases [36]. The authors provided theoretical proof for how
the localization and transport of holes in bismuth vanadate depend on its crystal phase.
In the tetragonal phase, an additional hole tends to be centred around a BiOs polyhedron,

which causes significant lattice distortion. On the other hand, in the monoclinic phase,
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the hole spreads out across several lattice sites [36]. This promotes the migration of the
produced holes, allowing them to spread over multiple lattice sites. Therefore, the
mobility of holes dependent on the phase could explain the more significant catalytic

activity exhibited by BiVOa.

For this, the DC field Hall effect measurements were used to obtain values for
carrier mobility (n) and carrier concentration (n) for the synthesized samples. The
conductivity of the samples is estimated using the equation ¢ = neu, where e is the
electron's charge. Table 4 shows the Hall measurement results and estimated conductivity
value of the samples. Since all the samples show a positive carrier concentration, they
are p-type semiconductors. BVO-0.2 exhibits a significantly greater carrier
concentration, mobility, and conductivity, favouring enhanced catalytic performance than
the other two samples.

Table .7.6. The carrier concentration, mobility and conductivity of the catalysts obtained
from DC Hall measurements.

Sample Carrier Mobility u Conductivity o
concentration n (X 1020m2V_IS_1) (.Q_lcm_l)
(x 107 cm™3)
BVO-0.0 1.65 +0.43 2.24+0.14 5.90 £ 0.55
BVO-0.1 1.27 £ 0.23 2.03£0.35 4.00 £ 0.35
BVO-0.2 3.54 +0.31 7.38 + 1.34 42.51+1.12

7.3.8. Photoluminescence studies of the catalysts

In Fig.7.19., we present a comparative PL study of tetragonal, monoclinic, and
isotype heterojunctions of BiVOs, utilizing an excitation wavelength of 380 nm. The PL
spectrum of the samples reveals emission peaks within the 400—650 nm range. Notably,
the isotype BiVOs heterojunction sample exhibits a relatively low PL emission intensity
compared to the other samples, indicating a controlled rate of charge recombination and,
consequently, a higher photocatalytic performance. This observation is attributed to the
efficient transfer of photoinduced electrons from the tetragonal to the monoclinic phase,
resulting in increased spatial separation and extended lifetimes of the photoinduced
charge carriers. The enhanced separation of electron-hole pairs is made possible by

effectively advancing the charge anti-recombination process within the material [37]. It's
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worth noting that the distortion of bonds in monoclinic BiVOs4, evident in Raman
analysis, contributes to the increased efficiency in separating photoinduced electrons and

holes.
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Fig.7.19. The PL spectra of the prepared samples. The isotype BiVOy
sample displays noticeably lower PL emission intensity when contrasted
with the other samples. Data suggests a well-regulated charge
recombination rate, leading to superior sonophotocatalytic performance.

7.3.9. Thermodynamics of the catalysis

The transition state theory (TST) [38] developed by Henry Eyring was used to
analyze the thermodynamics of the catalytic degradation of RhB by BiVO4. According
to the TST, the pre-equilibrium rate of the reaction related to various thermodynamic

parameters of the reaction is

In (;) - % (%) + %S +1n (%B) ...... (7.5)

where AH and AS are the enthalpy and entropy change of the reaction, respectively. And
kg, h, are, respectively, the constants of Boltzmann (1.38 x 10723J/K), Planck
(6.62 x 10734Js).

By considering rate constant k = k Eq.7.5 can be rewritten as follows:

app >
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Kapp AH (1\ AS kg
ln( T >——?<?>+?+11’1(7> ...... (76)

The values of AH and AS for the catalytic degradation of RhB by BiVO4 were calculated
from the slope and intercept of the In (ka%) - % plot. This is depicted in Fig.7.20. The

description of thermodynamics oof catalysis is thoroughly explained in Section 2.7 of

Chapter 2.

Table 7.7. The estimated values of thermodynamic parameters of the various catalytic
reactions.

