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EVALUTION OF S-SCHEME IRON TUNGSTATE/STRONTIUM TITANATE
(Fe2WOe/SrTiO3) COMPOSITE FOR VISIBLE LIGHT PHOTOCATALYSIS
AND ANTIBACTERIAL STUDY

ABSTRACT

Discharge of industrial wastewater containing dyes and microorganisms was dangerous
to the human health and ecosystem. Multifarious traditional strategies have been adopted
for water purification. Heterogeneous photocatalysis was considered as a green and
effective technology to solve environmental problems because it only relies on appropriate
light to degrade organic contaminants into non-toxic substance or Kill most
microorganisms. In the present study, the iron tungstate/strontium titanate
(Fe2WOe/SrTiO3) composite was prepared by a hydrothermal method and employed in
the photodegradation of rhodamine B (RhB) under visible LED light irradiation in 2 h.
The prepared photocatalysts were characterized through FESEM, HRTEM, EDX, XRD,
FTIR, UV-vis DRS and photoelectrochemical analyses. The Fe2WQOe/SrTiO3 composite
demonstrated better visible light photoactivity for RhB in comparison with those of pure
FeaWOs and pure SrTiOg, respectively. The remarkable photoactivity was ascribed to its
smaller band gap and effective charge carrier separation. The results of process parameter
studies demonstrated that the optimized Fe;WOs loadings were 20 wt%, photocatalyst
dosage were 0.5 g L™ and operated at pH 12. Besides, the antibacterial properties of the
prepared photocatalysts were investigated on the bacteria inactivation towards
Escherichia coli (E. coli) and Bacillus cereus (B. cereus). The Fe2WOe/SrTiO3z composite
showed the best antibacterial activity as compared to those of pure SrTiOz and pure
Fe,WOs. Moreover, the radical scavenging experiment revealed that holes (h*), hydroxyl
(*OH) and superoxide anion («O") radicals were major active radicals in the photocatalytic
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process. Furthermore, the Fe:WOe/SrTiO3z composite also displayed outstanding
recyclability which attained high removal efficiency of 93.9% after five successive runs.
Lastly, the optimized photocatalyst was used to degrade the real printed ink wastewater to
reveal its potential application in the real wastewater purification. Overall, this study
offered a novel Fe;WOe/SrTiOz photocatalyst that can be applied in degrading the organic

contaminants and disinfecting the bacteria in the actual dye-containing wastewater.
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CHAPTER 1

INTRODUCTION

1.1 Advanced oxidation process for pollutant destruction and bacteria disinfection

In recent years, rapid industrialization and continued population growth have led
to a dramatic increase in water pollution. Generally, industrial wastewaters have more
complex composition than other wastewater, which contains pollutants such as organic
matter, nutrients, solids, heavy metals, dyestuffs, salinity and microorganism (Anantha et
al., 2021). Discharge of industrial wastewater containing heavy metals, dyes and
microorganisms was dangerous to the human and ecosystem (Singh et al., 2018). It was
reported that lots of dyes were used in textile, printing industries of which approximately
20% was lost in wastewater because of the operations of processing (Kishor et al., 2021,
Rafiq et al., 2021). These dye-containing wastewaters were toxic and non-biodegradable,
and were harmful to the water body even at low concentrations (W. Li et al., 2019a).
Consequently, development of efficient technologies for dyestuff wastewater remediation

was of critical importance.

Multifarious strategies, such as adsorption, membrane filtration, ion-exchange,
chlorination, ultraviolet irradiation and biological methods have been applied in
wastewater treatment (Gusain et al., 2020). Nevertheless, high cost and the production of
toxic by-products hinder their applications. Among many kinds of wastewater treatment
technologies, advanced oxidation processes (AOPSs) obtained extensive attention due to
high efficiency, rapid reaction rate (Sgroi et al., 2021). AOPs can generate reactive oxygen

species (ROS) to fully decompose organic contaminants as well as water sterilization.



AOPs comprise Fenton, Photo-Fenton, ozonation and photocatalytic oxidation according
to different conditions (D. Ma et al., 2021). Heterogeneous photocatalysis was considered
as a promising technology to solve environmental problems because it can rely on
appropriate light and active photocatalyst to degrade organic contaminants into non-toxic

substance or kill most of the microorganisms.

1.2 Problem Statement

Dyestuff can inhibit the growth of aquatic biota by hindering photosynthesis, and
even endanger human health. Rhodamine B (RhB) was commonly found in wastewater
from textile, paper and printing industries. This dye was a carcinogen, it can cause skin
irritation, eye infection and liver damage (Ding et al., 2020). Experiments have proven
that RhB was harmful to the surface water and living organisms even at low concentrations
owing to its color rendering and non-biodegradability (Rafiq et al., 2021; Kishor et al.,
2021; W. Li et al., 2019a). Recently, advanced oxidation processes (AOPs) show great
potential in treating the dyestuff wastewater. One of AOPs was heterogeneous
photocatalysis using semiconductor photocatalysts, which relies on appropriate light to
decompose organic pollutants into innocuous substances like CO and H2O (P. Li et al.,
2019b). Additionally, the photocatalysis was a surface-based process, so the
microstructure and morphology of photocatalysts can affect the photocatalytic

performance of photocatalysts (Dutta et al., 2021).

As a common semiconductor, strontium titanate (SrTiOs) commonly applied for
the actuators, photonics, bioelectronics and multilayer capacitor (Z. Yang et al., 2023; Fu
et al., 2022; Y. Zhang et al., 2023). The SrTiOz with a wide band gap (3.4 eV) can be
applied as photocatalysts in photocatalytic wastewater treatment and many other
applications including CO- reduction, water splitting and microwave substrate (X. Li et
al., 2021a; Z. Yang et al., 2023; Zeng et al., 2022; Pan et al., 2022). However, pure SrTiO3

was easy to recombine and it can only respond ultraviolet (UV) light because it possessed



wide band gap. Thus, the photoactivity of pure SrTiO3z was still limited in visible light.
The combination of SrTiOz and smaller band gap semiconductors to construct SrTiOs-

based composites considered to be a promising strategy to address this problem.

On the other hand, iron tungstate (Fe2WOQOs) semiconductors with an inherently
narrow band gap (1.5-1.7 eV). In addition, the Fe2WOe possesses magnetism and transport
properties and low cost. Other characteristics such as the photoelectrochemical activity,
optical absorption and magnetodielectric properties have also become of interest (Lin et
al., 2020). Heterojunction constructed by large-band and small-band gap semiconductors
can enhance light absorption. Thereupon, small-band gap FeoWOs with suitable band
edges was considered a suitable candidate to couple with large-band gap SrTiO3 to form
heterojunction (Rawal et al., 2014; H. Lin et al., 2020). The constructed heterojunction
can boost the transport and separation of the photo-inducted charge and eliminate the
relatively useless photoelectrons and photogenerated holes (J. Wang et al., 2020a; P. Xia
et al., 2020).

Based on existing literature reports, the construction of novel Fe;WOe/SrTiO3
heterojunctions as well as their photoactivity for RhB dyestuff and actual wastewater
treatment and gram-negative bacteria (E. coli) and gram-positive bacteria (B. cereus)
inactivation under visible Light Emitting Diode (LED) light irradiation have not been
reported to date. The Feo2WOe has narrow bandgap energy, which could absorb visible
light. Therefore, the photodegradation and antibacterial studies were conducted in this
study to evaluate the photoactivity of Fe2WOe/SrTiOs composites. Both the bacterial
strains were chosen due to both they are common bacteria and extensively existed in water

bodies.

1.3 Objectives

The aims of this study are:



1. To prepare and characterize the Fe2WOe/SrTiO3 composites with different Fe2WOe
loadings through a simple solvothermal method.

2. To evaluate the photoactivity of the prepared composite by the degradation of RhB dye
and inactivation of E. coli and B. cereus under visible LED light.

3. To investigate the intrinsic photocatalytic mechanism of the prepared composites using
radical scavenger test.

4. To study the recyclability of the prepared composites over cycling tests.

1.4 Research scope

In current research, Fe2WOe/SrTiOz composites were prepared through a simple
hydrothermal method. The RhB dye degradation and bacteria inactivation activities were
observed under visible LED light irradiation. Various characterization analyses such as
X-ray diffraction (XRD), field emission scanning electron microscope (FESEM), high
resolution transmission electron microscopy (HRTEM), energy dispersive X-ray (EDX),
Fourier-transform infrared spectroscopy (FTIR), UV-vis diffuse reflectance spectroscopy
(UV-vis DRS) and photoelectrochemical analyses were carried out on the as-synthesized
FeaWOe/SrTiOz composites. Several process parameters including FeaWOsg loading,
initial RhB solution pH and photocatalyst dosage were conducted over the prepared
composites. The photocatalytic mechanism of prepared Fe2WOs/SrTiOs composites were
investigated using the radical scavenger test. The recycling and stability properties of the
prepared samples were also studied. Finally, the real world viability of Fe2WOe/SrTiOs3
composites were be evaluated by treating the real industrial printing ink wastewater under

sunlight irradiation.



CHAPTER 2

LITERATURE REVIEW

2.1 Dye-containing Industrial Wastewater

Global industrialization was rapidly expanding, resulting in the production of large
amounts of wastewater. Industrial wastewater can have a serious impact on environment
due to its complicated components, poor biodegradability, and high toxicity (L. Liu et al.,
2021a). These industries such as textile, food colorant, ink industries, cosmetic, and
printing were responsible for generating dye-containing wastewater (Shabir et al., 2022).
Generally, the wastewater contained several toxic and harmful contaminants including
heavy metals, nutrients, additives, dye compounds, plastics and pathogenic
microorganisms (Dey et al., 2021). Due to the high organic content in the wastewater,
there were also many microbiological pathogens present such as E. coli, B.cereus, S.
aureus and P. Vulgaris (Shafi et al., 2021; Manikandan et al., 2021).

According to the statistical data, more than 10° kinds of dye were commercially
present and applied for various industries. These dyes can be mainly classified into two
groups based on raw materials. They can be further divided into different groups on the
basis of their physicochemical properties (Varjani et al., 2020). The representation of dye
classification was illustrated in Figure 2.1. Rhodamine B (RhB) was a cationic red dye
used in paper, textile and printing industries (Adegoke et al., 2022). It has been proven
medically that water polluted by RhB dye has the risks of carcinogenic and mutagenic,
which can lead to the dysfunction of liver, brain even central nervous system (X. Gao et



al., 2016; Bello et al., 2019). Consequently, the suitable treatment of dye-containing

wastewater was necessary before it was discharged into water bodies.
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Figure 2.1: Schematic representation of dye classification (Mishra et al., 2021).

2.2 Wastewater Treatment Strategies

Dye-containing wastewater can be harmful since it contains substances with high
chemical oxygen demand (COD), biochemical oxygen demand (BOD), surfactants, and
other organic and inorganic chemicals. Different traditional techniques including physical,
chemical, and biological processes were used to treat dye-containing wastewater.


https://www.sciencedirect.com/science/article/pii/S2213343720312501?casa_token=fBClGHNn1dwAAAAA:jMy2LFbMDaR3u7pi84MmxTMDEKJbOQnVU_8ol6Kv_FFhiXRXMYt4e1k5QqkFBLi-3JaS8YIKc1o#!

2.2.1 Physical Treatment

Generally, physical treatment can be divided into four major processes for the
physical processes, such as membrane separation, ion exchange, adsorption and
coagulation. Adsorption has been adopted in wastewater treatment applications because
of its feasible technique, simple and flexible operation. Adsorbents such as activated
carbon, graphene, carbon nanotubes and bentonite clays were widely used in industry (W.
Li et al., 2019a; Sahin et al., 2015). A study carried by Prasannamedha and co-workers
(2021) primarily focused on the production of biochars from sugarcane bagasse through a
hydrothermal carbonization method towards the removal of sulfamethoxazole from water
(Prasannamedha et al., 2021). In their study, the prepared biochars can achieve the
adsorption capacity of 400 mg g through spontaneous reaction. The result suggested that
the prepared biochars had great adsorption capability towards sulfamethoxazole. However,
the use of adsorbents for the dye removal generated the secondary pollutants as these dye

molecules stayed on the adsorbent and remained undegraded.

Besides, membrane filtration was another physical technique, which was widely
used to remove dye and harmful pollutants from industrial wastewater (Vieiraetal., 2020).
This technique can be used to separate dyes from textile waste, but a big amount of dye
was still preserved after filtration processes (Ezugbe et al., 2020). A study carried out by
Ajibade and co-workers (2021) successfully fabricated a polyacrylonitrile membrane
modified with composite for the removal of pollutant from wastewater (Ajibade et al.,
2021). In their research, the composite membrane exhibited outstanding separation
performance. This membrane displayed outstanding anti-corrosion properties in strong
acidic or strong alkaline environment. However, the filtration process was not reused due

to the risk of membrane clogging and had problems such as high cost and incompatibility.



2.2.2 Chemical Treatment

Chemical processes can be used to treat the toxic and recalcitrant nature of certain
industrial wastewater. Examples of chemical treatments are ozonation, Fenton’s reagents,
electrochemical destruction and sodium hypochlorite. Ozonation was used in the
wastewater treatment industry owing to high output and rapid process. Y. Xia and co-
workers (2018) investigated the efficiency of the treatment of organics contaminated
wastewater using ozone micro-nano-bubbles method. The COD removal efficiency of
organics contaminated wastewater can reach 63% for 14 h, and showed an admirable
mineralization activity. Nevertheless, this process was really pricey as more ozone was
ineffectively employed when dealing with oxidized intermediates that were almost unable

to further decompose (Egbuikwem et al., 2020).

