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ABSTRACT

Chlorophenols are classified as the most widespread and largest group of phenols. The presence
of chlorophenols in the environment is related to the use and degradation of organic compounds
including pesticides, phenoxyherbicides as well as phenolic biocides. The most popular
chlorophenols such as  2,4-dichlorophenoxyacetic  acid (2,4-D), 4-chloro-2-
methylphenoxyacetic acid (MCPA) and 2,4,5-trichloro-phenoxyacetic acid (2,4,5-T) tend to
produce phenol, 2-chlorophenol (2-CP) and 2,4-dichlorophebol (2,4-DCP) as byproducts. 2,4-
DCP has been listed as a priority pollutant by the US Environmental Protection Agency
(USEPA) due to its high toxicity, carcinogenicity, bioaccumulation and mutagenicity to living

organisms.

Conventional and advanced treatment strategies have been employed in preventing the spread
of 2,4-DCP in the natural environment. However, conventional treatment methods generate

large amounts of secondary pollutants, where as, advanced treatments tend to bear a very high
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operational and energy cost. There is therefore an urgent need for the scientific community to
develop cost effective and environmentally friendly treatment processes for water and
wastewater contaminated with 2,4-DCP and other aromatic organic co-pollutants. In one of the
fastest growing technologies, photocatalysis is an advanced oxidation process that has the
potential of degrading recalcitrant organic contaminants in water. This treatment process uses
a semiconductor material as a catalyst which is irradiated using a light source (UV or visible
light) to produce highly reactive ‘OH or O" free radicals. The most commonly used
experimental photocatalyst is titanium dioxide (TiO2) due to its semiconductor properties,
chemical stability, non-toxic and low cost. The biggest limitation of TiOz is its limited response
to low output sources such solar light. Titanium dioxide is most effectively activated under
ultraviolet (UV) light. The high energy consumption makes this process impracticable. Solar
radiation is an integral part of renewable energy resources and a cheaper alternative energy
source. On the other hand, processes that utilise the visible light range of solar radiation are
desirable due the fact that solar radiation is abundant and cheap. In this study, a visible-light
wavelength driven photocatalyst is developed based on the knowledge that inclusion of silver-
halide complexes AgX (X=Cl, Br, 1) can reduce the band-gap energy required to excite

electrons and move them to hypothetical conduction band.

Highly efficient silver halide (Ag/AgX where X= ClI, Br, I), photocatalysts were successfully
synthesized through a hydrothermal method. The prepared samples were characterized using a
range of techniques such as X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning
electron microscopy (SEM) and Brunauer-Emmett-Teller (BET). All compounds were
confirmed to be pure with the associated planes being identified. XRD patterns of Ag/AgBr
photocatalyst presented cubic phase AgBr. The presented diffraction peaks are sharp and
intense, indicating the high degree of crystallinity of the Ag/AgX species. SEM presented

agglomerated and non-uniformly distributed particles of the prepared catalysts, as a result of

iv
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surfactant-free precipitation reactions in aqueous media. X-ray photoelectron spectroscopy

(XPS) confirmed the presence element Ag on the surface of AgX (X =Cl, Br, I).

The photocatalytic activity of these photocatalysts were evaluated through the degradation of
2,4-dichlorophenol (2,4-DCP) under UV and visible light irradiation. Variant photocatalytic
efficiency was exhibited dependent on the material used. The Ag/AgBr photocatalysts
exhibited the best efficiency among all three catalysts, resulting in an 83.37 % and 89.39 %
photodegradation under UV and visible light after 5 h, respectively, at a catalyst loading of
0.5 g L. Factors such as initial catalysts loading, pH effects and the initial organic
contaminants concentration were also investigated. The reusability of the Ag/AgBr was
evaluated and displayed a reduced stability after 5 cycles of irradiation. The photocatalytic
capacity of Ag/AgBr decreased by 50 % after 5 cycles The 2,4-DCP degradation Kinetics were

determined to fit the pseudo-first order Langmuir-Hinshelwood model.

The results from this study indicate the feasibility of utilizing Ag/AgX under visible light

irradiation for the removal and mineralization of organic compounds for water.

Keywords: Advanced Oxidation Processes, Photocatalysis, Semiconductor, Degradation,

Visible light, Wastewater Treatment
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CHAPTER 1

1 INTRODUCTION

1.1 Background

Water pollution is a major globally issue, which presents a major risk to the long-term
sustainability of the environment and its ability to support human life (Schwarzenbach et al.,
2010, Kurniawan et al., 2012). The rapid increase in the human population has resulted into a
corresponding increase in the production industry to produce new technologies and chemicals
to satisfy daily and energy needs. As a consequence, water bodies across the world are
receiving higher and higher volumes of waste containing a range of emerging pollutants most
of which are constituted from aromatic organic compounds and their halogenated congeners
(Ullah et al., 2013, Hanchang, 2009). Suffice to say, industrial effluents are frequently
contaminated by organic substances, such as aromatic intermediates and phenolic compounds,
as well as other halogenated or volatile organic substances, metals (mainly, Cu, Sh, Pu, Cd, Zn,
Cr, Ni, Hg) and other chemical species, such as benzene, cyanide (CN") and chloroform
(Fechete et al., 2012, Reddy et al., 2016, Zhang et al., 2020, Ramirez-Garcia et al., 2019,
Brandao et al., 2017). The presence of these compounds in wastewater and drinking water is a
major problem, due to their intrusiveness to biological processes. The unintended effects of
these compounds to the ecosystems are disruptions in metabolic processes (Giulivo et al.,
2016), disruption of endocrine systems in mammals (Marty et al., 2018),and carcinogenicity
and mutagenicity to almost all life forms (Choi et al., 2004).

Phenolic compounds are harmful to human health, as they can cause digestive problems, and
liver and kidney damage (Verma and Dwivedi, 2013, Anku et al., 2017). The presence of

phenolic compounds and their derivatives in drinking water at concentrations as low as 1 mg
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L' may cause serious public health issues and the death of aquatic life (Prado et al., 2002). At
concentrations greater than 1 mg L', phenolics causes disruptions in ecosystems resulting in

loss of biodiversity (Jones et al., 2003, Strade and Kalnina, 2019, Rahman et al., 2020).

1.2 Problem Statement

Pollution of water sources by chlorinated organic compounds is reported to be one of the major
environmental threats lately (Zhang et al., 2019, Gupta and Saleh, 2013). Herbicides and
pesticides containing chlorophenols are the major source of these compounds (Ighinosa et al.,
2013, Adeola, 2018). Other sources are biocides and wood preservatives. These compounds
often have chemical structures and tend to photodegrade into several by-products, some of
which with toxicity higher than the parent compounds. The chlorinated organic compound 2,4-
dichlorophenol (2,4-DCP) is the photodegradation by-product of triclosan (TC), a common
antimicrobial agent as well as 2,4-dichlorophenoxyacetic acid (2,4-D) herbicide (Melian et al.,
2013). The toxicity of phenolic compounds in various water bodies such as surface water,
groundwater and wastewater, at environmental levels of over 1 mg L', greatly affect the
organoleptic properties of water (Rodriguez-Proteau and Grant, 2005, Chindo et al., 2013).

Table 1-1. presents exposure and regulatory limits of phenol and some phenolic compounds.

2,4-Dichlorophenol has been listed as a priority pollutant by the United States Environmental
Protection Agency (USEPA) (Melian et al., 2013, Gaya et al., 2010), as it poses a serious threat
to both marine and human health due to its profuse toxicity, mutagenic, carcinogenic and
obstinately refractory properties (Liu et al., 2019, Bel Hadjltaief et al., 2018). The concentration
of chlorophenols in drinking water has been set to a limit of less than 1.0 mg/L. The
development of effective methods for the degradation of 2,4-DCP is imperative. Biological
treatment has been considered as a viable method for the decomposition of 2,4-DCP as 2,4-
DCP could be mineralized by microorganisms under aerobic or anaerobic conditions (Dixit et

al., 2011, Hassan et al., 2018).
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Table 1-1. Regulatory limits and exposure of phenol and phenolic compounds (Michalowicz
and Duda, 2007, Chowdhury et al., 2017).

Compounds (min Use/exposure Health effects

contaminant levels)

Phenol: (i) Utilised in the production of phenolic Skin irritation,
Phenol (4 mgL™) resins, aniline alkylphenols, dyes, pesticides, headache, liver
disinfectant, and antiseptic, synthetic fiber; damage, kidney
(ii) detected in industrial effluent from damage
various industries such as food processing,
pulp and paper, textile, coal gasification,

pharmaceuticals, and petroleum refining

Chlorophenols: (i) Utilised in pesticide and antiseptics Burning pain in
2-Chlorophenol (0.03 mg  production, (ii) produced in chlorine- the mouth,

L), 3-methyl-4- bleaching process during paper production, headache, lung
chlorophenol (0.5 mg L™"), (iii) formed through the chlorination of damage, affects
2,4- Dichlorophenol (0.01  humic matter during the chlorination of the digestive tract

mg L), pentachlorophenol drinking water, and (iv) also made in textile, and immune
(0.03 ug L), 2,4,6- pharmaceutical and chemical industry system
Trichlorophenol (1.5 pg L")

Nitrophenols: (i) Produced through the reaction of nitrite  Weakness,
2,4-Dinitrophenol (0.01 mg ions and phenol in water under light (UV or muscles pain,
L) solar), (ii) also formed during both the anorexia, kidney
production and degradation of pesticides, (iii)damage
produced
from metallurgic and electronic industry,
and (iv) used in solvents, dyes, and plastic

production

However, aerobic 2,4-DCP degradation in bioreactor was limited, this could be influenced by
the toxicity or inhibition of 2,4-DCP to microorganisms (Quan et al., 2004, Wang et al., 2020a).

Wang et al. (2007) developed an aerobic granule for the biological degradation of 2,4-DCP in
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a sequencing batch reactor and was able to remove 94 % of 2,4-DCP after 39 days of exposure.

This treatment method would not be commercially viable due to its lengthy reaction time.

In order to reduce the risk of 2,4-dichlorophenol in the environment, remediation through the
development of suitable alternative removal techniques is essential. Several technologies have
been investigated for the removal of 2,4-DCP in aqueous solutions, namely adsorption (Melian
et al., 2013), ozonation (Aziz et al., 2018) and electrochemical treatment (Liu et al., 2019).
Most of these technologies have disadvantages such as high operational cost, low efficiency,

and the production of excessive by-products.

As such, further development of effective methods for the degradation of 2,4-DCP is required.
Recently, photocatalysis has been identified as an economically feasible and environmentally
friendly advanced oxidation process (AOP) that is capable of mineralizing a wide range of
organic compounds including recalcitrant phenolics (Adenuga et al., 2019). The most widely
investigated photocatalysts are TiO.-based nanoparticles as they are inexpensive, non-toxic
and structurally stable (An et al., 2016, Kaneco et al., 2006, Xiao et al., 2015). However, the
large band gap of TiO2 (3.2 eV (Cui et al., 2015, Meng and Zhang, 2016, Bhatt and Patel,
2019)), has limited its application. TiO2 can be directly excited by ultraviolet (UV) irradiation
which accounts for only 4% of the solar spectrum. Consequently, efforts have been made to
develop photocatalysts that can absorb visible light which accounts for approximately 43% of
the solar spectrum (Ma et al., 2012), yielding a green energy source, economical and an eco-
friendly strategy of environmental remediation. This makes it imperative to develop visible

light responsive photocatalytic materials.

Plasmonic photocatalyst typically consists of noble metals namely Au, Ag, Pt, Cu, which
display high adsorption coefficients in the UV-Visible-near infrared spectral range. The high
adsorption coefficients are due to their strong surface plasmon resonance (SPR) (Cui et al.,

2015). The SPR is the resonant photon-induced collective oscillation of valence electrons

4
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which occurs when the frequency of the exciting light is equivalent to the natural frequency of

the surface electrons (Ye et al., 2012). Silver nanoparticles exhibit efficient plasmon resonance

in the visible region. Silver halides are highly photosensitive and can be utilised as metallic

silver precursors. AgX can absorb light photons under visible light to generate electron-hole

pairs, thus AgX may be utilised as a possible visible photocatalyst for the degradation of

organic pollutants (Rehan et al., 2018).

1.3 Aims and objectives of study

This study aims to investigate the efficacy of AgX photocatalysts on the degradation of 2,4-

DCP. To evaluate the feasibility of visible light driven photocatalysis taking advantage of

plasmonic silver nanoparticles. The main objectives of this study were to:

Synthesise the Ag/AgX (X =Cl, Br, I) photocatalysts;

Investigate the chemical and physical properties of the synthesised materials through
various characterisation techniques;

Compare the photocatalytic performance of the synthesised materials under both UV
and visible light irradiation;

Study the kinetics under optimum conditions of photodegradation of 2,4-DCP under
visible light irradiation;

Study the photostability of the of the most efficient photocatalyst.