Catalysis AH (k] mol™) AS (JK™1) E, (kJ/mol)

Sonocatalysis +189+ 1.0 —251.8+ 4.7 215+ 09

Photocatalysis +9.6 + 1.3 —281.6 +4.3 123413

Sonophotocatalysis +59+ 1.6 —291.1+5.7 98+ 15
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Fig.7.20. The In (T) - % plot for estimating the various thermodynamic

parameters of the catalytic reactions.
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Table.7.7 displays the estimated enthalpy change (AH) and entropy change (AS) for
different catalytic reactions. In all cases, the enthalpy change of the reactions is positive,
and the entropy change is negative. The physical significance of a positive enthalpy
change in a catalytic reaction is that the catalytic process is endothermic, absorbing heat
from the surroundings [39]. A negative AS indicates a decrease in the overall disorder or
randomness of the system during the catalytic reaction. The positive AH and negative AS
combinations indicate a non-spontaneous reaction under standard conditions. Additional
factors, such as the presence of a catalyst or external energy input, may be required to
drive the reaction forward. These external factors are the reaction medium's visible light
and ultrasonic sound waves [39]. The physical significance of having a lower AH and
significant AS for sonophotocatalysis lies in its enhanced reaction spontaneity, improved
reaction efficiency, enhanced catalyst effectiveness, and potential energy savings. The

variation of Gibb's free energy of the reaction with temperatures is shown in Fig.7.21.
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Fig.7.21. The variation of Gibb's free energy of the reaction with
temperatures.

The kinetic experiments were conducted in the temperature range of 298-318 K to assess
the impact of temperature on the reaction rate. The Arrhenius equation was employed to

calculate the activation energy of the reaction (E,) and the frequency factor (A):
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where R and T are the universal gas constant (8.314 ] K~'mol™1) and absolute

temperature (K), respectively. The slope of the In kp,, — % plot provided E,. This is

shown in Fig.7.22.
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Fig.7.22. The linear fit of Inkgy, — % graph for the estimation of

activation energy of the catalytic process.

The activation energy represents the minimum energy required for a chemical reaction.

Thus, a lower activation energy signifies the catalytic activity and effectiveness in

accelerating the reaction rate. Table 5 shows that activation energy is the least for the

sonophotocatalytic process. This shows the sonophotocatalytic reaction can favour

specific pathways by providing lower energy barriers for desired reactions while

hindering undesired ones. It also indicates less pronounced temperature dependence of

the reaction rate [40].
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7.3.10. Effect of the catalyst dosage

The catalyst dosage significantly affects dye degradation, as shown by varying
the dose from 0.25 g/L to 1.25 g/L. The Fig.7.23. demonstrates that higher catalyst doses
generate more active sites and active species, leading to increased degradation efficiency
in all catalytic degradations. This higher dosage reduces diffusion limitations, providing
a shorter path for pollutant molecules to reach the active sites on the catalyst surface.
Consequently, more active sites are available for adsorption and degradation, increasing
the probability of pollutant molecules contacting the catalyst and enhancing degradation

efficiency [42].
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Fig.7.23. Effect of dosage of the catalyst on catalytic degradation of RhB.

7.3.11. Reusability of the catalyst

The reusability tests of the BVO-0.2 catalyst were further investigated in the
sonophotocatalytic reaction (Fig.7.24.). In the sonophotocatalytic reaction, the catalysts
showed excellent recyclability. Even after five cycles, it retained around 90% of its initial
degradation efficiency. The slight decrease in efficiency is attributed to the deposition of

catalyst particles on the reactor wall, leading to the loss of active sites.
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Fig.7.24. Recyclability test of the catalyst- under sonophotocatalysis.

