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ABSTRACT

Nowadays, our environment has been polluted due to the extensive use of
antibiotics. Conventional technologies are ineffective in antibiotic removal and
high operational costs are required. Photocatalysis received major attention
due to its ease of operation and low cost. Thus, this research will solely
investigate the performance of the photocatalyst, silver vanadate and graphitic
carbon nitride (AgVA/g-C3N4) composite for the removal of oxytetracycline
(OTC) under visible light irradiation. Various AgVA/g-C3Ns composite
photocatalysts with different weight percentages of 10 wt%, 30 wt%, and 50
wt% of AgVA were synthesized using wet chemical methods and the prepared
samples were named as A10, A30, and AS50. The physicochemical properties
of the synthesized photocatalysts were characterized by Brunauer-Emmett-
Teller surface area (BET), Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy
dispersive X-ray (EDX). Based on SEM analysis, the synthesized pure g-C3Ny
exhibited a two-dimensional structure with typical irregular porosity whereas
pure AgVA had a rod-like shape. In XRD analysis, the diffraction peaks of
both g-C3N4 and AgVA could be observed in the synthesized photocatalysts,
indicating that AgVA had successfully been coupled into g-CsNs. Based on
FTIR analysis, the stretching vibration of V-O was found in pure AgVA and
all the composites. Besides, N-H, O-H, C=N, C-N(-C)-C, and C-NH-C
stretching vibrations were observed in the FTIR spectra of pure g-C3Ns and all
the composites. Moreover, EDX analysis reports showed that the elements
which existed in both g-C3N4 and AgVA, including C, N, Ag, V, and O were
found in all the composites. Through BET analysis, A10 was found to have a
large BET surface, small particle size and large pore volume as compared to
pure g-C3Na4. Based on the result obtained from the OTC photodegradation test,
the highest photocatalytic effect and rate were found with A10 among all the
synthesized photocatalysts and its degradation efficiency to degrade 100 ppm
of OTC was found to be 56.52 %. The scavenging test showed that the active
species which contributed to most of the photocatalytic activity of A10 in OTC
photodegradation were arranged in the order of "03 followed by h*, e, and

‘OH.



TABLE OF CONTENTS

DECLARATION

APPROVAL FOR SUBMISSION
ACKNOWLEDGEMENTS
ABSTRACT

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF APPENDICES

CHAPTER

1 INTRODUCTION
1.1 Background
1.2 Photocatalysis
1.3 Problem Statement
1.4  Aim and Objectives
1.5 Scope of the Study

2 LITERATURE REVIEW
2.1 Antibiotic Pollutants
22 Oxytetracycline

2.3 Photocatalysis

2.3.1 Homogeneous Photocatalysis

2.3.2 Heterogeneous Photocatalysis

2.3.3 Mechanism of
Photocatalysis
2.3.4 Advantages and
Photocatalysis
2.4 Photocatalyst
2.4.1 Surface Doping
2.4.2 Supported Co-catalyst

Heterogeneous

Limitations

of

Vi

iv

vi

ix

Xiv

0O G0 ~1 ~1 h L) =

— e
o o n

16

19
21
21
23



25
2.6

2.7

2.8

29

2.4.3 Surface Heterojunction

Classification of Photocatalysts

Factors Affecting the Photocatalytic Efficiency

2.6.1 Reaction Temperature

2.6.2 pH of Solution

2.6.3 Photocatalyst Loading

2.6.4 Light Wavelength and Intensity (Light
Irradiation)

2.6.5 Structure and Size of the Photocatalyst

Silver Vanadate (AgVA)

2.7.1 Characteristics of AgVA

2.7.2 Synthesis Method of AgVA

2.7.3 Application of Metal Vanadate Based
Photocatalyst

Graphitic Carbon Nitride (g-C3Ny)

2.8.1 Characteristics of g-C3Ny

2.8.2 Synthesis Method of g-C3N4

2.8.3 Application of g-C3N4 Based Photocatalyst

Research Gap

METHODOLOGY AND WORK PLAN

3.1 List of Materials and Chemicals

3.2  Experimental Flowchart

3.3 Synthesis of Pure Silver Vanadate, AgVA

34 Synthesis of Graphitic Carbon Nitride, g-C3Ny4
2 Synthesis of AgVA/g-C3N4 Composites

3.6 Characterization of AgVA/g-C3Ns Composites
3.7 Photocatalytic Degradation of Oxytetracycline
3.8  Identification of OTC Concentrations

39 Scavenging Experiment

RESULTS AND DISCUSSION

4.1 X-Ray Diffraction (XRD) Analysis

4.2 Scanning Electron Microscopy (SEM)

4.3  Energy Dispersive X-Ray (EDX) Analysis

4.4 Fourier transform infrared (FTIR)

vii

23
25
26
26
27
27

27
27
28
28
29

30
34
35
35
37
39
40
40
41
43
44
45
46
47
49
49
50
50
54
58
59



4.5 Brunauer-Emmett-Teller Surface Area (BET)
4.6 Application of Photodegradation of
Oxytetracycline under Visible Light Irradiation.
4.7 Possible Photocatalytic Mechanism of AgVA/g-
C3Ny
4.8 Scavenging Test
5 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
5.2 Recommendations for future work
REFERENCES
APPENDICES

viii

61

62

70
71
73
73
74
76
98



Table 2.1:

Table 2.2:

Table 2.3:

Table 2.4:

Table 2.5:

Table 2.6:

Table 2.7:

Table 2.8:

Table 3.1:

Table 3.2:

Table 4.1:

Table 4.2:

Table 4.3:

LIST OF TABLES

Shortcomings of the Existing Conventional Wastewater
Treatment Technologies.

Properties of OTC (Xu, et al., 2021).
Advantages and Limitations of Photocatalysis.

Examples of the Synthesized Non-metal and Metal
Doped Photocatalysts.

Examples of the Heterojunction Photocatalysts and Their
Photodegradation Efficiency after undergo
Heterojunction Photocatalysis.

Difference Types of Photocatalysts and Their Examples.

Examples of Metal Vanadate Based Photocatalysts and
Their Applications.

Examples of g-CsNs Based Photocatalysts and Their
Capability for Environmental Remediation.

List of Chemicals and Their Specification.

Application of the Photocatalyst Characterization
Techniques.

Elemental Composition of Synthesized Photocatalysts.

BET Surface Area, Average Particle Size and Total Pore
Volume of Pure g-C3N4 and A10.

Kinetic Parameters for OTC Removal over Synthesized
Photocatalysts.

X

11

13

20

22

24

25

32

38

40

47

58

61

69



Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 2.10:

Figure 2.11:

Figure 2.12:

Figure 3.1:

LIST OF FIGURES

Possible Routes for Antibiotics to Enter the Environment
(Quaik, et al., 2020).

Treatment Methods Suggested for the Removal of
Antibiotic Contaminants (Gopal, et al., 2020).

Advanced Oxidation Processes for the Removal of
Antibiotics (Akbari, et al., 2021).

Worldwide Consumption of Antibiotics in Five Areas
(World Health Organization, 2018).

Conventional  Wastewater  Treatment

(Parajuli, 2018).

Techniques
Typical Conventional Wastewater Treatment Process
(Al-Jassim, et al., 2015).

Chemical Structure of Oxytetracycline (Ahmad, et al,
2021).

Photocatalytic Reaction Mechanism (Ren, et al., 2021).

Binary Coupling Heterojunction Photocatalyst (Li, et al.,
2020).

Parameters Affecting the Photocatalytic Performance
(Zhao, et al., 2022).

Chemical Structure of AgVOs3; (PubChem, 2022).

The Structure of (a) a-AgVOs3 and (b) f-AgVOs (Vali, et
al., 2019).

Chemical Structure of Graphitic Carbon Nitride, g-C3Ny
(Chen, et al., 2019).

General Preparation Process of the Sample of g-Cs3Ns
using Simple Thermal Polymerization Method (Gao, et
al., 2021,

Preparation of g-CsNs with Different Precursors using
Thermal Condensation Method under Different
Calcination Temperature (Igbal, et al., 2018).

Overall Experimental Flowchart

13

18

23

26

28

29

34

36

34

42



Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 4.1:
Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

Preparation Step of Pure Silver Vanadate, AgVA.

Pyrolysis of Urea in Programmable Furnace at 580 °C for
4 h.

Experiment Setup for the Photocatalytic Degradation of
OTC.

Calibration Curve of OTC ranging from 0 to 100 ppm at
274 nm.

XRD Pattern of Pure g-C3Na.
XRD Pattern of Pure AgVA.

XRD Pattern of (a) A50, (b) A30, (¢c) A10, (d) Pure
AgVA, (e) Pure g-C3Na.

SEM Image of (a)-(c) pure g-C3Na, (d)-(f) pure AgVA,
(2)-(1) A10, (j)-(I) A30, and (m)-(o) ASO0.

FTIR Spectrum of (a) A50, (b) A30, (c) A10, (d) Pure g-
C3Ny, and (e) Pure AgVA.

Photocatalytic Degradation of OTC over Pure AgVA,
Pure g-C3sN4, A10, A30 and AS50.

Possible Degradation Intermediates and Pathways that
might be formed during OTC Degradation Process
(Zhang, et al., 2021).

OTC Degradation Rate for Pure g-C3Ni, Pure AgVA,
A10, A30 and AS50.

Reaction Rate Constant of Pure g-Cs:N4, Pure AgVA,
A10, A30 and A50.

Second Order Reaction Rate Constant of Pure g-C3Ny,
Pure AgVA, A10, A30 and A50.

Possible Photocatalytic Mechanism of AgVA/g-C3N4 for
the Degradation of OTC under Visible Light Irradiation
(Chen, et al., 2019).

The Effect of Scavengers on the Photodegradation of
OTC over A10.

OTC Degradation Efficiency over Al0 after Adding
Scavengers of EDTA, BQ, IPA, DMSO and Without
Scavenger (Control).

Xi

43

44

48

49

51

5

33

5

60

63

64

66

67

68

70

72

72



‘05
‘OH

AgNO3
AgVA
AgVA/g-CiNy

composite
AOPs Advanced oxidation processes
BET Brunauer-Emmett-Teller
BiOX Bismuth oxyhalide
BiVO4 Bismuth vanadate
C10H1sN2NaOg ™2 Ethylenediaminetetraacetic acid disodium salt
C22H24N209HCl Oxytetracycline hydrochloride
C2H6OS Dimethyl sulfoxide
CsHsO Isopropanol
CsH402 Benzoquinone
CB Conduction band
CdS Cadmium sulfide
CH4N20 Urea powder
CO2 Carbon dioxide
Cu Copper
CuVA Copper vanadate
e Electrons
EDX Energy dispersive X-ray
E; Band gap energy
Fe>03 Ferric oxide
FTIR Fourier-transform infrared spectroscopy
g2-C3Ny Graphitic carbon nitride
h* Holes
H> Hydrogen
H>O Water
HCl Hydrochloric acid
hv Photon energy

LIST OF SYMBOLS / ABBREVIATIONS

Superoxide radical
Hydroxyl radical
Silver nitrate
Silver vanadate

Silver vanadate and graphitic carbon

xii

nitride



MB
MgO
MO
NaOH
NH4OH
NH4VOs3
02

OH"
OTC

RhB
SEM

TC

TCs
TiO2

UV light
A"

VB

WOs
WWTPs
XRD
ZnO
a-AgVO0Os3
B-AgVOs

Methylene blue
Magnesium oxide
Methyl orange
Sodium hydroxide
Ammonium hydroxide
Ammonium metavanadate
Oxygen

Hydroxyl ion
Oxytetracycline
Potential of Hydrogen
Rhodamine B

Scanning electron microscopy

Tetracycline
Tetracyclines
Titanium dioxide
Ultraviolet light
Vanadium

Valence band
Tungsten oxide
Wastewater treatment plants
X-ray diffraction

Zinc oxide
Alpha-Silver Vanadate

Beta-Silver Vanadate

Xiii



LIST OF APPENDICES

Appendix A: EDX Reports

Appendix B: FTIR Reports

Xiv

98

100



CHAPTER 1

INTRODUCTION

1.1 Background

Water is important for all living organisms such as plants, humans and animals
to survive and it has covered 71% of the earth surface (Water Science School,
2019). However, the development of science and technology has caused a
great negative impact to the environment such as water pollution. According to
the global report, 80% of the wastewater is disposed directly from the
industries into the ecosystem without any treatment (The World Bank, 2020).
This has caused a great environmental issue as many of the water sources such
as rivers, lakes, ponds have been polluted. One of the pollutants that contribute
to water pollution is antibiotics (a chemical compound utilized to kill the
bacteria).

Danner, et al. (2019) reported that some of the countries have
suffered antibiotic pollution in their fresh water. For example, up to 15 ug/L of
the antibiotic concentration has been measured in the fresh water of the
Americas. Besides, higher antibiotic content with a concentration over 450
ng/L has been detected in Asian-pacific countries. These concentrations might
not bring any negative impact to humans but could harm the non-target
freshwater organisms. In addition, the presence of antibiotic in the
environment with a low concentration could accumulate in the human
population through a long period of exposure to the food or drinking water
which resulted in the unknown health issue to the human being (Kraemer, et
al., 2019).

In other words, our environment has now been polluted by antibiotics
due to extensive use of antibiotics. This could be proved by the fact that tap
water, sediment, groundwater, sludge, surface water, aquatic animals and
plants have been reported to be contaminated by antibiotic pollutants (Gothwal
and Shashidhar, 2015). Antibiotic pollution which results in the spreading of
antibiotic resistance in the environment has become a global threat as
numerous effects, especially risk for global public health in future might be

raised (WHO, 2014). Based on the statistics, antibiotics consumed in animal



husbandry showed higher results when compared to human medicine
(Polianciuc, et al., 2020). Furthermore, about two-thirds of the antibiotic
synthesis is utilized on animals. The animal would secrete them into slurry pits
or onto the land which could run off into the sources of water such as
groundwater, lakes and rivers. Other main sources of antibiotic pollutants in
the environment might come from the waste disposed from the
pharmaceuticals industry and antibiotic waste produced from fish farms (King,
2018). Figure 1.1 shows the possible routes for antibiotics to enter the

environment.
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Figure 1.1: Possible Routes for Antibiotics to Enter the Environment (Quaik,

et al., 2020).