Scheme 1-1. Illlustrates the experimental design and analysis conducted in this study.
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Scheme 1-1. Schematic illustration of the experimental design and analysis conducted in this study.
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1.4 Outline of dissertation
Chapter 1

This chapter provides a background on water pollution by chlorophenols specifically 2,4-DCP.
It further provides a brief overview of the available strategies on the removal of organic
contaminants from wastewater and the advantages of photocatalysis as a treatment method over
other methods. Plasmonic photocatalysts, silver halides as well as the overall aims and

objectives of the study are defined.
Chapter 2

This chapter presents the literature review of this study. It is divided into four sections, namely,
water pollution, treatment processes, synthesis methods of silver halides and the application of

silver halide photocatalysts.
Chapter 3

This chapter presents the materials, experimental procedures, characterisation techniques as

well as analytical techniques used in this study.
Chapter 4

This chapter outlines the characterisation results of the synthesised silver halide photocatalysts.
These were conducted in order to elucidate the crystallinity, and phase identification, chemical
states, and composition, morphologies, BET surface area, and pore distribution, and the optical

and photoelectrochemical properties of the prepared catalyst.
Chapter 5

This chapter provides the photodegradation results of 2,4-DCP as divided into three sections

which are presented as follows:
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1. The photocatalytic performance of Ag/AgX (X = Cl, Br, 1), under both UV and visible
light irradiation;

2. Effect of various process parameters such as the effect of initial pH, catalyst loading,
initial concentration and kinetics of 2,4-DCP degradation;

3. Determining the extent of mineralisation, formation of photocatalytic intermediates,

photostability and degradation mechanism of Ag/AgBr.

Chapter 6

This chapter presents the conclusions deduced from results attained in Chapters 4 and 5 and

stipulates recommendations for further studies.
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CHAPTER 2

2 LITERATURE REVIEW

2.1 Water Pollution

Researchers and industries find treating water and wastewater problematic due to the complex
inorganic and organic pollutants present. This is because of the rapid growth of population and
industrial developments. The wide usage of toxic chemicals in the industries also increases the
deterioration of marine life (Webb et al., 2013). Due to the disposal practices, toxic substances
are introduced into the marine environment. For example, pollution of water by the effluent
wastewater having constituents such as pesticides, heavy metals and dyes (Saravanan et al.,
2021).These pollutants may harm the ecosystem and living organism as well as human health
through bioaccumulation resulting in carcinogenic disorders, respiratory and reproductive
illnesses.

Most water pollution associated with agricultural chemicals are generally organochlorine
compounds (Jayaraj et al., 2016). These chemicals may be toxic when exposed to humans (Rani
et al., 2021). According to the South African Environmental Health and Safety, exposure to
chloro-phenols complexes may cause kidney and liver damage, skin burn, tremor, convulsion
and twitching. Symptoms of exposure include weight loss, exhaustion, weakness and muscle
ache WHO (2021). The most common way chlorophenols compounds can be exposed to
humans is through consumption of water containing the pollutant; hence, it important to
quantify and treat the polluted water before any consumption can take place. Typical organo-
chlorinated compounds are 2,4-dichlorophenol and 2,4,5-trichlorophenoxypropionic acid,
which are mainly used as solvents or as insecticide/pesticide agents whist the most common
phenols such as Bisphenols and phenyl phenols are applied in hospitals and households as a
disinfectant leather, and textile and paper industry (Sola-Gutiérrez et al., 2019, Adeola, 2018).

9
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Due to the highly solubility of the abovementioned compounds, they tend to leak into the
ground water thus polluting the ecosystem (Srinivasan and Fogler, 1990, Postigo and Barcelo,

2015).

2.2 2, 4-Dichlorophenol

Polyphenolic composites belong to organic complexes and extensively spread in the
environment through wastewater and natural underground waters (Leontopoulos et al., 2020).
Due to their bioaccumulation, toxic effect and tendency to persist in environment, phenolic
compounds are among the chemicals of major concern. According to the World Health
organisation (WHO) and United States Environmental Protection Agencies (US-EPA) the
permissible limit of phenol in consumable water is 2 mg/L and water standard of less than 1
ppb for 2,4 dichlorophenol in surface water (Ma et al., 2017). The toxic stages are between 9-
25 mg/L for marine environment. However, an amount exceeding the threshold would results
in severe damages to the human health (Ustaoglu and Tepe, 2019).

There are various ways in which 2,4-dichlorophenol compound can be introduced to the
environment. Manufacturing industries such as paper manufacturing, agriculture,
pharmaceuticals, petrochemical industry, coal processing or as municipal wastes are the main
sources of the pollutant. Although the international regulatory bodies have, set strict discharge
limits for phenols for sustainable environment; there are still discharges of the pollutant into
the water mainstreams (Parida et al., 2021). Figure 2-1. Illustrates the molecular structure of

2,4-DCP.

10
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Figure 2-1. Molecular structure of 2,4-dichlorophenol (Rasdi et al., 2016).

2.3 Advanced Oxidation Processes as a Treatment Method

There are various industrial processes for the degradation of phenols (Chowdhury et al., 2017).
Extractive membrane bioreactor, hollow fibre membrane, and reverse osmosis are the most
commonly used method (Stephenson et al., 2000). However, advanced oxidation processes
(AOP’s) are regarded as a viable method for degradation of 2,4 dichlorophenol and other
organophenols complexes. This is due to its ability to convert/mineralise complex organic
mixtures to a more stable inorganic compounds such as water, carbon dioxide, and salts with
little to no sludge formation, which eliminates the requirement for an additional pre-treatment
step. Most AOPs are costly processes due to their high energy demand, high chemical dosage
and long reaction time (Chaplin, 2018). Therefore, minimizing total cost effects during
treatment of processes.

AOP are characterised by a common chemical feature which is the capability of exploiting the
hydroxyl radicals in oxidation processes (Andreozzi et al., 1999). Hydroxyl radicals are
extremely unstable and reactive because of their high reactivity (Lelieveld et al., 2004).
Generally, most AOPs present pseudo-first order degradation kinetics (Butt et al., 2021).
However, there are various AOPs which identified pseudo-second order kinetic reaction such

as Youssef et al. (2016) in the degradation of methyl orange. Presented in Figure 2-2. are the

11
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various AOPs processes Fenton, ozonation, photolysis and photocatalysis which posses
different oxidation mechanism.
—— H,0, + UV

—— Fenton: H;0; + Fe**/ Fe**
—— Hydrogen peroxide (H20;)

Fenton-like reagents: H,O, + Fe**-
solid/ Fe**- solid

— Ozonation: O; Photo-Fenton: H,0, + Fe**/ Fe** + UV
—— Ozone —}—— Photo-Ozonation: O; + UV
Advanced
Oxidation — . Ozonation + catalysis: O; + H,0; and O; + Fe?*/ Fe®*
Processes

—— Photolysis

—— Photocatalysis

Figure 2-2. lllustration of various AOP processes.

For Fenton reagent, the system incorporate the generation of hydroxyl radicals through the
reaction between iron(l1) salts and hydrogen peroxide (Benitez et al., 2001, Bissey et al., 2006).
The global reaction for the production of OH-in acidic pH conditions. The mechanism for the
ferric ion catalysed decomposition of hydrogen peroxide in acid solution has been widely

described by Walling and Goosen (Walling and Goosen, 1973, Esplugas et al., 2002).

Mechanistic studies have demonstrated the Fenton process through the formation of hydroxyl
radical. Equation (2-1) demonstrates the Fenton reaction that can be applied to degrade various

organic pollutants:

Fe?* + H,0 - Fe3* + OH" + OH™ (2-1)

As the Fenton reaction occur in acidic medium, it can be expressed as:

Fe?* + H,0 + H* -» Fe3* + H,0 + OH® (2-2)
12
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Only a small catalytic amount of Fe?* is required as this ion is regenerated from the Fenton-
like reaction (2-3) between Fe®** and H0x.
Fe3* + H,0, » Fe?** + HO," + H* (2-3)

Fenton-like reaction (2-3) was reported to have a slower reaction than Fenton’s reaction (2-1).
Fe?* can be rapidly regenerated by the reduction of Fe®* with HO," from reaction (2-4), with an

organic radical R" in reaction (2-6) and/or with superoxide ion (O2™) from reaction (2-6):

Fe3* + HO," > Fe?* + 0, + H* (2-4)
Fe3* + R - Fe?* + Rt (2-5)
Fe3* + 0, - Fe?* + 0, (2-6)

The ozonation (O3) procedure has two possible oxidizing processes: firstly, the direct
procedure, which is caused by the reaction between the ozone and the dissolved compounds,
and the radical procedure caused by the reactions between the generated radicals produced in
the ozone decomposition (hydroxyl radicals) and the dissolved compounds (Mena et al., 2012,
Benitez et al., 2004). Kinetic models for the reaction of ozone with various organic and
inorganic compounds have been established by Hoigné and Bader (1994). Figure 2-3. displays

the mechanism of organic pollutants mineralisation by ozonation.

H.0,

0, OH + OmBanic o 0O,+H,0

pollutants
. n
€
L 0;”

Figure 2-3. The mechanism of organic pollutants mineralization by ozonation (Litter, 2005,

Marimi et al., 2020).
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The UV photolysis method is based on supplying energy to the chemical compounds as
radiation, which is absorbed by reactant molecules that can pass to excited states and have
sufficient time to promote reactions (Esplugas et al., 2002, Chen et al., 2010). The mechanism

for the direct photolysis of phenol has been presented in equation (2-7) to (2-16).

CoHsOH > CoHs0* + H* + eqq ~ (2-7)

eqq ~ +0, = 0" (2-8)

eaq ~ +H,0 > H* + OH~ (2-9)

H* 4+ H,0 - H, + OH" (2-10)
H*+ 0, > H, + HO," (2-11)
H*+ 0, - HO,"~ (2-12)
H* + HO,”™ - H,0, (2-13)
H* + HO," - H,0, (2-14)
H* + HO," - H,0, (2-15)
H,0, - 20H" (2-16)

In the case photocatalysis: the interaction between a semiconductor and the UV or visible light
radiation forms electron-hole pairs on the semiconductors surface. The charged points react
with both organic compounds and water. The redox reactions are responsible for the destruction
of the organic compound, whereas the latter hydroxyl radicals are generated and these radicals
react with the organic compound (Grebel et al., 2010, Esplugas et al., 2002). The most common

semiconductor used in photocatalysis is TiO, (anatase).

14
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2.4 Photocatalytic Mechanism

Photocatalysis is classified as a direct conversion technique between solar and chemical energy
in the presence of catalyst which accelerates the photoreaction (Linic et al., 2011, Xia et al.,
2021, Fan et al., 2018). The photocatalytic reaction primarily depends on the light energy and
catalyst. Generally, semiconducing materials are utilised as catalysts, were they function as
sensitisers for the light stimulated redox process (Khan et al., 2017, Saravanan et al., 2017,
Reddy et al., 2020). Figure 2-4. displays the general mechanism of a photocatalytic reaction.
The photocatalysis process consists of three main components namely semiconductor
photocatalyst, light energy, and electron donor or hole acceptor (Zhong et al., 2018). When a
semiconductor photocatalyst is illuminated with light energy greater than the band gap of the
photocatalyst, electron-hole pairs are produced which result in the generation of hydroxyl and

superoxide radicals in the system (Sun et al., 2015, Chowdhury et al., 2017).

degradation
product

Figure 2-4. Mechanism for the photocatalytic reduction of organic pollutant (Cheng et al.,

2021).
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2.4.1 Principles of plasmonic Ag/AgX photocatalysts

Synthesis of photocatalyst with extened visible light absorption and plasmonic properties have
gained great reseach interest as they are efficient in harvesting light energy for chemical
processes. Noble metals such as silver (Ag) and gold (Au) possess higher absorption coefficient
in the wide UV-visible-near infraed range (NIR) (Thakur et al., 2020). Ag nanopartilces (NPs)
are generally selected due to their low cost relative to Au NPs and display efficient surface
plasmon resonance (SPR) in solar light. When a metal particle is exposed to light, the
oscillation electromagnetic field of the light generates a collective oscillation of free electrons
of the metal (Xu et al., 2011). The electron oscillation around the particle surface creates a
charge separation with regard to the ionic lattice, thus generating a dipole oscillation in the
direction of the electric field as depicted in Figure 2-5a (Wang et al., 2013d). The amplitude of
the oscillation reaches maximum at a specfic frequency, identified as the surface plasmon

resonance (SPR).

The photocatalytic performance of a semiconductor photocatalyst can be efficiently improved
by metallic SPR effect through the transfer of energy to the semiconductor and increasing the
steady-state concentration of ‘“chemically useful” energetic charge -carriers in the
semiconductor (Loka and Lee, 2021, Grabowska et al., 2013, Tian and Zhang, 2012, Hong,

2020, Chen et al., 2014).

There are approximately three energy-tranfer mechanisms in which SPR can improve the
concentration of charge carriers, namely, Near-field electromagnetic, SPR-mediated charge
injection from metal to semiconductor and scattering mechanisms (Feng et al., 2016, Zhang et

al., 2017, Fan and Leung, 2016).

In the case of Ag/AgX plasmonic photocatalysts, the Ag NPs are generated in situ through

chemical or light reduction and are in direct contact with its AgX matix, permitting a rapid

16
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transfer of charge carriers from Ag NPs to AgX semiconductor. Thus, the improvement of
visible light photocatalytic performance is likely achieved through SPR-mediated charge
injection from Ag to AgX. Figure 2-5b., illustates the indirect band gap of AgBr and Agl as
2.30 eV and 2.73 eV, repectively. Based on the indirect band-gaps, Ag/AgBr and Ag/Agl can
absorb visible light (400 - 750 nm) by both Ag NPs and their own intrinsic absorption. AgCI
possess an indirect band gap of 3.25 eV and a direct band gap of 5.6 eV nevertheless AgCl
nanoparticles are photosenstive due to their intrinsic point defects and electron traps (Wang et

al., 2008, Kumar and Chakarvarti, 2012).