Besides, Nidheesh et al. (2022) investigated the use of electro-Fenton (EF) and
together with electrocoagulation (EC) processes of mixed industrial wastewater treatment
efficiency. In their studies, the authors selected alkali modified laterite soil as a
heterogeneous EF catalyst. The COD removal efficiency of the single EF treatment was
54.57% after 60 min. Afterwards, the EF treated wastewater underwent the EC process
and a total of 85.27% COD removal was attained. However, applying a chemical treatment
process for wastewater had some disadvantages. The cost of synthesis and fabrication for
chemical treatments was often expensive, and the secondary pollutants such as sludge or

flocks may be produced.

2.2.3 Biological Treatment

The biological processes were another traditional wastewater treatment technique
which was widely employed for degrade numerous kinds of wastewater including high
organic strength pollutants. Generally, it utilized fungus, algae, bacteria, plant and its
enzymes to degrade high COD contaminants. Anaerobic and aerobic digestion were the

two basic methods for biological treatment of wastewaters (C. Huang et al., 2017). The



conventional method of treating high strength textile effluent was the anaerobic process,
combined with aerobic digestion to further improve the treatment efficiency. There were
various biological treatment technologies that can be implemented in the dyestuff
wastewater, including constructed wetland, phytoremediation, anaerobic and aerobic
membrane bioreactor (Y. Hu et al., 2018; W. Chen et al., 2019; Yurtsever et al., 2021).

The membrane bioreactor (MBR) offered some advantages such as less sludge
production, high removal of organic and nutrients and superior performance. Such a
system was effective for treating both home and industrial wastewaters (Siddiqui et al.,
2017). However, membrane fouling was still an issue of concern during the treatment of
high-strength wastewater. Granule size was a crucial factor as it may affect the removal
efficiency by affecting cake permeability and pore blocking. W. Zhang and Jiang (2019)
investigated the effect of aerobic granular sludge (AGS) sizes on membrane fouling. In
their research works, the AGS with 1-1.2 mm size were found to provide high membrane
fouling than other sizes. Hence, the almost unavoidable membrane fouling leading to high
cost of cleaning the membrane.

2.3 Advanced Oxidation Process

Advanced oxidation processes (AOPs) were the effective chemical procedures for
wastewater treatment (Mahmoudi et al., 2022; Khajouei et al., 2022). AOPs were applied
in the degradation of organic contaminants due to strong oxidation ability and high
reaction speed in industrial wastewater treatment. Such processes relied on the reactive
oxygen species (ROS) to degrade organic contaminants into non-toxic substance.
Literature survey showed that AOPs based on the superoxide anion radicals (¢O2),
hydroxyl radical (*OH) or sulfate radical (SO4*") were very effective for wastewater
treatment (Q. Yang et al., 2019; B. Miklos et al., 2018; Bhat and Gogate, 2021). Among
these radicals, *OH with high oxidative potential at 2.8 eV was the main ROS in the
majority of AOPs (Khajouei et al., 2022). Most commonly researched advanced oxidation
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processes include Fenton, Photo Fenton, peroxone (Os/H202), UV-based, and sulfate
radical-based (SR-AOP) processes (Annabi et al., 2018; S. Gomes et al., 2018; Rehman
et al., 2018; Zuo et al., 2022).

In recent years, AOPs have gained appeal in the industry wastewater treatment
owing to its advantages over traditional wastewater treatment methods. The advantages
such as effectively degrade recalcitrant organic components with less secondary
production and high reaction speed. Among the AOPs methods, heterogeneous
photocatalytic oxidation process under light irradiation was more promising method due
to various advantages. The following list outlines the advantages of heterogeneous
photocatalysis (Mahmoudi et al., 2022; H. Wang et al., 2022; Antonopoulou et al., 2021):

The milder reaction conditions,
The use of sunlight which was a cheap and sustainable resource,
The simple and flexibly process,

M 0D e

The production of ROS including superoxide anion (¢O2) and hydroxyl (*OH)
radicals to completely decompose organic pollutants, and
5. Wide range of wastewater treatment applications such as textile, printing and oil

wastewaters.

2.3.1 Principle of Heterogeneous Photocatalysis

The photocatalysis process utilizes a semiconductor that could be excited by light
with a suitable energy to generate electron-hole pairs. In details, the photogenerated
electrons (e”) will be photoexcited from valence band (VB) of the semiconductor to the
conduction band (CB), resulting in the generation of holes (h*) in the VB
(Thambiliyagodage 2022). In the aqueous solution, the h* oxidize hydroxide ion (OH") or
water molecule (H20) and generating hydroxyl radical (*OH) radicals which represented
in EqQ. (2.2) (Shaban et al., 2018; T. Natarajan et al., 2017; X. Wu et al., 2022). In contrast,
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recombination of the e-h" pairs may also take place and produce heat as shown in Eq.
(2.3) (Al-Mamun et al., 2019).

Photocatalyst + hv — e + h* (2.1)
h* + H,O/OH — «OH (2.2)
e” +h* — energy (2.3)

Furthermore, the e” will reduce oxygen (O) to form superoxide radicals (+O2’) and
subsequently other oxidant species including hydroperoxyl radicals (HO2¢) and hydrogen
peroxide (H202) as shown in Egs. (2.4) to (2.7) (F. Zhao et al., 2020; Ma, et al., 2021).
These generated reactive oxygen species (ROS) including h™, «O2" and *OH could further
decompose various organic pollutants as represented by the Eq. (2.8) (Awfa et al., 2019).
The basic mechanism of the photodegradation under light irradiation was illustrated in

Figure 2.2.

e+ 02 —0y (2.4)
*O2+ H" — HO2e (2.5)
HO2+ — H202 + O2 (2.6)

H2.02 + ¢ -OH + «OH (2.7)

Organic compounds + ROS — CO; + H;0 (2.8)
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Figure 2.2: Schematic diagram of photodegradation under light irradiation (Li et
al., 2018)
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The semiconductor photocatalysis has been used in numerous organic
pollutants decompositions, including the dyestuff wastewater, pharmaceutical waste, and
greywater. In a literature study, G. Shen and co-workers (2022) had developed copper-
doped zinc oxide coupled with graphitic carbon nitride (Cu-ZnO/g-C3Na4) heterostructure
for degrading ciprofloxacin (CIP), a common antibiotic found in pharmaceutical
wastewater under visible light irradiation. In their study, the composites had achieved
remarkable degradation efficiency of 95% after 6 hours. In addition, Priyanka and co-
workers (2020) had studied the degradation of greywater using nitrogen-doped titanium
dioxide (NP-TiOz). In their works, NP-TiO2 had attained a high greywater degradation
efficiency (total organic carbon, TOC removal of 93.7%) under solar light radiation.
Furthermore, O. Agboola and Shakir (2022) had constructed tin(IV) oxide/molybdenum
disulfide/reduced graphene oxide (SnO2/Mo0S2/rGO) ternary photocatalyst towards the
removal of methylene blue dye. When exposed to solar light irradiation, ternary composite
had achieved remarkable removal efficiency of 90% in 75 min. As a result, the
photocatalysis technology might be used in the several organic degrading processes that

were mentioned.
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2.3.2 SrTiO3 Photocatalyst

The photocatalysis utilizing nanoscale photo-activated semiconductors,
particularly metal oxide to generate the electron-hole pairs for photodegradation of
organic pollutants. The reported metal oxides, such as titanium dioxide (TiO>), zinc oxide
(Zn0), tungsten oxide (WO3), iron(l11) oxide (Fe203) (P. Chen et al., 2018). TiO2 was a
commonly-used metal oxides with large band gap of 3.2 eV have been widely used for
wastewater treatment, water splitting, building cleaning facades and so on (Yao et al.,
2020; J. Xu et al., 2020). However, it was limited by its wide band gap, which can merely
work under ultraviolet (UV) light accounting for only 4% intensity of solar radiation,
resulting insufficient use of visible light region which accounted more than 45% of the
total solar region. (Grabowska et al., 2016). Consequently, the visible light-driven

photocatalyst had becoming researchers’ focus for photocatalytic applications.

In comparison to simple metal semiconductors including TiO2, ZnO, WOs3, Fe203,
the perovskite oxides (ABO3) have gained much attention in photocatalytic wastewater
treatment owing to stable perovskite structure and outstanding photoelectrochemical
properties (Wei etal., 2021; M. Zhou et al., 2020). As a typical perovskite oxide, strontium
titanate with wide band gap was a suitable material for photocatalytic reaction due to it
can produce reactive radicals including superoxide anion (¢O2") and hydroxyl (*OH)
radicals. In addition, it has flexible crystal structure, good photo stability and chemical
stability (Eskandari et al., 2019; Han et al., 2019). Owing to its outstanding properties, this
titanate widely applied for the actuators, photonics, and bioelectronics applications,
multilayer capacitor (Eskandari et al., 2019). However, the photocatalytic activity for bare
SrTiOs was still limited under sunlight irradiation due to its wide band gap. Therefore,
some researchers have proposed various modification strategies approach to solve this
issue (Kumar et al., 2022; I. Ahmad et al., 2022).

Mesoporous-assembled SrTiOs nanocrystals was prepared by Puangpetch and co-
workers (2008) through a sol—gel method. In their study, 98% of 10 mg/L methyl orange
(MO) was degraded after 180 min photocatalysis under UV light irradiation. In another
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study, S. Huang et al., 2014 synthesized strontium titanate (SrTiOs) nanocubes through
the autoclave hydrothermal treatment under the alkaline condition at 130 °C. The as-
prepared SrTiO3z was achieved crystal violet (CV) degradation at 99% in 24 h under the
UV light radiation. On the other hand, H. Gao and co-workers (2018) fabricated the cubic
SrTiOs using commercial P25 TiOz and Sr(OH)2:8H.O powders by a hydrothermal
method. Under irradiation of a 150W xenon lamp, a degradation of rhodamine B (RhB)
dye was obtained at 32% within 180 min. These researches showed that wide band gap

limited the photocatalytic activity of pure SrTiO3 photocatalyst.

2.3.3 Photocatalyst Modification Strategies

The heterojunction was defined as the interface between two different
semiconductors with unequal band structure (Ranjit and Viswanathan 1997). It was well
known that the low photocatalytic efficiency was the main limitation for photocatalysts
(Meng et al., 2019; D. Huang et al., 2019). The rapid recombination of photo-inducted
carriers was one of the reasons for the low photocatalytic efficiency. Besides, insufficient
sunlight absorption and weak redox capacity were two other shortages for an ideal
photocatalyst (Y. Xu et al., 2020; Lin et al., 2018). For a single photocatalyst, a large band
gap with high CB and low VB values was beneficial when only considering the redox
capacity. However, when taking broad light absorption into account, the narrow band gap
of photocatalyst was more suitable. Afterwards, it was almost impossible for a single
photocatalyst to satisfy these conditions at the same time. Hence, constructing
heterojunction using two or more photocatalysts has been considered to be a promising

way to form an ideal photocatalyst.

W. Zhang and co-workers (2022a) constructed the novel Z-scheme bismuth
tungstate/strontium titanate (Bi2WOe/SrTiO3z) composite via a hydrothermal method
towards the degradation of rhodamine B (RhB) dye observed under visible light irradiation.
In their studies, the degradation efficiency of the composite could reach 71.1% in 100 min,

which displayed better photocatalytic performance than pure photocatalyst. The authors
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explained that Z-scheme heterojunction enhanced the redox capacity of Bi;WOs and
SrTiOs. In other studies, Niu et al. (2022) successfully constructed a magnetic y-
Fe>O3/SrTiOs composite using a one-step microwave method towards the decomposition
of methylene blue (MB) and tetracycline (TC) observed under visible light irradiation.
The results of PL analysis proved that the prepared composite enhanced the separation of
photogenerated electron-hole pairs. Table 2.1 depicts the various SrTiOs-based catalysts
with their synthesis methods associated with the photodegradation efficiency. It was found
that many researchers have modified pure SrTiOsz by constructing a heterojunction with
another semiconductor to improve the photoactivity of pure SrTiOs.

2.3.4 Fe2WOs Photocatalyst

As aforementioned, the major drawbacks of utilizing wide band gap SrTiOs as
single semiconductor photocatalyst in pollutants photodegradation was insufficient
utilization of visible light due to wide band gap energy. Thus, it was almost impossible
for a single photocatalyst to apply in real industrial wastewater treatment system. To
overcome the limitation of single photocatalyst, constructing heterojunction using two or
more photocatalysts was introduced (G. Zhao, et al., 2021). Therefore, the iron-based
oxides photocatalyst were considered a suitable candidate. Iron tungstate (Fe2WOs)
nanoparticle has great photoelectrochemical activity and transport properties with narrow
bandgap between 1.5 to 1.7 eV which possessed strong visible light absorption, non-toxic,
and environmentally benign character (Hassanpour et al., 2020; Caubergh et al., 2021; H.
Lin et al., 2020). According to the literatures, the VB potential of Fe,WQOg photocatalyst
was about 2.8 eV, suggesting that its VB potential was more positive in comparison to
that of SrTiOs (2.1 eV) (Rawal et al., 2014; Qu et al., 2020). Due to its properties, it has
been used for lithium-ion batteries and photoelectrode materials (Abdi et al., 2017;
Espinosa-Angeles et al., 2021).



16

Table 2.1: The Synthesis of Various SrTiOs-based Catalysts with Respective to Degradation Efficiency.