Wastewater treatment techniques that apply for the elimination of
these antibiotic residues from the environment have played an important role
in protecting ecosystems and humans from the toxic or harmful contaminants
found in wastewater (Masterflex, 2021). This technology not only to limit the
contribution of water pollution by the antibiotic residues in the environment
but also to ensure the sustainability of the water source. Le Page, et al. (2018)
suggested a limit of 100 ng/L antibiotic discharge in order to protect the
ecosystem function and limit the risk for the development of antibiotic
resistance. Several techniques including membrane filtration, advanced

oxidation processes (AOPs), adsorption, flocculation and coagulation, and



reverse osmosis (Figure 1.2) are introduced to treat the wastewater by

eliminating the antibiotic pollutants from water.

L Adsorption ‘ L Membrane filtration J
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Figure 1.2: Treatment Methods Suggested for the Removal of Antibiotic
Contaminants (Gopal, et al., 2020).

1.2 Photocatalysis

Advanced oxidation processes (AOPs) are considered as an effective and
useful technique for the treatment of organic wastewater as well as antibiotic
contaminated water (Wang, et al., 2012). Sonawane, et al. (2018) reported that
a highly reactive species like hydroxyl radical ("OH) was generated during
AOPs so that the organic pollutant could be oxidized into non-toxic
components such as carbon dioxide and water. Figure 1.3 shows that AOPs
can be classified into electrocatalytic oxidation, ozonation, wet oxidation,
Fenton or Fenton-like processes and photocatalytic oxidation (Akbari, et al.,
2021). These techniques could be applied either independently or combined
with other techniques not only to improve performance in the degradation
process of organic pollutants but also to enhance the safety, efficacy and

economy (Sonawane, et al., 2018).
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Figure 1.3: Advanced Oxidation Processes for the Removal of Antibiotics

(Akbari, et al., 2021).

Among the AOPs, photocatalysis has been known as an effective and
efficient method for the decomposition of antibiotic pollutants (Umar, et al.,
2013). It can be described as a green technology that involves environmental
detoxification and water clean-up (Moradi, et al., 2021). Organic contaminants
can be removed from wastewater and be converted into harmless substances
which are carbon dioxide (CO:;) and water (H.O) with the aid of the
photocatalyst (Li, et al., 2019; Li, et al., 2019). Some semiconductors such as
SnO2, ZnS, WOs3, TiOz, and ZnO are applied as photocatalysts which is a
material that can be activated by adsorbing a photon and has an ability of
increasing the reaction rate without being consumed. Titanium oxide (TiOz) is
the commonly studied photocatalyst as it showed good performance to
decompose organic pollutants and even achieve mineralization completely
(Fujishima, et al., 2000). Due to the potential application of semiconductor
oxide photocatalysts in environmental purification and solar energy
confirmation, these applications have obtained much attention in recent years.
In addition, photocatalysis can be categorized into homogeneous
photocatalysis and heterogeneous photocatalysis (Panda, et al., 2022).
However, heterogeneous photocatalysis has been verified as efficient in
degrading organic compounds particularly antibiotics (Gaya and Abdullah,
2008). Generally, photocatalysis have been reported for various applications
such as removal of toxic ions, water splitting, decomposition of organic

contaminants, CO2 reduction and others (Moradi, et al., 2021). The design and



fabrication of the novel semiconductor photocatalyst has hence been given

much attention for the use for these applications (Moradi, et al., 2021).

1.3 Problem Statement

Oxytetracycline (OTC) is a type of tetracycline antibiotic that is frequently
utilized for the treatment of infection disease (Watson and Preedy, 2012). The
widespread application of the OTC in the farms and hospitals area has led to
the appearance of OTC residues in the environment which contributed to
environmental issues especially water pollution (Zhou, et al., 2020). Therefore,
several damages have been brought to the ecosystem such as low water quality
as eutrophication might happen, the growth of the aquatic life being affected,
and causing bacteria to be more resistant to these antibiotics (Acevedo Barrios,
et al., 2015). Wastewater that is discharged from the hospitals, large-scale
animal farming, and antibiotic manufacturers is the main source that causes
OTC to accumulate and bring up contamination to the environment (Liu, et al.,
2021).

Due to the emergence of OTC contamination in the water source,
various treatment methods or techniques including coagulation, membrane
separation, absorption and biodegradation have been applied for elimination of
antibiotic pollutants contained in aquatic environments (Chen, et al., 2013;
Danner, et al., 2019; Ebele, et al., 2017; Hiller, et al., 2019; Huang, et al., 2019;
Reis, et al., 2020; Szekeres, et al., 2018; Zhi, et al., 2019). However, they are
low effective in antibiotic removal and high operational costs are required. In
addition, antibiotic have a characteristic of low biodegradability, the regular
conventional processes such as adsorption, precipitation, and coagulation that
employed for wastewater treatment thus not capable enough to eliminate
antibiotics from wastewater or water completely and they are evenly not
applicable for some of the antibiotics (Cuerda-Correa, et al., 2019; Hiller, et al.,
2019).

Advanced oxidation processes have shown a good ability in
degrading and converting the antibiotics into biodegradable and non-toxic
substances thereby decreasing the detrimental effects brought by antibiotic
pollutants to the environment (WHO, 2014). A number of studies related to

these techniques have been carried out and the result showed that these



techniques are considered as an effective treatment method for antibiotic
wastewater (Giwa, et al., 2021).

Photocatalysis received major attention among the advanced
oxidation processes because of its benefits of ease of operation and low cost
(Prashanth, et al., 2021). Other than that, it has also been recognized as an
effective removal method for degradation of organic pollutants particularly
antibiotics using photocatalyst. Most of the semiconductor photocatalysts
suffer serious drawbacks of low photocatalytic efficiency and low sunlight
utilization (Wang, et al, 2016). Titanium dioxide (TiO:) is the most studied
photocatalyst as TiOz is low cost, nontoxic and high photocatalytic activity.
However, fast recombination rate of electron-hole that generated during
photoexcitation is the main limitation of TiO> (Dong, et al.,, 2015).
Furthermore, photocatalytic application of TiO; is limited by its wide bandgap
which is 3.2eV (about 4% of solar light) as this made it can only be applied as
a photocatalyst under UV light which is considered as an expensive light
source (ul Hagq, et al., 2021). In fact, processes that are implemented based on
industrial scale are required to be more cost effective and sustainable
(Kutuzova, et al., 2021). The photocatalyst that is applicable under visible
light is considered as the best. Therefore, different approaches such as co-
doping, metal doping, non-metal doping, coupling of semiconductors,
heterojunctions and composites materials have been introduced for the
development of visible light-active photocatalysts with high photocatalytic
efficiency (Imtiaz, et al., 2019).

Various visible light-driven photocatalysts are proposed and being
studied by many researchers for the improvement of photocatalytic
performance and at the same time achieve higher removal efficiency of
antibiotics. In this project, the photocatalyst studied is silver vanadate (AgVA)
and graphitic carbon nitride composite (g-C3Ns) and its performance for the

removal of OTC under visible light irradiation is investigated.



14 Aim and Objectives
The aim of this study is to investigate the performance of photocatalyst, silver
vanadate and graphitic carbon nitride (AgVA/g-CsNs4) composite for the
removal of OTC. In order to achieve the aim of this study, various objectives
have been identified and listed as below:
(i) To synthesize silver vanadate and graphitic carbon nitride
(AgVA/g-C3N4) composite using wet chemical method.
(i) To investigate the characterization of the prepared
photocatalyst, AgVA/g-C3Ns composite by using XRD, FTIR,
BET surface area, SEM and EDX.
(ili)  To study the performance of the photocatalyst, AgVA/g-C3Na
composite for the removal of OTC under visible light

irradiation.

1.5 Scope of the Study

In this project, AgVA/g-C3sNs4 composite was used as visible light-driven
photocatalyst. Its’ responsive reaction for the removal of oxytetracycline under
visible light irradiation was investigated throughout the tasks. Besides that, the
preparation method for pure AgVA, pure g-CsNi, and AgVA/g-C3Ny
composite was studied through this project. Pure g-C3sN4 was prepared using
pyrolysis of urea whereas pure AgVA and AgVA/g-CsNs composite was
prepared using a wet chemical method. Next, the effect of weight percentage
of AgVA on the photocatalytic efficiency of AgVA/g-C3sN4 composite was
examined through varying the weight percentage of AgVA (10, 30 and 50
wt%). As such, different weight percentage samples of AgVA/ g-C3:Ni
composite was prepared. In fact, the photocatalytic activity of a photocatalyst
is greatly dependent on its degradation efficiency of the organic pollutants.
Hence, the photocatalytic efficiency of the composites was studied through
comparing the performance of the prepared photocatalysts for the removal of
antibiotic, OTC under visible light irradiation. In addition, the prepared
photocatalysts were characterized by XRD (X-ray diffraction), FTIR (Fourier-
transform infrared spectroscopy), BET (Brunauer-Emmett-Teller) surface area,

SEM (Scanning electron microscopy) and EDX (Energy dispersive X-ray).



CHAPTER 2

LITERATURE REVIEW

21 Antibiotic Pollutants

Antibiotics are considered as a chemical compound which are effectively used
for the treatment of microbial infection disease (Manzetti and Ghisi, 2014).
They are widely applicable as growth promoters in various sectors including
aquaculture, livestock and agriculture (Gothwal and Shashidhar, 2015). Figure
2.1 shows the worldwide consumption of antibiotics in 5 different areas which

are Western Pacific, Africa, European, Eastern Mediterranean and Americas.

50.46%

0.53%

B - frica
B Americas
- European

astern Mediterranean 18.58%
Z Western Pacific

Figure 2.1: Worldwide Consumption of Antibiotics in Five Areas (World
Health Organization, 2018).

Antibiotics that are applied for animal and human therapy might
reach and accumulate in the environment which eventually lead to
environmental problems such as plants, water, and soils contamination
(Polianciuc, et al., 2020). Furthermore, antibiotic residues can cause disruption
to the function of the human’s digestive system, chronic toxic effects due to
long term exposure and even alter the human microbiome (Ben, et al., 2019;
Van Boeckel, et al.,, 2015; Larramendy and Soloneski, 2015). Municipal

wastewater that contains antibiotics from human feces which is incompletely



metabolized and wastewater that is discharged from the pharmaceutical
factory which consists of high quantity of antibiotics is the major source that
led to residual antibiotic in the aquatic environment (Phoon, et al., 2020). In
recent decades, drinking water and surface water in most of the areas of the
world was reported for the presence of antibiotics (Chen, et al., 2019). Hence,
various technologies for the removal of antibiotics from the wastewater and
polluted water source have been developed. As shown in Figure 2.2,
conventional wastewater treatment techniques can be classified into three
categories which are physical, biological and chemical methods and three of
them operate with each other for wastewater treatment. The typical

conventional wastewater treatment process is shown in Figure 2.3.

* Screening
=
Physical unit operations * Flocculation

* Sedimentation
* Floatation, etc.

* Chemical precipitation
* Gas transfer

Chemical unit processes » Adsorption

* Ion exchange

» Electrodialysis, etc.

* Activated sludge process
* Tricking filtration
* Sludge digestion, etc.

Biological unit
processes

Figure 2.2: Conventional Wastewater Treatment Techniques (Parajuli, 2018).

Sample: Sample: sa":'PIe:
influent effluent chlorinated
u u efﬁlue nt
Primary Aeration Secondary Disinfection
P darifier Tank dlarifier

Figure 2.3: Typical Conventional Wastewater Treatment Process (Al-Jassim,
et al., 2015).
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The physical treatment methods included filtration, coagulation,
adsorption, membrane treatment and sedimentation. Through physical
wastewater treatment, the removal of pollutant substances can be
accomplished with the presence of naturally occurring forces, for example
electrical attraction, gravity and Van Der Waals forces (Phoon, et al., 2020).
Wastewater treatment using biological methods refers to a process that
transforms the organic pollutants which are biodegradable into additional
biomass and simple substances by decomposing them utilizing normal cellular
processes which are carried out by nematodes, bacteria and other
microorganisms. Stabilization, activated sludge, anaerobic digestion, fungal
treatment, aerated lagoons and trickling filters belong to biological treatment
(Grady, et al., 2011).

Meanwhile, chemical wastewater treatment methods consist of ion
exchange, reduction, catalysis, oxidation, electrolysis, and neutralization (Rao,
et al., 2017). However, these conventional treatment methods are ineffective
and inefficient as well to eliminate antibiotic pollutants. Chen, et al. (2019)
reported that the stationary phase of organic substances can be alerted through
treating wastewater by physical method but cannot be completely removed.
Moreover, antibiotics with the characteristic of antibacterial effect causing the
capability of traditional biological wastewater treatment in treating the
antibiotic contaminated wastewater to be limited. Common chemical oxidation
methods have low reaction efficiency and the use of the powerful oxidizing
agent in large quantities is costly. In addition, Kumar and Pandey (2017)
reported that the chemical oxidation method is limited to eliminate all organic
compounds and is applicable for the removal of contaminants at high
concentration. Table 2.1 summarizes the shortcomings of the existing

conventional wastewater treatment methods.



Table 2.1:

Shortcomings of the Existing Conventional Wastewater Treatment Technologies.

Conventional Technology Drawback Reference
Trickling filters 1. Principal cost is high. Gedda, et al.,
ii. Blockage of rotating arms. 2021
iii. Generation of great intense odour.
Activated sludge process i. High operating cost.
ii. Requirement in monitoring and controlling of the sludge concentration.
Coagulation 1. Producing a huge amount of sludge.
ii. Low efficiency and high cost.
Membrane filtration 1. Due to membrane fouling, high maintenance cost is required. Shah and Rather,
1. High Energy consumption. 2021

Adsorption

Electrolysis

Chemical oxidation

1.
iii.