Electric field (a) ‘ AgCl AgBr AgI (b)
-1 20.09 eV -0.30 eV -0.33 eV
: 1
! 1 +
E 0 : >
7 : I )
a4 1 c A &
> n: AR NI OZ/HZO
> +2 el ! :
I
Electron cloud : +2.30 eV +2.40 eV
Surface charges +3 }
+3.16 eV

Figure 2-5. Schematic illustration of (a) Surface Plasmon Resonance (SPR) phenomenon
(Thakur et al., 2020) and (b) the indirect band gap of AgClI, AgBr and Agl with their respective

VB and CB potentials (Ye et al., 2014, Yao et al., 2016, Islam et al., 2016, Thakur et al., 2020).
2.4.2 Reaction mechanism of Ag/AgX photocatalysts

Photocatalytic reaction mechansims have been investigated through numerous experimental
methods such as electron spin resonance (ESR) (Huang et al., 2019), cyclic voltammetry (CV)
analyses, trapping tests of active species and surface photovoltage spectroscopy (SPV) (Xu et
al.,, 2019, An et al., 2016). Figure 2-6., illstrates the degradation process of organic
contaminates over Ag/AgX plasmonic photocatalysts. When Ag/AgX is irradiated with visible-
light, Ag nanoparticles produce photogenerated electrons (e”) and holes (h*), which can be

separated by the SPR-induced local electromagnetic field (Xiao et al., 2015, Chen et al., 2013,
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Wang et al., 2012d, Li et al., 2018). Generally, AgX is prepared in X-rich conditions, then the
surface of AgX is terminated by X" ions, and thus negatively charged (Tian and Zhang, 2012).
Because of the polarisation effect of the negatively charged AgX surface, the e~ are transferred
to the surface of Ag nanoparticles away from the Ag/AgX interface (Assis et al., 2020, Murali
et al., 2020, Zhang et al., 2014, Li et al., 2018), whereas the h* are transferred to the surface of
AgX. Subsequently, the e~ will be trapped by electronic acceptors such as dissolved O; to
generate superoxide anion radicals (Oz¢"). On the other hand, h* would oxidise X to X° atoms
(highly oxidative halogen X radicals) which can directly oxidise organic pollutant molecules.
Thus, the overall photocatalytic reaction can be regarded as the oxidation of organic molecules
assisted by the O, and SPR accelerated visible-light absorption (Chen et al., 2008, Ji et al.,

2010).

18
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Figure 2-6. Schematic diagram illustrating the producton of Ag NPs on AgX as well as the
proposed degradation mechanism of organic pollutants over Ag/AgX plasmonic photocatalyst

(Dong et al., 2013, Kuai et al., 2010).

2.5 Synthesis Methods of Ag/AgX photocatalysts

Synthesis methods can affect the morphology, size and surface area of the photocatalyst, thus
affecting the adsorption properties as well as photocatalytic activities of photocatalysts.
Economically friendly and “green” methods are also essential for industrialization. Table 2-1.
displays a summary of typical synthesis methods and the resulting morphologies of the
Ag/AgX produced. The silver source is generally AgNO3z (Clark et al., 2021, Adenuga et al.,
2021, Moja et al., 2021) while KX, NaX, HX, CTAX (X = Cl, Br or I) and ionic liquids with
halogen elements are usually used as the halogen source (Sridharan et al., 2021, Jin etal., 2017,

Ye et al., 2014). The main synthesis methods for Ag/AgX include hydrothermal, solvothermal,
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precipitation, ionic liquid, and in-situ ion exchange processes. Hydrothermal and solvothermal
synthesis methods are performed in a sealed Teflon autoclave under high temperature and
pressure. The photocatalysts produced have high crystallinity and narrow size distribution (Fan
and Leung, 2016, Xu et al., 2018). For Ag/AgX, this promotes strong interaction between Ag
and AgX due to the in situ growth process which benefits the charge transfer. Moreover, the
reaction temperature, reaction time and pH value influence the morphology and size of

Ag/AgX (Kumar et al., 2022, Ismael, 2021).

Table 2-1. shows an array of morphologies such as sphere, cubic, polygonal plates, tube,
concave, cashew and frame prepared through various synthesis methods. Ag/AgCI
nanoparticles prepared by a hydrothermal method were reported by Xu et al. (2011). The
hydrothermal temperature influences the crystallinity and particle size of Ag nanoparticles
covering the surface of AgCIl. When the temperature was 80 °C the estimated diameter of Ag
nanoparticles was in the range of 40-80 nm while at 160°C, the diameter enlarged to

300-700 nm.
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Table 2-1. Summary of typical synthesis methods and morphologies of Ag/AgX (X = ClI, Br, 1) photocatalysts (Fan et al., 2018).

Photocatalyst Synthesis method Shape Ilustration Reference
AgCl; AgBr Template-assisted in-situ synthetic route;  Sphere J !{3 (Lou et al., 2015, Ma et al., 2013)

Oxidation reaction

AgCI lonic liquids-assisted hydrothermal Near-spherical a (Lou et al., 2011b)

AgCIl; AgsPO4/AgBr Surfactant-assisted method; hydrothermal ~ Cube and truncated cube - ‘ (Wang et al., 2013c, An et al.,

method; In-situ ion exchange 2010, Zhu et al., 2011b, Han et
al., 2011)
AgBr; Agl Polyvinylpyrrolidone-assisted precipitation Polygonal plates and disc \_> _A (Anetal., 20123, Wang et al.,
| 2012a, Kuang et al., 2014, Wang
etal., 2013b)
AgCl Template-directed growth; lonicliquids Tube and rod @-.3". (Xu etal., 2013, Li et al., 2014)
&F
etching
AgCl One-pot solvothermal method Polyhedra (Zhang et al., 2015)
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Table 2-1. Continued.. .\

Photocatalyst Synthesis method Shape Ilustration Reference

AgCl; Agl One-pot solvothermal method; Etching Concave v; (Zhang et al., 2015, An et al.,
20144a)

AgCl Polyvinylpyrrolidone-assisted precipitation Cube-tetrapod J" (Cai etal., 2014)

Ag@AgBr/AgCl Anion-exchange reaction Cashew l (Anetal., 2012b)

AgCl Site-selected growth Frame @ (Han et al., 2014)

AgCl Water-soluble sacrificial salt-crystal-template Cage (Lietal., 2015, Tang et al., 2013)

process
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2.6 Engineering silver halide for photocatalysis application

2.6.1 AgX decorated with Ag nanoparticles

AgX NPs are classified as an optically sensitive material in photographic films, which are
generally unstable during prolonged light irradiation. Under light irradiation, the AgX
components generate electron-hole pair, thereafter the photogenerated electron combines with
interstitial Ag* ions to form metallic Ag® atoms and finally Ag NPs. The generated Ag NPs
lead to an SPR effect which results in strong optical absorption of Ag NPs. In situ partial
reduction of AgX is a facile approach to prepare efficient Ag/AgX composite photocatalyst
(Wang et al., 2012¢). This method is achieved through a precipitation reaction of Ag* and X~
ions followed by photo- or chemical reduction in the presences of reducing agents such as
NaBHa, polyol (ethylene glycol (EG) or glycerol) (Dong et al., 2018, An et al., 2016, Duan et
al., 2018), poly (vinyl pyrrolidone) (PVP) and poly(vinyl alcohol) (PVA) (Song et al., 2014,
Guo et al., 2021, Long and Cai, 2014). Compared with pristine AgX NPs, Ag/AgX exhibit
strengthened absorption in both UV and visible regions due to the SPR effect of the Ag

components (Han et al., 2014).
2.6.2 Composite nano-photocatalysts of AgX with photoactive semiconductors

The modification of the crystal structure and shape of AgX introduce additional stability. The
introduction of co-catalysts, loading noble metals, transition-metals including nonmetal-oxides
has proved valid for additional stability (Li et al., 2019b, Hoang and Gao, 2016, Prieto et al.,
2016, Radhaetal., 2019). AgX and Ag/AgX can be used to adjust semiconductors with suitable
energy-band structures. This method assists in acquiring efficiently coupled photocatalysts as
the obtained composites generally display higher activity and stability compared to their
constituents. AgX and Ag/AgX are usually utilised as sensitizers, in composite photocatalysts,

to engineer wide band gap semiconductors response to visible light (An et al., 2016, Tian et
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al., 2022). Combination of AgX with narrow-gap semiconductors can alter the transfer pathway
of photogenerated charge carriers and suppress the recombination probability consequently,
improving their photocatalytic efficiency (Liu et al., 2021, Zhang et al., 20213, Jia et al., 2019,

Guetal., 2016).

The photostability and activity of AgX NPs can be improved through the anchoring of other
supporting composites, namely, bismuth oxyhalide (BiOX, X = ClI, Br, I) (Liu et al., 2012,
Cheng et al., 2011, Xiong et al., 2011, Adenuga et al., 2020, Adenuga et al., 2021), graphene
oxide (GO) (zhu et al., 2011a, Wang et al., 2013d, Gao et al., 2016, Fan et al., 2015) and
titanate, which display various abilities of facilitating separation and transportation of the

photogenerated electron-hole pairs.
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Table 2-2. Examples of the fabrication and application of AgX photocatalysts.

Photocatalyst

Synthesis method

Application

Reference

AgCI concave cubesWet chemical oxidization method

Ag@AgCI

Ag@AgCI

Ag@AgCI

Ag/AgCI
Ag@AgX (X=ClI,
Br)

Ag@AgX (X=Cl,
Br)

Deposition-photoreduction
Simple ion-exchange and light induced chemical
reduction

Polyol precipitation and photoreduction

Hydrothermal reaction

Facile and glycerol-mediated solution route

Double-jet precipitation method

Ag/AgX (X=ClI, Br, Facile and template-free direct-precipitation

1)

method

Ag/AgX (X=ClI, Br, Hydrothermal method

1)
AgBr

AgBTr nanowires

lonic liquids-assisted hydrothermal method

Replacement process

O> evolution

Photocatalytic degradation of MB, RB; inactivation
of cancer cells
Photodegradation of Methyl Orange (MO) dye

Photodegradation of MO, RhB, MB, CV and alAR

Photocatalytic degradation of MO

COg reduction

Photodegradation of MO dye and 2,4-
dichlorophenol

Photocatalytic degradation of MO and Congo red
(CR)

Photodegradation of 2,4-DCP

Photodegradation of RhB
Degradation of MO

(Lou et al., 2012Db)

(Wang et al.,
2013a)

(Wang et al.,
2010a)

(Wang et al.,
2012c)

(Xu et al., 2011)

(Anetal., 2012a)

(Li et al., 2018)

(Cui et al., 2015)

(Moja et al., 2021)

(Lou etal., 2011a)
(Biand Ye, 2010)
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Table 2-2. Continued.. .\

Photocatalyst Synthesis method Application Reference

AgBr Precipitation Degradation of MO (Wang et al.,
2012a)

Ag/AgBr lon-exchange Photocatalytic degradation of MO (Duan et al., 2021)

Ag/AgBr Hydrothermal and sunlight-induced routed Degradation of MO (Kuai et al., 2010)

Ag/AgBr Double jet method Degradation of MO (Wang et al., 2011)

Ag/AgBr One-pot solvothermal reaction Photodegradation of MO, phenol and 2- (Yanetal., 2013)

chlorophenol

Ag/AgBr lon-exchange Decomposition of isopropyl alcohol (IPA) and MO (Wang et al., 2009)

Ag@AgBr Facile wet chemical precipitation Degradation of RhB and MO (Lietal., 2013a)

Ag@AgBr lon-exchange process with PVP as capping agent Degradation of MO (Wang et al.,

polyhedral 2012b)

Ag@Ag(Br, 1) lon-exchange Reduction of Cr™) and degradation MO (Wang et al.,
2010b)

Agl Anion-exchange route MO and phenol photocatalytic decomposition (Yuetal., 2012)

Agl concaves
B-Agl
Ag@AgI

Controlled precipitation

PVP-assisted-aqueous solution method

lon-exchange

Degradation of RhB
Degradation of RhB
Degradation of RhB, hydrogen production

(Anetal., 2014a)
(Jiang et al., 2014)
(An et al., 2014b)
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Transitional metal oxides are inexpensive, structural stable and possess a suitable band-gap,
however UV-excitation is often required to perform photoreactions. Additionally, most metal
oxides form a class of listed environmental pollutants due to their toxicity and the ability to
affect organisms at the molecular level. However, under the applicable concentration levels,
these toxic impacts are expected to be minimal compared to the energy reduction and low cost
operational benefit. Thus, visible light responsive composite photocatalyst of AgX or Ag/AgX
coupled with transitional metal oxides such as TiO2 (Geng et al., 2017, Yu et al., 2015, Tian et
al., 2014), ZnO (Kumar et al., 2020, Phongarthit et al., 2020, Lu et al., 2014) and WOs (Cao et
al., 2011, Senthil et al., 2019) have been investigated. These composites photocatalysts have
presented excellent stability and visible-light response. Furthermore, bismuth (Bi) coupled with
AgX has gained considerable attention. Nanocomposites of Ag/AgBr/BiOBr displayed higher
visible-light photocatalytic activity for the degradation of toluene and ethylbenzene than
Ag/AgBr and BiOBr (Deng et al., 2021). A visible light responsive Ag/y-Agl/Bi/Bi.0O2CO3
was prepared through a hydrothermal and precipation method and exhibited higher than
Bi20.COs (Yan et al., 2021). Carbon-based semiconductors coupled photocatalyst have also
attracted great interest due to their electronic properties as well as high surface area. The
coupling of Ag/AgX NPs with carbon nanotubes (CNTs) or GO nanosheets display strong
absorbance in the visible light region as a result of the SPR adsorption of Ag NPs (Gangu et
al., 2019). Moreover, the hybrid present increased absorptive capacity of organic molecules
through n-m interactions, which is favourable for the photodegradation process. Typical
examples for synthesis and application of AgX and AgX-composites are summarised in Table

2-2 and Table 2-3.
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Table 2-3. Examples of heterogenous photocatalysts by AgX and other semiconductors.

