PREPARATION OF MXene-DERIVED
NiFe,04/V.0Os COMPOSITES FOR VISIBLE
LIGHT PHOTODEGRADATION OF DYESTUFF
AND ANTIMICROBIAL ACTIVITY

CHOONG MAN KIT

UNIVERSITI TUNKU ABDUL RAHMAN



PREPARATION OF MXene-DERIVED NiFe204/\VV20s COMPOSITES FOR
VISIBLE LIGHT PHOTODEGRADATION OF DYESTUFF AND
ANTIMICROBIAL ACTIVITY

CHOONG MAN KIT

A project report submitted in partial fulfilment of the requirements for the

award of Master of Environmental Technology

Faculty of Engineering and Green Technology
Univeristi Tunku Abdul Rahman

December 2021



DECLARATION

| hereby declare that this project report is based on my original work except for
citations and quotations which have been duly acknowledged. I also declare that it has
not been previously and concurrently submitted for any other degree or award at
UTAR or other institutions.

Signature )\A !
Name . CHOONG MAN KIT
ID No. . 20AGMO00145

Date . 10" Dec 2021



APPROVAL FOR SUBMISSION

I certify that this project entitled “PREPARATION OF MXene-DERIVED
NiFe204/V20s COMPOSITES FOR VISIBLE LIGHT PHOTODEGRADATION
OF DYESTUFF AND ANTIMICROBIAL ACTIVITY” was prepared by
CHOONG MAN KIT has met the required standard for submission in partial
fulfilment of the requirements for the award of Master of Environmental Technology

at Universiti Tunku Abdul Rahman.

Approved by,
Signature ff\\.}_/
Supervisor . ChM. Ts. Dr. Lam Sze Mun

Date . 13/12/21



The copyright of this report belongs to the author under the terms of the
copyright Act 1987 as qualified by Intellectual Property Policy of Universiti Tunku
Abdul Rahman. Due acknowledgement shall always be made of the use of any material
contained in, or derived from, this report.

© 2021, Choong Man Kit. All right reserved.



Specially dedicated to
my beloved mother and sisters.



Vi

ACKNOWLEDGEMENTS

I would like to thank everyone who had contributed to the successful completion of
this project. First and foremost, | would like to express my sincere gratitude to my
research supervisor, ChM. Ts. Dr. Lam Sze Mun her invaluable advice, guidance,
enormous patience and immense knowledge throughout the development for this

research.

In addition, | would like to express my deepest gratitude towards Universiti
Tunku Abdul Rahman (UTAR), Kampar, Faculty of Engineering and Green
Technology for providing opportunity allowing me to conduct this project. | would
like to express my appreciation to the lab officers from FEGT, Ms. Ng Suk Ting, Mr.
Yong Tzzy Jeng and lab officers from FSc, Mr. Goh Wee Sheng, Mr. Leong Thung

Lim and Mr. Seou Chi Kien for assisting me during the lab session.

Furthermore, 1 would like to show my great appreciation to senior, Yong Zi
Jun who had helped and given me encouragement and advice during the hardship of
the research project. Additionally, I would like to thank my friends, Branda, Rou Hui,
Zhao Liang, Sin Ying, Tanveer, Junior and Hang who had always lending their helping

hands during the research works.

Finally, I am grateful to my family members especially my mother for

unceasing support and encouragement through the whole project.



vii

PREPARATION OF MXENE DERIVED NiFe204/V20s COMPOSITES FOR
VISIBLE LIGHT PHOTODEGRADATION OF DYESTUFF AND
ANTIMICROBIAL ACTIVITY

ABSTRACT

Industrial dyestuff wastewater contained various toxic organic and pathogenic
microorganisms which can cause severe environmental pollution if the wastewater is
directly discharged into natural water bodies. Heterogeneous semiconductor
photocatalysis is a green and effective which can use sunlight energy to treat the
numerous refractory substrates including the dyestuff wastewater and harmful
microbes. In the present study, the delaminated-MXene/Nickel Ferrite/\VVanadium
Pentoxide (D-M/NFO/V) ternary composite was synthesized through a simple thermal
decomposition method and employed in the photodegradation of Rhodamine B (RhB)
under LED light irradiation. The as-synthesized photocatalysts were characterized
through FESEM, EDX, XRD, UV-vis DRS and Potentiostat. Ternary D-M/NFO/V
compound demonstrated reduction in band gap energy with effective charge carrier
separation. Using RhB as a targeted pollutant, the ternary D-M/NFO/V composite
exhibited the best photocatalytic performance (88.7%) than those of binary Nickel
Ferrite/Vanadium Pentoxide (NFO/V) and unary photocatalysts over 4 h of irradiation.
The enhanced photocatalytic performance was attributed to its unique morphology,
smaller band gap and excellent photoelectrochemical properties. The effect of process
parameters including the NFO loadings in binary NFO/V composite, D-M co-catalyst
loadings in D-M/NFO/V ternary compound and solution pH were investigated. The
results demonstrated that the optimized NFO loadings were 50 wt%, D-M loadings