7.3.12. Active species reaction test

Active reaction species are intermediate species or reactive entities that play a
crucial role in catalyst-surface chemical reactions within advanced oxidation process-
based catalysis. To elucidate the sonophotocatalytic mechanism during the degradation
reaction in the presence of the BVO-0.2 sample, a trapping test was conducted to detect
the active species. This is shown in Fig.7.25. The experimental findings revealed the
presence of dominant oxidative species, namely *Oz, h*, *OH and electron as identified
by the use of Benzoquinone (BQ), potassium iodide (KI) and isopropanol (IPA), and
silver nitrate (AgNOs3) respectively. Active species scavenging experiments demonstrated
the significant involvement of reactive species, including electrons ("), holes (h"), and
hydroxyl radicals (*OH), in the sonophotocatalytic process, out of which h* and *OH
radicals showed active involvement in the degradation process. The holes in the valence
band can actively participate in the degradation reaction by producing highly oxidative

reactive species such as *OH radicals.
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Fig.7.25. The effect of the sacrificial agents on the various catalytic
processes.

7.3.13. Proposed mechanism for the degradation of Rhodamine B

To gain insight into the degradation mechanism of RhB, we used HPLC to
identify the intermediates generated in the process. The intermediates and their
identification results are summarized in Table.7.8. and Fig.7.26. The sonophotocatalytic
degradation pathway of RhB involves four main processes: N-de-ethylation,

chromophore cleavage, ring-opening, and mineralization.

Initially, N-deethylation occurred on the nitrogen atoms of RhB molecules due to the
attack of h*, resulting in various intermediates including P1 (m/z = 359), P2 (m/z = 415),
and P3 (m/z = 387) [44]. Subsequently, the chromophore structures of these deethylated
products were destroyed through cleavage of the conjugated xanthene structure, leading
to intermediates with lower molecular weights, such as products P4 (m/z =300), P5 (m/z
= 239), P6 (m/z = 226), P7 (m/z = 195), and P8 (m/z = 217) [44]. The benzene ring
structures of these intermediates were continuously attacked and oxidized to products P9
(m/z = 114) and P10 (m/z = 118). Ultimately, the formed products could be mineralized
to CO2 and H20 [44].
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Fig.7.26. The possible sonophotodegradation pathways of RhB.

Table 7.8. Degradation products of RhB identified by HPLC

Intermediates tr (min) m/z Chemical structure
- 443 o
S OH\
<N L~ ST TR
J
P1 2.48 359

P2 2.01 415

P3 3.69 387
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7.3.14. Mechanism of sonophotocatalysis

The sonophotocatalytic processes typically operate based on the hot-spot theory, the
sonoluminescence phenomenon, and visible light-driven photocatalysis. By combining
visible light and ultrasonic waves, the degradation of RhB occurs through the following
sequence of events [45]: First, cavitation bubbles undergo a nucleation process, which is
facilitated by the presence of nano solid particles in the solution. Nucleation is relatively
easier on the surface of these solid particles. Next, these cavitation bubbles grow
continuously under the action of ultrasonic waves. Eventually, they reach a certain size
and collapse, leading to the formation of ‘sonic luminescence’ (SL) and the generation
of high temperatures. This process causes hydrothermal decomposition, generating

hydroxyl radicals [46]. The light and heat generated by ultrasonic cavitation excite
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nanoparticles, resulting in the continuous formation of electron-hole pairs, known as
sono-photo induced electron hole pairs. These pairs play a key role in enhancing the

degradation reaction through an advanced oxidation process.

The degradation is facilitated by free radicals generated through water pyrolysis
and photo-thermal catalysis pathways [46]. Results from active species test experiments
indicate the significant involvement of electrons (e), holes (h"), and hydroxyl radicals
(*OH) in supporting the sonophotocatalytic degradation of RhB. Sonoluminescence,
caused by ultrasound irradiation, can excite BiVOas to form sono-photo-generated hole-
electron pairs. These generated holes (h*) can transfer to the surface of BiVO4 and oxidize
the adsorbed H20 molecules, or —OH to produce *OH, which directly degrades RhB

adsorbed on the surface of BiVOa4. The reaction equations are as follows [47]:
BiVOs+hv —h" +¢
h*+ H>0 — «OH + *H
h"+OH — «OH
h" +RhB — H20 + CO2 + NO3™ + NHy
*OH + RhB — H20 + CO2 + NO3™ + NH«