SrTiOs-based Synthesis Pollutantand  Light source SrTiOz loading Removal Reference
composite method concentration efficiency
Bi2WOe/SrTiOs3 Hydrothermal =~ Rhodamine B, 8 Xenon lamp, Bi2WOe:SrTiOs= 71.1% W. Zhang et al.,
mg/L 300 W 1:3 within 100  2022a
min
SrTiOs/NiFe204 Sol-gel Rhodamine B, Xenon lamp, NiFe204:SrTiOs 97.6% Y. Xiaetal.,
20 mg/L 500 W =17:3 within 120 2018
min
SrTiO3/Fe TiOs Co- Methylene blue, Xenon lamp, FexTiOs:SrTiOs3 100% Alimohammadi
precipitation 11 mg/L 180 W =19 etal., 2022
v-Fe203/SrTiO3 Sol-gel Methylene blue, Xenon lamp, v-Fe203:SrTiO3 84.9% Niu et al., 2022
10 mg/L 150 W = 3:997 within 150
min
SrTiO3/CoAIMNnOs  Sol-gel Methylene blue, Xenon lamp, - 82.5% Valian et al.,
10 mg/L 300 W within 90 2022
min
SrTiOs/g-C3N4 Polymeric Methylene blue, Visible light g-CaN4:SrTiOs 41% Ferreira et al.,
precursor 10 mg/L =99:1 2020
method
BaTiO3/SrTiO3 Electrospinning Rhodamine B, LED UV lamp, BaTiOs:SrTiOs3 97.4% X. Liuetal.,
8 mg/L 30w =1:10 within 30 2021b

min
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2.3.5 Type of Heterojunctions

Heterojunction photocatalysts were constructed by coupling two or more
semiconductor photocatalysts. According to the band alignment between two
semiconductors, the heterojunctions can be categorized as different types, as depicted in
Figure 2.3 (X. Li et al., 2021a). In Type Il heterojunctions, the photogenerated electrons
and holes will flow to their respective low energy bands. Afterwards, the physical
separation of electrons and holes will boost photocatalytic performance. However, due to
the photogenerated charge carriers gather in the low energy bands, the redox capacities of
the photogenerated charge carriers will be weakened. Conversely, when there exists a
charge transfer from the conduction band of one semiconductor to the valence band of the
other semiconductor, an effective Z-scheme heterojunction was constructed (Low et al.,
2017; S. He et al., 2019). This heterojunction not only separate the electrons and holes,
but also maintain the strongly oxidation and reduction abilities of the electrons and holes
(Qiao et al., 2019; Dong et al., 2020).

(a) (b)

Jas Ps1l @/ tes
m"\g PSI P Reduction < ’:‘%\ 4 e : Iy
/ CB ! e - . 1
/ f | Reduction ¥ i >
. ) ) »

\m\ reaction 7 )/ . CB :
> reaction /|
[ ) cB & ! 1 S
hv, : ‘, : /}I"'l [ : 1 ’//‘ P
e& g 7 /,,.‘Q : 've /[ Oxidation
N\ 2 g
\ ! ) ! vB | ( Oxidation [ [ \ reaction
H / Wo’ reaction & i /
VB | i //®
00" BT T
= OO/
Straddling-gap (Type l) Staggered-gap (Type Il)
© PSH () PS| Reduction
Cff\om\ = | reaction
Reduction |} i
N/ "CB PS1I -—mﬂ
reaction /// i \ = 1 C8
¥ ] 2 |
N A | hv,
In':Ql\\\ i J / i i » !
\\ :VB / PS1 Reduction [ 1 : // .
= y— . reaction hv, | : : i
Oxidation )~ WU e ?\ i | VB
reaction )/ I (Ohr, Y ! |
¥ i 4 . 1
1 '//< \ ! //’
' vB ;,‘« Oxidation o Y VB | /
OB O 0, POO
reaction 7/ =
Broken-gap (Type Ill) = Direct Z-scheme

Figure 2.3: Band structures in (a) Type I, (b) Type 11, (c) Type I11, and (d) direct Z-
scheme heterojunction (X. Li et al., 2021a)
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Kokilavani and co-workers (2021) constructed the manganese sulfide/silver
tungstate (MnS/Ag2WOg4) heterojunction using a co-precipitation technique. In their
studies, the photocatalyst efficiency of composite was superior with removal of 92.3%
compared to bare components. The results showed that enhanced redox ability and
effective separation of photo-inducted charge carriers owing to its heterojunction. X. Li
et al. (2021b) synthesized a novel S-scheme heterojunction S-pCN/WO3 72 via a solvent
evaporation method towards the removal of tetracycline (TC) and rhodamine B (RhB)
observed when exposed to visible light irradiation. In their studies, the composite has
superior photocatalytic activity because its heterojunction can effectively separate the

photogenerated charge carriers.

Among these type of heterojunctions, S-scheme was the more promising
heterojunction due to various advantages. Effective separation of electron-hole (e- h*)
pairs and strong redox capacities were the advantages of S-scheme heterojunction (Y. Xu
etal., 2020; X. Li et al., 2021b; X. Chen et al., 2022). In an S-scheme heterojunction, the
powerful generated e in the conduction band (CB) of reduction photocatalysts (RP) and
the h* in the valence band (VB) of oxidation photocatalysts (OP) were preserved to engage
in photocatalytic reactions, while the useless " and h* recombine (F. He et al., 2020; Mu
et al., 2020). In detail, the built-in electric field and energy band bending eliminated the
relatively useless electrons and holes through recombination, which was regarded as the
main driving forces for the charge migration.

W. Wang and co-workers (2020b) constructed the S-scheme heterojunction
photocatalyst using sulfur-doped graphitic carbon nitride and titanium dioxide by an
electrospinning technique. In their studies, they explained that the effects of electric field
and band edge bending facilitated the recombination of relatively useless electrons and
holes when the photocatalyst was exposed to simulated solar light. At the same time, the
retained electrons and holes had a strong redox capacity, which making the photocatalyst
have a strong redox ability. Chen et al. (2022) prepared the BizOgl3/Cdo.5Zno.5S QDs/WOs.
x heterojunction photocatalyst via a simple hydrothermal method. The ternary
heterojunction has good photoactivity, which was ascribed to the rapid separation of

photogenerated carriers and broad light absorption range.
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2.4 Process Parameter Studies

Photocatalytic wastewater treatment process was affected by several process
parameters, like the initial pollutant concentration, solution pH, catalyst dosage, light
intensity (Rafiq et al., 2021; S. Natarajan et al., 2018). In the present study, these
parameters including photocatalyst loading, solution pH will be discussed.

2.4.1 Photocatalyst Dosage

One of the important process parameters that directly affects the photocatalytic
performance was the photocatalyst dosage. Generally, with the increase of the
photocatalyst loading, the photodegradation efficiency of pollutants by photocatalysis will
increase (Mahendran et al., 2021; Vigneshwaran, et al., 2021). Numerous studies were
conducted to examine how photocatalyst dosage affected photocatalytic performance. The
photocatalyst dosage will affect the reactive oxygen species (ROS) generation and the
light absorptivity in aqueous (Zhu et al., 2018; Xie et al., 2021). The active sites on the
photocatalyst surface increased with photocatalyst dosage (Behzadifard, et al., 2018;
Ghorai, et al., 2021a). However, the photocatalytic degradation performance might be
deteriorated by excess photocatalyst dosage. The excessive amount of catalyst will
intensify catalyst aggregation which leads to the reduction of active sites for the generation
of ROS. Moreover, the solution will become turbid beyond a certain limit of photocatalyst
dosage. Afterwards, the photoexcitation process for producing electron-hole pairs was

hindered, which resulted in recombination of the charge carriers.

Kokilavani and co-workers (2021) have constructed the novel sanganese
sulfide/silver tungstate (MnS/Ag2WO,) composites via a chemical co-precipitation
method. In their studies, the increase in the composite amount from 1 mg to 4 mg in
photodegradation of methylene blue, the degradation efficiency had enhanced from 42%
to 92%. When the photocatalyst dosage was further increased to 5 mg, a slight reduction

in photodegradation efficiency to 78%. Ghorai et al (2021b) synthesized copper
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chromite/bismuth oxobromide (CuCr.04/BiOBr) nanocomposite towards the removal of
RhB were observed. The findings demonstrated that the removal efficiency increases from
the photocatalyst dosage of 20 mg to 25 mg and then decreases with further increase of
photocatalyst dosage. Therefore, in order to effectively degrade pollutants, the amount of
photocatalyst needed to be limited. Otherwise, the degradation rate will decrease when the

photocatalyst dosage exceeded a certain limit.

Some researchers also reported the photocatalyst dosage affects the photocatalytic
activity in antimicrobial study. Janani and co-workers (2021) have synthesized
(FeV204/Bi203) composites by ultra-sonication method to test its antimicrobial
performance against Escherichia coli and Bacillus subtilis. Their studies showed increase
in the photocatalyst dosage ranging from 0.1 to 50 mg L, the bacteria growth inhibition
also increased significantly. Kokilavani et al (2021) synthesized novel MnS/AgWO4
photocatalyst towards the B. subtilis and E. coli inhibition were observed. It was observed
that antimicrobial activity increases from the photocatalyst dosage of 0.1 to 50 mg/L. The
generation of more ROS and dense metal ions that cause the penetration of cations in
bacteria cell membranes were two possible mechanisms explaining why antibacterial
actions were boosted when the concentration of the catalyst was increased (Balasurya, et
al., 2021). Table 2.2 depicts the various photocatalysts with their photocatalyst dosage
associated with the photoactivity. It was discovered that many researchers conducted the
parameter study of photocatalyst dosage to determine the optimum photocatalyst dosage
and explore the effect of photocatalyst dosage on activity.



Table 2.2: The Photoactivity with Respective to the Photocatalyst Dosage.

Photocatalyst Synthesis Pollutant (or  Light source Photocatalyst Removal Reference
method bacteria) dosage efficiency
MnS/Ag2WO4 Chemical co- Methylene halogen- 1-5mg 42-92% within  Kokilavani et
precipitation blue, 10 mg/L  tungsten lamp, 100 min al., 2021
800 W
CuCr204/BiOBr  Facile single pot Rhodamine B, cool LED 20-50 mg 90-95% Ghorai et al.,
precipitation 10 mg/L lamp, 50 W 2021b
CdO/CaFe204 Sonochemical Methylene halogen- 5-20 mg 66-87% Syed et al.,
co-precipitation  blue, 25 mg/L  tungsten lamp, 2021a
800 W
ZnO/Bi2Mo00s Solvothermal Rhodamine B, Panasonic 25-75 mg 45-92% Chankhanitta
10 mg/L cool daylight and Nanan,
lamp, 15W 2021
MnS/Ag2WO4 Chemical co- E. coliand B. halogen- 0.1-50 mg L 66-99.9% and  Kokilavani et
precipitation subtilis tungsten lamp, 64-99.9% al., 2021
800 W
FeV204/Bi203 Sonochemical E.coliand B. halogen lamp, 0.1-50 mg L™ 27-99% and Janani et al.,
co-precipitation  subtilis 500 W 15-99% 2021
AgFe204/BiFeOz Hydrothermal H. pylori and Xenon lamp, 0.1-50 mg L* 56-92% and Mao et al.,
method B. cereus 400 W 20-82% 2022

21
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2.4.2 Solution pH

For the photodegradation of pollutants, pH was the most considerable process
parameters as it can affect the rates of dye photodegradation in numerous ways. These
properties including the band edge position, degree of dissociation, and the surface
charges were significantly affected by pH of a given solution (Xue et al., 2020;
Vigneshwaran et al., 2022). A literature study reported by Lin, et al (2018) in treating the
malachite green (MG), the increase in the pH of solution from 2.98 to 11.01, the
degradation efficiency was increased from 42% to 100%. This can be ascribed that in the
acidic condition, the surface of the catalyst existed as positively charge. Therefore, H*
ions competing with MG molecules for adsorption sites of photocatalysts result in an

unsatisfactory photocatalytic performance in the acidic solution.

Furthermore, Shetty (2021) had studied the removal efficiency of reactive blue
220 (RB 220) using the titanium dioxide embedded silver oxide/silver(l) oxide
(AgO/Ag:0@Ti0O2) photocatalyst. By varying the solution pH from 3 to 11, the
photodegradation efficiency had declined 90% to 50% within 30 min. They explained that
the better photocatalytic performance in an acidic environment was due to the adsorption
of dye molecules to positively charged photocatalysts by electrostatic attraction. Another
literature study reported by Dou, et al (2022) in treating the MB dye through the magnetic
Fe203/g-CaNa. According to results, the increase in the pH value from 2 to 8, an increasing
trend in the photodegradation of MB was obtained. The remarkable photodegradation
performance appears at pH 8 (94.8 %). This revealed that MB molecules performed strong
electrostatic repulsion from the photocatalyst with a positively charged surface at acidic

condition.
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2.5 Photocatalytic Antimicrobial Studies

Infectious diseases were mostly brought by polluted water because it contained a
variety of microorganism species. Normally, the pathogenic microorganisms included
bacteria, viruses, and fungi. Numerous illnesses were brought on by common gram-
negative bacteria, including E. coli (food poisoning), K. pneumonia (pneumonia,
meningitis, wound or surgical site infections), P. Vulgaris (wound infections and urinary
tract infections) (Datta et al., 2021; Shafi, et al., 2021; Corzo-R Ds, et al., 2020). As the
gram-negative bacteria species, B. cereus may cause gastroenteritis, vomiting,
endophthalmitis, respiratory tract infections. Thus, the development of a potent technique
to remove microorganisms from wastewater was imperative. Photocatalysis was safer
technology for water disinfection, unlike other conventional water disinfection methods.
Photocatalysis had the various advantages of low energy consumption, simple process and
good stability (J. Gao et al., 2022). Therefore, photocatalysis has become a promising
green method for the inactivation of pathogenic microorganisms. In current study,
common bacteria E. coli and B. cereus which represented the gram-positive and gram-

negative bacteria was selected.

The antimicrobial activities could be determined through the agar disk diffusion,
well diffusion and plug diffusion methods (Balouiri et al., 2016; Vignesh et al., 2019).
Figure 2.4 illustrates various agar diffusion methods. Agar well diffusion method can be
used to test the antibacterial performance of photocatalysts. Madhukara Naik et al (2019)
prepared the zinc ferrite (ZnFe2O4) nanoparticles and studied the photocatalytic
antibacterial activity by Agar well diffusion assay. Vasantharaj, et al. (2021) synthesized
zinc oxide (ZnO) photocatalyst towards the E. coli and S. aureus inhibition were was
tested using the well diffusion method. Bhagat et al (2018) reported green synthesis of
silver nanoparticles (AgNPs) and the antimicrobial activities of AQNPs were evaluated by
agar well diffusion method. The zone of inhibition (ZOI) enables us to directly visualize

the inhibitory potency of the photocatalysts.