were 0.5 wt% and operated at pH 12. Besides, the antimicrobial activity of the as



viii

synthesized photocatalysts was evaluated on the microbial inactivation towards
Staphylococcus aureus (S. aureus) and Bacillus cereus (B. cereus). Among the
photocatalysts, the ternary D-M/NFO/V composite showed the highest microbial
inactivation performance over the period of 4 h. Moreover, the dominant species in
treating dyestuff was determined through the radical scavenging experiment and both
superoxide anions (*O2") and hydroxyl (*OH) radicals were the major reactive oxygen
species (ROS) which were responsible for the photocatalysis in this study. Furthermore,
the D-M/NFO/V ternary compound also displayed outstanding recyclability which
attained high removal efficiency of 84.2% after four successive runs. Lastly, the
optimized ternary composite was successfully tested using real printed ink wastewater

to reveal its potential application in the wastewater purification.
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CHAPTER 1

INTRPDUCTION

1.1 Dyestuff Treatment using Advanced Oxidation Process (AOP)

In this urbanization era, the rapid development in Malaysia leading to the increase in
the use of natural resources. At the end, the waste generated was returned to the natural
environment which causes severe environmental pollution especially water pollution.
The water pollution mainly contributed by the industries including the pharmaceutical,
paper and pulp, agricultural, printing ink, textile, food processing, and etcetera
(Anantha, et al., 2021). Generally, the industrial dyestuff wastewater contained various
inorganic and organic pollutants such as dye molecules, synthetic organic compound,
and microorganism (Hiremath, et al., 2020). Among these pollutants, the dyestuff has
more complicated structure that is highly toxicity and weak biodegradability (Chen, et
al., 2017). Due to the stability of dye molecules against photolytic process, a more

promising treatment process is needed to degrade these recalcitrant.

The dyestuff wastewater is generated from various type of industries. It
contained components that are non-biodegradable, numerous kinds of pigment and
trace amount of metal ions (Papadopoulos, et al., 2019). Typical physiochemical
characteristics of dyestuff wastewater, including high colour intensity, biochemical
oxygen demand (BOD), suspended solids (SS), and high chemical oxygen demand
(COD) values (Ma, et al., 2021a). The presence of high COD, BOD and SS in the
effluent cause the deterioration of dissolved oxygen (DO), which subsequently affect
the aquatic ecosystem. The depletion of DO may reduce the survival rate of aquatic
creatures and destroy the balance of ecosystem. Besides, the highly intense dye

components diminished the penetration of sunlight that inhibited the photosynthesis of



aquatic plants (Anantha, et al., 2021). Therefore, the dyestuff wastewater must be
treated appropriately prior to be discharged to the natural environment to prevent

deterioration of water quality.

Conventional physical and chemical treatment techniques for dye-containing
wastewater such as membrane filtration, reverse osmosis, adsorption by activated
carbon, biosorption, coagulation-flocculation, electrocoagulation, and chemical
precipitation (Prasad, et al., 2018; Atacan, Gily and Ozacar, 2021). Among these
processes, the coagulation-flocculation and adsorption are the most applicable
techniques used to remove dye pollutants. Both processes involved the transfer of dye
molecules from liquid phase transfer into solid phase or immobilized the contaminants.
The adsorbent and coagulant used for the treatment of dyestuff wastewater are
selectively remove certain pollutants as they are highly dependent to their nature
surfaces. However, these treatment technologies have limitations and drawbacks
which including long reaction time, high operating cost, ineffective due to the
complexity of dye molecules, generation of secondary pollutants, and extra cost
needed for the disposal and treatment of sludge (Alakhras, et al., 2020; Feizpoor, et al.,
2021). Therefore, a green technology is required to develop non-toxic, effective,

affordable, and easy operation system for treating and degrading dye wastewater.

In recent year, the advanced oxidation processes (AOPs) had become the
research focus in the water and wastewater treatment especially dye-containing
wastewater due to its advantages over the conventional treatment process, such as
shorter treatment time, higher degradation efficacy, and less sludge production
(Mishra, et al., 2020; Rafique, et al., 2020)). The AOPs including Electron-Fenton and
Fenton process, Photo-Fenton process, ozone oxidation, photocatalytic oxidation
reaction and UV-based process (Corona-Bautista, et al., 2021). Among the AOPs, the
photocatalytic oxidation using nano-photocatalyst is a promising green technology
being employed in treating persistent organic and inorganic pollutants non-selectively

with synchronized antimicrobial activity.