The sonophotocatalytic degradation combines sonochemical and photocatalytic

processes, with the degradation rate of RhB higher than the sum of their individual rates.
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Fig.7.27. The mechanism of degradation of RhB under the irradiation of
ultrasonic sound and visible light in the m-t-BiVOy heterostructure.
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This enhancement may be attributed to the physical effects of cavitation bubbles
facilitating the transfer of RhB from the bulk solution to the BiVO4 surface and the
cleaning of degradation products from the surface. This cleaning enhances the rate of

RhB degradation by increasing the number of active reaction sites on BiVOsa.

The schematic diagram of the mechanism of degradation of RhB under the irradiation

of visible light and ultrasonic sound is shown in Fig.7.27.

Numerous investigations have established a strong correlation between the photocatalytic
performance of BiVO4 materials and their crystal structure and morphology [47]. In our
current study, we have observed that the BVO-0.2 sample, which possesses a mixed-
phase structure of BiVOs, exhibits superior photocatalytic, sonocatalytic, and
sonophotocatalytic efficiency when subjected to visible light and ultrasonic sound. The

enhanced efficiency of the BVO-0.2 sample can be attributed to its high carrier

concentration, mobility, and conductivity. The distortion in the (v0),*” tetrahedron
enhances the impact of Bi 6s states, leading to unique optical properties and excellent
photocatalytic activity. The sample's suitable bandgap prevents the recombination of
photogenerated electron-hole pairs, while its surface roughness improves adsorptive

behaviour.

In addition, the presence of two distinct crystal structures within BVO-0.2 enables
a type of semiconductor coupling, thereby facilitating activation across a broader range
of visible. An interfacial heterojunction structure between the tetragonal type and
monoclinic phases of BiVOs facilitates efficient electron tunnelling from the CB of the
tetragonal phase to the CB of the monoclinic phase. Additionally, holes originating from
the valence band of the tetragonal zircon BiVOs phase effectively inject into the valence
band of the monoclinic BiVO4 phase, preventing electron-hole recombination and thus
enhancing the photocatalytic activity. The transport properties of photoinduced charge
carriers in the semiconductor material significantly contribute to improved

sonophotocatalytic performance.

We compared the degradation efficiency of BVO-0.2 with other catalysts used in
the sonophotocatalytic removal of RhB. The comparison is summarized in Table.7.9. in
the supplementary section. It illustrates that the isotype BiVOs4 heterojunction serves as

an excellent catalyst for removing RhB from water.
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Table.7.9. Comparison with other catalysts for the removal of RhB using

sonophotocatalysis.
Catalyst Experimental | Dosage | Degradation | Time Reference
condition of the efficiency | (min.)
catalyst (%)
(9/L)
NiTiO3/ZnO 5 ppm 0.5 95 120 Maria
Xe Iamp 35W E. Zarazla-
Ultrasound Morin et al.
sonicator [48]
60 KHz,37W
MgWOQOq4 ~5 ppm 1.0 92.3 240 Vitoria E.M.
modified Ag UV-C lamp Vieira et al.
NPs 20w OSRAM [49]
Ultrasound
sonicator 40
KHz, 100w
Bi2WOs 10 ppm 1.0 100 120 Mahboobeh
Xe lamp (400 Zargazi et al.
W, XT-400- [50]
E40)
ultrasonic horn
(BRANSON,
digital Sonifier
450, and 20
kHz)
N-Ti** co- 20 ppm 0.5 97 100 | Mingxuan Sun
doped TiO2- | 500 W Xenon etal.
Bi2WOs lamp [51]
ultrasonic
cleaner 35 kHz,
180 W,
Ce02/Ag2CrO4 6 ppm 1.25 89.78 40 MM
LED lamp Sabzehmeidani
et al.
[52]
BiVO4 10 ppm 0.5 100 90 Present work
Xe arc lamp
300W
Ultrasonic
cleaner 40kHz,
50 W
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7.4.CONCLUSION