1i.

1.
1il.
1v.

Fast saturation.
High investment.
Non-destructive.

High equipment cost.
Occurrence of inhibition of electrode.

Pre-treatment process is needed.
Expensive.

Inefficiency in dye removal.
Toxic intermediates generation.
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According to the discussion above, conventional wastewater
treatment methods require high operating costs and even could not treat the
antibiotic contained in the wastewater effectively. This has led the
conventional wastewater treatment plants (WWTPs) to be incapable of
eliminating antibiotics and other pharmaceutical products from wastewater
effectively. As a result, the treated effluent that discharged from WWTPs
which contain high residues of antibiotic pollutants have caused pollution to
the water streams (Gadipelly, et al., 2014). For instance, Lopez Penalver, et al.
(2013) reported that antibiotics such as tetracycline, oxytetracycline and
chlortetracycline have been detected in WWTP effluent with a concentration
of 46-1300 ng/L, 240 ng/LL and 270-970 ng/L respectively. Due to the
emergence of antibiotics contamination in the aqueous systems, advanced
oxidation processes (AOPs) have been developed as one alternative technique
for the treatment of antibiotics in wastewater where the antibiotic pollutants

are degraded through oxidation (Giler-Molina, 2020).

2.2 Oxytetracycline

Tetracyclines (TCs) are frequently used antibiotics for agricultural feed
additives, animal disease control and human therapy because of their high-
quality, broad-spectrum activity and low cost (Daghrir and Drogui, 2013).
Oxytetracycline (OTC) with a molecular formula of C2;H24N20y is one of the
tetracycline groups of antibiotics which are commonly utilized throughout the
world (Daghrir and Drogui, 2013). OTC can be applied for the treatment of
infectious diseases such as respiratory infection, typhus, anthrax, plaque,
malaria, and others (Hegde, et al., 2013). Figure 2.4 represents the chemical
structure of OTC and Table 2.2 shows the properties of OTC.
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OH O OH 0 O
Oxytetracycline

Figure 2.4: Chemical Structure of Oxytetracycline (Ahmad, et al, 2021).

Table 2.2: Properties of OTC (Xu, et al., 2021).

Compound Abbreviation Molecular ~ Melting Water
weight point (C) solubility at
(g/mol) 25 C (mg/L)
Oxytetracycline OTC 460.44 184.50 313

OTC has the benefits of high antibacterial activity and low costs
which made it mainly applied in aquaculture and animal farm applications.
However, absorption rates for OTC to be absorbed by animals and humans is
scarce, leading to almost 70% to 90% of the metabolites and active ingredients
being released into the aquatic environment (Mass € et al., 2014). Wide usage
of the OTC in a variety of sectors including hospitals, animal management
centers, pharmaceutical factories and feedlots has led to widespread
occurrence of OTC in the environment (Hou, et al., 2016). As proof, numerous
studies have found OTC at a high concentration of 300 pg/kg in soils and
about 15 pg/L in surface water and groundwater (Fatta-Kassinos, et al., 2011).
The appearance of OTC residues might cause potential threat to the ecosystem
in various ways, for example spread of antibiotic-resistant bacteria, low water
quality, and inhibition of aquatic plant growth (Acevedo Barrios, et al., 2015;
Van Der Grinten, et al., 2010). In fact, OTC has phytotoxic effects which can

cause chromosomal anomaly and decrease the content of carotenoid pigments



14

and photosynthetic chlorophyll in plants. In addition, the OTC residues could
inhibit the growth of plants once absorbed as it would interfere with
physiological processes of the plants and lead to potential ecotoxicological
effects (Polianciuc, et al., 2020). Other than that, accumulation of OTC in
agricultural soil with a high level would reduce biomass production and delay
germination by means of applying the contaminated manure to fertilize the
farmland (Minden, et al., 2017).

Last but not least, antibiotic resistance which is considered as a global
health security risk would happen while bacteria become resistant to the
antibiotics that are used for the treatment of infections caused by them. In
addition, the spread of antibiotic-resistant bacteria on agricultural land or in
water resources could be the easy route for animals and humans to encounter
these antibiotic-resistant bacteria (King, 2018). Consequently, the application
of the relevant antibiotic for the treatments in human medicine may fail due to
infections led by the antibiotic-resistant bacteria which could result in the
increase of the case of mortality and duration of illness (Polianciuc, et al.,
2020). In general, the occurrence of OTC residues in the environment over a
long period of time might cause the generation of antibiotic resistant bacteria,
antibiotic resistant genes and accelerate the development of antibiotic
resistance which can threaten the ecological systems and human health
(Kummerer, 2009).

The raising in the environmental problem particularly water
contamination caused by antibiotic pollutants has therefore brought about the
development of inexpensive but efficient treatment methods for the removal of
antibiotic contaminants (Harja and Ciobanu, 2017). Photocatalysis which is an
environmental protection technology with the benefits of efficiency, green,
and energy saving has presently become a promising wastewater treatment

technology for the removal of antibiotic contaminants.
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2.3 Photocatalysis

In 1972, photocatalysis technology was proposed by Fujishima and Honda in
their research on the topic ‘Electrochemical Photolysis of water at a
semiconductor electrode” which was published in Nature (website) (Fujishima
and Honda, 1972). Photocatalysis is environmentally friendly, stable, and
efficient when performing as environmental pollution control technology
(Kudo and Miseki, 2009). This is because photocatalysis only required light
irradiation to activate photocatalyst for the generation of electron-hole pairs to
carry out photocatalytic reactions (Byrne, et al., 2018). In other words,
photocatalysis can reduce or oxidize contaminants by stimulating electron
transfer of a photocatalyst with the aid of solar energy (Motahari, et al., 2014;
Deng, et al., 2020). Among the AOPs, this technology has been widely studied
for the degradation of antibiotic pollutants. In general, there are two types of
photocatalysis which are known as homogeneous photocatalysis and

heterogeneous photocatalysis.

2.3.1 Homogeneous Photocatalysis

Photocatalytic reaction that involves the same phase of both photocatalyst and
reactant is known as homogeneous photocatalysis (Ameta, et al., 2018). One
example that used to describe the homogeneous photocatalysis is using the
water-soluble carbon dots to degrade the aqueous organic dyes with the
assistance of light (Baruah, et al., 2019). Next, ozone and photo-Fenton

systems are the commonly used homogeneous photocatalyst (Panda, et al.,

2022).

2.3.2 Heterogeneous Photocatalysis

Photocatalytic reaction that involves both reactant and photocatalyst which
exist in different phases is known as heterogencous photocatalysis.
Heterogeneous photocatalysis which developed in the 1970s has been proven
to be of interest as it is efficient in decomposing recalcitrant organic
substances (Umar and Aziz, 2013). Recently, various studies on the
application of heterogeneous photolysis with a viewpoint to mineralize and
degrade recalcitrant organic substances (Umar and Aziz, 2013). There are

various semiconductors that can be applied for heterogeneous photocatalysis
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such as cadmium sulfide (CdS), ferric oxide (Fe203), tungsten trioxide (WO3),
magnesium oxide (MgQO), titanium dioxide (TiO2), and zinc oxide (ZnO).
However, all of them have a larger band gap and narrow light absorption range
which causes them to have a low efficiency of photoactivity and only be
photoactive within the UV range (Imtiaz, et al., 2019; Molinari, et al., 2020).
In fact, solar light consists of 46% visible light, 4% to 5% of UV light and the
rest are Infrared irradiation. UV radiation that is costly can contribute to a rise
in the wastewater remediation cost with a high percentage of 50% to 60%
(Centi, et al., 2000).

Replacement of UV radiation with visible light has gained interest in
order to minimize the cost spent for the energy consumption. Other than that,
solar energy is an inexhaustible, costless and green energy source. Utilizing
solar energy in an effective manner is important for reducing pollution,
retarding global warming, and enhancing the sustainability of industry (Ge, et
al., 2019). Thus, strategies such as metal or anion doping have been introduced
to modify these UV-driven semiconductor photocatalysts into visible light-
driven photocatalysts which are able to absorb lower energy photons and thus
achieve maximum sunlight utilization (Phoon, et al., 2020). However, this
method is not an appropriate way as dopants could act as the sites for
recombination of electron-hole pairs which could reduce the photocatalytic
activity to occur (Malik, et al., 2022). Therefore, researchers have given much
attention to the fabrication of visible light-responsive photocatalysts with a

high photocatalytic efficiency (Roy, et al., 2020).

2.3.3 Mechanism of Heterogeneous Photocatalysis

Figure 2.5 shows the photocatalytic reactions that take place over a
heterogeneous photocatalyst. At the beginning of the reaction, the electron-
hole pairs are being generated when a sufficient energy either equal or larger
than the band gap energy (Eg) of the semiconductor is absorbed by the
photocatalyst (Wang and Zhuan, 2020). The excited valence band (VB)
electron transfers to the conduction band (CB), leaving hole behind in the VB.
Thus, the photocatalyst with a narrow band gap is favourable to capture more
visible-light photons. Second step is the separation of the electrons (e”) and

holes (h*) that are generated during the photoexcitation process. However, the
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number of the excited charge carriers will be reducing through the
recombination process with the formation of heat or photons. Moreover, the
photogenerated e” and h™ can participate in several surface chemical reactions
but these charge carriers might also be combined on the surface. Next, the
separated e which has high reduction ability reduces oxygen (O;) for the
formation of superoxide radical (‘03). Whereas the separated h* which has
strong oxidation ability will react with the water molecule or hydroxyl ion
(OH) for the formation of hydroxyl radical ("OH). The contaminants
contained in the water will be absorbed on the surface of photocatalytic
material resulting in the rise of the mobility of charge and further enhances the
redox ability of photocatalysts. At the end of the reaction, organic pollutants
could be degraded into harmless substances such as CO2 and H>O. In general,
light harvesting, charge excitation, charge separation and transfer followed by
surface electrocatalytic reaction are the four major processes that make up
heterogeneous photocatalysis. The redox reaction as mentioned above can be

written into equations from 2.1 to 2.9 as listed below (Ren, et al., 2021).

Photoexcitation

Photocatalyst + hv - e +h* (Equation 2.1)

Reduction process for absorbed O:

e +0;-0; (Equation 2.2)

Reaction of superoxide radical with H*

"0;+H™ -'O0OH (Equation 2.3)

Electrochemical reduction

‘OOH+'O0OH - 0, + H;0, (Equation 2.4)

H>02 +°0; - OH™ + 0, + "'OH (Equation 2.5)

H,0;, + hv - 2°0OH (Equation 2.6)
Oxidation of H20

H.O + h*->H" + "OH (Equation 2.7)



Generation of free hydroxyl radicals

h* + OH™ - 'OH (Equation 2.8)
Degradation of organic pollutants

Pollutants + "OH ('OOH, e, h" or '03) > (Equation 2.9)

degradation products

0, _ H,0 P .
ollutants
’A'
2 s :
A4 @)
v e (
"

H,0

Figure 2.5: Photocatalytic Reaction Mechanism (Ren, et al., 2021).
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In addition, light harvesting process is strongly related to the structure

and surface morphology of photocatalysts which could usually be improved

via constructing the hierarchical mesoporous or macroporous architectures so

that the photocatalyst can be more effective in light utilization through its

scattering effects and multiple reflection (Li, et al., 2016).
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2.3.4 Advantages and Limitations of Photocatalysis

Inefficiency of conventional wastewater treatment technologies for the
degradation of organic pollutants has resulted in the increasing of the pollution
issue in various water resources such as sewage, drinking water, surface water
and groundwater. Moreover, most of these technologies could contribute to
high energy consumption and are complicate when performing the waste
treatment process. Hence, technology with the characteristics of advanced,
high efficiency of reclamation of wastewater, low cost, and even
environmentally friendly is essential to be developed (Ren, et al., 2021). This
is to ensure that the environment pollution could be controlled without
affecting the well-being of the environment (Sinar Mashuri, et al., 2020).
Photocatalysis which has shown various benefits and is promising, efficient
and effective when being applied for the removal of organic compounds like
antibiotic pollutants from wastewater has caused it to become an emerging
technology for wastewater treatment. However, it also consists of numerous
limitations. For example, most of the semiconductor photocatalysts is
ineffective in visible light utilization due to their wide band gap. Moreover,
semiconductor photocatalysts have the high recombination rate of electron-
hole pairs which contributed to the low photocatalytic ability. Next, recovery
of the nanosized photocatalysts are difficult to be carried out (Dong, et al.,

2015). Table 2.3 shows the advantages and limitations of photocatalysis.



Table 2.3: Advantages and Limitations of Photocatalysis.
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Advantages

Limitations

Reference

1i.

Green, eco-friendly and energy saving.

Long durability.

ii.

Incomplete mineralization

Not efficient in utilization of visible light.

Ahmad, et al., 2021

1il.

High mineralization rate.

1il.

Formation of intermediate compounds

Chen, et al., 2019

iv. Used oxygen as oxidizer. v. Application of UV light which is expensive
and harmful as energy source
V. Photocatalyst is reusable and low cost. V. Limitation of mass transfer to the Kumar, etal., 2014
immobilized catalyst surface
Vi. Reaction conditions is mild. vi. Recombination rate of electron-hole pairs Zhang, et al., 2019
is high
Vii. Fast reaction speed.
Viii. Photocatalyst can be excited by sunlight. Zhang, et al., 2021
iX. Complete degradation of organic
compound
X. Without causing secondary pollution
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24 Photocatalyst

Photocatalyst refers to a semiconductor device that has the ability to
decompose various chemicals (pharmaceuticals, petrochemicals, and organic
compounds) and disinfect a variety of pathogens (protozoan cells, virus,
bacteria, and fungi) (Ojha, 2020). Till today, development of an individual
visible light responsive semiconductor photocatalyst with a high efficiency
remains a significant challenge (Ge, et al., 2019). By using the most studied
photocatalyst TiO2 as example, its wide band gap and rapid recombination rate
of electron-holes has limited it for only applicable under UV light. BiOX
(X=Br or I), a visible-light driven semiconductor photocatalyst which has been
developed in the recent year. It has a lower energy band gap however it will be
suffering from electron-hole pairs recombination problem and the problem of
photo-corrosion in aqueous media (Huizhong, et al., 2008).