24

Figure. 2.4: Various agar diffusion methods (Balouiri et al., 2016).

Besides, Y. Zhang et al. (2022b) also determined the antimicrobial activities of
photocatalysts using the colony counting method on plate which was observed under a
fluorescence microscope. Y. Zhang and co-workers (2022b) conducted the photocatalytic
inactivation of E. coli using the synthesized ternary C-dots/Cu>O/SrTiOs. The inactivation
of bacteria can be observed through the photographs. Less bacteria stains were obtained
for bacteria colonies when the ternary C-dots/Cu.O/SrTiOs were used as compared to pure
SrTiOz or Cu20. In another study, Tang et al. (2022) fabricated PE-TiO2/Au towards the
S. aureus and E. coli inhibition were determined by bacterial colony formation assay. To
further evaluate the antimicrobial performance of as-synthesized photocatalysts, the
researchers also used the scanning electron microscope and fluorescent microscopy to
study the changes in morphology of bacteria (Tang et al., 2022). Table 2.3 depicts the
various photocatalysts with their synthesis methods associated with the antibacterial
efficiency. Comparatively, the composite had greater inhibition of growth than single
photocatalyst, which indicated the enhanced antimicrobial performance of composite.



Table 2.3: The Synthesis of Photocatalyst with Respective to Antibacterial Efficiency.

Catalyst Synthesis Microbe Antibacterial Reference
method efficiency
TiO2/WO3 Hydrothermal E. faecalis and M. luteus Z0OI*:13.4,11.3 Fakhrietal., 2018
mm
ZnO/Fe,0, Green synthesis K. pneumonia, E. coli and S. ZOI*:16.0, Nachimuthu et al.,
aureus 14.0, 26.0 mm 2022
TiO,/Sn0O, Sol-gel and precipitation  S. aureus ZOTI*: 36 mm Gnanasekaran et al.,
2022
Zn0O/CuO Hydrothermal E. faecalis and M. luteus Z0I*: 14.2,12.1 Fakhri et al., 2018
mm
CuO/CuWO, Hydrothermal E. coli and P. graminis ZOI*:18.2,15.2 Caietal., 2021
mm
ZnIn,S /Ag,MoO, Electrospinning and in-  S. aureus, B. subtilis, P. ZOTI*: 14.8, S. Lietal., 2022
situ precipitation aeruginosa, and E. coli 11.2,11.6, 15.6
mm
CMgF@rGO Ultra-sonication K. pneumonia and S. aureus ZOI*:7.0,10.0  Alhashmialameer et
mm al., 2022

25
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2.6 Summary

The characteristics of the dye-containing industrial wastewater has been firstly
discussed in this chapter. It was then followed by numerous treatment technologies
reported in treating the real dyestuff wastewater. Each of the treatment technologies had
different advantages and disadvantages in eliminating the contaminants in wastewater.
The basic mechanism of heterogeneous photocatalysis was also stated to understand the
process. Pure SrTiO3z photocatalyst was a promising candidate in photocatalysis due to
unique physicochemical and optical properties. However, wide band gap restricted its
photocatalytic activity under visible light. Thereupon, this catalyst can be also further
improved its photoactivity through coupling with the small band gap Fe,WOs
photocatalyst. The effect of process parameters has also been described, especially the
photocatalyst loading and initial solution pH as they were reported to significantly affect
the photocatalytic activities. According to the existing literature reports, there were no
report on the construction of Fe2WOe/SrTiOz photocatalyst. Therefore, for the first time,
the FeaWOe/SrTiOz composite will be synthesized and evaluated the photoactivity in
dyestuff degradation and E. coli and B. cereus inactivation.
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CHAPTER 3

RESEARCH METHODOLOGY

The research methodology and experimental apparatus were discussed in this
chapter. An outline of this research was given by a flowchart as shown in Figure 3.1.

3.1 Chemicals and Materials

All the chemicals and experimental materials used in this research were under
analytical grade with no further purification was performed before used. In this study,
deionized water was utilized for the preparation of chemicals while ethanol was used as
dispersing agent for the synthesis of composite materials. All chemicals are listed in Table
3.1



A

Synthesis of Fe2WOe/SrTiO3 composite

l

Characterization:
FESEM, EDX, XRD and FTIR analysis of photocatalyst

No
Check

l Yes

Initial performance study of Fe2WQs/SrTiOs
composite for RhB dye degradation

Process parameter studies:
FeaWOe photocatalyst loading: 10 wt% - 50 wt%
Solution pH: 2 - 12

l

Antimicrobial activities

A

Photocatalytic mechanism study

L

Photocatalyst recycling test

|

Real printed ink wastewater study

Figure 3.1: Flowchart of Current Research.
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Table 3.1: Lists of Chemicals and Materials Utilized

Chemicals Purity (%) Supplier Purpose of use

Strontium nitrate 98 Sigma aldrich To synthesis SrTiO;

(Sr(NOs),) photocatalyst.

Titanium butoxide 97 HmbG Chemicals To synthesis SrTiO3

(Ti(OBu)4) photocatalyst.

Iron (III) nitrate >97 SYSTERM To synthesis Fe;WOs

nonahydrate photocatalyst.

(FC(NO3)3’9H20)

Sodium tungstate 99 Acros Organics To synthesis FeoWOs

(Na;WOs) photocatalyst.

Sodium Hydroxide 99 Gene Chemicals To adjust solution pH.

(NaOH)

Hydrochloric acid 37 Merck To adjust solution pH.

(HCI)

Ammonia solution 25 R&M To adjust solution pH.

(NH4OH) Chemical

Ethanolamine 99.5 Emusure To dissolve Ti(OBu)a.

(EA)

Ultrapure water NEW HUMAN UP To dissolve chemicals.

Ethanol 95 Medigene To wash SrTiO3

(C,HsOH) photocatalyst.

Sodium chloride 99.5 Gene Chemicals To dilute culture solution.

(NaCl)

Sodium sulphate 0.5M R&M To use as electrolyte for

(NaxS04) Chemical photoelectrochemical
testing.

Silver nitrate (AgNO3)  99.9 Gene Chemicals To capture electrons.

Ethylenediamine 99 SYSTERM Chemicals To capture holes.

tetraacetate (EDTA)

Benzoquinone (BQ) 98 Acros Organics To capture superoxide anion
radicals.

Isopropanol (IPA) - Gene Chemicals To capture hydroxyl
radicals.

Escherichia coli - Himedia To culture bacteria.

(E. coli)

Bacillus cereus - Himedia To culture bacteria.

(B. cereus)

Nutrient Agar - Himedia As the culture medium.

Nutrient Broth Himedia To provide nutrient.

Rhodamine B (RhB) >90 Merck Acts as the synthetic dye

Printed ink wastewater

Hasrat Meranti Sdn Bhd,
Bercham, Ipoh

wastewater.

To use as real dyestuff
wastewater effluent for
photocatalytic  degradation
study.
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3.2 Apparatus and Equipment
3.2.1 Photocatalysis Experimental Apparatus

The photodegradation of rhodamine B dye under visible LED light condition was
carried out in the fume hood. The experimental setup was in this study was depicted in
Figure 3.2. The experimental setup included a magnetic stirrer plate with a beaker, one
unit of a 150 W visible LED light bulb and a flow meter. The LED bulb with warm white
color (3000 K) and SMD-5730 emitter type was brand AARON. The magnetic stirring

rate was kept at 300 rpm and the air flow rate was maintained at 2 min L™,

..............

Flow meter

150 W LED light
e Black box

b Beakeer

fe Rhodamine B Dye

t——— Photocatalyst

Air pamp pe Nagnetic bar

Magnetic stirrer

Figure 3.2: Schematic Diagram of Photocatalytic Degradation System.
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3.2.2 UV-Vis Spectrophotometer

The RhB dye concentrations before and after the photodegradation were tested by
aJASCO V-730 UV-vis spectrophotometer at the specific light wavelength (1) of 553 nm.
The sample solution was transferred into a quartz cuvette with specific light wavelength
(A) was set in the UV-Vis spectrophotometer for light absorption. The sample solution
was poured into a quartz cuvette with specific light wavelength (1) was set in the UV-Vis
spectrophotometer for light absorption. When light passes through the sample, some light
was absorbed by the molecules and some passes through directly. As a result, less light
will pass through the sample, and the absorption degree of the molecules will be recorded
by the spectrophotometer. The UV-Vis spectrophotometer can be then used to examine
the pollutants concentration in solution by using the molar absorptivity or plotting a
calibration curve (Yi et al., 2018). The Beer-Lambert Law presents the relationship
between the absorbance and the concentration of pollutants as shown in Eqg. (3.1) (Oh and
Kim, 2021).

A =c¢lc (3.2)

Where A denotes the measure of absorbance at specific 4, ¢ was the coefficient
of molar absorptivity in L mol™ cm™, | was the length of path that light passed through

in cm and ¢ was the concentration of solution in mg L.

3.3 Analytical procedures
3.3.1 Chemical Oxygen Demand (COD) Analysis

The mineralization efficiency of the real printed ink wastewater was evaluated
using COD analysis to optimize the composite photocatalyst. The procedures in
examining the COD were on the basis of the HACH Reactor Digestion Method 8000 in
HACH Water Analysis Handbook (HACH, 2019). Typically, 2 mL of sample solution was
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taken out and injected into COD High Range (HR) Digestion Reagent vials. The COD
vials were then digested in a Hanna HI-839800 reactor at 150°C for 120 min. Then the
vials were allowed to cool at ambient temperature prior to the determination of COD value.
The COD value was determined with a HACH DR890 colorimeter which expressed in mg
L. These steps were duplicated three times to obtain average results for accuracy data.

3.3.2 pH Analysis

The pH was a quality parameter to determine the acidity or alkalinity of sample
solution. At lower or higher pH value, most of the aquatic creatures could not survive
(Palani, et al., 2020). The Hanna HI-2211 pH meter was used to determine the solution
pH. To analyze the solution pH, the probe of pH meter was cleaned by deionized water
before and after every value taken, then it was put into the sample solution to read the
value. The pH value was duplicated three times to obtain an average result for accuracy
data.

3.4 Synthesis of Photocatalyst

In this study, the preparation of Fe2WQe, SrTiO3z and Fe2WOs/SrTiOs composite
were systematically synthesized in the subsequent sections.

3.4.1 Synthesis of SrTiO3 Photocatalyst

The SrTiO3z photocatalyst was prepared by a simple solvothermal method
following literature procedures with modifications (Han et al., 2019; Qu et al., 2020). 10
mmol Ti(OBu)s was dissolved with 60 mL (CHs).CHOH. 10 mL aqueous solution
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containing 10 mmol Sr(NOs3). was mixed with the above mixed solution, and then a certain
amount of NaOH was added under magnetic stirring for 60 min. The mixture was
transferred into a Teflon-lined stainless-steel autoclave and kept at 180 <C for 24 h. After
natural cooling, the white precipitate was obtained and washed using deionized water and
alcohol for three times and dried at 60 <C overnight. A flowchart of the synthesis process

was illustrated in Figure 3.3.

10 mmol Ti(OBu)4 was dissolved with 60 mL (CH3).CHOH

l

10 mL aqueous solution containing 2.12g Sr(NOs3):
was mixed with the above mixed solution

l

NaOH was added to adjust pH

\4

The solution was transferred to a Teflon-lined
stainless-steel autoclave and kept at 180 C

l

White precipitate was centrifuged and washed with
ethanol and deionized water

The obtained catalyst was dried at 60 <C overnight

Figure 3.3: Flowchart of Preparation of SrTiOs photocatalyst.
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3.4.2 Preparation of Fe2WOs/SrTiOs Composite

The Fe2WOe/SrTiOs composites were prepared via a simple hydrothermal process.
In the process, 5 mmol Fe(NOz)3 9H20 was mixed with deionized water under vigorous
magnetic stirring. 2.5 mmol Na;WO4 was solute in deionized water and added dropwise
to mixed solution, and then 95 mL ammonia water was dropped under magnetic stirring.
1 g SrTiOswas added under continuous stirring. Finally, the suspension was transferred
to a Teflon stainless steel autoclave and heated at 200 <C for 18 h. The 50 wt%
FeaWOe/SrTiO3z powder was obtained after washed using deionized water and alcohol.
Meanwhile, other loadings Fe>WOe/SrTiOs composite including pure Fe;WOs were

obtained via the above process. The preparation process was depicted in Figure 3.4.

5 mmol Fe(NO3)s 9H20 was mixed with deionized
water

2.5 mmol Na2WOa was solute in deionized water
and added dropwise into above solution

|

100 mL NHs H:20 solution was added to adjust pH

l

1 g SrTiOswas added under continuous stirring

l

The mixture solution was transferred to a Teflon-
lined stainless-steel autoclave at 200 <C for 16 h

v
The precipitate was centrifuged and washed using
deionized water and alcohol

Figure 3.4: Flowchart of Synthesis Fe2WOQOs/SrTiOs Composite.
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3.5 Characterization of Fe2WOe/SrTiOs Composite
3.5.1 Morphology and Composition Analysis

The morphology and elemental composition of the as-synthesized photocatalysts
was determined through the Field-Emission Scanning Electronic Microscopy coupled
with Energy Disperse X-Ray (FESEM-EDX). Jeol JSM-6701F FESEM-EDX instrument
was used to analyze samples. Prior to the analysis, the samples were tap on aluminium
tube with the carbon tape. The sample photocatalyst was coated on fine layer of platinum
through Jeol JSM-1600 auto fine coater and then vacuumed for 5 minutes for degassing.
This morphological and elemental analysis were carried out in at the Faculty of Science
at UTAR.