As a result of a quick and facile hydrothermal method, pure and mixed phases of
BiVOs visible-light and ultrasonic sound-driven semiconducting catalysts have been
successfully synthesized. Significantly, this novel approach offers a productive way to
adjust the structural, morphological, and electronic properties of BiVO4 by carefully
adjusting the dosage of the surfactants. The morphological and structural characteristics
of synthesized BiVOs were thoroughly examined. Additionally, it was shown how the

phase transformation affected the local structural variations in bond length and bond

strength of the (V0) 43_ tetrahedral unit of BiVOa4. The deviations in electronic
properties in mixed-phase BiVOas were attributed to the abrupt change in band gap energy
in accordance with structural transformation. Significantly, under both visible light and
ultrasonic sound waves, mixed phase BiVOas displays the highest sonophotocatalytic
degradation efficiency of Rhodamine B (RhB) dye at 100% with an average kinetics rate

kop, = (5.70 +£0.04) X 10~2min~1. The current study proved the significance of

app
interface formation and distortions in mixed-phase BiVOs, which promotes the
sonophotocatalytic activity, and demonstrated the comparative sonophotocatalytic

activity of the monoclinic, tetragonal, and mixed-phase BiVO4 materials. The high carrier

concentration, mobility, conductivity, and distortions in the (V0) 43_ tetrahedron, which
resulted in unique optical properties and excellent catalytic activity, are attributed to the
high degradation rate of RhB by the BVO-0.2 sample. The electrons (¢°), holes (h"), and
hydroxyl radicals (*OH) are important active radicals during sonophotocatalysis,
according to the results of the free-radical trapping (scavenger) tests. Various factors
affecting the degradation reaction, such as temperature, catalyst dosage, and initial dye
concentration, were examined to optimize reaction conditions for industrial applications.
Additionally, the catalyst retained 90% degradation efficiency even after five cycles of
use. Degradation products were identified using HPLC analysis, proposing a degradation
pathway for RhB. The study on isotype BiVO4 will pave the way for developing mixed-

phase sonophotocatalysts for environmental remediation.
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Summary and Conclusion

Nanoflower CuS
efficiently removes
and catalytically
degrades SDS in

wastewater.

z i’

MnsS synergistically
removes phosphate and
degrades Congored via

sonocatalysis.

3D micro-flower
BiOBr-Cl solid solution
photocatalyzes antibiotic
decomposition in water

\ /

Monoclinic-tetragonal
BiVO, shows excellent
catalytic performance
under ultrasound and
visible light

This chapter presents a comprehensive summary of the thesis, aligned with the primary
objectives, and concludes the research work.
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The thesis, Insights on Adsorptive and Catalytic Water Remediation Using
Metal Chalcogenides and Bismuth-Based Nanomaterials, explores water remediation
using adsorption and advanced oxidation processes. It targets pollutants like surfactants,
phosphate ions, antibiotics, and industrial dyes, achieving nearly 100% removal
efficiency through the development of four nanomaterials. The study investigates

mechanisms, kinetics, thermodynamics, and pollutant degradation pathways.

To enhance adsorption, morphology and crystalline phases were optimized by
varying synthesis conditions. CuS nanoflowers were developed for removing sodium
dodecyl sulfate, while MnS nanomaterials with varying crystalline phases were studied

for phosphate adsorption.

Catalytic activity was improved using two strategies: solid solution formation
and isotype heterojunctions. BiOBr-Cl solid solutions tuned the optical bandgap from
3.39 eV to 2.75 eV through halide alloying, enhancing photocatalytic performance.
BiOBro.25Clo.7s proved effective for antibiotic degradation. Additionally, mixed-phase
BiVOs4 heterostructures demonstrated superior sonocatalytic and photocatalytic activity.
The monoclinic-tetragonal heterojunctions enhanced charge separation and transfer,

significantly improving photocatalytic efficiency.