In fact, a good photocatalyst should has the characteristics of high
stability, excellent charge separation, rapid charge transfer, low cost, non-
toxicity and good absorption in the visible spectrum (Kovacic, et al., 2020). In
general, single semiconductor photocatalysts are facing two major issues
which are wide band gaps and recombination of the photogenerated electron
and hole pairs thereby decreasing photocatalytic and quantum efficiencies
(Louangsouphom, et al., 2019; Soltani, et al., 2019). Hence, various
modification strategies including co-catalyst, surface heterojunction, surface
doping and exposure of highly reactive facets has been developed to overcome
the issues suffered by most of the semiconductor photocatalysts and improve
their photocatalytic efficiency (Zhao, et al., 2022). Some of the modification

strategies are briefly discussed as below.

24.1 Surface Doping

Surface doping could result in the changing of the catalyst structure,
expanding of the light absorption range, and decreasing of the carrier
recombination rate which lead to the increases of the photocatalytic
performance. In addition, surface doping causes an optical response through

introducing electrons into semiconductor band gap which in turn contributes a
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significant redshift. This approach can be classified into metal doping and non-
metal doping (Zhao, et al., 2022).

Metal doping could improve both adsorption and photocatalytic
decomposition efficiencies by introducing metal dopant on photocatalyst
(Sinar Mashuri, et al., 2020). Cao, et al. (2018) reported that the addition of 1-
8 wt% of CoZrsOs(OH4)BDCi2 on the photocatalyst has successfully
improved the process of adsorption and degradation from 9.9% to 78.5%. The
two key parameters that affect the photocatalytic oxidation are type and
doping quantity of transition metals. By adding optimum amount of dopant,
the separation process of carriers could be accelerated. However, dopant
would serve as a recombination center and decrease the photocatalytic
efficiency if the dopant added is above optimal value (Zhao, et al., 2022).

In non-metal doping, photoactive performance of the catalyst is
improved by dopants via changing the morphology. Non-metal doping such as
fluorine, nitrogen, boron, sulphur and carbon has been widely evaluated
previously (Zhao, et al., 2022). In addition, the doped state is positioned near
to the edge of the valence band which is not utilized as a carrier. This has
weakened the role of doped state as the recombination center. Table 2.4 shows

a few examples of the synthesized non-metal and metal doped photocatalysts.

Table 2.4: Examples of the Synthesized Non-metal and Metal Doped

Photocatalysts.
Dopant Photocatalyst Efficiency changes Reference
after doping

Ag/Ag,0 TiO2 7.5% = 23.3% Xue, et al., 2021

Mg OMS-2 68.4% = 97.2% Fang, et al., 2017

\Y TiO2 0.3% =2 12.7% Devaraji, et al.,

2014

F TiO, 77.3% = 81% Khalilzadeh and
Fatemi, 2016

N TiO, 77.3% = 92.1% Khalilzadeh and
Fatemi, 2016

N TiO; 33% = 38% Kamaei, et al.,

2018
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24.2  Supported Co-catalyst

The transfer of the electron and hole between the semiconductor and co-
catalyst not only accelerates the carrier’s separation but could also achieve the
spatial separation of oxidation and reduction reaction which improved both
reaction efficiency and quantum efficiency. In addition, the presence of the co-
catalyst could decrease the overpotential of the surface reaction and result in
the increase of the surface reaction rate as the co-catalyst has abundance of
surface-active sites on it (Zhao, et al., 2022). Wang, et al. (2020) reported that
the improvement of both charge transfer and light absorption efficiency has
been found in the synthesized photocatalyst, WSe2/g-C3N4 with WSe: serving

as a co-catalyst.

2.4.3 Surface Heterojunction

When two semiconductors which have the similar characteristics are combined
with each other, an electrical field is generated at their contact surface. The
generated electric field provides driving force which encourages the
directional migration of charge carriers between different semiconductors
which could promote the effective separation (Zhao, et al., 2022). During
heterojunction photocatalysis, a photoproduced hole will migrate from a
semiconductor which has a lower valence band energy level whereas a
photoproduced electron will migrate from a semiconductor which has a higher
conduction band energy level as shown in Figure 2.6. Table 2.5 shows the

examples of heterojunction photocatalysts and their degradation efficiency.

Y /Pollula nts

Degradation
products
Biloi Bi;O_; Bi]O; Bi]O]
(a-type) (p-type) —-— (-tYPe)  (p-type)
Before contact ! After contact

Figure 2.6: Binary Coupling Heterojunction Photocatalyst (L1, et al., 2020).
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Table 2.5: Examples of the Heterojunction Photocatalysts and Their

Photodegradation Efficiency after undergo Heterojunction

Photocatalysis.
Heterostructure Photocatalyst Efficiency Reference
changes

Z-Scheme LaFeO3/g-C3Ny 37% - Wu, et al., 2018
100%

Z-Scheme Au-TiO>@NH>-UiO-66 10% = Liu, et al., 2021
85%

S-Scheme Cu2S/Sn02 17.9% =  Enesca and Isac,
67.2% 2021

In fact, this strategy is known as semiconductor coupling and it has
received great interest for photocatalysis as it allows for the construction of
heterojunction which improving the separation of photoproduced electron-hole

pairs effectively (Ifebajo, et al., 2019; Nguyen, et al., 2020).
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2.5 Classification of Photocatalysts

In recent years, proper categorization of photocatalysts have become difficult
due to the emergence of countless photocatalyst materials (Thongam and
Chaturvedi, 2021). In general, photocatalysts can be classified into a few types
which are non-metal semiconductors, metal oxides, multicomponent materials,

ternary compounds, and metal sulphides as shown in Table 2.6.

Table 2.6: Difference Types of Photocatalysts and Their Examples.

Type of Examples Reference
photocatalyst
Non-metal Graphene, g-C3Ny Zhang, et al., 2019
semiconductors Wen, et al., 2017

Shi, et al., 2015

Metal oxides B1,03, ZnO, In; 03, Ti0-, Lee, et al., 2016
Fe203 or WO3 Kumar and Rao, 2017
Fagan, et al., 2016

Multicomponent ~ Graphene-heterojunctions Li, et al, 2018
materials g-C3Ns-heterojunctions Wen, et al., 2017
BiVO4/Bi202COs Huang, et al., 2016
Bi1202C03/B1204 Sun, et al., 2017
Bi,S3/ B1204/ B12,0,CO3 Madhusudan, et al.,
2011
Ternary Tungstates (ZnWQO4 Zhang, et al., 2018
compounds Bi2WOse) Sethi, et al., 2018

Titanates (La;Ti,O7, BaTi03 Mour @, et al., 2015
or SrTiO3) Rastogi, et al., 2016
Hua, et al., 2015

Metalates [AxByO;] (such as Thalluri, et al., 2016

BiVOy) Kubacka, et al., 2012
Metal sulphides CdS, Bi2S3, MoS2, ZnS or Mondal, et al., 2015
CuS Lee and Wu, 2017

Wang, et al., 2015
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2.6 Factors Affecting the Photocatalytic Efficiency

Though photocatalytic reaction can be performed under milder reaction
conditions such as ambient pressure and temperature, short reaction times and
require only fewer auxiliary additives (Molinari, et al.,, 2021), its
photocatalytic performance of a photocatalyst on the degradation of organic
pollutants is highly be affected by several parameters where these parameters
could be categorized into two which are extrinsic and intrinsic as shown in
Figure 2.7. Some of the intrinsic and extrinsic parameters that affect the

photocatalytic ability of the photocatalyst have been briefly discussed below.

Factors affecting

the photocatalytic
activity

Intrinsic factors Extrinsic factors

l I
' I I } ' ! ! } }

Surface area
and pore Surface densiry
volume

Crystallinity
and crystal size

Caralyst Relative
support humidity

Lighe Inlet

Towperaturs | | -Alcflow race irradiation | concentration

Figure 2.7: Parameters Affecting the Photocatalytic Performance (Zhao, et al.,
2022).

2.6.1 Reaction Temperature

Photocatalytic process is usually be performed under room temperature.
Various studies have proposed performing photocatalytic reaction within the
temperature range of 20-80 C. For instance, Mozia (2010) has investigated
and found that photodegradation rate could be increased at the optimum
temperature range of 20-60 C. While for a temperature which exceeds 80 T is
found to be unfavourable for the photocatalytic reaction as it will promote the

recombination of electron-hole pairs.
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2.6.2 pH of Solution

In fact, pH could influence the size of aggregates, surface charges on the
photocatalyst, and the position of conductance and valence bands (Chong, et
al., 2010). Hence, pH of the solution has played a significant role as it controls

the degradation efficiency of the contaminants (Joerin, et al., 2009).

2.6.3 Photocatalyst Loading

Overall photocatalysis reaction rate is highly dependent on the concentration
of the photocatalyst (Umar and Aziz, 2013). This is because increasing the
photocatalyst loading will bring about the increase of the surface area of
photocatalyst available for the absorption and degradation which promote the
degradation rate of the pollutants (Zhang, et al., 2018). Thus, reaction rate is
increasing with catalyst concentration. However, the increasing of the catalyst
concentration above a certain dose would cause a decrease in the reaction rate

(Zhang, et al., 2019).

2.6.4 Light Wavelength and Intensity (Light Irradiation)

Light irradiation has a higher impact on the photocatalytic performance of a
photocatalyst. The energy band gap (Eg) is correlated with the wavelength of
the light source. The Eg; which is lower than the energy band of the
photocatalyst would result in the electrons fail to be excited and hence cause
the oxidation of organic compounds on the photocatalyst surface is difficult to
take place (Zhao, et al., 2022). In addition, light intensity is associated with the
photocatalytic reaction rate. This can be proven by the fact that a power-law
relationship can be observed between the light intensity and the reaction rate

when the light intensity increases (Deng, 2018).

2.6.5 Structure and Size of the Photocatalyst

A significant factor to be considered in the photodegradation process is surface
morphology such as agglomerate size and particle size. This is due to there
being a direct relationship between surface coverage of the photocatalyst and
organic compounds (Guillard, et al., 2003). In fact, photodegradation reactions

occur only in the absorbed phase of the photocatalyst thus the reaction rate is
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controlled by the number of photons that strike to the photocatalyst (Gaya and
Abdullah, 2008; Kogo, et al., 1980).

4 § Silver Vanadate (AgVA)

Recently, band structure control technique has been developed by researchers
to synthesis non-TiO,-based visible light responsive photocatalysts such as
CoFe204 (Choudhary, et al., 2019), AgzVOs (Vu, et al., 2014), BiWOs (Zhang,
et al., 2014), BiVO4 (Malathi, et al., 2018) and AgVO3 (Vu, et al., 2014).
Among these photocatalysts, silver vanadate (AgVA) has gained remarkable
attention due to its electrochemical, excellent antibacterial and photophysical
properties as well as photocatalytic activity (Vu, et al., 2014; Wu, et al., 2015;
McNulty, et al.,, 2016). Moreover, AgVA possesses higher photocatalytic
ability, suitable band gaps and stability which made it become a promising
visible-light active photocatalyst (Lu, et al., 2017). Other than that, it is found
that AgVA has the characteristics of ease of preparation and well
crystallization (Guo, et al., 2019). In addition, AgVA not only has potential
application as a photocatalyst but also applicable in rechargeable high-energy

density lithium-ion batteries (Takeuchi, et al., 2001).

2.7.1  Characteristics of AgVA
In fact, AgVA with a chemical formula of AgVOs is the most prevalent form
of solid-phase silver vanadate oxides. Figure 2.8 shows the chemical structure

of AgVQOs.

Figure 2.8: Chemical Structure of AgVO3 (PubChem, 2022).
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AgVO0s is considered as an efficient visible light-driven photocatalyst because
of its nanocrystalline nature, favourable morphology, and visible light
absorption capacity (Hu, et al., 2008). AgVOs could further be distributed into
a-AgVOs and B-AgVOs. The a-AgVO; can be described as a metastable phase,
generated instantaneously below the melting point while cooled slowly and
frozen quickly. The B-AgVOs is considered as a stable compound which has a
monoclinic spatial group (de Campos, et al., 2021). In addition, the a-AgVO3
phase would begin to transform into the B-AgVOs phase above the
temperature of 200°C (Kittaka, et al., 1999). Figure 2.9 shows the structure of
a-AgVOs (a) and B-AgVOs (b).

Figure 2.9: The Structure of (a) a-AgVOs and (b) B-AgVOs (Vali, et al., 2019).

2,7.2  Synthesis Method of AgVA

The most common synthesis method of AgVA is the hydrothermal method.
Ordinarily, assistance of a surfactant, silver-vanadium ratio, hydrothermal time
and hydrothermal temperature could affect photocatalytic performance and
tune the structures of AgVA (Guo, et al., 2018). Many researchers have
synthesized AgVA successfully using the hydrothermal method. For instance,
Chen, et al. (2019) synthesized rod-like silver vanadate using the hydrothermal
method. Hu, et al. (2008) reported that monoclinic structure AgzVO4 could be
prepared using hydrothermal method. Song, et al. (2009) used the
hydrothermal method to prepare B-AgVOs3 nanoribbons with lengths of about
200um to 300um. Xu, et al. (2012) synthesized monoclinic phase structure [3-
AgVO0s nanowires with length up to 300um and diameter in the range of 200-
700 um. Through varying the hydrothermal conditions such as molar ratio of
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silver to vanadium, pH values of the precursor solution, hydrothermal
temperature and hydrothermal time, AgVA products with unique properties
could be obtained. In general, the hydrothermal method has numerous benefits
such as high purity, good crystallinity, controllable particle size, energy
conservation, easy-to-control operating parameters and simple operation
process. However, hydrothermal synthesis has a major drawback of time
consuming as a few hours to a few days is required to synthesize the desired
sample (Guo, et al., 2018). Besides the hydrothermal method, other methods
have also been developed to synthesize AgVA such as ultrasonic-assisted
synthesis, thermal decomposition method, soft chemical in-site synthesis
techniques and microemulsion method.