1.2 Problem Statement

Dye-containing wastewater is one of the major contributors to the water pollution in
Malaysia as numerous industries involved in the use of colouring agent, including
textile industries, paper and pulp factory, food processing plant, plastic and polymer
manufacturing industries, paint, and pigment factory. These wastewaters contained
various pollutants such as persistent organic dye molecules, surfactants, acids, alkalis,
dispersing agents, and may also contained pathogenic microorganisms. Wools and
cottons as the raw materials in textile industries may leads to microbial growth. In
typical textile processing, antimicrobial agents will be added to inhibit the microbial
growth to prevent infectious pathogenic disease (Younis, Serp and Nassar, 2021).
Rhodamine B (RhB) dye is a basic red dye which is well-known used in plastic,
printing, food colouring and textile industry for dyeing wool, cotton, leather and silk
(Rani S, et al., 2020). Experimental proven that RhB may pose to teratogenic and
carcinogenic effect on humans and animals health (Rajalakshmi et al., 2017; Prasad et
al., 2018; Govindaraj et al., 2021).

The advanced oxidation processes (AOPs) have shown high efficiency to
eliminate the wastewater pollutants due to the generation of highly reactive radical
primarily the hydroxyl radicals (*OH) (Corona-Bautista, et al., 2021). Among the
AOPs, heterogeneous photocatalytic technology under the UV radiation had become
more prominent due to its ability to completely mineralize persistent pollutants into
carbon dioxide (CO.) and water (H2O) (Ariyanti, Maillot and Gao, 2018; Ma, et al.,
2021a). The photocatalysis utilizing nano size photo-activated semiconductors,
particularly metal oxide for generating ech” - hw™ pairs to achieve mineralization of
contaminants. ZnO (band gap ~ 3.2 ¢V) and TiO2 (band gap = 3.0 — 3.2 V) have been
widely applied in photocatalytic wastewater treatment, water splitting, carbon dioxide
(COy) reduction and many other applications. However, both photocatalysts are active
under the ultraviolet light (UV) region, which accounted less than 4% of the sunlight
due to its large band gap energy. Therefore, the visible light driven photocatalyst had

becoming researchers’ focus for photocatalytic applications.

Narrow band gap photocatalyst, such as V20s has the advantages as a n-type

semiconductor with low band gap ranging from 2.4 to 2.8 eV, good photo and chemical



stability, non-toxic, large surface area, easily synthesized, and high visible light
absorption (Jayaraj et al., 2018; Jayaraj and Paramasivam, 2019). However, the single
visible-light driven photocatalyst has its drawback as narrow band gap promoting fast
recombination rate of the photogenerated ec,” - hw™ pairs and produce heat in the
reaction (Dadigala et al., 2019). To overcome the abovementioned issue, the single
V.05 can be coupled via metal deposition, elemental doping, fabrication of
heterostructure composite with metal oxide or multi-layered 2-Dimensional (2-D)
nanomaterial. These methods can transfer the photogenerated e to the composite

material and prolong the recombination rate of ecy™ - hw™ pairs.

Moreover, the use of semiconductor catalyst in wastewater treatment is
difficult to be separated and recycled which may induce the secondary pollution. As
the consequence, it is not practically being adopted in real industrial wastewater
treatment process. To overcome this limitation, the introduction of magnetic materials
to be coupled with the pristine semiconductor photocatalyst. Nickel ferrite (NiFe20a)
nanoparticles had gained attraction as a promising material in photocatalysis due to its
magnetic properties, great photo-corrosion resistance, low toxicity, and extensive light
absorption as it has narrow bandgap energy (1.56 — 2.19 eV). Apart from the
enhancement of the separation of the photogenerated ec,” - hyp™ pairs, the coupling of
NiFe204 to V205 as a composite material can be easily recovered through external
magnetic force, which greatly improve the reusability of semiconductor photocatalyst.
To further improve the photocatalytic performance of NiFe204/V.0s composite, the 2-
D nanosheet MXene as new considerable attention from researchers after 2-D
graphene due to their enormous properties. The MXene has tremendous properties
including good electronic and conductive properties, existence of active sites, and

large surface area (Sun, et al., 2019; Ihsanullah, 2020).

Apart from the photocatalytic degradation of organic pollutants, the generation
of reactive oxygen species (ROS) was found effective in antimicrobial activities. E.
coli, a gram-negative microorganism that commonly found in water bodies such as
pond, lake, river and stream. This bacterium may cause water-borne disease such as
cholera, urinary tract infection and diarrhoea. The highly reactive ROSs could destruct
the bacterial cell membrane, damage proteins, DNA, and lipids through oxidation
(Jaffari, et al., 2019b; Mukhtar, et al., 2021).