Heterogeneous photocatalyst Synthesis method Application Reference
AgCI/Al;O3 Precipitation NOx conversion (Yamashita et
al., 1999)
AQCI/Bi24034Cl1o Hydrothermal and deposited precipitation Degradation of 2,4-dichlorophenoxy acetic acid (Adenuga et al.,
(2,4-D) and tetracycline (TC) 2021)
Ag/AgX-CNTs (X=CI, Br, I) Facile ultrasonic-assistant deposition- Degradation of 2,4,6-tribromophenol (TBP) (Shi et al., 2013)
precipitation
Ag/AgCI/BiOCI In-situ precipitation Photodegradation of phenol (Adenuga et al.,
2020)
Ag/AgX (X=ClI, Br) Deposition Degradation of acridine orange (AQO) dye (Wang et al.,
@Graphene 2013d)
Ag/AgCI/W18049 Photochemical method Sterilisation of Vibrio natriegens (Chang et al.,
2012)
Ag@AgCI-CA/SF In-situ deposition Bacterial inactivation of E.coli and S.aureus (Wang et al.,
2020b)
Ag@AQCI-KTO Precipitation-photoreduction Degradation of RhB (Pan et al.,
2016)
Ag@AQgCI/znO One-step radiation-assisted Antimicrobial activity against E.coli, (Svoboda et al.,

P.aeruginosa, S.salivarius, S.aureus, C.albicans 2020)
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Table 2-3. Continued.../

Heterogeneous photocatalyst Synthesis method Application Reference
AgBr/CdS Hydrothermal method H> evolution using triethanolamine (TEOA) (Renetal.,
2021)
AgBTI/SiO; Schumann emulsion method H> evolution from methanol in distilled water ~ (Kakuta et al.,
1999)
Ag/AgBr/Ag0O2/SPS In-situ ion-exchange and photoreduction Degradation of RhB (Song et al.,
2017)
Ag/AgBr/ mesoporous y- Deposition-precipitation Degradation of 2-chlorophenol (2-CP), 2,4- (Zhou et al.,
AlzO3 dichlorophenol (2,4-DCP) and trichlorophenol 2010)
(TCP)
Ag/AgBr/BiOBr Photoreduction-precipitation Photodegradation of MO, toluene and (Deng et al.,
ethylbenzene 2021)
Ag/AgBr/Cs:NbsO11 Photoreduction-precipitation Degradation of RhB (Venkataswamy
etal., 2019)
Ag/AgBr/rGO Facile solution-mixing method Degradation of RhB (Meng et al.,
2013)
Ag/AgBr/NiFe204 Coupled hydrothermal and solvothermal Degradation of RhB (Geetal., 2017)
Ag/AgBr/ZnO Two steps of deposition-precipitation Degradation of RhB (Shi et al., 2014)

Agl/WO3 HHNFs

In-situ deposition-precipitation

Degradation of Eosin B and tetracycline

chloride

(Zhi et al., 2020)
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Table 2-3. Continued.../

Heterogeneous photocatalyst Synthesis method Application Reference
Agl/Biz04Cl Solvothermal-calcination and in-situ deposition Photodegradation of RhB and tetracycline (Chenetal.,
process 2020)
Agl/Bi24031Brio Solvothermal and coprecipitation RhB degradation (Ding et al.,
2020)
Agl/BisOsl2/NGCN Microwave-assisted precipitation Photodegradation of MB, MO, CR, RhB (Habibi-
Yangjeh et al.,
2020)
Agl/BiOl In-situ mechanical mixing Degradation Eriochrome black T (EBT) dye (Pourshirband et
al., 2020)
Agl/g-CsN4 In-situ decomposition-thermal polymerization N photo-fixation (Hu et al., 2020)
Agl/SnS; Hydrothermal - precipitation Photocatalytic degradation of RhB (Lietal., 2020)
Agl/MnO; In-situ deposition-precipitation Sterilisation of E.coli and S.aureus (Zhang et al.,
2021b)
Agl/ZznO Hydrothermal — chemical deposition Degradation of RhB (Liu etal., 2021)

Ag-Agl/Ag203

Ag/AglITIO;

Deposition-precipitation

Deposition-precipitation

Degradation of 2-chlorophenol (2-CP), 2,4-
dichlorophenol (2,4-DCP) and trichlorophenol
(TCP)

Sterilisation of E.coli

(Hu et al., 2010)

(Yang and
Zhou, 2011)
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Table 2-3. Continued...\

Heterogeneous photocatalyst Synthesis method

Application

Reference

Ag/y-Agl/Bi/Bi02CO3

Ag@AgI/WOs/PSCN

Hydrothermal — precipitation

One-pot precipitation

Degradation of tetracycline

Degradation of malachite green dye

(Yanetal.,
2021)
(Hasija et al.,
2020)
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2.7 Application of silver halide photocatalyst

2.7.1 Photocatalytic oxygen evolution

Photocatalytic water splitting into the Hz and Oz gaseous components, represents a promising
approach for addressing energy and environmental issues (Di et al., 2017, Bai et al., 2015).
This could theoretically allow direct generation of energy carrier (H2)that is easily stored and
transformed into electric energy (Hou et al., 2012). During the catalytic or photocatalytic water
splitting, Oz evolution presents a more challenging evolution process, as it requires a sequence
of multiple reaction steps transferring a net of four electrons per oxygen molecules generated
(Hou et al., 2012). Oxygen evolution is an absolute hole-participating reaction, which requires
the VB edge to be lower positioned (more positive) than the potential of oxidation half reaction
(Bai et al., 2015). Photocatalytic oxygen evolution was achieved by using 3D AgCl hierarchical
structures under visible light irradiation (300 W Xe arc lamp) with AgNO3 as the electron
sacrificial agent. 3D hierarchical superstructures are formed through the fast growth of cubic
seeds along the <111> direction, from the lower surface energy of (111) facets (Lou et al.,
2012a). 3D AgClI hierarchical superstructures possess more active sites compared to concave
cubic AgCl and cubic AgCl, consequently, drastically improving the oxygen efficiency form
water, with an oxygen production of 254 umol g™ (Lou et al., 2012a). In addition, graphene-
supported AgsPO4/Ag/AgBr was prepared for oxygen evolution photolysis under 300 W Xe
lamp with a 400 nm edge filter, visible light source, with AgNOs as a sacrificial reagent. The
composite presented double the Oo-production, then that of bare AgsPOs. Likewise, the
composite presented improved activity compared to unsupported AgsPO4/Ag/AgBr, graphene
supported bare AgsPO4 powder and Ag/AgBr. This increase in O2-production can be attributed
to a combination of depletion of the conduction band of the as prepared n-doped Ag3P0O4

material as well as, the downshift of the AgsPO4 valence band due to the pinning of its
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conduction at the Silver Fermi level, a process that is assisted by charge transfer and

distribution onto the graphene support (Hou et al., 2012).

2.7.2 Photocatalytic hydrogen evolution

Since Fujishima and Honda discovered the generation of hydrogen and oxygen through
photoelectrochemical water splitting in TiO2 electrodes, much research has been dedicated to
the development of novel photocatalysts with desirable photocatalytic activities (Liu et al.,
2017a). Recent results revealed Ag/AgX (X = CI, Br, 1)/g-C3Ns composites are
photocatalytically active for hydrogen evolution in a triethanolamine (TEOA) system, under
visible light irradiation (Bai et al., 2019). Ag/Agl/g-C3Ns-4 possessed highest hydrogen
evolution rate of 59.22 pmol g™ h and photostable under visible light irradiation as displayed
in Figure 2-7. The enhanced photocatalytic activities of Ag/Agl/CN-4 was ascribed to the
synergistic effect between g-CsN4, Ag/Agl nanoparticles and the localized surface plasmon

resonance effect of metallic Ag (Bai et al., 2019).
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Figure 2-7. (a) Photocatalytic hydrogen evolution performance of pure g-CzNs and Ag/Agl/CN
heterjunction; (b) comparison of photocatalytic hydrogen evolution activities of pure g-CsN4
and Ag/AgX (X= ClI, Br, 1)/CN-4 heterojunctions; (c) Recycle of photocatalytic hydrogen

evolution over Ag/Agl/Cn-4 heterojunction under visible light irradiation (Bai et al., 2019).

In addition, g-CsNs-Ag/AgBr, prepared through solvothermal technology, promotes the
hydrogen evolution capability of g-CaN4 with Ag/AgBr as the cocatalyst and triethanolamine
(TEOA) as the sacrificial reagent (Li et al., 2019a). Tang et al. (2021), reported a novel efficient
CDsAg-AgCl visible light photocatalyst, which exhibited a hydrogen evolution rate as high as
617.4 umol g hl. Photocatalytic hydrogen evolution of CDsAg-AgBr photocatalyst is

reported to be 10.4 times higher than that of Ag/Agl/CN-4 composites

(approx. 59.22 umol g h'!) as reported by Bai et al. (2019).
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2.7.3 CO2 photoreduction

In addition to photocatalytic oxygen and hydrogen evolution, CO2 photoreduction into energy-
bearing carbon fuels sources such as carbon monoxide, methane and ethanol, using
semiconductor photocatalysts has been considered a sustainable and economical strategy for
resolving the global energy crisis as well as decreasing the greenhouse effect (Di et al., 2017,
Abou Asi et al., 2013, Torres et al., 2020). Binary AgX (Cl, Br) are promising photocatalysts
in the conversion of CO; into liquid fuels as they possess more negative CB edges than
$°(CO2/CH30H) and ¢°(CO2/C2Hs0H) (-0.38 and -0.085 eV vs. NHE) (An et al., 2012a, An et
al., 2012b, Cai et al., 2013). Recent research indicates that Ag/AgX photocatalysts are effective
for photoreduction of CO,. Cai et al. (2014) reported a red-coloured Ag/AgCl which performed
better than normal Ag/AgCl photocatalysts (see Figure 2-8A.) for CO2 photoreduction under
500 W Xenon arc lamp. The red-coloured Ag/AgCl photocatalyst was achieved through facile
preparation using a versatile glycerol mediated method. The photocatalytic reduction products
of CO2 over red-coloured Ag/AgCIl were methanol and ethanol with methanol as the major
product. According to Cai et al. (2014), the enhanced optical adsorption of red Ag/AgCl can
be attributed to both the synergy of Ag and AgCl as well as the Mie scattering effect due to the
distinct morphology. In addition, AgCI, AgBr and AgCIxBr1.x photocatalysts were synthesised
and compared for their CO> conversion abilities(Cai et al., 2013). The element substitution
promotes the photocatalytic activity in the photoreduction if CO. into methanol and ethanol for
the ternary alloyed AgCIxBri-x photocatalysts. Figure 2-8B-c. compares the product yields for
AgClxBri-x NCs with various compositions, with AgClo.7sBro2s NCs exhibiting the highest
conversion efficiency of methanol and ethanol yields at 181 and 362 umol g, respectively.
Although there have been some advances in CO> photoreduction, the efficiency of existing
photocatalytic materials is currently low (Di et al., 2017), thus more studies should be

conducted in this field.
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Figure 2-8. (A) Red Ag/AgCl photocatalyst: (a-c) SEM images, (d) photo image, (¢) band-gap
estimation using Kubelka-Munk theory and UV-Vis diffuse reflectance spectra, and (f) results
of CO2 conversion (Cai et al., 2014); (B) AgCIxBri-x NCs (a) SEM image of AgClo.75Bro.2s,

(b) UV-Visible adsorption spectra, and (c) product yields of methanol and ethanol (Cai et al.,

2013).
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2.7.4 Photocatalytic nitrogen

Nitrogen is the main component of building block structures such as amino acids and
nucleotides (Vesali-Kermani et al., 2020, Liang et al., 2020). In natural environments enzyme
nitrogenase reduce atmospheric N2 into NHs (Hao et al., 2020, Xiao et al., 2018, Canfield et
al., 2010, Ying et al., 2019, Shi et al., 2019). This process leads to the release of CO> gas into
the atmosphere, which in one on the main greenhouse gases. Thus, studies have been conducted
to develop cost-effective and low energy processes with mild conditions in the path of
environmental protection of NHz. To resolve this challenge, photocatalytic nitrogen fixation
with catalysts possessing strong electron donors and abundant catalytic activation centres were
utilised to enable interfacial charge transfer from the catalyst to N.. Two-dimensional AgCl/3-
Bi>Os nanosheets were synthesised through the hydrothermal method for efficient nitrogen
fixation under visible light irradiation. The 3% AgCl/56-Bi.Os presented an excellent
photocatalytic nitrogen fixation rate of 606 pmol h™* g™ under 3 h visible light irradiation, as
the 2d nanosheets are able to chemically absorb and activate nitrogen as a result of oxygen
vacancies (Gao et al., 2019). Following the aforementioned work, the Gao group further
developed Ag/AgBr/3-Bi,O3 nanosheets to fix N2 to NH4* under visible light irradiation. The
3% Ag/AgBr/5-Bi2O3 exhibited a nitrogen fixation rate of 364.2 umol h™* g™ which is 1.7 times
lower than AgCl/3-Bi2Os. The photocatalytic nitrogen fixation activity of 3% Ag/AgBr/6-
Bi.O3 could be attributed to the abundant surface active sites available on the 2D ultrathin
nanosheets. Moreover, the obtained Ag/AgBr/5-Bi2O3 exhibited excellent stability for visible

light nitrogen fixation with no significant performance decrease after 5 cycles.