Thermal decomposition method possesses many advantages like low
cost, solventless, well crystallized products and simple operation. Thermal
decomposition process could be performed by calcining the grinded raw
materials for a certain time in a muffle furnace to obtain the desired sample
product (Guo, et al., 2018). Sivakumar, et al. (2015) synthesized AgVOs
nanorods using thermal decomposition method. They mix and grinded silver
nitrate, ammonium metavanadate and 1-dodecenol follow by calcinating the
mixtures at temperature of 450°C for 5 h. The products obtained are nano sized

AgVOs rods.

2.7.3 Application of Metal Vanadate Based Photocatalyst

Researchers found that hybrid or doped photocatalysts are more active than
single semiconductor photocatalysts during the photocatalysis process. This
has resulted in the synthesis of the nanostructure hybrid photocatalyst that has
attracted great attention in the recent year. Vanadate can be described as
oxyanion of vanadium, most of the vanadate compounds have a maximum
oxidation state of +5 (Akhoondi, et al., 2021). Numerous applications have
been developed for ternary vanadate one-dimensional which are production of
electrochemical sensors, photocatalytic process and lithium batteries as well as
its good photocatalytic and electrochemical properties (Monfort and Plesch,
2018; Josephine et al., 2020). Vanadates which have the attractive structural
features received much attention due to their potential applications in the

photocatalysis process. In general, vanadates provide the benefits of simple
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preparation methods and close band gaps. There are numerous semiconductors
shown capability for the absorption of visible light (Martinez-de La Cruz and
Perez, 2010). Among them, bismuth vanadate (BiVOas) which is considered as
a layered vanadium type has gained much attention as a semiconductor
photocatalyst due to its narrow band gap of 2.4-2.5 eV, specific electronic
structure, controllable crystalline aspect and potential application for water
oxidation and organic degradation. However, its photocatalytic performance is
relatively low due to the poor surface absorption content, poor mobility of the
charge carrier, low electron transfer rate and slow oxidation of water (Wang, et
al., 2019). Besides BiVOs, copper vanadate (CuV A) which has an energy band
gap of 2 eV is also one of the promising materials that could be applied as a
photocatalyst. It is the composite of 2 major chemical elements which are
copper (Cu) and vanadium (V) (Hassan, et al., 2019). Though CuVA possesses
less energy band gap and excellent properties of photochemical and
electrochemical (Ghiyasiyan-Arani, et al., 2016; Sivakumar, et al., 2014), it
still suffers low photocatalytic ability due to its low visible light absorption.
Recently, several approaches have been developed in order to solve the defects
of a single semiconductor photocatalyst and fabricate photocatalyst with high
photocatalytic efficiency. Table 2.7 shows some examples of metal vanadate

based photocatalysts and their applications.



Table 2.7: Examples of Metal Vanadate Based Photocatalysts and Their Applications.
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Types of metal vanadate Application Efficiency Light source Reference
based photocatalysts
AgVO0s3/g-C3Ny -For the removal of Degradation efficiency of 70% under 30 300 W Xenon (Xe) Chen, et
tetracycline, TC minutes of visible light irradiation. lamp al., 2019
AgVO0s/g-C3Ny -For the removal of Degradation efficiency of 73% under 60 300 W Xenon (Xe) Shi, et al.,
Rhodamine B, RhB minutes of visible light irradiation. lamp 2015
AgVO0s3/g-C3Ny -For the removal of nitric Degradation efficiency of 65% under 60 300 W Xenon (Xe) Liu, et al.,
oxide, NO minutes of visible light irradiation. lamp 2019
AgVO0s3/g-C3Ny -For the removal of methyl Degradation efficiency of 54% under 60 Light with wavelength, Ye, et al.,
orange, MO minutes of visible light irradiation. A>420 nm 2017
BiVO4/InVO4/CNQDs -Rhodamine B, RhB RhB removal-100% 300 W Xe lamp Lin, et al.,
nanocomposite photolysis 2016




Table 2.7: Continued (Examples of Metal Vanadate Based Photocatalysts and Their Applications).
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Types of metal vanadate Application Efficiency Light source Reference
based photocatalysts
Z-scheme heterojunction -For the decomposition of RhB removal-95.5% 250 W Xe lamp Hong, et al.,

VzOs/g-C3N4

contaminants  such  as
methyl orange (MO),
methylene blue (MB),
tetracycline (TC),
Rhodamine B (RhB)

2016

2-C3N+/AgaVO2PO4

Z-scheme

-For the photocatalytic
decomposition of methyl
orange and phenol in the

aqueous solution.

40% photodegraded

100 W halogen

lamp

Zhang, et al.,
2018

Z-scheme composite BiVOs-

Ru/SrTiOs:Rh

-For solar water splitting

Quantum yield of 1.6% under 420 nm.

300 W Xe lamp

Jia, et al., 2014
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2.8 Graphitic Carbon Nitride (g-C3N4)

Graphitic carbon nitride has a chemical formula of g-C3N4 and its chemical
structure is shown in Figure 2.10. Based on Figure 2.10, several surface
functionalities could be found on the structure of g-C3Ns (Thomas, et al.,
2008). It can be described as a polymeric material which consists of nitrogen,
carbon and hydrogen (impurity), connected through tris-triazine-based patterns

(Zhu, et al., 2014).
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Figure 2.10:  Chemical Structure of Graphitic Carbon Nitride, g-C3N4 (Chen,
etal., 2019).

The g-CsN4 which is a non-metallic organic polymer semiconductor
substance has wonderful conductivity. Next, it has several promising
properties such as unique structural, optical, physicochemical and electric
properties which encourage the g-CsNa4 based materials involved in the energy,
electronic and catalytic applications (Xu, et al., 2015; Xu, et al., 2014). In
addition, g-C3Ns has an appropriate electronic band structure which makes it
widely applied in numerous areas such as organic synthesis, CO2 reduction,
photocatalytic water splitting, disinfectant and pollutant degradation. Thus, the
development of g-CsNi based photocatalysts has received great interest for
various applications via suitable modification which is able to overcome its
shortcoming as stated below and at the same time maximize its photocatalytic

efficiency (Wen, et al., 2017).
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2.8.1 Characteristics of g-C3N4

Graphitic carbon nitride has become an attractive polymer photocatalyst in the
recent year due to its’ characteristic of moderate band gap of 2.7eV which
caused g-C3N4 to become one of a visible light-driven photocatalyst (Qi, et al.,
2020). Moreover, the VB and CB of g-C3Njy is situated at the suitable position
of 1.3eV and -1.4eV respectively which greatly encourages g-CsNs to absorb
some portion of visible light. By this, water is split into oxygen (O;) and
hydrogen (Hz) whereas carbon dioxide is reduced into energy rich compounds
which is to cope with energy crises and decompose several inorganic and
organic contaminants into harmless substances. Moreover, g-C3N4 possess a
characteristic of chemical and thermal stabilities that are highly attractive
under harsh conditions of chemical and heat environments. Other than that, g-
Cs3Ns also has numerous advantages such as non-toxic, metal free,
environmentally friendly, low cost and high adaptability to large-scale changes
in pH (Wen, et al., 2017). However, g-C3Ny suffers the same shortcoming of
fast recombination of photogenerated electron-hole pairs and low visible light
absorption as seen in many other semiconductor photocatalysts. Other than
that, g-C3sN4 has moderate oxidation ability, low charge mobility which affect
the delocalization of electrons, and low surface area which result in small
active sites for interfacial photoreaction (Yin, et al., 2015; Zhang, et al., 2011).
These limitations caused g-C3N4 to have low photocatalytic efficiency. Thus,
further modification is required to improve the photocatalytic efficiency of g-

CsNy.

2.8.2  Synthesis Method of g-C3N4

Synthesis method of graphitic carbon nitride, g-C3N4 including methods of
sonochemical (Huang, et al., 2015; Kumar, et al., 2014), soft-templating
synthesis (Yan, 2012), template-directed solid-state (Zimmerman, et al., 2021;
Savateev and Dontsova, 2016), solvent hot method and thermal
polymerization (Mo, et al., 2015). Among these methods, the most common
synthesis method of g-C3N4 is through a fractional thermal polymerization
method using different precursors, usually nitrogen-rich materials such as

dicyandiamide, guanidine carbonate, thiourea, ammonium thiocyanate, urea
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and melamine (Alaghmandfard and Ghandi, 2022). Figure 2.11 shows the
general preparation process of the sample of g-CsNs with different raw

materials using thermal polymerization method.

urea

g-C3Ns-U
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melamine g-C3N4-M
Figure 2.11:  General Preparation Process of the Sample of g-CsNs using
Simple Thermal Polymerization Method (Gao, et al., 2021).

In fact, the synthesized g-CsN4 would show different photocatalytic
activities, morphology and band gap due to the use of different raw materials
under different temperatures (Zhao, et al., 2018). As shown in Figure 2.12,
preparation of g-CsNas with different precursors using thermal condensation

method will have their respective optimum calcination temperatures.
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Cvanamide Dicyandiamide Melamine  Thiourea Urea
T % w}r YY Y‘Y
550°C 550°C 500-580°C  450-650°C 550°C

Thermal |condensation

g-C;N,
Figure 2.12:  Preparation of g-C3Ny with Different Precursors using Thermal
Condensation Method under Different Calcination Temperature

(Igbal, et al., 2018).

2.8.3  Application of g-C3N4 Based Photocatalyst

The g-C3Ny is a novel metal-free polymeric semiconductor, and it is unique
from other semiconductors as it could be readily used to generate several
greatly tailorable hybrid photocatalysts with controllable pore structure,
morphologies, sizes, compositions, thickness and size distribution (Wen, et al.,
2017). Thus, the design and fabrication of high effective g-CsNi-based
photocatalysts through suitable modification have received great interest for
several applications in photocatalysis and other fields like supercapacitor,
lithium battery, electrocatalysis, photo-electrocatalysis, and solar cell. Other
than that, g-CsNs-based photocatalysts have emerged as ideal candidates due
to its applications of CO; reduction, degradation of pollutants, and
photocatalytic water oxidation and reduction. Generally, g-C3Ns-based
photocatalysts are capable in solving the environmental and energy issues
(Wen, et al.,, 2017). Table 2.8 shows the examples of g-CsNs-based
photocatalysts and their capability for environmental remediation. According
to Table 2.8, it is noted that g-C3Ns-based heterojunction photocatalysts could

be widely applied for the photocatalytic degradation of contaminants
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especially liquid-phase contaminants like methylene blue (MB), tetracycline

hydrochloride, Rhodamine B (RhB), phenol and methyl orange (MO).

Table 2.8: Examples of g-C3N4 Based Photocatalysts and Their Capability for

Environmental Remediation.

Types of g-C3N4 Type of Degradation efficiency Reference
based photocatalysts  contaminants
Zn0/g-C3Na Phenol Phenol removal-99.5% Rosli, et al.,
2018
TizC,Ty/g-C3Ny Tetracycline Tetracycline hydrochloride Yi,etal,
hydrochloride removal-77% 2020
g-C3Ny/AC Phenol Phenol removal- 100% Chen, et al.,
2016
g-C3N4/Ti3Co/TiO; Tetracycline Tetracycline hydrochloride  Diao, et al.,
hydrochloride degradation-78.34% 2020
BiVO4/PDA/g-C3N4 Glyphosate Glyphosate  degradation-  Huo, et al.,
100% 2018
g-C3N4/TizCo/black Ciprofloxacin Ciprofloxacin removal-  Zhou, et al.,
phosphorus 99% 2021
g-C3N4/ BiVO, Methylene blue  Higher degradation Cheng, et al.,
efficiency than pure g- 2017
C3N4 and BiVO4
In>03/g-C3Ny Rhodamine B RhB removal-99% Chen and
Zhang, 2014
Si102/g-C3N4 Rhodamine B RhB removal-94.3% Lin, et al.,
2015
TiO2/g-C3Ny Rhodamine B RhB removal-82% Zhang, et al.,
2015
2-C3N4/Sn0O; Methyl orange MO removal-73% Zang, et al,
2014
g-C3N4/Ag20 Methyl orange =~ MO removal-90% Xu, et al.,
Phenol Phenol removal-82% 2013
7Zn0/g-C3Ny Methylene blue  Methylene blue removal-  Adhikari, et
98.3% al., 2015
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2.9 Research Gap

According to the literature review, g-C3sN4 and AgVOs are considered as an
ideal semiconductor photocatalyst as both of them are applicable under visible
light and have narrow energy band gaps. The combination of g-CsN4 and
AgVO0Os3 not only could produce a greatly active heterojunction composite
namely silver vanadate and graphitic carbon nitride composite, AgVOs3/g-C3Ny.
Meanwhile, the drawbacks faced by g-CsNs and AgVOs as a single
semiconductor photocatalyst could also be overcome. However, it is found that
the research which applied AgVO3/g-C3Na composite for the degradation of
antibiotics is very scant. In section 2.7.3, Chen, et al. (2019) firstly reported
the use of AgVOQs/g-CsNs composite for the degradation of antibiotic,
tetracycline. Other researchers tended to apply AgVOs/g-C3Ns composite for
the removal of dye. Thus, it is of great value to investigate the photocatalytic
ability of AgVOs/g-C3Ns composite and its degradation efficiency for the
decomposition of antibiotics.