3.5.2 Crystallization Analysis

The crystalline properties of the as-synthesized photocatalysts can be tested
through the X-ray Diffraction (XRD) analysis. The patterns were examined using a Philips
PW1820 diffractometer with Cu Ko incident radiation (A = 1.5406 A) within a 20 ranging
from 10°to 80 < This crystallization phase analysis was tested at the Faculty of Science at
UTAR.

3.5.3 Surface Functional Group Analysis

The surface functional groups of as-synthesized samples were measured by the
fourier transform infrared spectroscopy (FTIR) analysis. And the FTIR spectra were
obtained with a Perkin Elmer RX-1 fourier-transform infrared spectrometer with scanning
range of 400 cm™ to 4000 cm™. This surface functional group analysis was conducted at
the Faculty of Science at UTAR.
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3.5.4 UV-vis Diffuse Reflectance Spectroscopy

The optical properties of the as-synthesized photocatalysts were investigated using
the UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS). The UV-Vis DRS spectra
were evaluated via a JASCO V-730 UV-vis spectrophotometer with scanning range of 200
nm to 800 nm. This analysis was conducted at the Faculty of Science at UTAR.

3.5.5 Photoelectrochemical Analysis

The photoelectrochemical properties were carried out on an electrochemical
potentiostat (Gamry Interface 1000) with a standard three-electrode cell. In this system,
fluorine doped tin oxide (FTO) glass coated with photocatalysts, platinum and silver
chloride served as the working electrode, counter electrode and reference electrode,
respectively. 0.5 M sodium sulfate aqueous solution was selected as the electrolyte
solution and 150 W LED lamp as the visible light source. In detail, 0.05 g synthesized
photocatalyst was mixed with 5 mL ethanol, and then the mixtures were sonicated for 30
min in order to obtain a homogeneous suspension. The working electrodes were made by
suspension onto FTO glass and following drying overnight. The electrochemical
impedance spectroscopy (EIS) Nyquist plot was measured in the range of 0.1-10 kHz. The
linear sweep voltammetry (LSV) was carried out at a scanning rate of 50 mV s™. The
transient photocurrent response (TPR) was recorded with the light on and off every 30 s.

The Mott-Schottky (M-S) plots were measured over the frequency of 1 kHz.

3.6 Photocatalytic Degradation of Dyestuff

The photodegradation of RhB dye was conducted for pure SrTiOs, pure Fe2WOs,
and Fe2WOe/SrTiOs composites. Initially, 35 mg photocatalyst power and 70 mL of 5 mg
L solution of RhB dye was transferred into a 100 mL quartz tube. The HCI and NaOH
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solutions were used to adjust pH of these solutions. The mixtures were stirred under dark
condition for 0.5 h prior to exposure to light in order to realize adsorption-desorption
equilibrium. Then, a 150W LED lamp was switched on and the degradation of dyestuff
was determined for a total 2 hours reaction time. 2 mL suspension was withdrawn at a
given interval time. Afterwards, in order to remove the particles, the above suspension
was centrifuged at 4000 rpm for 15 min. The residual RhB concentration was determined
by a JASCO V-730 UV-vis spectrophotometer at 553 nm. In order to eliminate errors, the

similar photodegradation experiments were repeated three times.

3.7 Mineralization Study

The mineralization efficiency of actual wastewater was conducted through a COD
analysis. After the visible LED lamp was switched on for the photocatalytic activities by
the composites, the sample solution was extracted every 30 min. The solution extracted
was centrifuged to remove the particles. Then, the mineralization efficiency can be

calculated using Eq. (3.2).

Mineralization Efficiency (%) = [(COD; - CODy)/COD;j] x100% (3.2

where COD; was the initial COD value (mg L) at t = 0 and CODs was the COD value (mg

L1) at given time, t expressed in min.

3.8 Parameter Studies

3.8.1 Photocatalyst Loading

One of the important process parameters that directly affects the photocatalytic
activity was the photocatalyst loading. The increase in the photocatalyst loading will
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increase the photodegradation efficiency of pollutants (Mahendran et al., 2021;
Vigneshwaran, et al., 2021). The catalyst loading of Fe;WOs in the Fe,WOe/SrTiO3
composite was studies at the range from 10 wt% to 50 wt%. The selection of the loading
was based on the literatures conducted by W. Chen et al. (2019), G. Zhao et al. (2021) and
Cao et al. (2021). The experiments will be performed at an initial RhB concentration of 5

mg L under natural pH 5.

3.8.2 Solution pH

The solution pH has great influence on the photocatalytic degradation of different
pollutants. The effect of solution pH on the photodegradation of dyestuff was measured
with ranging from pH 2 to pH 12. 2 M NaOH and HCI solution were used to change the
initial solution pH of the dye. The pH ranges selection was based on the literature carried
out by M. Ahmad et al. (2021), EI-Shamy et al. (2020) and Shetty (2020). The experiments
were conducted at initial RhB concentration of 5 mg L with optimized Fe;WOg/SrTiOs3

catalyst loading.

3.9 Antimicrobial Activity

Antimicrobial activities for prepared photocatalysts were confirmed by the
disinfection of gram-negative (E. coli) and gram-positive bacteria (B. cereus). These two
bacteria were selected because they are common type bacteria found in foods, natural
water bodies and wastewater (Tuipulotu et al., 2021; Denamur et al., 2021). The
photocatalytic antibacterial activities were carried out by the agar well diffusion method
to observe zone of inhibition (ZOI) (Chai et al., 2019; J. Ma et al., 2022a). In a typical
procedure, all the glassware used throughout in this procedure were sterilized in an
autoclave at 120 °C for 20 min. 14.0 g nutrient agar was suspended in 500 ml DI water,

and then the medium was heated to dissolve completely. The mixture was sterilized by
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autoclaving at 15 Ibs pressure (120 °C) for 20 min. Afterwards, the above mixture was
cooled to 45-50 °C and poured into plates. Moreover, 6.5 g nutrient broth was suspended

in 500 ml DI water. The medium was stirred to dissolve completely and sterilized at 120 °C
for 20 min. Then, culture the bacteria in nutrient broth to obtain the bacterial solution at
37 °C for 16 h. Then diluted the bacterial solution to yield a cell count of 10’ CFU/mL
using saline water. Hence, took 0.5 mL of the above saline water and spread it on agar
plates, and then a filter paper filled with prepared samples was fixed on the plate. After
hatched at 37°C for 24 h, the ZOI was determined and recorded.

3.10 The Role of Reactive Oxygen Species (ROS) for Degradation of Dyestuff

Under the visible light irradiation, the photocatalysis process can generate various
ROSs, including electrons (e7), holes (h™), superoxide radicals (+O2") and hydroxy| radicals
(*OH). The scavenger tests were performed for investigating the radical species. 5 mM of
AgNO3z, EDTA, BQ, or IPA was added to the photocatalytic experiments for detecting
reactive radicals including €7, h*, «O>™ and *OH, respectively (F. Zhao et al., 2020; Kuila
etal., 2021; Y. Zhang et al., 2022b; Munawar et al., 2020).

3.11 Recycling Test

To evaluate the stability of FeoWOe/SrTiOz composite after photocatalytic
reaction, the recycling test was conducted. In general, after one cycle of photocatalytic
process, the composite was collected and used for another set of experiments under the
same conditions (X. Zhang et al., 2021a; X. Wu et al., 2022). In the typical procedure, the
used composite was collected by centrifugation. The collected sample was dried in a
vacuum oven at 60 °C overnight. The obtained sample was then run for several times to

test the durability of the photocatalyst.
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3.12 Real Printed Ink Wastewater Effluent Study

The photocatalytic degradation of real printed ink wastewater was conducted using
the optimized composite and process parameters. The real printed ink wastewater was
collected at Hasrat Meranti Sdn Bhd, Bercham, Ipoh on April 2022. After collected from
the paper printing industry, the wastewater was first filtered with 38 pum stainless steel
mesh sieve to remove large particles in wastewater. The wastewater was stored in a plastic
drum at 5 °C in a refrigerator. Afterwards, a 150W LED lamp was switched on and the
degradation of real wastewater was determined for a total 4 hours reaction time. 2 mL
suspension was withdrawn at a given interval time. Afterwards, in order to remove the
particles, the above suspension was centrifuged at 4000 rpm for 15 min. The efficiency of

mineralization of the real wastewater was determined through the COD analysis.

3.13 Electrical Energy per Order (Eeo) Study

The major cost of photocatalytic process was primarily related with Ego and it can
be defined as the number of kWhr of electrical energy required to reduce the concentration
of a pollutant by the pseudo first order rate constant in 1 m® of wastewater (Asaithambi et
al., 2017). The Eeo can be estamited using the Eq. (3.3).

Electrical energy per order (%) = (38.4 x<Pe/V xk) x100% (3.3)

Where Pel was the rated power (kW), V denotes the volume of effluent taken (L), k was the

pseudo first order rate constant for the decay of the effluent concentration (min™%).
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter explained the experimental findings of the current study. The first
part of the chapter demonstrated the characterization results on the synthesized
Fe2WOe/SrTiOs composite utilized in the photocatalytic degradation of dyestuff. In the
second part of this chapter, the preliminary performance of the developed Fe2WQOe/SrTiO3
composite in photocatalytic degradation of the synthetic dyestuff wastewater was depicted.
In the next part of this chapter, several process parameters including the FeoWOg catalyst
loading and the solution pH were conducted to evaluate the photocatalytic degradation
performance. Subsequently, the antibacterial activities using the optimized
Fe2WOe/SrTiOs photocatalyst towards Escherichia coli (E. coli) and Bacillus cereus (B.
cereus) via a agar well diffusion method. In the fifth part of this chapter, the radical
scavenging test was conducted to determine the major reactive oxygen species (ROS)
responsive in degradation of dyestuff wastewater. This was followed by the reusability
study of the optimized Fe,WOe/SrTiOs photocatalyst. What’s more, the photocatalytic
degradation of real printed ink wastewater utilizing the best composite at the optimum
condition was also studied. Lastly, the electrical energy per order (Eeo) in the

photodegradation process was also calculated.
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4.1 Characterization of the Synthesized Photocatalysts

Characterization of the synthesized photocatalysts, including pure Fe2WOs, pure
SrTiOs and Fe2WOe/SrTiOz composites were conducted. The characterization techniques
including the surface morphology, elemental composition, crystallization phase, band gap,
surface functional group and photoelectrochemical test were used to evaluate the physical,
chemical and photoelectrochemical properties of the photocatalysts. The morphology of
the synthesized photocatalysts was investigated through field emission scanning electron
microscope (FESEM) images while the elemental composition was examined by the
energy dispersive X-ray (EDX) technique. The X-ray diffraction (XRD) analysis was
conducted to determine the crystallization phase while Fourier-transform infrared
spectroscopy (FTIR) analysis was used to examine the surface functional group of the
synthesized photocatalyst. Next, the optical property of the photocatalysts was identified
using the UV-vis diffuse reflectance spectroscopy (UV-vis DRS) technique. Lastly, the
photoelectrochemical tests, such as the transient photocurrent response (TPR),
electrochemical impedance spectroscopy (EIS), and Mott-Schottky (M-S) were conducted

to study the electronic properties of the catalysts.

4.1.1 Morphological Analysis

The morphology of prepared samples including pure Fe2WQs, pure SrTiO3z and
FeaWOe/SrTiOs composite were examined through FESEM images. Figures 1a and b
portray that pure Fe2WOs was mainly composed of tiny nanoparticles. The measured
particle diameters of Fe2WOs were varied from 50 nm to 70 nm. In addition, some Fe2WOe
nanoparticles gathered together. It could be observed that the image of pure SrTiO3
revealed its morphology existed as a cube-like morphologies (Figures 1c and d). Pure

SrTiOz has been found to have average particle diameters of about 320 nm.

Based on the FESEM images of the Fe;WOe/SrTiO3 composite, the composite

surface turned out to be rough which was owing to Fe2WOe being added on SrTiOs
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(Figures 1e and f). In addition, the diameter of the Fe;WOQOe/SrTiOs composite was larger

than pure SrTiOs, suggesting that cube-like structures of SrTiOs particles were surrounded

Figure 4.1: FESEM Images of (a-b) pure Fe2WOs and (c-d) pure SrTiOsa. (e-f)
FESEM Images, (g) TEM Image and (h) HRTEM Image of Fe2WQOs/SrTiO3

Composite.
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with FeoWOse nanoparticles and the added Fe,WOg was tiny particles. Besides, the
morphological structures of composite were further examined using TEM images. It was
obvious that FeoWOs particles seemed to be uniformly attached to SrTiOs particles (Figure.
19). In Figure 4.1(h), the lattice spacings of 0.27 and 0.35 nm were observed, which can
be associated with the SrTiOs (110) and Fe2WOs (130) planes, respectively. The lattice
spacings of SrTiO3 and Fe2WOs in current study were in consistent with the literatures
reported by Rawal et al. (2014), Hassanpour et al. (2020) and Yue et al. (2018). Hence,
theintimate interface between Fe,WOg and SrTiO3 confirmed the formation of
heterojunctionin the composite, which was useful for charge transfer and separation of
photogeneratedcharge carriers in photocatalysis process (Figure 4.1(h)). The results
demonstrated theFe2WOs/SrTiO3 composite was prepared successfully by the

hydrothermal method.

4.1.2 Elemental Composition Analysis

The analysis of elemental composition of the prepared photocatalyst was
conducted through the energy disperse X-ray (EDX) technique. The results obtained for
each catalyst are displayed in Figure 4.2. The EDX spectrum of the Fe2WQOe/SrTiO3
composite was composed of Fe, W, Sr, Ti and O elements, indicating that the FesWQOeg
had successfully incorporated to the SrTiOsz photocatalyst and resulted in the
Fe2WOe/SrTiOs composite materials. Moreover, the EDX mapping of the synthesized
Fea:WOe/SrTiOs composite in Figure 4.3 showed that anticipated elements evenly
dispersed in the composite. This result together with the EDX spectrum (Figure 4.2)
clearly demonstrated that the FeWQOg was successful deposited onto the surface of pure
SrTiO:s.
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Figure 4.2: EDX Spectra of Fe2WOQs/SrTiOs Composite.