Concisely, our investigation in the thesis was mainly focused on the five
objectives outlined in Chapter 1, Section 1.8. Based on these objectives, we have
endeavoured to explore the various properties of metal chalcogenides and Bi-based

nanomaterials for water purification.
The brief description of the thesis is the following:

In this thesis, we efficiently decomposed sodium dodecyl sulfate (SDS) from
industrial effluents using CuS nanoflowers as an efficient adsorbent and catalyst. The
efficient adsorption and fast catalytic decomposition of SDS into CO2 and water was
driven by hemi-micelle enhanced adsorption and the synergistic action of H2O2. The
mechanism of surfactant adsorption on CuS nanoflowers was analyzed using various
adsorption isotherm models, with adsorption kinetics governed by pseudo-first-order
kinetics and intraparticle diffusion. The process was endothermic and enthalpy-driven,
and the catalytic activity resembled a Fenton-like process, which is rare in chalcogenides.
This study highlights the potential of copper chalcogenides for industrially scalable,

energy-efficient surfactant remediation.
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We also introduced a dual-functional MnS nanomaterial for removing phosphate
ions and Congo Red dye. MnS nanomaterials, synthesized via a hydrothermal route,
showed a phosphate adsorption capacity of 160.73 mg P/g and demonstrated a
spontaneous, exothermic adsorption process. FTIR analysis confirmed that the
adsorption mechanism involved electrostatic attraction, surface complexation, and ion
exchange. MnS maintained its adsorption capacity despite competing ions and exhibited
high sonocatalytic efficiency, degrading Congo Red dye within 10 minutes of ultrasonic
irradiation. These findings underscore MnS as a promising alternative to lanthanum or
zirconium-based materials for the removal of phosphate and textile dyes from
wastewater. The results suggest that MnS nanomaterials are promising for practical

applications in phosphate removal and textile dye degradation from wastewater.

For the removal of residual antibiotics in water, we explored the potential of
photocatalytic  processes as an eco-friendly solution. We synthesized
BiOBr(;_x)Cl, nanoplates solid solutions with varied Br:Cl molar ratios through a
simple co-precipitation method. These solid solutions exhibited superior visible-light-
driven photocatalytic activity compared to pristine BiOCI and BiOBr. The
BiOBr, 55Cl, 75 sample achieved 89% and 99% degradation efficiency for ciprofloxacin
(CIP) and tetracycline hydrochloride (TCH), respectively, within 20 minutes under
optimum conditions. The performance was attributed to a large specific surface area,
suitable morphology and band gap, effective separation of photo-generated electron-hole
pairs, and meso-size pores. The solid solution demonstrated facile recyclability, robust

stability, and adaptability to aquatic environments.

Additionally, we developed a heterojunction BiVOs structure by incorporating two
distinct crystal phases within a single semiconducting material. We synthesized
tetragonal, monoclinic, and monoclinic/tetragonal heterophase BiVO4 photocatalysts
using a hydrothermal procedure. The photocatalytic activity of BiVO4 samples was
examined by monitoring the degradation of Rhodamine B (RhB). Ultrasonic sound
waves were employed to enhance the degradation reaction. The study examined the
photocatalytic, sonocatalytic, and sonophotocatalytic activity of BiVO4 microcrystals in
relation to the degradation of RhB dye. The results showed that the crystalline phases of
BiVO4 samples significantly influenced the behaviour of photo-sono-induced charges.

An interface in the monoclinic/tetragonal heterophase facilitated charge transfer and
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enhanced the separation of photo-sono-induced electron-hole pairs. This study provides

insight into the reasons for the enhancement in sonophotocatalytic activity.

Through this work, we have successfully achieved all our research objectives. To
address the first objective, we synthesized CuS nanoflowers and demonstrated their
ability to completely remove and decompose SDS molecules. For the second objective,
we synthesized MnS nanostructures, which effectively removed phosphate ions from
water. To fulfill the third objective, we utilized MnS nanostructures and BiVOa for the
sonocatalytic degradation of Congo Red and Rhodamine B dyes in water. We also
investigated the synergistic effect of sonocatalysis and photocatalysis in the degradation
of Rhodamine B using BiVOs heterostructures. To achieve the fourth objective, bismuth
oxyhalide solid solutions were employed for the degradation of antibiotics in wastewater.
For the fifth objective, isotype BiVOa heterostructures were synthesized and used for

sonophotocatalytic degradation of industrial dye in wastewater.