In this project, AgVOs/g-C3Ny composite was synthesized through
the wet chemical method. Oxytetracycline was used as act as the source of
pollutant and the photocatalytic degradation experiment was carried out to
examine the photocatalytic performance of the AgVQO3/g-C3N4 composite for

the removal of OTC under LED light irradiation.
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CHAPTER 3

METHODOLOGY AND WORK PLAN
This chapter involves all the materials and chemicals required for the synthesis
of pure AgVA, pure g-C3N4 and AgVA/g-C3N4 composite photocatalysts with
different weight percentage of AgVA (10, 30, and 50 wt%). Besides, the
preparation method for all of the photocatalysts is also discussed. Other than
that, the methodology on the investigation of photocatalytic efficiency of the
AgVA/g-C3Ny composite for the removal of oxytetracycline is outlined. In
addition, the techniques applied to investigate the characterization of AgVA/g-

C3N4 composite photocatalyst are discussed in this chapter.

3.1 List of Materials and Chemicals
The chemicals required throughout this research are determined and their

specification is tabulated in Table 3.1 accordingly.

Table 3.1: List of Chemicals and Their Specification.

Chemicals Chemical formula Brand Purity, % Usage

Urea powder CH4N:20 Fisher 99.0-100.5 Synthesis of g-
Scientific C3N4

Silver nitrate AgNO;3 Sigma- >99.9 Synthesis of
Aldrich AgVA

Ammonium metavanadate NH4VOs Sigma- >99.9 Synthesis of
Aldrich AgVA

Oxytetracycline C22H24N209eHCI Sigma- 94.5-102 Source of

hydrochloride Aldrich pollutant

Ammonium hydroxide NH;OH Sigma- 28.0-30.0  pH Adjuster
Aldrich

Sodium hydroxide NaOH Sigma- >98.0 pH Adjuster
Aldrich

Hydrochloric acid HCl1 Merck 37 pH Adjuster
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Table 3.1: Continued (List Chemicals and Their Specification).

Chemicals Chemical formula Brand Purity, % Usage
Isopropanol CsHzO Sigma- =299.5 For washing
Aldrich purpose (remove
organic
compounds)
Dimethyl sulfoxide C2HeOS Univar 29 Scavenging
experiment
Ethylenediaminetetraacetic C10H1sN2NaxOg*? Bio Basic 99 Scavenging
Acid Disodium Salt Inc. experiment
Isopropanol CsHsO Bendosen 83.5 Scavenging
experiment
Benzoquinone CeH4O2 Sigma- >98 Scavenging
Aldrich experiment
3.2 Experimental Flowchart

The overall process flow of this project is summarized in Figure 3.1. The

experimental flowchart can be categorized into three sections as following:

i) Photocatalysts synthesis method.

i) Characterization of the photocatalysts synthesized.

1) Photocatalytic efficiency of photocatalysts synthesized for the
removal of oxytetracycline.

iv) Scavenging experiment to identify the most reactive oxidizing

radicals.
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Synthesis of silver vanadate, AgVA
AgVA were synthesized using wet chemical method.

Chemical involved were 5 mM silver nitrate and 5 mM ammonium metavanadate. Synthesis of graphitic carbon nitride, g-C3Na
0.5 M ammonia solution was used to adjust the pH of the mixture of silver nitrate and +#+  Graphitic carbon nitride was synthesized through pyrolysis (thermal
ammonium metavanadate to a value of pH 7. decomposition) of urea at the condition of 580 °C for 4h.

The obtained precipitate was then at 10000 RCF, washed with distilled water and
isopropanol, oven dried for 2 hours and calcinated at 450 °C for 4h.

v

Synthesis of AgVA/ g-CzN4 composites
+#+ Three different sample of 10, 30, and 50 wt% AgVA/ g-CsNa (namely A10, A30 and A50) composites were synthesized using wet chemical
method.
+# Chemical involved were g-C3N4, 5 mM silver nitrate and 5 mM ammonium metavanadate.
¢+ 0.5 M ammonia solution was used to adjust the pH of the mixture to a value of pH 7.
++ The suspension was ultrasonicated for 40 min to crystallize the product.
++ The obtained precipitate was then centrifuged at 10,000 RCF, washed with distilled water and isopropanol, oven dried for overnight and
calcinated at 450 °C for 4h.
v

Characterization of synthesized AgVA/ g-C3sNa composites
++ The synthesized AgVA/ g-C3N4 composites were characterized using XRD (X-ray diffraction), FTIR (Fourier-transform infrared spectroscopy),
BET (Brunauer-Emmett-Teller) surface area, SEM (Scanning electron microscopy), and EDX (Energy dispersive X-ray).

v

Photocatalytic degradation of synthesized AgVA/ g-C3Na composites for the removal of oxytetracycline (OTC).
OTC solution with a concentration of 100 mg/L. was prepared as the source of the pollutant.
The synthesized photocatalysts (pure AgVA, pure g-C3N4, A10, A30 and A50) was introduced into the prepared 200 mL OTC solution and
stirred.
The photocatalyst which showed the best removal efficiency of OTC was selected and was used to conduct scavenging experiment.

)
O

»
o

Figure 3.1: Overall Experimental Flowchart
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3.3 Synthesis of Pure Silver Vanadate, AgVA

Silver vanadate, AgVA was synthesized using a wet chemical method (Singh,
et al., 2010). The chemical used to prepare AgVA including silver nitrate,
AgNO3 and ammonium metavanadate, NH4VOs. Firstly, 125 mL of 5 mM
silver nitrate was prepared. Then, 125 mL of 5 mM ammonium metavanadate
were added dropwise into silver nitrate solution under constant stirring at the
temperature of 25°C (room temperature). 0.5 M ammonia solution was used to
adjust the pH of the mixture to a value of pH 7. The mixture was then ultra-
sonicated for 30 min for the crystallization to occur. The obtained precipitate
was centrifuged at 10,000 RCF, rinsed with distilled water and 99%
isopropanol multiple times and dried in the oven for a few hours. Lastly, the
obtained sample was calcined in furnace at 450 °C for 4 h. Figure 3.2 shows

the preparation step for pure silver vanadate, AgVA.

NH:VO; was added The pH of the

dropwise into mixture was THE GRS
AgNO; solution adjusted to pH 7 e ited £330
under constant using ammonia b astomca S
stirring. solution. TREet
‘_

L '
Calcinated at 450°C Dried in oven at Centrifuged at
for 4 hours 80°C for overnight 10000 RCF

Figure 3.2: Preparation Step of Pure Silver Vanadate, AgVA.
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34 Synthesis of Graphitic Carbon Nitride, g-C3N4

Graphitic carbon nitride, g-C3Ny was synthesized using thermal treatment of
urea (urea pyrolysis) (Yang, et al., 2021). Firstly, 20 g of the urea power was
weighed and placed into an alumina crucible with a cover. A piece of
aluminium foil was used to wrap the alumina crucible and the wrapped
crucible was then put into furnace to calcinate at 580 °C for 4 h to complete
the reaction as shown in Figure 3.3. At the end of the reaction, products with
the appearance of pale yellowish colour were collected and crushed using

pestle and mortar into fine powder.

Important note: wrapping of the alumina crucible before placing it into the
furnace is an important step for the preparation of g-C3Ns as the formation of
ammonia vapor from the thermal decomposition of urea is crucial for the
generation of g-C3Ni. Without covering the alumina crucible, the vapor

generated will escape which causes the reaction to not occur.

Figure 3.3: Pyrolysis of Urea in Programmable Furnace at 580 °C for 4 h.
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35 Synthesis of AgVA/g-C3sN4 Composites
The AgVA/g-C3N4 composite can be synthesized using the wet chemical
method. Three different sample of AgVA/g-C3Ny composite was prepared
through varying the weight percentage of AgVA to 10, 30, and 50 wt% and the
composites are named as A10, A30 and AS50 respectively. In order to produce
50 wt% AgVA/g-C3N4 composite, 81.697 mg of g-CsNs were dispersed into
125 mL of 5 mM silver nitrate through sonification for 5 min. 125 mL of 5
mM concentration of ammonium metavanadate were added drop by drop into
the suspension under constant stirring at room temperature. 0.5 M ammonia,
NH3 solution was used to adjust the mixture to pH 7. The yield of AgVA was
found decreasing drastically while using high concentration of ammonia
solution or sodium hydroxide to increase the pH of the mixture. The
suspension was ultrasonicated for 40 min to crystallize the product. The
obtained precipitate was centrifuged at 10,000 RCF and rinsed with distilled
water and 99% isopropanol few times to remove the organic compounds. The
sample was then oven dried for overnight followed by the calcination in
furnace at 450 °C for 4 h.

Another two AgVA/g-C3N4 composites with the weight percentage of
10 and 30 wt% AgVA were prepared using the similar route. For each
composite, the feed quantity of g-CsNas was adjusted depending on the mass

ratio and yield of AgVA.
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3.6 Characterization of AgVA/g-C3:N4 Composites
The photocatalyst characterization techniques applied in this research
including Scanning electron microscopy (SEM), Fourier-transform infrared
spectroscopy (FTIR), Brunauer-Emmett-Teller surface area (BET), X-ray
diffraction (XRD), and energy dispersive X-ray (EDX). X-Ray diffraction
(XRD) is a powerful-analytical technique that has been applied for studying
the crystalline structure of the synthesized photocatalyst composites. In this
study, XRD analysis is carried out using Copper (Cu) source which has a
wavelength of 1.54 A to act as the target in the diffractometer. The operating
condition of XRD was set to operate at 40.0 kV and 30.0 mA. Moreover, the
diffraction pattern of the synthesized photocatalysts has been collected within
the angles range of 10° and 80° with a scanning speed of 2 degree per minutes.
Scanning Electron Microscopy (SEM) is referred to a powerful imaging
technique used to examine the surface structure and morphology of samples at
high magnification. Fourier Transform Infrared Spectroscopy (FTIR) is a
technique used to analyse the infrared region of the electromagnetic spectrum.
By performing the FTIR, the functional groups and chemical bonds present in
the sample could be determined. The Brunauer-Emmett-Teller (BET) surface
area is to quantify the total surface area of a solid material, which is an
important parameter for understanding its properties and performance in
various applications. The BET surface area is determined by measuring the
amount of gas absorb by a solid material at different pressures and temperature.
In summary, the purpose of carrying out the characterization work is
to study the physical and chemical properties of the prepared photocatalysts
which are pure AgVA, pure g-CiNi, AlO, A30 and AS50. As the
physicochemical properties of the prepared photocatalysts are greatly related
to their photocatalytic ability in the degradation process. The respective

function of the previous mentioned technique is summarized in Table 3.2.
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Table 3.2: Application of the Photocatalyst Characterization Techniques.

Techniques Application Equipment model
XRD -Fast analytical technique Shimadzu XRD-
-To investigate the crystallographic 6000

structure of a sample such as molecular

structure, crystallite size and atomic

arrangement.
SEM -To characterize the surface features Hitachi Model S-
-To investigate the morphological 3400N

changes such as distribution of

nanoparticles, shape and pore size.

FTIR -To determine the functional groups Nicolet [IS10 FTIR
and chemical bonds present in the
sample

BET -To determine the surface area Micromeritics

-Commonly applied in the study of

surface morphological

EDX -Chemical microanalysis technique Hitachi Model S-
-To determine the elemental 3400N
composition and lattice spacing of a

sample

3.7 Photocatalytic Degradation of Oxytetracycline
In this section, the photodegradation of OTC was examined over the as-
synthesized pure AgVA, pure g-C3Ns, A10, A30 and AS0 under visible light
irradiation. A constant weight of 50 mg for all the synthesized photocatalysts
are used to conduct the photodegradation test on the removal of OTC under
the visible light source provided by the 30W LED light bulb. The detailed
procedures were discussed as follows.

At first, OTC solution with a concentration of 100 mg/L (100 ppm)
was prepared as the source of the pollutant. 0.1 M ammonia solution was used
to adjust the solution to pH 5. 50 mg of A10 was introduced into the prepared

200 mL OTC solution and stirred. Before carrying out the photodegradation
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experiment, the solution was stirred overnight in the dark condition where a
box wrapped with aluminium foil to reach adsorption-desorption equilibrium.

The photocatalysts involved in the photocatalytic experiment include
AgVA, g-C3N4, A10, A30 and AS50. In the photocatalytic degradation test, the
30 W LED light was switched on and the timer was started. The constant
variable is the distance between the light bulb and the surface of the solution
where a distance of 10 cm was fixed. At the time of 0, 30, 60, 90, 120, 150,
180, 240, 300, and 360 min, an aliquot (3 mL) of OTC was collected and
filtered using a 0.21 pum syringe filter to remove the solid. The concentration
of OTC in the sample collected was then examined using the UV-vis
spectrophotometer (Agilent Cary 100). In addition, the photodegradation
experiment was carried out at room temperature by placing the beaker in a
homemade water bath. The similar steps as above were repeated by replacing
A10 with AgVA, g-C3Ny, A30, and A50 for comparison.

The photocatalyst which showed the best removal efficiency of OTC
was selected and was used in further study. Figure 3.4 shows the experiment
setup for the photocatalytic degradation of OTC by using synthesized

photocatalysts under visible light irradiation.

Figure 3.4: Experiment Setup for the Photocatalytic Degradation of OTC.
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3.8 Identification of OTC Concentrations

The OTC concentrations were quantified by using Ultraviolet-visible
spectrophotometer (Agilent Cary 100) at maximum wavelength of 274 nm.
Five standard solutions with 20, 40, 60, 80 and 100 ppm of OTC were

prepared to plot calibration curves of OTC as shown in Figure 3.5.
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Figure 3.5: Calibration Curve of OTC ranging from 0 to 100 ppm at 274 nm.