Figure 4.3: EDX Mapping of Fe2WOs/SrTiOs Composite.
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4.1.3 Crystallization Phase Analysis

The crystallization phases of the prepared photocatalysts were examined through
the XRD analyses and the patterns of each photocatalyst are depicted in Figure 4.4. As
shown in figure, the pure SrTiOz photocatalyst exhibited the diffraction peaks existed at
20 =32.37< 39.93< 46.45< 57.75< 67.77°and 77.11< which can be corresponded to the
(110), (111), (200), (211), (220) and (310) crystal planes, respectively. This result
demonstrated that the pure SrTiO3 existed as a cubic perovskite phase and consistent with
the standard card JCPDS No. 35-0734 (Y. Zhang et al., 2022b; X. Yu et al., 2020; Qiao et
al., 2019; H. Shen et al., 2017). As for pure Fe2WOgs, the characteristic peaks appeared at
20 =25.11< 31.00< 31.96< 41.92< 44.64< 52.96 ©and 57.23 < which can be associated
with (110), (111), (020), (102), (112), (220) and (221) planes, respectively. The results
reflected that the pure Fe,WOe existed as an orthorhombic phase and matched with the
standard JCPDS No. 70-0495 (Caubergh et al., 2021; Espinosa-Angeles et al., 2021,
Hassanpour et al., 2020).
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Figure 4.4: XRD Patterns of Various Synthesized Photocatalysts.
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Meanwhile, the XRD patterns for the FeoWOe/SrTiOs composites materials
depicted the characteristic peaks for pure Fe;WOs and pure SrTiOs, indicating
FeaWOe/SrTiO3 composites were constituted by pure Fe;WOe and pure SrTiOs. In
addition, the characteristic diffraction peaks of the prepared composites were analogous
to those of pure SrTiOsz and pure Fe2WOs, suggesting that the crystalline phase of Fe2WOg
and SrTiOswas preserved in the composites (Zhao, et al., 2020). Moreover, it can be
observed that the intensity of FeoWOg peaks were increased as weight percent of Fe2WOsg
in Fe2WOe/SrTiOs composites rose. The XRD patterns revealed that the Fe2WOe/SrTiO3
composites were synthesized favorably. This XRD results were consistent with the
FESEM and EDX outcomes.

4.1.4 Surface Functional Group Analysis

FTIR spectroscopy was a useful technique to determine surface functional groups
of the obtained photocatalysts. The FTIR spectra of obtained photocatalysts are shown in
Figure 4.5. For pure SrTiOs, the typical peak of 535 cm™ was attributed to the vibration
of Ti-O bond, while Sr-O bond was anticipated by the characteristic peak found at 763
cm™ (Qu et al., 2020; Y. Zhang et al., 2022b). In addition, the absorption peak at 1460 cm"
! correspond to stretching vibration of Ti-O-Ti of SrTiOz (X. Wang et al., 2020c; Guo et
al., 2018). When increasing the Fe,WOe, the corresponding reduction of SrTiOs in the
composite weakens the typical peak at 1460 cm™. The spectra of pure Fe;WOs
demonstrated the band at 453 cm™ corresponds to bending vibration of O-Fe-O bond
(Hassanpour et al., 2020). The peak at 939 cm*was ascribed to the vibration of W-O bond
belonging to Fe2WOs (Kokilavani et al., 2021). Furthermore, the increasing the Fe2WOe
weight percent in the composite has intensified the typical peaks at 453 cm™and 939 cm™.
The characteristic peak at 1380 cm™* was related to the symmetric vibration of NOs~ group,
which was from the raw material used for the synthesis of as-prepared photocatalyst (X.
Wang et al., 2020c; Ashwini et al., 2017). All samples exhibited two typical peaks at 3380

cm and 1633 cm, which could be ascribed to O-H stretching in crystallization water
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and H-O-H bending vibration of adsorbed water, respectively (Z. Xia and Hu, 2019;
Janani etal., 2021; J. Wang et al., 2021a). Besides, the O-H peaks intensities of composites
were extremely higher than those of pure components, revealing that the composite
possessed a more hydroxyl-rich surface after the construction of heterojunction. The
hydroxyl groups facilitated the production of hydroxyl radicals, which were responsible for

the ameliorated photocatalytic activity.

Transmittance (%)

4000 3400 2800 2200 1600 1000 400
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Figure 4.5: FTIR spectra of the Synthesized Photocatalysts.

In addition, the function group of fresh and recovered composite also was checked
to access the stability property. Figure 4.6 demonstrates no changes on the FTIR spectra
of recovered FeoWQOe/SrTiOs composite compared to that of fresh composite. The results
showed the important functional groups still remained, confirming its stability and
recyclability properties. Consistent results were reported in the literature studies (Y. Xu
etal., 2022; Nallapureddy et al., 2023). Y. Xu and co-workers (2022) conducted the FTIR
analysis to examine the stability of photocatalyst. The FTIR spectra revealed that the

functional groups of photocatalyst after five cycles was also kept well. They justified that



49

the photocatalyst displayed the outstanding stability in the degradation wastewater.
Another report by Nallapureddy et al. (2023) also tested the FTIR spectra of photocatalyst
before and after reusability for dye degradation.

I

]

: i

: ]

T

' ]

1 ! 1

1 I 1
—_— ] 1
\\G_ ! ] 1
< : 1 i
@ I I
< |
= 1 I 1
3 1 ! 1
h— 1 I I
E 1 I 1
wn N I 1
= I
=
i I n i oy ] 1 " 1
|l I Recovered Fe,WO/S1TiO, l i : I

* 939 :

3380 1633 =
535
453
4000 3400 2800 2200 1600 1000 400

Wavenumber (cm™)

Figure 4.6: FTIR spectra of the Fresh and Reused Photocatalysts.

4.1.5 Band Gap Energy Analysis

The optical properties of the synthesized photocatalysts including pure SrTiOs3,
pure Fe2WOs and FeaWOe/SrTiOz composite were determined via the UV-vis Diffuse
Reflectance Spectroscopy (DRS) technique. As shown in Figure 4.6, pure Fe2WOg showed
an admirable visible light response and pure SrTiOz can only absorb the light in ultraviolet
region. As observed from the figure, the Fe2WOe/SrTiOs composite exhibited red shift as
compared to pure SrTiOs. This can be attributed to the interaction between Fe;WOg and
SrTiOz forming the heterojunction structure (Chen, et al., 2021; Kong et al., 2021).

Besides, the absorption of visible light increased with the Fe;WOs loadings in
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FeoWOe/SrTiOs. Therefore, FeaWOe/SrTiOz composite was expected to improve light

utilization capacity for visible light in the photocatalysis process (Janani et al., 2021).
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Figure 4.7: UV-vis DRS Spectra of Different Synthesized Photocatalysts.

Furthermore, the band gap energies of the synthesized photocatalysts were
estimated by the extrapolating of (F(R)hv)? versus the photon energy (hv) expressed
in eV through the Kubelka-Munk function as depicted in Eq. (4.2) and the photon
energy was given by the Eqg. (4.3) (Chachvalvutikul et al., 2019; Tan, et al., 2019).

F(R) = (1 - R)¥2R (4.2)
Eg=hc/ (4.3)

Where F(R) was the Kubelka-Munk function, R was the reflectance (%) of the material,
Eg is the optical band gap energy (eV), ¢ was light speed in vacuum (m s™) and 1 denotes

as the wavelength (nm). The linear expression of the (F(R)hv)? versus hv for determining
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band gap energies for each photocatalyst was plotted and depicted in Figure 4.7. From the
figure, a tangent line was drawn to obtain the optical band gap energy. The attained band
gap energies for pure Fe2WOse, pure SrTiOs and Fe2WOe/SrTiOs were 2.05 eV, 3.40 eV
and 2.80 eV, respectively. The wide band gap of pure SrTiOs was constricted with the
addition of FeoWOg forming narrower band gap of Fe2WOe/SrTiOs composite materials.
Similar findings were reported in other literatures (Ahmadi et al., 2021; Han et al., 2019;
Stelo et al., 2020). In their reports, the addition of narrow band gap material to that of
wide band could reduce the band gap energy with enhanced visible light absorption for
the improved photocatalytic activities.
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Figure 4.8: Kubelka-Munk Function Plot of (F(R)hv)? versus hv of pure SrTiOzg,
pure Fe2WOs and 20 wt.% Fe2WOs/SrTiOs photocatalysts.
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4.1.6 Photoelectrochemical Test

4.1.6.1 Transient Photocurrent Response Study

The transient photocurrent response (TPR) measurement was conducted to
examine the separation efficiency of carriers of pure Fe:WOe, pure SrTiOsz and
FesWOe/SrTiOz composites. As depicted in Figure 4.8, the photocurrent responses
increased in all the samples instantly when the LED light was switched on and dropped
immediately when the light was turned off. The photocurrent intensities of
FeaWOe/SrTiO3 composites were higher than pure SrTiOz and pure Fe2WOs, revealing
that these heterojunction composites displayed faster separation of photogenerated
carriers (Sin et al.,, 2021; Q. Liu et al., 2020; D. Sun et al., 2021). In details, the
photocurrent intensities of 20 wt.% Fe;WOQOe/SrTiOs, pure Fe2WOs and pure SrTiOs were
~0.27 pA cm?, ~0.09 pA cm? and ~0.11 pA cm?, respectively. The 20 wt.%
FeaWOe/SrTiO3z showed the best photocurrent intensities, indicating it exhibited the most
admirable charge separation. Moreover, the photocurrent intensities reduced slightly at
different intermittent light-on and off, which was caused by the sample coated on the FTO
glass falling off the electrode (Yuan et al., 2020; Mazzanti et al., 2021). Consistent results
were reported in the literature studies (J. Wu et al., 2021; Mazzanti et al., 2021; Yuan et
al., 2020).
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Figure 4.9: TPR Plot of pure Fe2WOs, pure SrTiOs and Fe2WOs/SrTiOs

composites.

4.1.6.2 Electrochemical Impedance Spectroscopy Study

Furthermore, electrochemical impedance spectra (EIS) was used to investigate the
charge carriers transport kinetics of pure Fe2WOe, pure SrTiOz and FeaWOe/SrTiO3
composite. In EIS, the smaller the arc radius is, the higher the separation efficiency was
(Qu et al., 2020; H. Sun et al., 2022a; X. Hu et al., 2022). The order of the reduction in
semicircle arc size was as followed: SrTiOz > Fe2WOg > 10 wt.% Fe2WOe/SrTiOz > 50
wt.% FesWOe/SrTiOz> 20 wt.% FeoWOs/SrTiOs. As presented in Figure 4.9, the arc
radius of FeoWQOe/SrTiOs composites were smaller than pure components, indicating that
the FexWOe/SrTiOz composites have the faster interfacial electron transfer. Hence, the
heterojunction constructed by pure Fe2WOs and pure SrTiOzwas highly beneficial for the

improvement of its photoactivity. This EIS result was consistent with the TPR outcomes.
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Figure 4.10: EIS Nyquist Plot of the pure Fe2WOs, pure SrTiOs and
Fe2WOe/SrTiO3 composites.

4.1.6.3 Flat band potential Study (Mott-Schottky Plot)

The Mott-Schottky (M-S) plots determined the type and band position of pure
FeaWOe and pure SrTiOs. As illustrated in Figures 4 e and f, both pure Fe2WOe and pure
SrTiOz have the positive slopes, indicating they were N-type semiconductors (Fang et al.,
2020; W. Zhang et al., 2022a). As shown in Figure 4.10, the flat band potential (Es) of
the pure Fe2WOQOg and pure SrTiOs can be determined by drawing a tangent line to the x-
axes of the graph. The Em of Fe2WOe were estimated to be +1.05 eV, while the Es of
SrTiOz was -1.32 eV. As for N-type semiconductors, the Es, were more positive by about
0.2 eV than its conduction band potential (Ecs) (Y. Zhang et al., 2022b; Fang et al., 2020).
Ergo, the Ecs of pure Fe2WOe and pure SrTiOs were calculated to be +0.85 and -1.52 eV,
respectively. By integrating the UV-vis DRS and the M-S analyses, the valence band
potential (Evs) of these two photocatalysts can be estimated by the formula in Eq. (4.4)
(Duan et al., 2021; Feizpoor et al., 2021).
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Figure 4.11: Mott-Schottky Plot for (a) Pure Fe2WOs and (b) Pure SrTiOs.

Therefore, the Evg of each photocatalyst was calculated and illustrated in Table 4.1 (Y.
Zhang et al., 2022b; Fang et al., 2020).

Table 4.1: The Band Potential of the Synthesized Photocatalysts.

Photocatalyst Eg (eV) Ecs (eV) Evs (eV)
SrTiOs 3.40 -1.52 1.88
Fe,WOs 2.05 0.85 2.90

4.2 Preliminary Study of Photocatalytic Degradation of RhB Dye

In the preliminary study, the removal efficiency of RhB dye was measured under

visible LED light. UV-vis spectroscopy was carried out at the wavelength (X) of 553 nm
to test the concentration of RhB. The photocatalytic degradation of RhB without adding

of photocatalyst were tested. The results showed little dye was found to be removed under
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photolysis condition. In addition, the solution consisting of 5 mg L™ RhB dye solution and
50 mg prepared samples was exposed to 150 W LED light for 120 min. The results were
recorded every 30 min, which depicted the gradual reduction in the intensity of typical
peak (Figure 4.12). The results showed the RhB dye absorbance decreased with the time,
which was attributed the reduction of the RhB chromosphere (Janani et al., 2021; Lops et
al., 2019).
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Figure 4.12: UV-vis Absorption Spectrum of RhB at A = 553 nm Against Time.
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Figure 4.13: The plot of C/Coand 1-(C/Co) versus time in presence of
FeoWOe/SrTiOs, Fe2WOs and SrTiOs.