To the best of own knowledge, there is no literature study adopting the TisC»-
NiFe204/V20s ternary composite material in treating real dyestuff wastewater and
antimicrobial activities. The newly emerging of the 2D TizC2> MXene as co-catalyst in
photocatalytic wastewater treatment is an advanced material due to the
abovementioned properties. The NiFe204/V20s binary composite has narrow bandgap
energy, which absorbed broad range of light could be initiated under visible light
irradiation. In this study, the performance of TizCo-NiFe204/V205 ternary
nanocomposite in degrading dyestuff wastewater and antimicrobial activities will be

evaluated.

1.3 Objectives

The objectives in current study are:

1. To synthesis a MXene-NiFe204/V20s composite through a simple thermal
decomposition method.

2. To characterize the physiochemical, optical, and electronic properties of the
synthesized TisC2- NiFe204/V20s composite using various characterization
methods.

3. To investigate the photocatalytic performance of TizC2-NiFe204/V20s
composite towards the degradation of RhB dye and antimicrobial activity under
visible light.

4. To study the photocatalytic mechanism of the synthesized TisCo-
NiFe204/V20s composite via a radical scavenger and TAPL tests.

1.4 Scope of Study

In this study, the photocatalytic degradation of RhB dye and antimicrobial activity
utilizing 2D Ti3C2 MXene-NiFe204/V20s composite will be conducted. Besides, the
as-synthesized TizCz- NiFe204/V20s composite will be characterized using FESEM-
EDX, XRD, UV-Vis DRS, PL, and Photoelectrochemical technique. The water quality
parameters such as chemical oxygen demand (COD), biochemical oxygen demand



(BOD), turbidity, and colour will be analyzed. Furthermore, the effect of process
parameters including the MXene TisC> co-catalyst loading, composite loading, and pH
of wastewater on the photocatalytic degradation and antimicrobial activity will be
investigated. The photocatalytic mechanism of the synthesized TisC2-NiFe204/V20s
composite via radical scavenger test and TAPL test will be studied. Finally, the real
industrial printing wastewater will be treated using the optimized composite materials

under visible light irradiation.



CHAPTER 2

LITERATURE REVIEW

2.1 Dye-containing Industrial Wastewater

Industrialization in the development of a country leading to the inclining generation of
wastewater. Major dye-containing industrial wastewater in worldwide, including
textile wastewater, tannery, paper and pulp factories, food processing industries, paint,
and dye manufacturing plants (Samsami, et al., 2020). According to the statistical data,
there are approximately 70 Mega Tons of dyestuffs is generated per year throughout
the world (Kishor, et al., 2021). The generation of dyestuff wastewater particularly the
printing ink wastewater had increased drastically due to the increase in the demand for
paper printing, packaging, carton, and cardboard (Emamjomeh, et al., 2020). Generally,
the wastewater contained multicomplexes and recalcitrant such as complicated dye
compounds and pigments, surfactants, alkalis, acids, dispersing agents, solvents, resins,
additives, binders, detergents, persistent organic pollutants (POP), volatile organic
compounds (VOC), and heavy metals (Ramos, et al., 2019; Hiremath, et al., 2020;
Kishor, et al., 2021). Besides, numerous microbial pathogens are also present due to
the high organic contents in wastewater. These pathogenic microorganisms, including
S. aureus, E. coli, P. aeruginosa, K. pneumoniae, and P. Vulgaris (Manikandan, et al.,
2021; Mukhtar, et al., 2021; Uma, et al., 2021).

These contaminants posed of great impacts if being discharged without proper
treatment. Some impacts to the environment including the deterioration of dissolved
oxygen (DO) amount in water bodies leading to insufficient oxygen supplied for
aquatic creatures as well as the scattering and reduction in light penetration in which
the aquatic plants will be restricted from undergoing photosynthesis. Besides, other



harmful impacts such as the mutagenicity, genotoxicity, carcinogenicity, neurotoxicity,
and disruption of endocrine system by the dyestuffs are threatening human life
(Samsami, et al., 2020; Kishor, et al., 2021).

According to the literature study, it was estimated that more than one hundred
thousand types of dyes were used for variety industries. These dyes can be classified
based on its solubility in water and further divided into different groups based on their
physical-chemical properties. Figure 2.1 illustrates the classification of dyestuffs. For
example, a basic red dye of xanthan which is highly soluble in water, namely
Rhodamine B (RhB) dye is a dyeing agent used in textile, paper printing, and food
processing factory. It may cause irritation to human body parts such as eye, skin, and
respiratory tract. Experimental proven that RhB may pose to teratogenic and
carcinogenic effect on humans and animals health (Rajalakshimi, et al., 2017; Prasad,
et al., 2018; Govindaraj, et al., 2021). The appropriate treatment technology is needed
for this hazardous wastewater before being released to the natural water bodies. The
typical physical-chemical characteristics of dyestuff wastewater together with their
respective acceptable conditions for discharge in Standard A and B are tabulated in
Table 2.1.