In conclusion, this thesis presents significant advancements in water remediation
using metal chalcogenides and Bi-based nanomaterials. Through systematic research, we
developed four nanomaterials - CuS nanoflowers, MnS nanomaterials, BiOBT (;_,)Cl,
solid solutions, and heterojunction BiVOs structures—each demonstrating exceptional
performance in removing various industrial pollutants, viz. sodium dodecyl sulfate,
phosphate ions, antibiotics, congo red dye and rhodamine B dye. These findings
underscore the potential of these nanomaterials for scalable water purification and
provide deeper insights into the mechanisms governing adsorption and catalytic
processes. This research highlights the promise of metal chalcogenides and bismuth-

based nanomaterials as innovative solutions for addressing water pollution challenges.
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CHAPTER 9

Recommendations

This chapter outlines recommendations for future research directions based on the findings of
this study.
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RECOMMENDATIONS FOR THE FUTURE WORKS

The present research introduces four novel nanomaterials specifically designed
to target four different types of pollutants commonly found in industrial effluents. These
nanomaterials have been effectively demonstrated for removing contaminants in an
aqueous medium at the laboratory level, showcasing their potential for practical
application. The successful integration of the described physico-chemical methods into
existing wastewater treatment systems can significantly advance the potential of this
work, as discussed in this thesis, to facilitate the implementation of practical water

treatment solutions.

The catalysts synthesised in this study are currently demonstrated at a laboratory
scale. Throughout the thesis, keeping in mind the industrial scalability, we have attempted
to explore the utility of naturally abundant nanomaterials synthesised using facile routes.
These catalysts need to be synthesised on a larger scale with high purity for practical

applications in water treatment systems.

The adsorbents synthesised in this research can be integrated with commercial
adsorbents such as activated carbon, carbon nanotubes (CNT), and graphitic carbon
nitride (g-CsN4). This combination is expected to enhance the adsorptive properties of
the materials, improving their efficiency for practical applications. By leveraging the
synergistic effects of these hybrid materials, the overall adsorption capacity and
selectivity can be improved, facilitating their commercialisation for large-scale

environmental remediation efforts.

For future work, it is recommended to systematically study the impact of multiple
impurities on the efficiency of water purification system to ensure the real-world
applicability of the developed nanomaterials. Evaluating how various co-existing
contaminants influence the removal performance of the synthesised nanomaterials under
different operational conditions will be crucial. These studies will optimise the design
and application of the materials in complex wastewater matrices, enhancing their

practical utility in industrial effluent treatment systems.

It is also recommended to incorporate advanced characterisation techniques such
as X-ray photoelectron spectroscopy (XPS), electrochemical impedance spectroscopy
(EIS), Mott-Schottky analysis, and electron paramagnetic resonance (EPR) under an

applied magnetic field. These techniques will provide valuable insights into the electronic
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structure, surface chemistry, charge carrier dynamics and magnetic properties of the
developed nanomaterials. Such comprehensive analyses will enhance understanding of
the mechanisms driving the observed catalytic and adsorption behaviours, informing the
optimisation and development of more efficient materials for environmental remediation

applications.

Developing a comprehensive wastewater treatment system that integrates the
adsorption techniques and various catalytic processes discussed in this thesis is
recommended. This system should be designed to optimise the removal of diverse
contaminants from industrial effluents by leveraging the synergistic effects of advanced
adsorbents and catalysts. Implementing such a system will enhance the overall efficiency
and effectiveness of wastewater treatment, facilitating the practical application of the

research findings in real-world scenarios.

“Our biggest challenge in this new century is to take an idea that seems
abstract — sustainable development — and turn it into a reality for all the

world’s people.”

— Kofi Annan
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