2.7.5 Photocatalytic disinfection

The conventional method of disinfecting drinking water is through the addition of chlorine.

However, this method may produce potential mutagenic and carcinogenic disinfection
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by-products (DBP) during water chlorination, consequently alternative processes for
disinfecting drinking water were developed. Alternative disinfection processes such as
chemical oxidation (chlorine dioxide and ozonation), advanced filtration processes as well as
germicidal ultraviolet (UV) radiation have been employed to disinfect drinking water.
However, these alternative processes require expensive chemicals or costly equipment to
generate the disinfectant onsite and by-products (Svoboda et al., 2020, Di et al., 2017). Among
the alternative approach for disinfection, photocatalysis technology is becoming a viable option
as a nontoxic, efficient, inexpensive and stable method. It has been illustrated that silver halide
based photocatalysts can display antibacterial activity under visible light irradiation. Visible-
light-driven photocatalytic inactivation of gram-negative escherichia coli, pseudomonas
aeruginosa and gram-positive streptococcus salivarius, staphylococcus aureus bacteria strains
and yeast candida albicans was accomplished in the presence of Ag@AgCI/ZnO (Svoboda et
al., 2020). Under visible-light irradiation, AgCl and ZnO were excited to produce electron-hole
pairs, and eletrons accumulated on the CB of ZnO thereafter trapped by O to form Oz+~. The
Ag-NPs show an SPR to form electron-hole pairs thus promoting the photocatalytic activity of
bacterial destructions. The generated oxidative species (e.g., Oz*., h*) oxidized the cell

membranes and then destroyed the cell.
2.7.6 Photocatalytic removal of pollutants

Due to their excellent photosensitivity and SPR; which can dramatically amplify visible-light
absorption, Ag/AgX photocatalysts are widely used for the removal of pollutants such as toxic
gases; poisonous ions (e.g- Cr (V1)) (Wang et al., 2012b); organic dyes (RhB, MB, MO) (Pan
etal., 2016, Intaphong et al., 2021, Jiang et al., 2014, Wang et al., 2012c) and compounds such
as ciprofloxacin (Abulizi et al., 2020), tetracycline (Huang et al., 2019), bisphenol A (Cheng
etal., 2021), pentachlorophenol (Jiang et al., 2012), phenol (Tang et al., 2011), 4-chlorophenol

(Xu et al., 2013), carbamazepine (Yentiir and Diikkanci, 2020), 2-naphthol (Naya and Tada,
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2020), 2,4-dichlorophenol (Li et al., 2018), o-nitrophenol (Li et al., 2013b) and benzylic C(sp®)-
H bond (Hosseini-Sarvari and Dehghani, 2020). Generally, photogenerated holes and O+~ have

been determined as the main active species under visible-light irradiation (Di et al., 2017).
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Figure 2-9. (a) Photodegradation of MO 20 mg L™ dye solution over cubic Ag@AgCl, near-
spherical Ag@AgCI and N-doped TiO: under visible light irradiation (Lou et al., 2011b, Fan
et al., 2018), (b) Trapezohedral (TPH), concave hexoctahedral (HOH) and octahedral AgCl
nanocrystals evaluated on MO dye under visible light irradiation (Zhang et al., 2015), (c)
Photodecomposition of MO dyes over the irregular AgBr, AgBr nanoplates and AgsPO. (Wang
et al., 2012a), (d) Concave and spherical Agl NPs with the concave NPs displaying superior

performance to the spherical counterparts(An et al., 2014a).

AgCl semiconductor nanocrystals (NCs) with octahedral, trapezohedral (TPH) and concave

hexoctahedral (HOH) morphologies were prepared through a direct one-pot solvothermal
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method (Zhang et al., 2015). They displayed enhanced photocatalytic activity for MO removal
under visible-light irradiation, with the concave HOH AgCI NCs exhibiting the highest removal
of 99 % of MO molecules in 60 min (Figure 2-9b.). Cubic Ag@AgCI removed 100 % of 2,4-
dichlorophenol (100 mL, 40 mg L) under visible-light irradiation after 60 min (Li et al., 2018).
Furthermore, Ag@AQgCI core-shell nanocomposites prepared using [Bmim]FeCls IL (ionic
liquid) etching Ag nanowires into Ag@AgCI decomposed over 81 %of 4-chlorophenol (100
mL, 10 mg L) within 30 min (Xu et al., 2013). About 91.6 % of phenol was removed within
150 min using Ag/AgCI hollow microcubes with the ratio of Ag to AgCI (1:3) under visible
light irradiation. The main active species of Ag/AgCl hollow microcubes was confirmed to be
"0O2 and h* playing an important role in the process of photocatalysis (Tang et al., 2011, Lou
et al., 2021). Ag/AgBr photocatalysts were synthesized using a simple one-pot synthesis
method and further used to degrade Reactive Black 5 (RB5) as the model pollutant in
investigating the effect of the concentration of excess silver ions on the SPR phenomenon
(Bhatt and Patel, 2019). The synthesized AgBr exhibited 16.2 % degradation while Ag/AgBr
exhibited an increased degradation of 86.5 % under visible irradiation. The presence of Ag® on
AgBr improved the SPR effect thus improving the photocatalytic performance of Ag/AgBr.
Furthermore, B-Agl nanoplates were fabricated using a facile polyvinylpyrrolidone (PVP)-
assisted-aqueous -solution (PAAS) method under mild conditions (Jiang et al., 2014). The
prepared Agl nanoplates exhibited excellent photocatalytic activity with enhanced durability

in degrading RhB, under visible light irradiation relative to the bulk nanoparticles.
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CHAPTER 3

3 EXPERIMENTAL

3.1 Chemical and Materials

The following chemical reagents were used for the preparation of the photocatalysts. Silver
nitrate (AgNOs) was used as a source of metal ions while sodium chloride (NacCl), sodium
bromide (NaBr) and potassium iodide (KI), were used as source of Cl, Br and | ions,
respectively. All the aforementioned chemicals were attained from Glassworld (Johannesburg,
South Africa). Ethanol (99.9 %, lllovo), was used to dissolve all impurities in the synthesized

materials.

The simulation pollutants p-Benzoquinone (98 %) and isopropanol (99.5 %) were obtained
from Sigma-Aldrich (St Louis, MO, USA) and applied as superoxide and hydroxyl radical
scavenges, respectively. The electron and hole pair were scavenged with cupric nitrate

(Associated Chemical Enterprises) and triethanolamine (Glassworld), respectively.

2,4-dichlorophenol (CsH4Cl.O) was purchased from Sigma-Aldrich. HPLC mobile phase
reagents acetonitrile (HPLC grade) and glacial acetic acid AR (C2H402) were purchased from

Merck and Glassworld, respectively.

The eluant reagents for the mobile phase in the HPLC, i.e., persulfate and phosphoric acid
(Merck) was used as mobile phase in TOC analysis with potassium hydrogen phthalate (Merck)
as the standard solution for calibration. Hydrochloric acid (HCI; 34 %) and sodium hydroxide
(NaOH) obtained from Glassworld and Merck (South Africa), respectively, were applied for

the variation of pH of sample solutions. Deionized water was used throughout this study, with
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ultrapure water only used in the study of TOC. All reagents were utilised without further

purification.

3.2 Synthesis of Photocatalysts

The Ag/AgCI catalyst was produced using a hydrothermal method adapted and modified from
Kuai et al. (2010). The preparation of AgCI followed a typical procedure of dissolving 105 mg
of AgNOs in 30 mL of deionized water, thereafter 0.0016 mol of NaCl was added to the
solution. After 10 min of vigorous stirring, the mixture was transferred into an autoclave and
kept at 120 °C for 2 h. After cooling to room temperature, the product was collected and washed
several times with deionized water and ethanol. Ag/AgCl was obtained through the dispersion
of the obtained products in 10 mL of deionized water and irradiating under visible light for 3 h
to convert some Ag* ions on the surface region of AgCI to AgP® species. Thereafter, the product
was collected and dried at 60 °C for 12 h. The preparation of Ag/AgBr and Ag/Agl followed a

similar procedure using NaBr and Kl as halogen sources, respectively.
3.3 Characterisation

3.3.1 X-Ray Diffraction (XRD)

The crystal phases and composition of the Ag/AgX (X = CI, Br, I) were evaluated using a
PANalytical X’Pert Pro powder diffractometer in 0-0 configuration, equipped with an
X’Celerator detector and variable divergence, as well as a fixed receiving slit with Fe filtered
Co-Ka radiation (A= 1.789 A). Sample preparation was in accordance with the standardized
Panlytical backloading system providing for near-random particle distribution. The data was
collected in the angular range of 5° to 90° 26 with a step size of 0.008° 20 and 13 s scan step
size. The mineralogy was evaluated through the selection of the best-fit pattern from the
Inorganic Crystal Structure Database (ICSD) to the obtained diffraction pattern, through the

X’Pert Highscore plus software.
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3.3.2 X-Ray Fluorescence (XRF)

The elemental percentage composition of the as prepared materials were investigated through
the Thermo Fisher ARL Perform’X Sequential XRF instrument equipped with the Uniquant
software. The software is able to analyse all periodic elements between sodium (Na) and
Uranium (U), although only elements found above the detection limits were reported. A stable
fused glass bead was prepared through mixing 1 g of sample with 6 g Lithiumteraborate flux
and fused at 1050 °C. The samples were then roasted in alumina refractory crucible at 1000 °C

to determine loss of ignition (LOI).

3.3.3 Scanning Electron Microscopy (SEM)/ SEM-Energy Dispersive X-ray

spectroscopy (SEM/EDS)

The morphology and average particle size of the as-prepared particles were investigated using
Scanning Electron Microscopy (SEM). The images were captured using a Zeiss Ultra Plus FEG
scanning electron microscope, equipped with the Oxford instruments detector and Aztec 3.0
Software SP1. The elemental analysis was performed using SEM-EDS. For both analyses, the
samples were prepared by distributing the as-prepared particles on a carbon tape stuck to a
microscopy stub. Thereafter, the samples were stupor-coated with carbon under argon gas. The

micrographs were performed at 3 kV.

3.3.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS spectrometer (Thermo ESCAlab 250Xi) was utilised to quantitatively and qualitatively
determine the surface composition of Ag/AgX (X = Cl, Br, 1) as well as establishing whether
elemental Ag was indeed formed on the surface of the AgX samples. The photoelectrons were
excited by the monochromatic Al-ka (1486.7 eV) radiation as the excitation source and further
detected with a hemispherical analyser. The analyser was operated with a pass energy of 100

eV for the survey spectra and the accumulation spectra of the core levels operated at 20 eV.
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Spot size of the XPS source on the samples was 200 pm with the pressure maintained below
10® mBar during data collection. The detection limit of XPS was approximately 0.1 atomic

percentage.

3.3.5 Brunauer-Emmett-Teller (BET)

The surface properties, namely, specific surface area and pore size distribution were
determined through nitrogen absorption-desorption and Brunauer-Emmett-Teller (BET)
method by a surface area analyser (Micrometrics Tristar 3000 BET analyser). The samples
were degassed at 150 °C for 24 h, for the removal of moisture or any other extraneous materials

present. Degassing was performed under 107 Torr vacuum.

3.3.6 Ultraviolet-Visible Spectrophotometer (UV-Vis)

The optical properties of the as-prepared samples were investigated through Ultraviolet-visible
spectroscopy using the UV-1600PC spectrophotometer with a grating 1200 line/mm silicon
photo diode detector and a tungsten light source. Sample were analysed at room temperature
at a range of 200-800 nm. The band gap energy (Eg) of the samples were estimated through
the Tauc relation: ahv=A(hv-Eg)"? and attained through the determination of the straight line
intercept of the plot of (ahv)*? or (ohv)? against hv for both indirect and direct conversions,

respectively.