2.2 Dyestuff Treatment Methods

The hazardous of dye-containing wastewater, such as high chemical oxygen demand
(COD), biochemical oxygen demand (BOD), surfactants and various organic as well
as inorganic compounds. As a consequence, more advanced wastewater treatment
technologies are needed to be implemented. The conventional physical, biological, and
chemical treatment techniques for dye-containing wastewater, such as membrane
filtration, reverse osmosis, adsorption by activated carbon, biosorption, membrane
bioreactor, anaerobic digestion, coagulation-flocculation, electrocoagulation and

chemical precipitation (Prasad, et al., 2018; Atacan, Gily and Ozacar, 2021).
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1.1.3. Direct
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2.4. Vat

2.5. Solvent

Figure 2.1: Classification of Dyes (Samsami, et al., 2020).

Table 2.1: Typical Dyestuff Wastewater Parameter with Standard Discharge
Condition under Standard A and B (Department of Environment, 2010; Kishor,
et al 2021)

Parameters Unit Typical Value Standard

A B
pH - 8.8 6.0-9.0 55-9.0
COD mg/L 1200 80 250
BOD mg/L 230 20 40
SS mg/L 250 50 100
Copper mg/L 0.5 0.2 1.0
Zinc mg/L 0.4 2.0 2.0
Cadmium mg/L 0.6 0.01 0.02
Phenol mg/L 0.5 0.001 1.0
Colour AMDI* - 100 200

* AMDI- American Dye Manufactures Institute.
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2.2.1  Biological Treatment

The biological treatment is the conventional wastewater treatment process for high
organic strength pollutants. It is well-known as a green approach to degrade numerous
kinds of wastewater. Basically, it utilized the microorganism’s properties to degrade
high COD and BOD contaminants through anaerobic, aerobic, and anoxic (or
facultative) digestions (Holkar, et al., 2016; Samsami, et al., 2020). The anaerobic
process for the degradation of pollutants is the most conventional treatment process
for the high strength textile wastewater, followed by aerobic degradation to further
polishing the wastewater to better effluent quality. There are various biological
treatment technologies that can be implemented in the dyestuff wastewater, including
constructed wetland, phytoremediation, anaerobic and aerobic membrane bioreactor
(Emamjomeh, et al., 2020; Choerudin, et al., 2021; Mustafar and Hyder, 2021,
Yurtsever, et al., 2021).

The membrane bioreactor (MBR) is an integral technology in wastewater
treatment as it combined both membrane technology and biological process in a system.
The typical MBR system is treating the high COD wastewater anaerobically followed
by the filtration of micro pollutants that could not be degraded by microbes through
the nanofiltration membrane. A study conducted by Erkan and co-workers (2020)
applying the modified MBR system for synthetic textile wastewater treatment. They
operated the bioreactor with a sludge retention time (SRT) of 30 days to stabilize the
system. In their research, the high COD removal efficiency was obtained for
conventional MBR and modified MBR at 93% and 98%, respectively. However, the
major drawback of the MBR system is that the membrane fouling issue due to the
formation of biofilm on the membrane leading to the deterioration of filtration capacity.
Additionally, the fouling of membrane may also cause the reduction of permeate water
flux which increase the trans-membrane pressure when it operated for longer treatment
time (Jegatheesan, et al., 2016). Consequently, the clogging of membrane leading to
high operating costs for cleaning of membrane which ultimately shorten the

membrane’s life span.
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2.2.2  Physical Treatment

The physical treatment is one of the conventional treatment technologies used to treat
dye molecules in dyestuff wastewater. Generally, it can be divided into three major
process for the physical processes, such as filtration, coagulation-flocculation (co-floc)
and adsorption (Holkar, et al, 2016). Among the three processes, co-floc is the most
applicable techniques employed in treatment as it is the cheapest process. Due to its
weakness in low removal efficiency for highly soluble dye molecules, the adsorption
served to be employed for higher dye removal efficiency. In typical wastewater
treatment and water purification process, activated carbon (AC) is the most applicable
adsorbent used to adsorbed voluminous pollutants. AC had gained interest of
numerous researchers due to its high adsorption capacity towards dye adsorption. Yang
and co-workers (2021) investigated the AC modified with xanthate to remove various
synthetic cationic dyes had achieved remarkable results. The removal efficiencies for
cationic dyes malachite green (MG), methylene blue (MB) and crystal violet (CV)
were 99%, 90% and 91%, respectively. Nonetheless, the drawbacks of AC in large
scale wastewater treatment including low regeneration capability and high production
cost of AC, leading to searching for alternative effective adsorbent rather than AC.