39 Scavenging Experiment

Scavenging Experiment was carried out to determine the active species of
radicals which contributed to the efficiency of photocatalytic degradation of
OTC. In this experiment, the scavengers involved are isopropanol (IPA),
dimethyl sulfoxide (DMSOQO), benzoquinone (BQ), and
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na*). 0.05 g of the
photocatalyst with best photocatalytic performance was selected to undergo
scavenging experiments with 5 mM of each scavenger. The procedure of the
scavenging experiment is similar to the photocatalytic degradation experiment.
In addition, DMSO, IPA, EDTA-2Na* and BQ was used to analyse e’, "'OH, h*

and ‘03 respectively.
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CHAPTER 4

RESULTS AND DISCUSSION

In this section, the results obtained from the analysis, characterization, and
application work are discussed. In order to improve the photocatalytic
performance, AgVA was used to modify g-C3Ns and produce composite
photocatalysts namely A10, A30, and AS50 which had different weight
percentages of AgVA. The characterization work was performed to investigate
the physicochemical properties of pure AgVA, pure g-CsN4, A10, A30, and
AS0. It is important to carry out the characterization work on each of the
synthesized photocatalysts as it helps to analyse and determine the
crystallographic structure, surface features, elemental composition, and lattice
spacing of the synthesized photocatalysts. The equipment involved in these
characterization works are XRD, SEM, EDX, FTIR, and BET.

Besides, photodegradation experiment was performed where the
degradation ability of the prepared photocatalysts on the removal of antibiotic,
OTC was examined and the photocatalyst that possessed the best performance
was further used to perform the scavenging experiment in order to identify the

active species of radicals present in the selected composite photocatalyst.

4.1 X-Ray Diffraction (XRD) Analysis

Figure 4.1 shows the XRD pattern of pure g-C3Ns where diffraction peaks
with low intensity occurred around 13.0°. This peak could most likely be due
to the structure of the tri-s-triazine unit with interplanar spacing. Moreover, an
obvious diffraction peak appeared around 27.7°. This peak was likely to be
attributed to the conjugated aromatic system. Both of the two distinct
crystalline diffraction peaks of 13.0° and 27.7° corresponded to the (1 0 0) and
(0 0 2) crystallographic planes of the tetragonal phase of g-C3Nu respectively
(JCPDS 87-1526) (Cao, et al.,, 2017). Since no other obvious peaks from
possible impurities are observed, it could be concluded that pure g-C3Njs was

synthesized successfully.
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Figure 4.1: XRD Pattern of Pure g-C3N4.

The XRD pattern of the synthesized pure AgVA is shown in Figure
4.2. Based on Figure 4.2, the diffraction peak could be indexed to the pure
AgVA phase which is also further confirmed by the standard data (JCPDS No.
29-1154). It could be observed that the XRD pattern of the pure AgVA sample
showed diffraction peaks at around 22.6°, 28.4° 30.0°, 32.9°, 33.6°, 34.5°
34.9°, 51.0°, 55.03° which could be indexed to the AgVA (002),(-211),(50
1),(-411),(-112),(-602),(112),(020), and (-5 1 4) planes, respectively
(JCPDS No. 29-1154) (Xiang, et al., 2016; Zhang, et al., 2018). These peaks
indicated that the synthesized AgVA was well crystallized. Moreover, the
diffraction peaks of the pure AgVA were observed to have a high intensity

which implied the good crystallinity of the synthesized AgVA.
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Figure 4.2: XRD Pattern of Pure AgVA.

In order to have a better observation, the XRD patterns of all the as-
prepared samples have been placed together as shown in Figure 4.3. Based on
the XRD analysis result of A50, the characteristic peaks of g-C3Ns at position
27.7° could not be observed which might be due to the fact that the content of
2-C3Ny is relatively low in the sample of A50 and thus difficult for XRD to
detect. Whereas XRD patterns for A30 and Al10 have shown main
characteristic peaks of both AgVA and g-Cs3Ny, indicating the presence of
these two components in the synthesized composite. In addition, it could
clearly be observed that the intensity of the g-C3N4 diffraction peaks became
weaker in the order of A10, A30 followed by A50 as a result of the increasing
AgVA weight percentage. Overall, the XRD result suggests the co-existence
of AgVA and g-C3Ni in the composite of A10, A30, and AS50, indicating
AgVA has successfully been coupled into g-C3Na.



53

(a)

L AgVA
L] g—C3N4

(b) e

1 i, & |
@A AN IVLA A e M A A

(©)
[ ]

Intensity

(d)

10 20 30 40 50
2 Theta/degree

70

g0

Figure 4.3: XRD Pattern of (a) A50, (b) A30, (c) Al10, (d) Pure AgVA, (e)

Pure g-C3Na.
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4.2 Scanning Electron Microscopy (SEM)

Figure 4.4 (a) to (c) shows the SEM image for the sample of pure g-C3Nj
where numerous tiny pores are generated within the loose layered g-C3Ny. In
other words, the synthesized pure g-C3;N4exhibits a two-dimensional structure
with typical irregular porosity. Figure 4.4 (d) to (f) show the SEM image
sample of pure AgVA at different magnifications. According to Chen, et al.
(2018), the morphologies of the silver vanadate would be influenced by the pH
value and molar ratios of Ag/V. Chen, et al. (2018) reported that AgVA that is
synthesized with a molar ratio of Ag:V = 1:1 and at a pH value of 7 would
show its morphology as a rod-like structure. Based on its SEM images, the
synthesized pure AgVA exists in a rod-like shape which has similar findings to
Chen, et al. (2018). Thus, it is concluded that a nanorod of silver vanadate has
been synthesized successfully.

Figure 4.4 (g)-(i), (j)-(I), and (m)-(o) show the morphology of
samples A10, A30, and AS50 respectively at different magnifications of 5000X,
10000X, and 15000X. Based on the SEM images of A10 and A30, it shows
that AgVA effectively inherits the g-C3N4 sheet structure where the AgVA
nanorods are randomly dispersed on the g-CsNs matrix, filling its holes and
cavities, and therefore constructing a composite material. Moreover, the
lamellar structure properties of pure g-C3Ns4 are compatible with the
abundance of gauze-like corrugated and wrinkled layered structures present in
the SEM images of A10 and A30. With the increasing weight percentage of
AgVA, a significant morphological variation could be observed as shown in
Figure 4.4 (g)-(1), (j)-(1), and (m)-(o) whereby the structure of g-C3N4
gradually decreased and was replaced by a large number of rod-like structures
of AgVA. This variation could be observed clearly in the SEM image of A50

as shown in Figure 4.4 (m)-(0).
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4.3 Energy Dispersive X-Ray (EDX) Analysis

In this section, the elemental composition of all the synthesized photocatalysts,
including pure AgVA, pure g-C3Na, A10, A30, and A50 were examined using
the EDX detector. According to the EDX analysis, it could be noted that there
are three elements present in the AgVA which are silver (Ag), vanadium (V),
and oxygen (O). Whereas the three elements existing in the sample of pure g-
C3Nj4 consist of carbon (C), nitrogen (N) and oxygen (O). Theoretically, only
C and N atoms are expected to be detected in its elemental composition. The
presence of O elements was assigned to the occurrence of the reaction when
urea came into contact with air in the atmosphere. Furthermore, the presence
of these five elements (C, N, O, V, and Ag) have been confirmed for all three
synthesized composite photocatalysts (A10, A30, and A50). In addition, it
could be concluded that there are no impurities generated in the synthesized
photocatalyst as no other elements are detected. The elemental composition of
all the synthesized photocatalysts obtained from EDX analysis are summarized
in Table 4.1 and their EDX analysis reports are attached in Appendix A

accordingly.

Table 4.1: Elemental Composition of Synthesized Photocatalysts.

Photocatalyst Elemental Composition (%)

Carbon  Nitrogen Oxygen Vanadium Silver

Pure g-C3N4 52.01 39.76 08.23

Pure AgVA : - 50.41 25.95 23.64
Al0 46.11 38.05 11.37 02.19 02.28
A30 39.06 16.98 26.13 09.12 08.17

A50 05.22 02.84 42.82 26.56 22.57
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4.4 Fourier transform infrared (FTIR)

The FTIR spectra of the synthesized photocatalysts (pure g-C3N4, pure AgVA,
A10, A30 and A50) are illustrated in Figure 4.5, where all of them were
examined in the spectra region within 4000 to 400 cm™.

For pure g-C3N4, the sharp peak present at 803.68 cm™' was assigned
to the C-N and C-C stretching vibrations as well as the triazine units. The
broad absorption bands appeared in the region of 3400-3000 cm’'
corresponding to the N-H stretching and O-H stretching vibrations from the
absorbed water molecule, H O (Hummers and Offerman, 1958; Hoffmann, et
al., 1995). Moreover, the complex spectra observed in the region between
1800 to 900 cm™ corresponded to s-triazine derivatives such as bridging C-
NH-C or trigonal C-N(-C)-C whereas the peaks observed at approximately
1531.69 and 1625.86 cm™ were attributed to the C=N stretching vibrations
(Lotsch, et al., 2007; Li, et al., 2010; Narkbuakaew and Sujaridworakun, 2020).

The FTIR spectrum of pure AgVA revealed characteristic bands for
VO vibrations within the range of 400-1000 cm™ (Sediri and Gharbi, 2009).
There was a strong and relative absorption that could be observed at 760.93
cm’' which was attributed to symmetric V-O stretching vibration (Frost, et al.,
2005). Furthermore, the existence of V-O stretching vibration in AgVA also
caused a peak to appear at 455.76 cm™ (Akbarzadeh and Amin, 2015).

According to Figure 4.5, the FTIR spectra of A10, A30, and A50
resembled the characteristic peaks of pure AgVA and pure g-C3N4, however
the majority of the vibration bands were slightly shifted from their original
positions because of the strong interaction between AgVA and g-CzNa. Other
than that, the respective transmittances of the vibration bands of AgVA and g-
CsN4 were found to change with the composition. Moreover, it is interesting to
note that the vibrational bands of the g-C3N4 arising at 803.68 cm™ dominated
the FTIR spectrum of A10. The strong vibrational band of AgVA at position
of 760.93 cm! almost disappeared. This might be due to the fact that the
AgVA nanorods were covered by g-C3N4 as shown in the obtained SEM
image of A10 in Figure 4.4 (g)-(i). Whereas in the cases of A30 and AS50, the
nanorods were not completely covered by g-C3Nu due to the higher content of

AgVA which results in a low energy shoulder at the g-C3N4 mode. In addition,
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the FTIR analysis reports for all the prepared photocatalysts are attached in

Appendix B accordingly.
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Figure 4.5: FTIR Spectrum of (a) A50, (b) A30, (c) A10, (d) Pure g-C3N4, and

(e) Pure AgVA.
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4.5 Brunauer-Emmett-Teller Surface Area (BET)

In this section, the synthesized photocatalyst pure g-CsNs and composite
photocatalyst (A10) which showed the excellent photocatalytic performance
among all the synthesized photocatalysts is selected to undergo this BET
characterization work. Their BET surface area, pore volume and average
particle size of the as-synthesized pure g-C3Ns and A10 are then summarized
in Table 4.2.

According to Table 4.2, the BET surface area was significantly
increased from 70.0935 m%/g to 125.9222 m?/g upon the formation of the
AgVA/g-C3Ny heterostructure system. Moreover, the average particle size
obtained for g-C3Ns and A10 was 85.5999 nm and 47.6485 nm respectively.
Whereas the total pore volume of pores was also increased from 0.1480 cm®/g
(pure g-C3Ns) to 0.2615 cm®/g. It is worth mentioning that the large BET
surface, small particle size, and large pore volume were highly favourable as
they were beneficial for enhancing the photodegradation activity of the
composite photocatalyst. This was justified by the fact that the high specific
surface area of a designed composite photocatalyst would offer a large number
of active sites (Nasri, et al., 2022). As such, the photocatalytic performance

could be improved as more active sites were available for pollutant absorption.

Table 4.2: BET Surface Area, Average Particle Size and Total Pore Volume
of Pure g-C3N4 and A10.

Sample BET surface | Average particle | Pore volume
area (m?%/g) size (nm) (cm?/g)

Pure g-C3N4 70.0935 85.5999 0.1480

Al0 1259222 47.6485 0.2615
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4.6 Application of Photodegradation of Oxytetracycline under Visible

Light Irradiation.

The variation of photocatalytic degradation of OTC over different
photocatalysts of pure AgVA, pure g-C3Ns, A10, A30 and ASO are illustrated
in Figure 4.6. Based on Figure 4.6, an apparent increase in absorbance could
be observed for pure AgVA and pure g-Cs3Ns. This might be due to the
formation of partial oxidation products or radicals, reaction intermediates that
give rise to an increase in pollutant absorbance. Moreover, it is interesting to
note that there is also an increase in pollutant absorbance for A10, A30 and
A50 during the first 2 hours of treatment which is also assigned to the
formation of photodegradation intermediate products of OTC that could give
rise to absorbance at 274 nm (Zhang, et al., 2021; Ibad, et al., 2017; Kosslick,
et al., 2021). Thereafter, a progressive decrease was observed as a result of the
degradation of OTC and intermediates. Figure 4.7 shows the possible
degradation intermediates and pathways that might be formed during the OTC
degradation process.

According to Figure 4.7, several reactions such as decarboxamidation,
dehydration, demethylation, hydroxylation and ring opening reactions might
be involved in the OTC decomposition process. When the aromatic ring of
OTC is attacked by the "OH active species, OTC 1 and OTC 2 are produced
through hydroxylation reaction. Furthermore, OTC 3 could be generated from
OTC by removing the N-methyl group in the demethylation route (Liu, et al.,
2016), whereas OTC 4 is produced from OTC after the loss of water through
the dehydration reaction. In addition, OTC 3 could undergo two degradation
pathways. Firstly, it could transform into OTC 5 by losing both the hydroxyl
and N-methyl group. Subsequently, OTC 5 further decomposes for the
formation of OTC 6 via a decarboxamidation pathway. OTC 6 could then
undergo dehydration to form OTC 7, followed by deamination to generate
OTC 8. The double bond bearing on OTC 8 would then be attacked by
reactive oxygen species including "03 and "OH, leading to the production of
OTC 9 and OTC 10 through the ring opening. After that, OTC 10 could further
transform into OTC 11 via dehydration and decarboxylation pathways.