3.3.7 Photoluminescence Spectroscopy

The photoluminescence (PL) excitation and emission were measured on the Horiba Scientific
Fluoro Max 4 Spectrofluorometer The measurements were conducted using a 150W CW
Ozone free xenon arc lamp as an excitation source. Samples were excited at 360 nm and

measured within wavelength range of 300 -800 nm.
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3.4 Degradation Studies

The photocatalytic degradation performance of the as-prepared Ag/AgX were evaluated with
2,4-dichlorophenol (2,4-DCP) under UV and visible light irradiation. The reactor set up
comprised of 400 mL glass beaker placed on a magnetic stirrer, under a light source. The
volume of the solution was maintained at 250 mL throughout the study. A 72 W LED lamp
with a wavelength ranging from 380-800 nm was used as the visible light source and the UV
light source was a 36 W LED (PHILIPS TUV 36 W/C36 T8) lamp. Before irradiation, 125 mg
of photocatalyst was added into 250 mL of an aqueous 10 mg/L 2,4-DCP solution and stirred
in the dark for 1 hour to reach the adsorption-desorption equilibrium. During photodegradation,
2 mL of aliquots were sampled at time intervals and collected for subsequent analysis after

centrifugation and filtration for removal of catalysts.
Evaluation of the effects of catalyst loading

Based on the results from screening experiments under UV and visible light irradiation (as
presented in Section 5.1), the best performing catalyst under visible light irradiation was further
investigated to determine its optimum catalyst loading. The optimum catalyst loading was
investigated through the evaluation of 0.25, 0.5, 0.75, 1.0, 1.5 and 2.0 mg/L loadings. This was
executed by mixing 62.5, 125.0, 187.5, 250.0, 375, and 500 mg of catalyst in 250 mL of 10

mg/L of 2,4-DCP solution in a 400 mL reactor over 5 h.
Investigation of the effects of initial pH of 2,4-DCP solution

The effect of initial pH of the solution on photocatalytic degradation of the model pollutant
2,4-DCP was evaluated through adjustment of solution pH to 3, 3.8, 5, 7, 9 and 11 from a pH
of 5.8 using 0.1 M HCI and 0.1 NaOH, prior to conducting photocatalytic experiments. The
photocatalytic degradation performance test of the photocatalysts was conducted with optimum

catalyst loading.
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Evaluation of the effect of initial concentrations of 2,4-DCP on its photodegradation

efficiency

The effect of pollutant concentration was investigated through the variation of initial 2,4-DCP
concentrations as follows: 2.5, 5, 10, 20 and 40 mg/L. The photocatalytic test was conducted

with optimum catalyst loading and optimum initial solution pH.
Modelling of 2,4-DCP photocatalytic kinetics

Upon determination of optimum conditions, the photocatalytic tests were performed under

these conditions, with samples taken at 30 min intervals for 3 h, to investigate the kinetics.
Catalysts reusability studies

According to Zanjanchi et al. (2010) the stability of catalyst has a critical role in its reusability
in environmental technology. Hence the effectiveness of catalysts reusability was examined for
the photodegradation of 2,4-DCP during a five-cycle experiment. Each experiment was
conducted under optimal conditions under visible light irradiation over 5 h. The suspensions
were then centrifuged with a portion of the supernatant filtered through 0.22 um Millipore filter
prior to 2,4-DCP analysis with HPLC. Subsequent to each experiment, the solid residue from
the photocatalytic degradation was washed and dried. The dried catalyst samples were used
again for the degradation of 2,4-DCP employing similar conditions. After five cycles the

residue was submitted for characterisation as presented in Section 3.3.1 and Section 3.3.3.
Study of the role of reactive oxidation species (ROS)

The experiments were performed using 1.5 g L™t Ag/AgBr in 10 g L solution at pH 5.0. The
role of ROS: hydroxyl radicals, superoxide radicals, photo-generated hole and electron were
evaluated using their respective scavenger: isopropanol (0.02 M), benzoquinone (0.001 M),

triethanolamine (0.01 M) and cupric nitrate (5 mM).
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3.5 Analytical Methods

3.5.1 High Pressure Liquid Chromatography (HPLC)

The concentration of 2,4-DCP was determined using HPLC (Waters 2695 separation module
with a 2489 UV/Visible detector). The HPLC was equipped with a Water PAH C18 (250 x 4.6
mm) and operated at 25 °C with the detector performing at 280 nm (Waters Instruments). The
mobile phase was 60:40 (v/v) acetonitrile and deionized water and the flow rate at 1 mLmin™.
The mobile phase solvents consisted of 0.1 % of acetic acid in both the acetonitrile and water.
2,4-DCP was identified through the comparison of the retention times with standard samples
and thereafter, quantified with the calibration curve method. 2,4-DCP was identified at a

retention time of 4.40 minutes. Empower software was used to collect the data.

Prior to HPLC analysis, the column was conditioned for 5 min, purged for 6.5 min thereafter
equilibrated for 5 min to ensure that the column is primed and ready for analysis and has no

contaminants.

3.5.2 Total Organic Carbon (TOC)

The degree of mineralisation was evaluated through the determination of TOC before and after
the photodegradation of 2,4-DCP under optimal conditions. The rate of TOC removal was
monitored with a Shimadzu TOC-V Analyser equipped with an autosampler. 35 mL of sample
was taken before and after photodegradation, thereafter centrifuged and filtered with a 0.22 um
syringe filter (Millipore) prior to analysis. Ultra pure water was used as a blank to check for

contaminants in the TOC injectors and tubes.
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CHAPTER 4

4 Characterisation of photocatalyst

4.1 Phase, Structure, and Morphology

XRD analysis was conducted to investigate the crystal structure of the as-prepared Ag/AgX
(X=Cl, Br, I) photocatalysts. The obtained XRD spectra of the prepared photocatalysts are
presented in Figure 4-1. The XRD pattern of Ag/AgCI displayed cubic phase of AgClI (Cui et
al., 2015), with distinct diffraction peaks at a 20 of 33°, 54° and 66° which can be assigned to
(200), (311) and (400) planes, respectively. The XRD pattern of the Ag/AgBr catalyst showed
cubic phase AgBr (Cui etal., 2015, Wang et al., 2011, Yan et al., 2013). AgBr peaks are located
ata 20 of 32.5, 52.5° and 65.5° correlating to (200), (311) and (400) plane, respectively. XRD
patterns of Ag/Agl photocatalyst match the reported data by An et al. (2014b), of hexagonal
phase B-Agl and cubic phase y-Agl. The presented diffraction peaks are sharp and intense,
indicating the high degree of crystallinity of the Ag/AgX species. The Ag° content could not
be detected through XRD thus further characterization of the samples, such as XPS, was

conducted to determine the presence of Ag® in the catalysts.
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Figure 4-1. X-ray diffraction of the as-prepared Ag/AgCl, Ag/AgBr and Ag/Agl.

The morphology of the Ag/AgX particles has an effect on their photocatalytic properties as
different morphologies lead to different surface areas and influence the rate of electron-hole
recombination thus directly influencing their photocatalytic performance (Cui et al., 2015). The
surface morphologies of the as-synthesized Ag/AgX were characterized by SEM and are
presented in Figure 4-2 (a, ¢ and e). Figure 4-2(a) presented an irregular and near-spherical
morphology of Ag/AgCl while Ag/AgBr presented an irregular s shape (Figure 4-2(c)). Figure
4-2(e) show the polygonal plates of Ag/Agl. Based on the SEM results the as-prepared
photocatalysts have particle size in the micron range. Kuai et al. (2010) and Wang et al. (2011)
reported on the Ag/AgBr sphere-like morphology which presented enhanced photocatalytic
activity of MO. Moreover, near-spherical Ag@AQCI crystals were synthesized by a
hydrothermal method which presented enhanced performance compared to cubic Ag@AgCI
due to its larger surface area. In addition, Kuang et al. (2014) investigated high-purity wurtzite-
type B-Agl with hexagonal and triangular microplates in degrading organic pollutants. The as-

prepared catalysts in the this study were agglomerated with a non-uniform distribution of
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particles, which is a characteristic of surfactant-free precipitation reactions in aqueous media

(Reddy et al., 2015).

Figure 4-2. SEM images of (a) Ag/AgCl, (c) Ag/AgBrand (e) Ag/Agl as well as EDS spectrum

of (b) Ag/AgCl, (d) Ag/AgBr and (f) Ag/Agl.

To further confirm the presence of silver and halide ions (-Cl, -Br, and -I) of the corresponding
Ag/AgX catalysts an EDS analysis was performed. During the EDS measurement areas were

focused and their corresponding peaks are presented in Figure 4-2 (b, d and f) for Ag/AgCl,
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Ag/AgBr and Ag/Agl respectively. The atomic weight percentage of Ag and halide ions for all

the catalysts is relatively similar.

4.2 Chemical State and Composition

The surface composition and the chemical state of the as-prepared Ag/AgX nanoparticles were
further verified through X-Ray Photoelectron Spectroscopy (XPS). As presented in Figure 4-3,
the survey XPS spectra indicate that the samples of Ag/AgCl, Ag/AgBr and Ag/Agl all contain
the peaks of Ag and C. The presence of carbon can be attributed to the hydrocarbon from the
XPS instrument (Han et al., 2014, Jiang et al., 2014). Moreover, the peaks of Cl, Br and | were

revealed in Ag/AgCl, Ag/AgBr and Ag/Agl, respectively.
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Figure 4-3. Overview XPS spectrum of the as-prepared Ag/AgCl, Ag/AgBr and Ag/Agl

As depicted in Figure 4-4a, c and e, Ag/AgX samples consist of two typical peaks of 3d located
at ~367 and ~374 eV, which are ascribed to Ag 3ds;2 and Ag 3ds/2 binding energies (Mao et al.,

2018, Liang et al., 2015, Liu et al., 2017b, Ai et al., 2013). The Ag 3ds;2 and Ag 3ds/2 peaks
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can be further deconvoluted into two peaks. In Figure 4-4a., the peaks at 367.7 and 373.7 eV
are attributed to Ag* of AgCl and those at 367.8 and 373.9 eV are attributed to metallic Ag°.
Shown in Figure 4-4c, are the peaks of 367.5 and 373.0 eV which are assigned to the binding
energy of Ag" of AgBr while the peaks at 367.8 and 373.9 eV are assigned to metallic Ag°.
Therefore, the results from XPS confirm the coexistence of Ag® and AgX (X =ClI, Br and ).
Moreover, Figure 4-4e., presents binding energies of Ag* of Agl at 368.3 and 373.3 eV and
those of metallic Ag® at 368.4 and 374.4 eV. The high-resolution XPS spectra of Cl 2p, Br 3d
and | 3d are presented in Figure 4-4b, d and f, respectively. Figure 4-4b., shows the spectrum
of Cl 2p of AgCl with peaks at 198.0 and 199.6 eV attributed to Cl 2p1/2 and Cl 2ps/2 of metal
Cl whereas the organic Cl are displayed at peak 200.2 (Cl 2p3;2) and 201.7 eV (CI 2pis),
respectively. The spectrum of Br 3d of AgBr in Figure 4-4d., presents the binding energies of
Br 3ds2 and Br 3dz are 67.9 and 69.0 eV, respectively. In Figure 4-4f., the peaks at 619.8 and

631.3 eV are attributed to | 3ds;2 and | 3ds2 of Agl, respectively.
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Figure 4-4. XPS narrow-scan spectra (a) Ag 3d and (b) Cl 2p of Ag/AgCl, (c) Ag 3d and (d)

Br 3d of Ag/AgBr, (e) Ag 3d and (f) | 3d of Ag/Agl.

53

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

4.3 Surface Areas and Pore Size Distribution

The pore size distribution and specific surface area of Ag/AgX were measured by the Brunauer-
Emmett-Teller (BET) Nitrogen Adsorption-Desorption method. The adsorption-desorption
isothermal curve of Ag/AgX samples is presented in Figure 4-5. According to the Brunaner-
Deming-Deming-Teller (BDDT) classification all the samples presented type IV isotherms
indicating the presence of mesopores with Ag/AgCl exhibiting an H3 hysteresis loop (Lv et al.,
2018). The pore size distribution of the as-prepared samples was calculated using the Barrett-
Joyner-Halenda (BJH) method from the desorption branch of the isotherms. As presented in
inset Figure 4-5, the pore size distributions of Ag/AgCl, Ag/AgBr and Ag/Agl are relatively
narrow with average pore size of 12.4, 6.8 and 5.8 nm, respectively. The calculated BET
specific surface area of Ag/AgCl, Ag/AgBr and Ag/Agl is 0.09, 0.14 and 0.33 m?/g,
respectively. The BET surface area of the prepared photocatalyst are lower than those reported
in literature. Lin et al. (2012) reported the BET surface area of 17.307 and 8.248 m?/g for
Ag/AgBr and Ag/Agl respectively. Moreover, Zai et al. (2017) reported a surface area of 1.40
m?/g of AgCI, which is 15.5 times higher than the obtained surface area. The low surface area
of the as-prepared Ag/AgX could be attributed the synthesis method which affected their
morphology, which were different from those reported by Lin etal. (2012) and Zai et al. (2017).
The photocatalyst surface area has a significant effect on the degradation of pollutants, the
lower surface area has a low ability to absorb the pollutant from the solution, thus reducing the

photocatalytic activity.
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Figure 4-5. Nitrogen adsorption-desorption isotherms and inset corresponding pore size
distribution curves of the as-prepared photocatalysts: (a) Ag/AgCl, (b) Ag/AgBr and (c)

Ag/Agl.
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4.4 Optical and Photoelectrochemical Properties

The optical absorption properties of Ag/AgX nanoparticles were attained through UV-visible
absorption spectroscopy in the spectral range of 200 — 800 nm. When AgCl, AgBr and Agl
were irradiated by visible light, the photogenerated electrons combined with Ag" ions to form
AgP atoms, which further grow into Ag nanoparticles. Typically, the intensity of Ag SPR
absorption is relative to the amount of Ag nanoparticles present in the sample (Li et al., 2018).
In Figure 4-6a. the AgX (X =Cl, Br, I) samples exhibited distinct adsorption in the UV region
but limited within the visible light region. The AgCIl sample presents a peak which corresponds
to the indirect exciton transition of 305 nm (An et al., 2010). The adsorption edge of AgBr was
estimated to be at approximately 258 nm with an extended wavelength from 265 to 429 nm.
The Agl nanoparticle presents a sharp absorption edge with an absorption maximum at
approximately 428 nm, which was attributed to the characteristic band of Agl induced by the
forbidden transition (4d'° to 4d°5st) permitted by the tetrahedral symmetry of the Ag* ion site
(Reddy et al., 2015). The limitation and absence of absorption in the visible light region

suggests the irradiated AgX (X = Cl, Br, 1) produced trace amounts of metallic Ag.