The low-cost alkali-activated sand synthesized by Sharma, et al. (2019) for the
adsorption of dyestuff wastewater collected after the co-floc process was conducted.
In their study, the alkali-activated sand had achieved notable adsorption efficiency of
real textile wastewater at 70%. The utilizing of sand as effective adsorption over the
AC due to several reasons, including low production cost, remarkably mechanical
resistance, high adsorption capacity, and good regeneration to be reused. Nevertheless,
the use of adsorbent for the removal of dyestuffs only transfers the liquid pollutants
into solid pollutants as these molecules remained undegraded and stayed on the
adsorbent. As a result, secondary pollutants were generated, and higher treatment cost

is needed for the disposal of these sludge.
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2.2.3 Chemical Treatment

The chemical process for wastewater treatment generally refers to the oxidation and
reduction of pollutants to less harmful forms. The chemical treatments, including the
ion exchange, chemical coagulation (CC), electrocoagulation (EC), catalysis, and
redox reaction. The addition of chemical coagulant to wastewater was claimed to
achieve high removal efficiency. A study carried out by GilPavas and co-workers
(2018) treating the dyestuff wastewater via the sequential chemical coagulation using
the conventional coagulants, aluminium sulphate followed by the electrooxidation (EO)
to further polishing the effluent. The results showed that high colour removal
efficiency was obtained after the chemical coagulation at 97% with moderately COD
and TOC removal efficiency at 53% and 24%, respectively. Subsequently, the effluent
treated with CC was underwent the electrolysis to further polishing the effluent to
better quality. From their studies, improved effluent quality was achieved for colour,
COD and TOC at 100%, 90% and 70%, respectively.

On the other hand, the employment of EC accompanied with ozonation of
dyestuff wastewater was studied by Bilinska, et al. (2020). In their works, the iron
electrode was used to generate in situ electro-coagulant at a current density of 5A m™.
A notable result was obtained with colour removal efficiency at 84%. However,
moderate COD and TOC removal efficiency was observed. Afterwards, the EC treated
wastewater was underwent the ozonation and more than 90% colour removal was
attained. There are some disadvantages of applying chemical treatment process for
dyestuff wastewater. The chemical treatment generally required high cost to synthesis
and fabricate, selectivity of chemical coagulants in removal of dye molecules, and

possible secondary pollutants generated as sludge or flocs.

2.3 Advanced Oxidation Process

Advanced oxidation processes (AOPs) have been widely applied in wastewater
treatment for the degradation of various inorganic and persistent organic compounds

due to the highly oxidative potential species. The AOPs involved the generation of
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reactive species (ROS) to completely mineralized contaminants to yield carbon
dioxide (CO2) and water molecule (H20). The major ROS generated via the AOPs
including hydroxyl radicals (*OH), sulphate radicals (SOs¢’) and superoxide anion
radicals (*O2") (Bhat and Gogate, 2021; Ma, et al., 2021). Among these radicals, *OH
with strong oxidative potential at 2.8 eV played the significant role in the degradation
of organic and inorganic constituents. The AOPs which generate reactive radicals such
as Electron-Fenton and Fenton process, Photo-Fenton process, electrochemical
process, ozonation, peroxone-process (Os/H202), gamma irradiation, photocatalytic
oxidation reaction and UV-based process (Bethi, et al., 2016; Dewil, et a., 2016;
Miklos, et al., 2018; Corona-Bautista, et al., 2021).

In recent years, the AOPs had popularity in wastewater treatment over the
conventional wastewater treatment technologies due to the advantages of the AOPs.
The advantages such as effectively degrade recalcitrant organic components with less
production of toxic intermediates. Among the AOPs technology, heterogeneous
semiconductor photocatalytic process under light irradiation was more promising
technology used due to numerous of advantages. The advantages of heterogeneous
photocatalysis are shown as follow (Byrne, Subramanian and Pillai, 2018; Kanakaraju,
Glass and Oelgemoller, 2018; Kausley, et al., 2018; Corona-Bautista, et al., 2021; Ma,
etal., 2021):

I.  The reaction can be conducted under ambient condition,

ii. The generation of highly reactive oxygen species such as hydroxyl (*OH) radicals
and superoxide anion (Oz¢) radicals to completely mineralized organic and
inorganic ions,

ii. Absent of sludge generation which leads to secondary pollutions,

iv. Low cost of semiconductor used as the photocatalyst in heterogeneous
photocatalysis, and

v. A broad range of industrial wastewater treatment applications including textile,

pharmaceutical and petroleum-containing wastewaters.
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2.3.1  Principle of Heterogeneous Photocatalysis