Half-life (tu2) period of RhB dye denotes the time required for RhB dye to reduce
to half of its initial concentration. The t1» period of RhB in the presence of pure Fe2WOs,
pure SrTiOz and Fe2WOe/SrTiOs composite were determined (Figure 4.13). 20 min was
found to be the ti» periods of RhB in the presence of FeoWOe/SrTiO3 composite as
portrayed in Figure 4.13. Nevertheless, 130 min and 230 min were the t1/> periods of pure
FeoWOe and pure SrTiOgs, respectively. The ti2 period of RhB in the presence of
FeaWOe/SrTiO3 composite was faster compared to that of pure photocatalysts. Enhanced
photoactivity of the Fe;WOs/SrTiOs composite can be determined from the reduced ti
period of RhB than pure Fe2WOs and pure SrTiO3 (Janani et al., 2021; Kokilavani et al.,
2021). The Fe2WOe/SrTiO3 composite with band gap energy of 2.80 eV was activated by
accepting the photon energy from the LED light source. The outstanding removal
efficiency was obtained due to higher photocurrent density and smaller arc radius,
indicating excellent charge separation efficiency (Sajid, et al., 2020; Zhao, et al., 2021).
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4.3 Effect of Process Parameter Studies

The effect of process parameter studies was evaluated to optimize the
photodegradation of dyestuff wastewater using the prepared Fe;WOe/SrTiO3 composite.
The operational parameters to be studied including the Fe;WOs loading in
FeaWOe/SrTiO3 composite and solution pH of RhB dye.

4.3.1 Effect of Fe2WOs Loading
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Figure 4.14: The photocatalytic activities of pure Fe2WOs, pure SrTiOs and
Fe2WOe/SrTiOs composites, for RhB degradation ([RhB] = 5 mg/L ; catalyst
amount = 0.5 g/L).

In the Fe:WOe/SrTiOz composite, the appropriate ratio of Fe;WOs weight
percentage was highly affected the photocatalytic activities. In current study, the Fe2WOe
weight percentage was ranging from 10wt.% to 50wt.%. The experiments were carried
out in the same conditions of 0.5 g L™ photocatalyst dosage, RhB concentration at 5 mg
L and solution pH of 12.0. Figure 4.14 displays the removal efficiency of the RhB dye
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solution using pure Fe2WOse, pure SrTiOsz and Fe2WOe/SrTiOs composites under the LED
light irradiation for 120 min. The photodegradation of RhB for pure Fe2WQOe and pure
SrTiO3z were 51.5% and 35.8%, respectively. When the pure Fe;WOg was added onto the
SrTiOz photocatalyst, the photocatalytic degradation efficacy exhibited significant
enhancement. The removal efficiency was increased from 61.6% to 96.1% when
increasing Fe2WOs loading from 10 wt% to 20 wt%. However, further increase in the

Fe>WOs loading, the photodegradation efficiency of composite was reduced to 76.6%.

The FexWOe/SrTiOz composite displayed remarkable removal efficiency as
compared to pure Fe2WOe and pure SrTiOg, indicating the addition of Fe2WOe enhanced
its photocatalytic performance. Furthermore, as the Fe;WOs loading in the composite
increased, the photodegradation efficiency increased. The findings were ascribed to the
rapid charge separation of Fe2WOe/SrTiOs composite (G. Zhao et al., 2021; Ferreiraet al.,
2020). As the loadings of FeoWOg were added excessively, the degradation efficiency of
composite decreased. This result was due to excess Fe2WOs became the recombination
center of photogenerated charge carriers, leading to a decrease in photoactivity (W. Chen
et al., 2019; Cao et al., 2021). Additionally, the excessive Fe2WOs might increase the
opacity, resulting in the decrease of photocatalytic performance (Dou et al., 2022).

Similar finds were reported by Dou et al. (2022). Molybdenum disulfide/cobalt
ferrite (MoS2/CoFe204) sample can reach the best removal efficiency 91.9 % when the
molar ratio of MoS; to CoFe>04 was 2:1. When further increase the molar ratio to 4:1, the
degradation efficiency reduced to 82.9%. These results revealed that the excessive amount
of MoS: became the recombination center of photogenerated charge carriers, resulting in
low photoactivity. On the other hand, Chachvalvutikul and colleagues (2019) studied the
effect of FeVO4 loading in composite. The addition of the FeVVO4 contents from 3 wt% to
6.25 wt%, the photocatalytic degradation efficiency improved from 75.4% to 81.3%.
Hence, the excess FeVVOs inhibited the photoactivity of the composite. They explained
that the excessive amount of FeVVO4 covered the active sites and shaded the composite

surface, leading to reduced light absorption and the production of photogenerated charges.
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4.3.2 Effect of Solution pH

The solution pH was another important factor in the photocatalytic system, which
could affect the ROS generation. In current experiment, the effect of the initial RhB
solution pH in the photodegradation performance was performed with pH ranging from 2
to 12, while the other process parameters were remained constant. 2 M NaOH and HCI
solution were used to adjust the initial RhB solution pH. Figure 4.15 displays the
photocatalytic activities of Fe2WOe/SrTiO3 composite at different solution pH conditions
under the LED light irradiation for 120 min. In the neutral pH, the photodegradation rate
of RhB was low with removal efficiency of 20.7%. Increasing the solution pH to pH 12,
the photodegradation efficiencies were 96.1%, respectively. When the solution pH was

altered to 2, the photocatalysis efficiency was suppressed to 64.9%.
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Figure 4.15: The photocatalytic activities by varying the initial solution pH (2-12).

Rhodamine B was a cationic dye which will ionize into positively charged ions in
aqueous solution. In addition, the point of zero charge (pZC) value for the Fe2WOe/SrTiO3

composite was about pH 8.5. If solution pH > pZC, the surface of composite was negative.
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As shown in figure, the outstanding removal efficiency of cationic RhB was obtained at
pH 12. This was ascribed to the surface of the Fe2WOe/SrTiO3 composite had become
negatively charged and attracted to the positively charged RhB molecule by strong
electrostatic forces. Moreover, the higher concentration of OH" ions at higher pH
contributed to the production of abundant of *OH radicals, which was responsible for the
photodegradation process (EI-Shamy, et al., 2020; Janani, et al., 2022). Furthermore, the
composite surface and RhB molecules would be positively charged in an acidic
environment, which decreased the degradation efficiency because of electrostatic
repulsion. Therefore, the outstanding photodegradation performance can be expected

under alkaline condition.

Janani and co-workers (2022) examined the effect of pH on the photodegradation
of rhodamine B dye using CaFe;04-ZnO photocatalyst. The optimum pH in
photodegradation of dye was obtained at pH 10. They explained that the excellent
photocatalytic performance obtained at higher pH was due to h* could generate more *OH
radicals under strongly alkaline condition. Another report by M. Ahmad et al. (2021)
demonstrated that the highest removal efficiency of rhodamine B was obtained at the
alkaline environment. They justified that the remarkable high degradation efficiency was
due to the generation of *OH in alkaline environment superior to that in acidic

environment.

4.4 Antimicrobial Activities

Antibacterial property of composite was evaluated against Bacillus cereus (B.
cereus) and Escherichia coli (E. coli). This bacteria selection was owing to their presence
in natural water bodies and real industry wastewater. In current study, the photocatalytic
disinfection of B. cereus (gram-positive) and E. coli (gram-negative) were conducted
under the visible LED light irradiation. Figure 4.16 displays the zone of inhibition (ZOlI)
of pure Fe2WOs, pure SrTiOz and Fe2WOe/SrTiOs composite towards E. coli and B. cereus,
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respectively. In details, the ZOI values of pure Fe2WOs, pure SrTiOz and FeaWOe/SrTiO3
composite against E. coli were 8 mm, 10 mm and 16 mm, respectively. The results
demonstrated that the Fe,WOe/SrTiOs composite exhibited better antibacterial activity
than pure SrTiOsz and pure Fe2WOe. In addition, the ZOI values of composite against E.
coli and B. cereus were 16 mm and 13mm, respectively. The larger ZOI values of E. coli
than B. cereus can be attributed to the thinner cell wall of E. coli cell, which facilitated
the penetration of the composite. Table 4.2 depicts the comparison of photocatalytic and
antibacterial activities of various composite catalysts relative to the literatures. It was
found that the photoactivities of Fe;WOe/SrTiOs composite was satisfactory in degrading

organic pollutant and inactivating microorganisms from wastewater.



Table 4.2 Comparison of photocatalytic and antibacterial activities of various composite catalysts.
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Catalyst

Light source

Pollutant and
concentration

Removal efficiency

Microbe

Antibacterial
efficiency

Ref.

TiO2/WOs3

AQ/ZnO

ZnS-CuO/PVA/
Chitosan
C-dots/Cu.0O/
SITiOs
CeO./Ag-
AgVOs;
FeV,0:-Bi,03

FeZWOe/SrTi03

Xenon lamp, 300 W

Mercury lamp, 120
w

tungsten halogen-
lamp, 500W

Xenon lamp, 500 W

Xenon lamp, 300 W

Halogen lamp, 500
w
Visible light, 150 W

TeNT, 1 mg/L

Methylene blue,
10 mg/L
Tetracycline, 25
mg/L
CTC-HClI, 15
mg/L
Enrofloxacin,
10 mg/L
Methylene blue,
10 mg/L
Rhodamine B, 5
mg/L

93% within 60 min

98% within 180 min

95% within 180min

92% within 90 min

100% within 120 min

91% within 160 min

96% within 120 min

E. faecalis and M. luteus

E. coli, S. aureus

E. coli and B. subtilis

E. coli

E. coli, S. aureus, B.

subtilis, and P. aeruginosa

E. coli and B. subtilis

E. coli and B. cereus

ZOI*: 13.4,
11.3 mm
Z0l1*:8.8,14.6
mm

99%

91.58%

80%

99%

Z0OI*: 16, 13

mm

(Fakhri et al., 2018)
(Nagaraju et al.,
2017)

(Janani et al., 2022)

(Zhang et al., 2022)

(Q. Wang et al.,
2021b)
(Janani et al., 2021)

Current study
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Figure 4.16: Zone of inhibition (ZOl) of pure Fe2WOs, pure SrTiO3 and

Fe2WOe/SrTiOs composites towards disinfection of E. coli and B. cereus.

The photocatalytic inactivation of bacteria was influenced by various factors,
including generation of ROS and metal ions. The generation of metal ions (Sr, Ti, Fe, W)
by the photocatalysts that posed a toxicity effect to the bacteria through the denaturing of
bacteria DNA (Wang et al., 2020b; Cai et al., 2021a). Under visible LED light conditions,
the photocatalyst can generate the ROS. The generated ROS can destroy cell wall or enter
the bacteria, leading to cell wall disruption, physiology modification and cell lysis
(Vignesh et al., 2019; M. Zhou et al., 2020). The enhanced antibacterial performance of
composite can be ascribed to the generation of higher amount ROS can react with the
bacterial membrane and result in the death of bacteria. Furthermore, the different
antibacterial activities of B. cereus cells and E. coli cells might be explained as the
different structures of the two bacteria (J. Ma et al., 2022a; Cai et al., 2021b). Greater
inhibition of growth observed in E. coli than B. cereus. This may be ascribed to the thinner

peptidoglycan layer of gram-negative bacteria, which facilitated the penetration of the
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composite (Q. Wang et al., 2021b; Syed et al., 2021b; Janani et al., 2022a). In addition,
the membrane of gram-negative bacterial was negatively charged, so E. coli was more
susceptible to the positively charged metal ions of the composite (Nachimuthu et al., 2022;
Munawar et al., 2022; Cai et al., 2021b).

The antibacterial study outcomes in this study also consistent with literature
studies. Gnanasekaran and co-works (2022) conducted the photocatalytic antibacterial
study against S. aureus. The enhanced antibacterial activities were observed on TiO2/SnO;
composite compared to pure catalysts (TiO2 and SnO.). They explained that the generation
of ROS was the key reason for disrupting the bacteria cell wall. Another study carried out
by Y. Yang et al. (2021), the photocatalytic disinfection of Klebsiella pneumonia (gram-
negative) and Streptococcus pneumonia (gram-positive) using Au-Ag/CuS nanoparticles
material. The results showed the antibacterial activity of prepared samples against
Klebsiella pneumoniae (K. pneumoniae) was better than that of Streptococcus pneumonia
(S. pneumonia). They explained that the thin cell wall of K. pneumonia can be easily

penetrated by prepared samples.

4.5 Photocatalytic Mechanism Study

4.5.1 Reactive Oxygen Species Responsible for RhB Removal

In the photocatalysis, the reactive oxygen species (ROS) played the considerable
roles toward the degradation of RhB molecules. The radical scavenging test was used to
check the role of each ROS. The added scavenger would inhibit the photoactivity if this
scavenger participated in the photocatalytic process. The trapping experiment were
performed using various agents, such as AgNOs (electron (e°) trapping agent), EDTA
disodium salt (hole (h™) rapping agent), benzoquinone (superoxide anion radical (¢O2")
trapping agent), or isopropanol (hydroxyl radical (*OH) trapping agent) (Kuilaetal., 2021;
M. Zhang et al., 2020a; Munawar et al., 2020). Figure 4.17 demonstrates the

photocatalytic degradation of RhB using composite with and without adding of radical
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scavengers. The RhB dye removal efficiency was achieved 96.1% under visible LED light
irradiation for 120 min without adding any scavenger. Meanwhile, with the addition of
the respective scavenger, the photodegradation rate was deteriorated to 30.4%, 54.4%,
75.5% and 89.9% for <027, h*, *OH and €, respectively. The results revealed the «O,~ and
h* were mostly important radicals and followed by *OH and €.
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Figure 4.17: Radical scavenger test of Fe2WOs/SrTiOs composite.