The band gap energy of a semiconductor describes the energy needed to excite an electron from
the valence band to the conduction band. The band-gap was determined from the DRS spectra,
with the absorption coefficient (o)) obtained through the Tauc equation ((ahv)¥"=B (hv — Eg)),
where Eq is the band-gap energy, B is a constant that depends on the transition probability and
n is the power index 2 for the direct band-gap (Reddy, 2016). The band-gap energies of the
Ag/AgX nanoparticles were calculated by plotting the relation between the square of the Tauc
function (ahv)Y2and energy in electron volts as shown in Figure 4-6b, ¢. and d. From the Tauc
plots, the optical direct band-gap of AgCl, AgBr and Agl were estimated as 4.95, 4.93 and 4.88
eV, respectively. Victora (1997) reported the direct band gap of AgCl, AgBr and B-Agl as 5.6

eV, 4.3 eV and 2.8 eV, respectively. The obtained band gap of AgCl was lower than the
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reported band gap, while the band gaps for AgBr and B-Agl were higher. Clearly the

as-prepared photocatalysts cannot absorb visible light due to their wide band gaps.
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Figure 4-6. UV-visible diffuse reflectance spectra of the as prepared photocatalysts and band

gap energy of (a) Ag/AgCl, (b) Ag/AgBr and (c) Ag/Agl

Moreover, the valance and conduction band edge potential for the synthesized Ag/AgX
catalysts were calculated based on Mulliken Electronegativity Theory according to the
empirical formula at the point of zero charge, which can be expressed as:

EVB == X— EC + 05Eg (4'1)

Ecg = Evp — E, (4-2)

57

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02@

Where y is the geometric average of the absolute electronegativity of each atom in
AgX (X =Cl, Br, 1); EC is the potential of free electrons at a standard hydrogen scale (~ 4.5
eV); Eq is the band gap of the semiconductor; Ecs and Evs are the band potential of the

conduction band and valence band, respectively. The results are presented in Table 4-1.

Table 4-1. Band-gap (Eg), calculated valence band (Eve) and conduction (Ecg) of the as

prepared catalysts.

Semiconductor ¥ /eV EceleV Eve/eV EqleV
Ag/AgCl 6.07 -0.9 4.05 4.95
Ag/AgBr 5.81 -1.16 3.77 4.93

Ag/Agl 5.47 -1.47 341 4.88

Apart from the specific surface area of nanoparticles, the recombination rate of the
photogenerated charge carriers and charge separation efficiency can affect photocatalytic
activity. Due to the recombination of the free electron carriers, the photoluminescence (PL)
emission spectra can be an effective approach to understanding the separation capacity of the
photoinduced carriers (Cheng et al., 2010, Hou et al., 2013). Higher PL intensity indicate less

efficient carrier participation in the photocatalytic procedure (Chen et al., 2018).

The photoluminescence of Ag/AgX (X=ClI, Br, 1) nanoparticles, presented in Figure 4-7, was
measured at an excitation wavelength of 360 nm. The PL spectra of Ag/AgCl and Ag/AgBr
exhibited an emission peak centred at 411 nm which can be attributed to the recombination
process of self-trapped exciton (Han et al., 2014, Wang, 2016). Moreover, Ag/Agl presents
two peaks at around 411 and 602 nm which may be attributed to distant pair donor-acceptor
(D-A) recombination mediated by the density of deep trap states involving exciton-phonon

interactions or crystalline defects or impurities (Reddy et al., 2015). The high PL intensity of
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Ag/Agl at 602 nm demonstrated high recombination efficiency of the photogenerated electron-

hole which will lower the photocatalytic activity of Ag/Agl.

— Ag/AgCI
— Ag/AgBr
——Ag/Agl

Intensity (a.u)

| | | |
500 550 600 650
Wavelength (nm)

T |
400 450

Figure 4-7. Photoluminescence spectra of the as-prepared photocatalysts.
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CHAPTER 5

5 Degradation studies

5.1 Photocatalytic degradation performance

The photocatalytic degradation potential of the as-prepared Ag/AgX nanoparticles were
evaluated based on the degradation of 2,4-DCP under UV and visible-light irradiation. Figure
5-1a. and b show the temporal concentration changes of 2,4-DCP with different as-synthesized
photocatalysts. As shown in Figure 5-1a. and b., 36.37 % and 30.97 % degradation of the
pollutant in the blank experiment (photolysis process) was achieved with no photocatalysts
added under UV and visible-light irradiation, respectively. The degradation of 2,4-DCP under
UV and visible light photolysis could be attributed to the direct dichlorination of 2,4-DCP
through a nucleophilic displacement of chlorine Kuo (1999). These results are lower than those
reported by Kuo (1999) who reported a degradation 48.2 % under UV radiation after a 10 min
reaction. Furthermore, the adsorption ability of the as-synthesized nanoparticles were
investigated. As presented in Figure 5-1a. and b., Ag/AgCl exhibits an adsorption of 63.36 %
after 300 min, which is slightly higher than Ag/AgBr (53.36 %) and Ag/Agl (55.11 %), this
can be attributed to the catalysts surface polarity. The catalysts surface polarity played a critical
role in adsorbing 2,4-DCP over the specific surface area (Sobiesiak, 2017). In the interaction
between silver and halide atoms, the affinity is slightly negative, resulting in an overall negative
charged surface. The interaction of Ag/AgX and 2,4-DCP would yield a high adsorption
efficacy this is due to the attraction forces between the catalysts and absorbate. Figure 5-1a.
and b., illustrate the photocatalytic degradation efficiencies of 2,4-DCP for Ag/AgCl, Ag/AgBr

and Ag/Agl under UV and visible-light irradiation.
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Figure 5-1. Photocatalytic degradation of 2,4-DCP with as-prepared catalysts Ag/AgX (X =
Cl, Br, I) under (a) UV-light and (b) visible light irradiation.

61

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u Hl YA PRETORIA

The Ag/AgBr photocatalyst exhibited the highest photodegradation efficiency under both UV
and visible-light irradiation for 2,4-DCP removal, with a degradation of 83.37 % and 89.39 %
respectively. Ag/Agl had the lowest efficiency under both lights with approximately 72.71 %
removal under UV irradiation and 38.16 % under visible light after 300 min of irradiation.
Ag/AgCI presented an efficiency of 78.96% and 72.70 % under UV and visible light,
respectively. Tian (2012) has reported on the visible light response of Ag/AgX, stating that for
Ag/AgCI photocatalyst the visible light photocatalytic activity is primarily related to the
plasmonic adsorption of Ag, whereas in the case of Ag/AgBr and Ag/Agl both Ag and AgX
respond to the visible-light irradiation producing more electrons and holes. Thus, Ag/AgBr
usually presents higher photocatalytic activity than Ag/AgCIl. This correlates with the results
of this study wherein the Ag/AgBr photocatalyst exhibited the highest degradation under
visible light irradiation. Ag/AgBr was chosen as the suitable photocatalyst for degrading 2,4-
DCP under visible irradiation, thus the optimal amount of the photocatalyst was further

investigated.
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5.2 Optimum operating conditions

The effect of operational parameters such as catalyst loading, pH as well as the initial

concentration of 2,4-DCP were investigated utilising Ag/AgBr as the optimum photocatalyst.

5.2.1 Catalyst Loading

To determine the optimal amount of Ag/AgBr photocatalyst, the catalyst loading was
investigated in the range of 0.25 to 2 g/L at 10 mg/L initial 2,4-DCP concentration and a pH of
5.8 (natural pH of 2,4-DCP). The effect of catalyst loading on the degradation efficiency is
depicted in Figure 5-2. As can be observed, the optimum Ag/AgBr loading for degrading 2,4-
DCP was 1.5 g/L. The optimum catalyst load obtained in this study is comparable to that
reported for ZnO mediated degradation of 2,4-DCP (Gaya et al., 2010). It was observed that
the degradation efficiency increases with an increase in the catalyst amount from 0.25 to 1.5
g/L which could be attributed to the increasing availability of photocatalytic sites (Gaya et al.,
2010, Chen et al., 2015, Pinho and Mosquera, 2013, Guillard et al., 2005). Above the 1.5 g/L
Ag/AgBr concentration, the degradation efficiency decreases, this may be attributed to the
aggregation of AgBr nanoparticles at higher concentrations reducing the number of surface
active sites and increasing the opacity and light scattering of AgBr nanoparticles and thus
resulting in poor light utilization (Yu et al., 2000, Pinho and Mosquera, 2013, Pei and Leung,

2013).
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Figure 5-2. Effect of catalyst loading on the degradation of 2,4-DCP using Ag/AgBr under the
following conditions: 2,4-DCP concentration; 10 mg/L; visible light illumination time: 300

min, pH 5.8.

5.2.2 pH effect

pH plays a critical role in influencing the degradation efficiency of pollutants in contaminated
water. Effluents from industrial processes often have diverse pH values (Zhang et al., 2018),
thus it is vital to investigate the degradation efficiency of 2,4-DCP at various pH values. The
changes of the pH value and degradation of 2,4-DCP using Ag/AgBr (1.5 g/L; 10 mg/L) are
presented in Figure 5-3. The degradation percentage was above 98 % for pH values from 3 to
9, with the highest degradation percentage observed at an initial pH of 7. When the pH value

was increased to 11 the degradation percentage decreased slightly to 81.29 %. Thus Ag/AgBr
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may be applied over extensive pH values with weak acidic conditions being advantageous for
the removal of contaminants (Lai et al., 2021). Hence pH 5 was considered as the optimum pH

for this study.
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Figure 5-3. Effect of initial pH concentration on the photocatalytic degradation of 2,4-DCP in

water using Ag/AgBr: 1.5 g/L; 2,4-DCP; 10 mg/L; illumination time: 300 min.

According to Zhang et al. (2018) the observed trend can be attributed to the increased
generation of free radicals and oxidation potential of *OH radical under acidic conditions.
Moreover, 2,4-DCP is easily destroyed/decomposed by *OH radical at lower pH as 2,4-DCP
remains in its molecular state (pKa of 7.89) (Gaya et al., 2010). With an increase in pH value
the concentration of the hydroxide ion will increase, consequently some hydroxyl radicals
could combine with OH™ ions forming water and thus decreasing the degradation ratio; similar

as in the case of pH 11 (Zhang et al., 2018).
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5.2.3 Effects of pollutant concentration

The concentration level is one of the significant factors for effective transformation of a
pollutants (Gayaet al., 2010, Azubuike et al., 2016). The effect of the concentration was studied
at 2.5 to 40 mg/L 2,4-DCP. Figure 5-4., displays the change of photocatalytic degradation
efficiency over varied initial concentrations of 2,4-DCP. As shown in Figure 5-4., the initial
concentration influences the degradation efficiency, the degradation rate increases with an
increase in the initial concentration from 2.5 to 10 mg/L thereafter decreases over 10 mg/L.
This observed trend may be attributed to two factors. Firstly, increasing the concentration of
2,4-DCP will result in an increase of absorbed 2,4-DCP molecules on the surface of Ag/AgBr,
thus reducing active sites of the catalysts due to over saturation and consequently decreasing
hydroxyl radical generation. Secondly, increasing the concentration of 2,4-DCP may cause a
reduction in the photo-absorption capacity of Ag/AgBr particles, therefore reducing the

photodegradation efficiency (Liang et al., 2019, Soltani and Lee, 2016).
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Figure 5-4. Effect of initial concentration on 2,4-DCP photodegradation at catalyst loading

(Ag/AgBr) of 1.5 g/L and pH 5 after 300 min irradiation.

5.2.4 Kinetic Study

The reaction kinetics provide valuable information on the rate and mechanism of the reaction
that indicates the degradation of pollutants (Ranjbar et al., 2019). Pollutant degradation kinetics
in heterogeneous photocatalysis from the aqueous phase have commonly been analysed using
the Langmuir-Hinshelwood model (Equation (5-1)) (Fan et al., 2018, Kumar et al., 2008,

Melian et al., 2007):

dC _ kKC

dt ~ 1+KC

5-1

Whereby:

e r-represents the initial rate of reaction (mg L™ min™?)
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e t-isthe reaction time (min)
e C - indicate the real-time concentration of pollutant (mg L)
e K - denotes the Langmuir adsorption equilibrium constant (L mg™)

e k—expresses the Langmuir-Hinshelwood reaction rate constant (mg L™ min)

For dilute concentration cases (KC<<1) of water pollutants, KC is negligible, thus a pseudo-

first-order kinetics model can be deduced from Equation (5-1) through Equation (5-2) and (5-

3):
r=—%_ _kkc (5-2)
dt
Cc
In (C—O) = — kKC = —kgypt (5-3)

Co - represents the original concentration of water pollutants (mg L)
Kapp — is the apparent rate constant (min)

During the study of the effect of the initial concentration on the efficiency of 2,4-DCP
degradation, the normalised concentration of 2,4-DCP (In (Co/C)) indicate a linear relationship
with irradiation time, thus proving that these degradations follow the first-order kinetics model

(Equation (5-3)).
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Figure 5-5. Photocatalytic degradation with different initial concentration of 2,4-DCP using

Ag/AgBr under visible light irradiation.

Figure 5-5., show the photocatalytic degradation of 2,4-DCP over 180 min under visible light
irradiation. Through pseudo first-order fitting between In (Co/C) and t (as presented in Figure
5-6) kapp can be determined from the linear slope and applied to evaluate the degradation rate
among the different initial substrate concentrations in the same experiment.
Approximately 98 % was removed in 180 min suggesting that at a concentration of 5 mg/L,
Ag/AgBr is more photo-responsive for the removal of 2,4-DCP compared to other initial

concentrations. The Kapp for 2,4-DCP at an initial concentration of 5 mg/L was 0.01283 min™.
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Figure 5-6. Pseudo first order reaction kinetics of 2,4-DCP at various initial 2,4-DCP

concentration; catalyst loading 1.5 g/L; pH 5.