In generally, the photo-activated semiconductor or commonly known as photocatalyst,
under light irradiation, the photogenerated electrons (e”) will be excited from the
valence band (VB) of the photocatalyst. The photogenerated e will then jump to the
conductive band (CB) of the photocatalyst, leaving vacancy (h™) in the VB (Khalik, et
al., 2017). This induces the generation of electron-hole pairs (ech” - hvw™) as represented
in Eg. (2.1). In the aqueous solution, the h™ oxidize hydroxide ion (OH") in water
molecule (H20) and generating *OH radicals which represented in Egs. (2.2) to (2.3)
(Kosera, etal., 2017; Ariyanti, Maillot and Gao, 2018; Zhang, et al., 2018a). In contrast,
the recombination of ecy™ - hyy* pairs could be also occurred, and release heat as showed
in Eq. (2.4) (Al-Mamum, et al., 2019).

Photocatalyst + hv — ey + hyp™ (2.1)
hw* + H20 - OH + H* (2.2)
hw* + OH — «OH (2.3)

e + hw' — energy (2.4)

In addition, the e would react with oxygen (O.) to generate superoxide
radicals (O2) and subsequently other oxidant species including hydroperoxyl radicals
(HOz2¢) and hydrogen peroxide (H20) that will contribute to the generation of *OH
radicals as shown in Egs. (2.5) to (2.8) (Kosera, et al., 2017; Ariyanti, Maillot and Gao,
2018; Hasanpour and Hatami, 2020; Ma, et al., 2021a).

&b + O2 > Oz (2.5)
Oz« +H" - HO2* (2.6)
2HO2+ —» H202 + O2 (2.7)
H202+ ec,” » OH™ + «OH (2.8)

The generated *OH radicals and hy* able to degrade various organic
compounds in the surface of the photocatalyst as represented by the Egs. (2.9) and
(2.10) (Ma, et al., 2021a). Figure 2.1 illustrates of the basic mechanism of

photocatalysis excitation which initiated by irradiation of UV.
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Organic compounds + *OH = COz + H20 + Inorganic ions (2.9)

Organic compounds + hyy* — CO2 + H20 + Inorganic ions (2.10)

H20 = OH

Figure 2.3: Basic Mechanism of Photocatalyst Excitation under light irradiation

(Jayaraj and Paramasivam, 2018)

The semiconductor photocatalysis has been used in numerous organic
decompositions, including the dyestuff wastewater, pharmaceutical waste, tannery
wastewater, palm oil mill effluent (POME), and greywater (Ismael, 2020; Lam, et al.,
2020; Ng, et al., 2020; Korpe and Rao, 2021; Paumo, et al., 2021). In a literature study,
Chankhanittha and Nanan (2021) had developed ZnO/ bismuth molybdate
(ZnO/Bi2M00¢) heterostructure for degrading ofloxacin (OFL), a common antibiotic
found in pharmaceutical wastewater under visible light irradiation. In their works, the
composites had achieved remarkable degradation efficiency of 94% after 120 mins.
Moreover, Yashni and co-workers (2020) had studied the photocatalytic degradation
of greywater using the developed ZnO nanoparticles (NPs). In their studies, 100 mg of
ZnO NPs had attained a high greywater degradation efficiency at 74.48 % under UV
light radiation. Additionally, Li, et al. (2021b) had constructed RhB-sensitized bismuth
oxyhalides (BiOCIBr) for degrading 2,4,6-trichlorophenol. Under Xe lamp irradiation,
the composites catalyst obtained a notable degradation efficiency of 92.3 % in 80 mins.
As a consequence, the photocatalysis technology could be applied in various organic

degradation as described.
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2.3.2 V205 Single Photocatalyst

The photocatalysis utilizing nano size photo-activated semiconductors, particularly
metal oxide to generate the ec” + hw" pairs for achieving mineralization of
contaminants. The reported metal oxides, such as tungsten oxide (WOs3), titanium
dioxide (TiO2), cuprous oxide (Cu20), zinc oxide (ZnO), tin dioxide (SnO2), cerium
oxide (Ce0Oz2) and vanadium pentoxide (V20s) (Hasanpour and Hatami, 2020; Truong,
et al., 2020). Among these metal oxides, ZnO (band gap = 3.2 ¢V) and TiO2 (band gap
=3.0-3.2eV) have been widely applied in photocatalytic wastewater treatment, water
splitting, carbon dioxide (CO3) reduction and many other applications (Truong, et al.,
2020; Korpe and Rao, 2021). However, both photocatalysts are active under the
ultraviolet light (UV) region, due to its large band gap energy. The sunlight spectrum
contains less than 5% of the UV light and they are not responsive in the visible light
region which accounted more than 45% of the total solar spectrum (Jayaraj, et al., 2018;
Jayaraj and Paramasivam, 2019). Consequently, the visible light driven photocatalyst

had becoming researchers’ focus for photocatalytic applications.