4.5.2 Proposed band structure of S-scheme composite

The mechanism of generation of the ROS can be further inferred by combining the
radical scavenging test results together with the band edge potential of the prepared
composite. The band edge potential of composite which capable to generate more <O~
and *OH species for degradation process when exposed to LED light (Qu et al., 2020;
Shao et al., 2019). As described in Sections 4.1.5 and 4.1.6, the band gap energy of SrTiO3
photocatalyst was 3.40 eV with CB and VB potential of -1.52 eV and 1.88 eV, respectively.
The CB potential of SrTiOs was more negative than O2/*O." (-0.33 eV) (L. Jiang et al.,
2018a; Y. Yu et al., 2022; Xue et al., 2022). Therefore, the SrTiO3 was able to reduce O>
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to form «O>" radicals for the photocatalytic process (X. Yu et al., 2020; Qiao et al., 2019;
Stelo et al., 2020). However, the VB potential of SrTiO3 was less positive in comparison
to those of H20/*OH (+2.68 e€V) and OH/*OH (+2.29 eV) (Ye et al., 2019; T. Xu et al.,
2019; Y. Yuetal., 20222). Additionally, the photogenerated h* on the VB of SrTiOz could
not react with OH™ or H20 to product *OH. As a result, no *OH radicals can be generated
for the photocatalysis. The result of this experiment was well-aligned with the published
papers (Shao et al., 2019; G. Jiang et al., 2018b; H. Sun et al., 2022b). In the papers, the
holes on the VB of photocatalyst could not react with OH" or H>O to product *OH owing
to the VB potential of photocatalyst was less positive as compared to the OH/«OH
potential (+2.29 eV).

In addition, the composite coupled by Fe2WOs and SrTiOz can generate ROS such
as *O2 and *OH species for the photodegradation process. The band gap energy of
FeaWOg was 2.05 eV with VB position at 2.90 eV. These characteristics were contributed
to the generation of *OH as the VB potential of Fe2WOg was more positive than the redox
potential of H.O/*OH (+2.68 eV) and OH/*OH (+2.29 eV) (X. Wu et al., 2022; F. Zhao
et al., 2020; Kuila et al., 2021). Moreover, the photodegradation rate was deteriorated
with the addition of the scavenger of h*. The results can be explained as photogenerated
h* can directly participate the oxidation of organic pollutants (X. Wu et al., 2022; F. Zhao
etal., 2020; Y. Zhang et al., 2022b). When the e” was scavenged in the aqueous solution,
the degradation rate exhibited minor decrease. This could be assigned to the S-scheme
heterostructure constructed by Fe:WOs and SrTiOs photocatalyst trapped the e which
boosting the separation and transport of photo-inducted charge carriers between the
interface of two photocatalysts (P. Xia et al., 2020; X. Chen et al., 2022). The possible
mechanism for RhB photodegradation over Fe;WQOe/SrTiOs composite under the visible
LED light irradiation was depicted in Figure 4.18.
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Figure 4.18: Schematic diagram for mechanism of RhB degradation over
Fe2WOe/SrTiOs composite.

4.6 Photocatalyst Recycling Test

The reusability of pure SrTiOz and FeaWOe/SrTiOs composite were evaluated
through the recycling test. Generally, five cycle tests were conducted on the degradation
of RhB. After each cycle, the photocatalyst was washed by deionized water and alcohol
for three times followed by drying overnight (Chang et al., 2021; Shao et al., 2019). Figure
4.19 demonstrates the recycling test of the optimized catalyst with five consecutive runs
under visible LED light irradiation for 120 min. With the increase of cycle times, the
degradation percentage of RhB decreased slightly. The results indicated that the
photodegradation of RhB using the fresh Fe2WQOe/SrTiOs composite reached 96.1% in the
first experiment. In the fifth cycle, the dye removal efficiency remained notably high at
93.9%. In addition, the removal efficiency for pure SrTiOsz reduced from 35.8% to 28.5%.
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Figure 4.19: The Recycling Experiment for the Photocatalytic Degradation of RhB
over pure SrTiOs and Fe2WOe/SrTiOs composite.

The photocatalytic performance of Fe;WOe/SrTiOs composite remained at high
dye removal efficiency after five cycles indicated the highly stable of the synthesized
FeaWOe/SrTiOz composite (Y. Maet al., 2022b; G. Zhou et al., 2022; X. Li et al., 2021d).
Moreover, the degradation efficiency for pure SrTiO3z was significantly reduced after five
cycles, which indicated that the introduction of Fe2WOs could improve the reusability of
SrTiOs (Y. Lin et al., 2018). The high stability of the composite revealed that it still had
higher capability to generate more radicals after several cycle experiments. However, the
slightly deterioration in the dye removal efficiency after the five cycles could be assigned
to the loss of a certain amount of photocatalyst in the collection process (Cheng et al.,
2022; Veisi et al., 2021). At the same time, the available active sites of the photocatalyst
decreased after several cycle experiments due to the adsorbed RhB molecules or
intermediate products, thus leading to the insignificant declination in dye removal (Shao
et al., 2019; Chachvalvutikul, Luangwanta and Kaowphong, 2021).
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The results of the current recycling experiment were agreed to several literature
reports. Chinnathambi (2022) tested the reusability of FeV20s4-ZnO for the MB dye
photodegradation under 200 min. The result displayed that the degradation level retained
almost same for 5 consecutive cycles that revealed high stability and reusability of
FeV20:-Zn0 sample. Furthermore, another catalyst feasibility test conducted by Q. Wang
and colleagues (2021b) also illustrated high photocatalytic activities toward enrofloxacin
using CeO2/Ag-AgVOs composite. The photoactivity of composite remained high after
four cycles and could achieve 90% of the photoactivity of fresh composite. The results

revealed that the synthesized composite possessed outstanding stability and reusability.

4.7 Actual Printed Ink Wastewater Study

The optimized Fe2WOQOe/SrTiOs composite was also tested using actual wastewater
to reveal its potential application in wastewater treatment. RhB was used
as the synthetic dyestuff wastewater as it was widely adopted in various industries
including textile, paper and printing factories. As shown in the Figure 4.20, the initial
COD of RhB dye was 81 mg L™ and the COD value of the wastewater after 4 hours
photocatalytic treatment was 11 mg L™, which corresponding to the COD removal
efficiency of 86.4 %. The outstanding mineralization efficiency showed that the optimized
Fe2WOe/SrTiOz composite can degrade RhB dye. Besides, the printed ink wastewater was
selected in this study as the actual wastewater due to it contained various organic
contaminants including dyestuffs. The COD values of the actual wastewater before and
after photocatalytic reaction was 181 mg L and 40 mg L2, respectively. The above results
indicated the COD removal of actual wastewater was 78%. The high mineralization
efficiency demonstrated that the photogenerated ROS can degrade the organic pollutants
in the actual printed ink wastewater. Overall, the optimized Fe;WOe/SrTiO3 photocatalyst

show its promising prospects in the real wastewater purification.
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Figure 4.20: COD removal of RhB dye and real printed ink wastewater.

4.8 Electrical Energy per Order Study

The experiments were executed using the similar solution pH and initial
concentration of RhB dye for pure Fe2WOse, pure SrTiOz and Fe2WOe/SrTiOs composites
under the irradiation of visible light. The estimated Eeo values of photocatalysts were
tabulated in Table 4.3. These values exhibited that the Fe2WQOe/SrTiOs nanocomposite
decreased the Eeo values for the photodegradation of RhB dye compared with pure
Fe2WOs as well as pure SrTiOs, indicated that the composites were highly efficient and
utilized the less input energy to degrade per unit volume of organic pollutant. Some reports
in the literature had also applied this useful value to make a cost comparison. For instance,
Vaiano and colleagues (2017) investigated the degradation of crystal violet dye using N-
TiO2/SrSiP, where the Eeo value in this research was 103.87 kWhm-2order for the
photodegradation of crystal violet dye. According to the study conducted by Ferreira et al.
(2020), the Eeo value of 1777 kWhm=order* was obtained with the UV LEDs system that
was used for the photocatalytic removal of p-hydroxybenzoic acid (pHBA).
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Table 4.3: Eeo values of RhB dye degradation systems using various photocatalysts.

System K (min?) Eeo (kWhm=3order?)
SrTiO3 0.0043 8930.23
FeaWOs 0.0065 5907.69

10 wt.% Fe2WOe/SITiOs 0.0082 4682.93

20 wt.% Fe,WOe/SrTiOs 0.0297 1292.93

50 wt.% FeaWOe/SrTiOs 0.0123 3121.95
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In current study, the composite was successfully prepared using a simple
hydrothermal method and applied in the dyestuff treatment and antimicrobial activity
under visible LED light irradiation. The as synthesized photocatalysts were characterized
through FESEM, HRTEM, EDX, XRD, FTIR, UV-vis DRS and photoelectrochemical
analyses. The irregular structure Fe2WQOs and cubic-like particle SrTiO3 were witnessed
in the microscopic images. Fe2WOe photocatalyst were found to disperse on the surface
of cube-like structures of SrTiOz particles. The HRTEM images of FeaWQOe/SrTiO3
composite demonstrated that the intimate interface between Fe;WOs and SrTiO3
confirmed the formation of heterojunction in the composite, which was useful for charge
transfer and separation in photocatalytic degradation. The EDX analysis for
Fe>WOe/SrTiOsz composite illustrated Sr, Ti, Fe, W and O elements were clearly observed

in the composite.

Moreover, the XRD analysis revealed that the pure Fe;WOs existed as an
orthorhombic phase and the pure SrTiOs existed as a cubic perovskite phase. The FTIR
analysis demonstrated that the typical peaks from both pure SrTiOzand pure Fe,WOs can
be found in the FTIR spectra of composite. The FTIR analysis demonstrated the intensities
of O-H peak in the composites were much stronger than pure SrTiO3z and pure Fe;WOs,
reveling that the hydroxyl-rich surface of composite ameliorated the photocatalytic
performance. Moreover, the UV-Vis DRS analysis displayed the FesWOe/SrTiO3
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composite possessed smaller band gap energy (2.80 eV) than pure SrTiOs. The findings
were attributed to the fact that pure SrTiOs with wide band gap was constricted with the
addition of Fe2WOs forming narrower band gap of Fe2;WQOe/SrTiOs composite materials.
The photoelectrochemical experiments demonstrated that FesWOe/SrTiOz exhibited the
improved the electron-hole pairs separation, which was beneficial for the photoactivity.

Using the RhB as the model pollutant, the Fe;WOe/SrTiOz composite
demonstrated better visible light photoactivity in comparison with those of pure Fe2WQOsg
and pure SrTiOs, respectively. The outstanding photoactivity was due to the excellent
charge separation efficiency favoring the production of ROS. Furthermore, the effect of
several process parameter studies including Fe2WOe loadings in composite, photocatalyst
dosage and the initial solution pH were investigated. The optimum process parameters for
dye removal were found out to be 20 wt.% Fe;WOg content, 0.5 g L™ photocatalyst dosage
and pH 12. A notable photodegradation efficiency of RhB was achieved at 96.1% using
the FeaWOs/SrTiOz composite when exposed to visible LED light irradiation for 120 min.

Additionally, the antimicrobial activity of the synthesized photocatalysts were
determined against the disinfection activities of E. coli and B. cereus under visible LED
light exposure. The order of the antibacterial performance for synthesized photocatalysts
was as followed: Fe;WOs/SrTiOs composite > pure SrTiOs > pure Fe;WQOs. The
ameliorated photocatalytic inactivation of bacteria can be ascribed to the following
reasons: (1) The generation of metal ions (Sr, Ti, Fe, W) by the photocatalysts that posed
a toxicity effect to the bacteria through the denaturing of bacteria DNA; (2) The generated
ROS can damage the cell wall or enter the bacteria, leading to cell wall disruption,
physiology modification and cell lysis. Moreover, Fe2WOs/SrTiO3 composites was more

toxic to E. coli and B. cereus due to the thinner layer of gram-negative bacteria.

Moreover, the roles of reactive oxygen species (ROS) during the photoreaction
were also studied. The findings revealed the <Oz~ and h* were mostly important radicals,
following by *OH and e This can be attributed to the band edge potential of the

synthesized composite, which was capable to generate more *O2 and *OH species for
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degradation process under visible LED light exposure. A probable mechanism for RhB
degradation over Fe;WOQOe/SrTiOs composite under the visible LED light irradiation was

also brought forward.

Additionally, the recyclability of the optimized composite was evaluated through
the recycling test. The Fe,WOe/SrTiOs composite displayed outstanding recyclability
which attained high removal efficiency of 93.9% after five successive runs. A slight
deterioration in the dye removal efficiency of the reused sample over the
five cycles was observed, which could be assigned to the loss of active sites of the
photocatalyst in several cycle experiments. Furthermore, the printed ink wastewater was
selected as actual wastewater in order to reveal the potential application of the optimized
composite for COD removal. The mineralization efficiency of actual wastewater can reach
78% after 4 hours. Overall, this study revealed that the synthesized Fe;WQOe/SrTiO3
composite had satisfactory performance in degrading the organic contaminants and

disinfecting the bacteria in the actual dye-containing wastewater.

5.2 Recommendations

Following the completion of the current study, photocatalysis principle, some
semiconductor materials properties and various engineering basics were learned and

should be considered in the future study.

1. The XPS analyses could be studied to further analyze the chemical composition
and surface chemical state of photocatalyst.

2. The HPLC and LC-MS analyses could be carried out to further evaluate the
intermediates that may be produced in the photodegradation process and further
study the possible mechanism of photodegradation.

3. The effect of other operation parameters including the rate of air flow and light
intensity could be investigated to further ameliorate the removal efficiency.

4. The protein leakage and K™ leakage assays could be conducted to further study the

antibacterial efficiency of photocatalyst.
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