5.2.,5 Total Organic Carbon Study

The decrease of total organic carbon (TOC) concentration was investigated to evaluate the
extent of mineralisation of 2,4-DCP in the system. The TOC analysis was conducted under

optimized conditions of 2,4-DCP concentration of 10 mg/L, pH of 5 and catalyst loading of

1.5 g/L under visible light irradiation. Figure 5-7, illustrates the final conversion of TOC
compared to the extent of 2,4-DCP degradation after 300 min of radiation under visible light.
From the TOC analysis, approximately 26.94 % of 2,4-DCP was mineralised, while 99.7 %
degradation was achieved using Ag/AgBr. The low TOC removal was attributed to the possible

formation of intermediate products during the breakdown of the primary 2,4-DCP molecule.
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Figure 5-7. TOC removal during 2,4-DCP mineralisation (2.4-DCP: 10 mg/L; pH 5; Catalyst

loading 1.5 g/L, visible light irradiation).

Based on literature (Zhang et al., 2018, Humayun et al., 2019a, Chen et al., 2017), a reaction
pathway for the degradation of 2,4-DCP was proposed in Scheme 5-1. The pathway follows
three routes wherein the first pathway of dechlorination proposes that the aromatic ring was
attacked by hydroxyl radicals to form p-chlorophenol and o-chlorophenol (CsHsOCIl, MW
128.00) dechlorination products (Zhang et al., 2018). In the second pathway, the dechlorination
products were consistently attacked by hydroxyl radicals in the reaction solution(Tang and
Huang, 1996). The hydroxyl radical was added onto the position of dechlorination reaction,
forming dihydroxychlorobenzene and its isomers (CsHsO2Cl, MW 144.00). In the third
pathway, the aromatic hydroxylation involving generation of hydroxyl radical in solution is
exposed to plasma oxidation(Constantin et al., 2018). Due to the electron-hole behaviour of the

phenolic OH group and the electrophilic hydroxyl radical, the (CeHs02Cl2, MW 177.96)

71

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

@ YUNIBESITHI YA PRETORIA

(Deborde and Von Gunten, 2008). After dechlorination and hydroxylation of 2,4-DCP the
intermediates were further oxidised and phenol (CeHsO, MW 94.04) (Tang and Huang, 1995)
and 1,4-benzoquinone (CeH402, MW 108.02) (Tang and Huang, 1996) were formed. Phenol
could further be oxidised into cyclohexanone (CsH100, MW 98.07) or 2,3-
dihydroxybutanedioic acid (C4HsOs, MW 150.02). Once the benzene rings were broken, the
major products were organic acids such as oxalic acid, maleic acid and formic acid (Zazo et

al., 2005); eventually all acids can be mineralised into CO2 and H20.
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Scheme 5-1.Proposed 2,4-DCP degradation pathway (Zhang et al., 2018, Humayun et al.,

2019a, Chen et al., 2017, Humayun et al., 2019b)
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5.3 Photochemical stability

The photocatalytic stability and reusability of the Ag/AgBr catalyst were evaluated. After every
cycle the catalyst was collected and washed with ethanol and deionized water and thereafter
dried overnight in an oven at 70 °C. As shown in Figure 5-8., after five (5) degradation cycles
the photocatalytic capacity of Ag/AgBr had decreased by 50 % of the initial value. This decline
of photocatalytic capacity can be attributed to the continuous generation of metallic Ag during
the photocatalytic process (Duan et al., 2021). The continuous generation of Ag on the surface
of AgBr creates a shielding effect, which reduces the light absorption ability of AgBr and thus

greatly declines the photocatalytic capacity and stability of Ag/AgBr.
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Figure 5-8. Photocatalytic reusability and stability of Ag/AgBr for the degradation of 2,4-DCP

(10 mg/L); pH 5; catalyst loading: 1.5 g/L; under visible light irradiation.

The crystal phase, surface chemical composition and morphology of Ag/AgBr after 5 catalytic

reactions were investigated. The XRD spectra of Ag/AgBr before and after photocatalytic
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reaction are presented in Figure 5-9. with Ag/AgBr after 5 cycles, exhibiting a distinct
diffraction peak centred at 45° which is attributed to the cubic phase of Ag°. This further
confirms the generation of metallic silver during the photodegradation process. In addition,
according to the EDS data the atomic ratio of silver and bromide were 1:0.92 (Figure 4-2d) and
1:0.58 (Figure 5-10b.) respectively, before and after the photocatalytic reaction. This indicates
a significant change of the content of Ag® or the surface chemical composition following the
photocatalytic reaction. Figure 5-10c., shows the SEM image of the Ag/AgBr after 5 cycles
whereby the spherical structure with silver nanoparticle deposited on the surface was eroded.
This surface destruction creates a rough surface which cause a reduction in photocatalytic

activity of Ag/AgBr due to less active sites, thus, reducing its stability and reusability.
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Figure 5-9. XRD spectra of Ag/AgBr before and after photostability and reusability evaluation.
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Figure 5-10. SEM images and EDS spectra of Ag/AgBr before and after photostability and

reusability tests.
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5.4 Degradation mechanism

5.4.1 Effect of the presence of different Reactive Oxygen Species (ROS)

The photocatalytic activity of Ag/AgBr involves the generation of several reactive oxygen
species (ROS) such as the hydroxyl radical ("OH), superoxide radical ("O2") as well as trapped
hole (h*) and electrons (e”) during the photodegradation process of organic pollutants. To
investigate the fundamental mechanics behind the photocatalysis of Ag/AgBr a variety of
radical scavengers were employed to evaluate the roles of different ROS during visible-light-
activated photocatalysis in the degradation of 2,4-DCP. Benzoquinone (BQ) was utilized as the
superoxide radical ("O2") scavenger with the isopropanol as the hydroxyl radical ("OH) as well
as triethanolamine and cupric nitrate as the holes (h*) and electron (e”) scavengers, respectively

were all added to the 2,4-DCP solution before the adsorption process.

As presented in Figure 5-11., the 2,4-DCP degradation rate through the addition of BQ
increased, suggesting the superoxide radical ("O2") is not the main ROS in the degradation of
2,4-DCP but rather the presence of BQ enhanced the photocatalytic activity of Ag/AgBr. In the
presence of isopropanol 2,4-DCP exhibited high degradation by Ag/AgBr within the first 60
min of visible light irradiation thereafter the degradation rate was greatly reduced. This may
indicate that hydroxyl radicals could be a secondary species in the degradation of 2,4-DCP.
With the addition of triethanolamine and cupric nitrate (copper nitrate) to the reaction system,

there was a decrease in the degradation rate of 2,4-DCP.

The resulta demonstrate that the photogenerated holes (h*) and electrons (e°) are the dominate
species in the degradation of 2,4-DCP. The adsorption of 2,4-DCP onto the Ag/AgBr catalyst
increased in the presence of triethanolamine and cupric nitrate. This indicates that the major
ROS in the degradation of 2,4-DCP through Ag/AgBr was the trapped electron (e°) and hole

(h*) with the hydroxyl radical as the secondary species.
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Figure 5-11. Effect of the radical scavengers on the removal of 2,4-DCP treated by Ag/AgBr

under optimum conditions: 2,4-DCP concentration: 10 mg L™; catalyst loading: 1.5g L"; pH:5.

5.4.2 Photocatalytic decomposition mechanism of 2,4-DCP

The silver nanoparticles make a great contribution to the high visible light photocatalytic
activity due to the SPR effect produced by the collective oscillations of surface electrons. Xiao
et al. (2015) reported that the strong absorption of the visible light of Ag can be attributed to
the SPR effect of the silver located at the visible light region. Moreover, the conductivity of
silver nanoparticles can enhance the electron migration so as to enhance the interfacial charge

transfer and inhibit the recombination of electron-hole pairs efficiently.
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Scheme 5-2. Schematic representation of the proposed mechanism for photo-generated charge

transfer in Ag/AgBr under visible light irradiation.

In the case of Ag/AgBr the visible light can be absorbed efficiently by both the Ag
nanoparticles and AgBr semiconductor. Due to the SPR the induced local electromagnetic
field, the separation efficiency of photogenerated charged carriers on Ag nanoparticles can be
enhanced, leading to the generation of a large amount of electron-hole (e - h*) pairs. The
mechanism for the photocatalysis of Ag/AgBr is shown in Scheme 5-2. The photocatalytic
process is generally governed by the oxidation potential of photogenerated holes, band gap and
separation capability of photoinduced carriers in the Ag/AgBr nanoparticles that may be
governed by Mulliken Electronegativity Relation presented in Table 4-1.The valence band and
conduction band potential of AgBr was calculated to be 3.77 eV and -1.16 eV, respectively.

When Ag/AgBr nanoparticles are irradiated under visible light, AgBr generate electron-hole
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pairs by formulating electrons and holes in the conduction band (CB) and valence band (VB),
respectively. The electron from CB band of AgBr quickly gets migrated to the Ag nanoparticles
because the CB potential of AgBr is negative relative the Fermi level of Ag (0.4 eV) (Tun et

al., 2019).

The SPR effects of Ag nanoparticles have high reduction capability which combines with
oxygen molecule and leads to the formation of "O.™ radical. This results in the delay of the
recombination reaction between holes and electrons. Moreover, the photoinduced hole in the
valence band of AgBr (+3.77 eV) were involved in the oxidising reaction of H.O/OH™ in
solution to generate "OH radical as the potential of h* in the valence band is higher than "OH
(+1.99 eV vs SHE). The formed radical is a powerful oxidising agent to degrade 2,4-DCP
directly. Furthermore, AgBr is highly sensitive to light and may undergo dissociation into silver

and bromine atoms during the reaction.

Then, the photogenerated electron reduces the Ag* ions produced by AgBr into metallic Ag by
preventing further photocorrosion of AgBr. Simultaneously, some holes may combine with Br~
and oxidizes to Br® atom, a strong oxidant in degrading organic pollutants (Sanni et al., 2019).
Furthermore, the photogenerated electrons in the reaction system could be trapped by O:
molecules to form *O: radical and holes (h*) through H-20 to generate *OH radical which both

have strong oxidability for the degradation of organic pollutants.
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CHAPTER 6

6 CONCLUSION AND RECOMMENDATIONS

In this study, visible light responsive photocatalysts Ag/AgX (X=ClI, Br, I) were successfully
synthesized using a hydrothermal method. The efficiency of the synthesized method was
confirmed through different characterization strategies to determine the crystallinity, purity,
morphology as well as the chemical states and composition of the synthesized photocatalysts.
The Ag/AgBr and Ag/AgBr presented cubic phases while the Ag/Agl presented two phases
namely the hexagonal B-Agl and cubic y-Agl. All diffraction peaks presented high degree of
crystallinity of the synthesised nanoparticles. Ag/AgCI, Ag/AgBr and Ag/Agl displayed near-

spherical, irregular sphere-like and polygonal plate morphologies, respectively.

The photodegradation efficiency of the prepared photocatalysts were evaluated under both UV
and visible-light irradiation in the degrading 2,4-DCP. The batch experiment was designed to
study individual effects of factors such as light, catalyst loading, pH, as well as the
concentration of pollutants. The results depicts that all synthesized materials are activated
under both UV and visible-light irradiation with Ag/AgBr exhibiting the highest overall
efficiency of approximately 89.39 % (under initial conditions) photodegradation under visible-
light irradiation. pH 3 to 9 were more favourable in degrading 2,4-DCP than pH 11. Under
optimised catalyst loading, pH and initial concentration of 2,4-DCP, the photocatalytic reaction
efficiently removed 2,4-DCP while observing a low TOC reduction. The possible
photocatalytic mechanism was evaluated using an active species trapping experiment which
verified that electrons and holes play the primary role in the process of degrading 2,4-DCP.
This study indicates the potential use of silver halides (AgX), particularly Ag/AgBr under

visible-light irradiation for the remediation of 2,4-DCP in the environment.
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The following are some recommendations for future studies:

The improvement of the synthesis method should be investigated to attain controlled
morphology of the photocatalysts. This will assist to increase the surface area of the

photocatalysts thus enhancing its photocatalytic performance.

Furthermore, investigation of the effectiveness of the synthesized Ag/AgBr under natural

sunlight. The stability and reusability of Ag/AgBr under natural sunlight should be evaluated.

The recommendation a comprehensive study of the degradation pathway of 2,4-DCP and its
toxicity throughout the study. This study would assist in determining the toxicity of the

intermediates.
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APPENDIX A

Table A - 1. XRF elemental analysis of the synthesized photocatalysts Ag/AgX (X = Cl, Br,
).

Ag/ AgCl Ag/ AgBr Ag/ Agl
Ba 0,10 Al 1,60 Sn 0,38
Pu 0,04 As 0,11 Ti 0,30
Fe 0,04 Mo 0,08 Mo 0,10
Br 0,03 Mg 0,08 Rh 0,07
Th 0,02 Pu 0,05 Pu 0,06
Sr 0,01 Ru 0,05 Cd 0,05
Al 0,01 Ba 0,04 Ru 0,05
Y 0,01 Pd 0,03 Te 0,04
Ti 0,00 Th 0,02 Sb 0,04
%AgCI 99,66 Cd 0,02 Br 0,03
99,92 Sr 0,02 Sr 0,02
Rh 0,02 Th 0,02
Fe 0,01 Al 0,01
Hf 0,01 Hf 0,01
Yb 0,01 Yb 0,01
Y 0,01 Y 0,01
%AgBr 97,67 %Agl 98,91

Total 99,80 100,10
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