Another OTC 3 degradation pathway involves fragmentation, leading to the
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formation of OTC 12 by removing hydroxyl, carboxamide, N-methyl, and
amide groups. Then, OTC 12 experiences ring opening to generate OTC 13,
which could then undergo decarboxylation, dehydration, and demethylation
for the formation of OTC 14. The intermediates OTC 11 and OTC 14 go
through demethylation, dehydration, and ring-opening reactions during this
process, which are oxidized to produce a number of by-products (OTC 15 to

OTC 19) (Shaojun, et al., 2008; Ren, et al., 2020; Chen, et al., 2016).

—o—Pure g-CsNs —0—Pure AgVA —o—A10 —e—A30 —e—A50
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Figure 4.6: Photocatalytic Degradation of OTC over Pure AgVA, Pure g-C3Ny,
A10, A30 and AS50.
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Moreover, the OTC degradation rate could be evaluated using

equation 4.1 as expressed below:
OTC degradation rate (%)= % * 100% (Equation 4.1)

Where:
Co = initial concentration of OTC (ppm)

Ct =concentration of OTC at degradation time equal to t (ppm)

The OTC degradation efficiency after 6 hours of treatment with
different photocatalysts of pure AgVA, pure g-C3Ns, A10, A30, and A50 was
then calculated using equation 4.1 and summarized in Figure 4.8. According to
Figure 4.8, the OTC degradation rate of pure AgVA and pure g-C3Ns were
34.55 % and 8.71 % respectively, indicating that pure AgVA offered higher
photodegradation performance as compared to pure g-C3Ni. However, the
OTC degradation efficiency of both components was considered low. This
unsatisfied OTC degradation efficiency could be contributed by the low
electron-hole separation efficiency of AgVA and the rapid electron-hole
recombination of g-C3;Ns. Other than that, the OTC degradation rate was
increasing from A50 to A30 followed by Al0. The addition of AgVA to g-
CsN4 which formed the heterojunction photocatalyst had greatly improved the
degradation performance on the removal of OTC. This could be evidenced by
the fact that the OTC degradation rate has improved to 56.52 % as shown in
Figure 4.8. Overall, A10, A30 and A50 provided an OTC degradation rate of
56.52 %, 45.49 %, and 33.65 % respectively.
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Other than that, the rate constant of photocatalytic degradation of
OTC under visible light irradiation were investigated by pseudo-first-order
kinetic equation which could be written as Equation 4.2. The reaction rate
constant, ki in the unit of min™' obtained for pure g-C3sN4, pure AgVA, A10,
A30 and AS50 are then summarized in Figure 4.9.

C i :
In ( C_o = kst (Equation 4.2)
t

Where:
ki: First order kinetic rate constant, min™

t: Degradation time, min

Based on Figure 4.9, it could be observed clearly that the
photocatalytic activity of A10 is the most superior among all the synthesized
photocatalysts. Whereas A30 has the second highest photocatalytic
performance followed by pure AgVA, A50 and pure g-C3Na. Other than that,
the reaction rate constant of A10 is 0.0034 min™ which is 11.3 times and 2.1

times higher than pure g-C3N4 (0.0003 min™) and pure AgVA (0.0016 min™),
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respectively. Thus, it could be concluded that the photocatalytic performance
of the single components of pure g-C3N4 and pure AgVA could be enhanced
through coupling them which resulted in the formation of heterojunction

photocatalysts.
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Figure 4.9: Reaction Rate Constant of Pure g-CsNi, Pure AgVA, A10, A30
and A50.
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Besides, the pseudo-second order kinetic which exists in linear form
could be written as Equation 4.3. The second order kinetic constant, k»

obtained for all the photocatalysts is then illustrated in Figure 4.10.

1 1 i
e (Equation 4.3)
C: G

Where:

ka: Second order kinetic rate constant, min!

According to Figure 4.10, the second order reaction constant is
increasing in the order of pure g-C3N4, AS50, pure AgVA, A30, and A10. as
they have the second order reaction constant of 0.000004, 0.00002, 0.00002,
0.00003, and 0.00005 min™', respectively. Thus, it is further confirmed that
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A10 has the highest photocatalytic performance in OTC degradation as its

second order reaction constant is 12.5 and 2.5 times higher than pure g-C3Ny

and pure AgVA respectively.
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Figure 4.10: Second Order Reaction Rate Constant of Pure g-C3N4, Pure
AgVA, A10, A30 and A50.

Table 4.3 summarizes the rate constants (ki and k2) obtained and their
regression coefficient, R? for the pseudo-first order and pseudo-second order
models. According to Table 4.3, the pseudo-second-order model has a higher
regression coefficient (R?) value as compared to the pseudo-first-order model
where its R? is ranged from 0.6675 to 0.8178. This high R? indicates that OTC
degradation over the synthesized photocatalysts is well fitted to the pseudo-

second-order model.
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Table 4.3: Kinetic Parameters for OTC Removal over Synthesized

Photocatalysts.
Photocatalysts | Pseudo-first-order Pseudo-second-order
k1 (min™) R? k2 (min!) R?

Pure g-C3Ny 0.0003 0.8128 0.000004 0.8178
AgVA 0.0016 0.7239 0.00002 0.7379
Al0 0.0034 0.6629 0.00005 0.6675
A30 0.0025 0.6667 0.00003 0.6714
A50 0.0014 0.7166 0.00002 0.7261

In fact, it is important to achieve saturation or adsorption by stirring
the mixture of OTC solution and photocatalyst in dark conditions before
performing the photocatalytic degradation test as this could help to
differentiate the contribution of adsorption and photocatalytic degradation of
the synthesized photocatalysts. Based on Figure 4.6, a significant decrease in
the OTC concentration could be observed in dark conditions where the OTC
concentration was reduced from 100 ppm to about 54.51 ppm. This implied
that the synthesized photocatalyst (A10) offered good absorption capacity for
the OTC to be absorbed. However, a slow OTC degradation rate over A10 was
observed under visible light irradiation. The light source used was a 30W LED
light bulb and the amount of photocatalyst applied in the OTC
photodegradation test was only 50 mg. Thus, the slow degradation rate might
be due to the insufficient light intensity and the insufficient amount of

photocatalyst used.
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4.7 Possible Photocatalytic Mechanism of AgVA/g-C3N4

Figure 4.11 displays a possible photocatalytic mechanism of AgV A/g-C3N4 for
the degradation of OTC under visible light irradiation. In fact, the charge
transfer between heterojunctions is greatly based on the conduction band (CB)
and valence band (VB) potential. The conduction energy levels of g-C3N4 and
AgVA are -1.2 eV and 0.26 eV respectively. Under visible light irradiation,
both g-C3Ns and AgVA generated electron-hole (e-h) pairs. The
photogenerated e~ excited by g-C3Na4 was transferred from g-C3Ns to AgVA
conduction band due to the low conduction energy level of g-C3Ns. Whereas
the produced light-generating h* was transferred from AgVA valence band to
the g-C3N4. This indicates that AgVA could be applied as a photogenerated e
transfer medium that decreased the probability of recombination of
photogenerated e-h pairs and increased the separation efficiency of the
photogenerated charge carriers in AgVA/g-C3N4 (Chen, et al., 2019). After
that, the photoexcited e in the CB of g-C3N4 reduced O to superoxide anion
radical (‘03 ) and the photogenerated h* in the VB of AgVA oxidized OH" and
H>O to "OH. These active radicals produced then turned OTC into

corresponding degradation.
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Figure 4.11: Possible Photocatalytic Mechanism of AgVA/g-C3Nj for the
Degradation of OTC under Visible Light Irradiation (Chen,
et al., 2019).
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4.8 Scavenging Test
Based on the discussion in section 4.7, a couple of active species such as
hydroxyl radical ("OH), reductive conduction band electrons (e), superoxide
anion radical (‘03 ), and oxidative valence band holes (h*) could contribute to
the photocatalytic degradation process, however the contribution varies
depending on the type of catalysts. In this section, photodegradation of OTC
over A10 in the presence of e, ‘OH, h* and 'O; scavengers (DMSO, IPA,
EDTA-2Na" and BQ respectively) is studied in order to examine the active
species involved in the A10 which shown the best photocatalytic performance
among all the synthesized photocatalysts in the previous experiment
(photodegradation test). Figure 4.12 illustrates the effect of scavengers on the
photodegradation of OTC over A10 whereas Figure 4.13 summarizes the OTC
degradation efficiency over A10 after adding scavengers of EDTA, BQ, IPA
and DMSO. In order to have a better comparison for the impact of scavengers
on the OTC degradation over A10 composite, the OTC degradation efficiency
of A10 without the scavenger was added into the graph to act as the control.
According to Figure 4.12 and Figure 4.13, the OTC removal rate
dropped to 31.01% and 15.19% after introducing EDTA and BQ whereas the
presence of the [PA and DMSO resulted in OTC removal rates of 53.69% and
44.86% respectively. The dramatically decreased in OTC degradation
efficiency due to the adding of BQ implies that "0 radicals played an
essential role in the photocatalytic degradation of OTC. The second active
species that contributes the most OTC degradation efficiency is h* as the
degradation efficiency has been decreased to 31.01% due to the addition of
EDTA. However, the addition of the IPA and DMSO only slightly affected the
photodegradation of OTC by A10 composite, indicating that the e and ‘OH
participated in the OTC photodegradation but they are not the main active
species. Hence, it could be concluded that the contributing reactive species
which responsible to the OTC photodegradation are arranged in the order of

‘03 followed by h*, e”, and "OH.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The AgVA/g-C3N4 composite photocatalyst with different weight percentages
of 10 wt%, 30 wt% and 50 wt% of AgVA had successfully been synthesized
using wet chemical method. The synthesized composite photocatalysts were
named as A10, A30, and A50. One-dimensional nanorods AgVA were evenly
dispersed on the two-dimensional nanosheet of g-C3Ns. The coexistence of
both g-C3sNs4 and AgVA in the synthesized composite photocatalysts was
confirmed by performing characterization work using FTIR, SEM, BET, XRD
and EDX. From the XRD result, it could be observed that the characteristic
peaks of both AgVA and g-Cs3Ns were detected in all the synthesized
composite photocatalysts. According to the FTIR spectrum, the absorption
bands observed at wavenumber of 1531.69, 1625.86, 760.93, and 455.76 cm’!
indicated the presence of both AgVA and g-CsNa. This has greatly showed
that AgVA was successfully incorporated with g-C3N4 for the formation of
AgVA/g-C3Ny heterojunction. Based on the SEM image of A10 photocatalyst,
the AgVA nanorod was covered by the g-CsNi. Moreover, the synthesized
A10 composite photocatalyst was found to have a smaller average particle size,
higher total pore volume and larger BET surface area as compared to g-C3Na.
These characteristics indicated the coupling of AgVA into g-CsNa could
enhance the photocatalytic efficiency as compared to the single components.
Apart from these, the elemental composition of the synthesized photocatalysts
were identified using EDX technique. There were three elements that had been
detected in pure g-C3Ns including C, N and O. Theoretically, only C and N
atoms are expected to detect in its elemental composition. The presence of O
elements was assigned to the occurrence of the reaction when urea came into
contact with air in the atmosphere. For AgV A, the elements detected consist of
Ag, V and O which implied that there were no any impurities presented during

the synthesizing process. The elemental composition of all the prepared



74

composite photocatalysts consisted of C, N, O, Ag, and V which further
indicated that AgV A was successfully coupled into g-C3Na.

The photocatalytic degradation activity of the synthesized AgVA/g-
C3N4 composite photocatalyst was markedly higher than the single component
of pure AgVA and pure g-C3N4. Through photodegradation of OTC under
visible light irradiation where the light source was provided by a 30W LED
light bulb, the highest photocatalytic effect and rate was found with A10
among all the synthesized photocatalysts. The degradation efficiency of A10
composites to degrade 100 ppm of OTC was found to be 56.52 %. Through
performing scavenging test, the active species which contributed to most of the
photocatalytic activity of A10 in OTC degradation was found with superoxide
radicals (" 0; ) followed by h*, e, and "OH. In conclusion, the OTC
photodegradation test indicated that the decrease in the OTC concentration
was due to the adsorption and photocatalytic degradation of the synthesized
photocatalyst, A10. Thus, the synthesized AgVA/g-C3Ns composite
photocatalyst in the present work could be a practical way to be applied in

industry today for the removal of OTC contained in the wastewater.

D Recommendations for future work

Due to time constraint, there are several recommendations given for the further
work regarding this study not only to enhance the accuracy and reliability of
the experiment result but also potentially enhance the practicability of the
AgVA/g-C3Ns composite photocatalyst to be applied in the industry. The
recommendations are discussed as follows.

1. Optimization of photocatalytic degradation conditions is
suggested to be performed in order to achieve high OTC
degradation efficiency. This is because the photocatalytic
degradation of OTC is greatly influenced by numerous
parameters such as reaction temperature, pH, photocatalyst
loading and its particle size, and light intensity.

L. To perform reaction cycling runs for the OTC photocatalytic

degradation over the as-synthesized AgVA/g-CsNs composite
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photocatalyst under visible light irradiation in order to
determine its stability.

To carry out more characterization for the photocatalysts such
as high-resolution transmission electron microscopy (HETEM)
and X-ray photoelectron spectroscopy (XPS) to further
understand their structure and morphology.

To carry out gas chromatography-mass spectrometry analysis
to further study the intermediate products of OTC presence
during the degradation process.

To study the effect of the pH and the calcination temperature

on the structure and morphology of the photocatalysts.
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Appendix A: EDX Reports
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Figure A-1: Elemental Composition of Pure g-C3Na.
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Figure A-2: Elemental Composition of Pure AgVA.
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Figure A-3: Elemental Composition of A10.
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Figure A-4: Elemental Composition of A30.
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Figure A-5: Elemental Composition of A50.
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Appendix B: FTIR Reports
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Figure B-1: FTIR Spectrum of Pure g-C3Na.
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Figure B-2: FTIR Spectrum of Pure AgVA.
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Figure B-4: FTIR Spectrum of A30.
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Figure B-5: FTIR Spectrum of A50.