The narrow band gap photocatalyst, such as copper oxide (CuQ), cuprous oxide
(Cu20), manganese oxide (MnQOzy), vanadium dioxide (VOz), and vanadium pentoxide
(V20s) had been used as visible light driven photocatalyst to effectively
photodegrading organic compounds in wastewater (Kwon, et al., 2020). Among the
visible-light activating photocatalyst, V2Os has the advantages as a n-type
semiconductor with low band gap ranging from 2.4 to 2.8 eV, good photo and chemical
stability, non-toxic, large surface area, easily synthesized, and high visible light
absorption (Jayaraj, et al., 2018; Jayaraj and Paramasivam, 2019). Owing to its
excellent properties, V20s have been widely adopted for the application, such as
photocatalysis, high performance cathode material for lithium-ion batteries,
pseudocapacitive charge storage devices, and gas sensors (Zeng, et al., 2019; Qian, et
al., 2020; Rafique, et al., 2020; Sajid, et al., 2020; Singh, Kumar and Vaish, 2021).
However, the single visible-light driven photocatalyst has its drawback as narrow band
gap promoting fast recombination rate of the photogenerated e« - hyw* pairs and

produce heat in the reaction (Dadigala, et al., 2019).



17

2.3.3  NiFe204/V20s5 Binary Photocatalyst

As aforementioned, the drawbacks of utilizing narrow V2Os as single semiconductor
photocatalyst in degrading pollutants including the fast recombination rate due to the
small bandgap, and the difficulty of this material to be recovered and reused which
may induce the generation of secondary pollutants. Thus, the adoption of single
photocatalyst has limited its application in real industrial wastewater treatment system.
To overcome the abovementioned shortcomings of single photocatalyst, the
construction of heterojunction photocatalyst with another metal oxide is introduced
(Zhao, et al., 2021). However, the binary photocatalyst can only resolve the
recombination problem, the recovery of the used photocatalyst is still low. Therefore,
the narrow bandgap ferromagnetic based photocatalyst has gained researchers’ interest.
Nickel ferrite (NiFe2O4) nanoparticle has great magnetic and electronic properties with
narrow bandgap between 1.56 to 2.19 eV which possesses broad range of light
absorption, low toxicity, and good resistance in photo-corrosion (Faraji, et al., 2021,
Veisi, et al., 2021). In addition to the improvement of the separation of the
photogenerated ecy” - hyw* pairs, the incorporation of NiFe2O4 with V20s to construct a
binary composite can be recovered and collected easily through the external magnetic
field due to the magnetic property of NiFe>O4. Therefore, the preparation of this
composite material is capable to improve the photocatalytic activities by reducing the
recombination rate of ey’ - hy* pairs together with the high recovery and reusability
of binary photocatalyst via external magnetism (Xie, et al., 2021; Zeng, et al., 2021).

2.34  MXene-based Catalyst

In literatures, incorporation of co-catalysts on the binary composites, including can
further enhance the ec,” - hw™ separation efficiently (Prasad, et al., 2020). The co-
catalysts not only can be served as the electron sink to facilitate the charge separation,
but also provide numerous active sites and functional groups for redox reactions (Cai,
etal., 2018; Li, et al., 2021a). The typical noble metals are gold (Au), silver (Ag), and
platinum (Pt) have been adopted as promising co-catalysts in photocatalytic

degradation of various pollutants (Sun, et al., 2019; Li, et al., 2020). Nonetheless, these
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noble metals are expensive and exist in trace amount. MXenes are new 2D transition
metal nitrides/carbides which founded in 2011 with general formula of Mn+1XnTx (Bu,
et al., 2020; Prasad, et al., 2020; L1, et al., 2021a; Shen, et al., 2021). M denotes as the
early transition metal elements, X is element C or N and Tx represents the surface
functional groups (OH, O and F). They are new promising 2D nanomaterials which
derived from simple chemical etching of A element (111A or IVA elements) from MAX
phase that could be adopted in numerous applications (Hu, Ding and Zhong, 2021; Xu,
et al., 2021). They have been attracted interest as a non-noble-metal co-catalyst for
photocatalytic applications including photocatalytic CO> reduction, water splitting for
generation of Hz, photocatalytic degradation of various organic pollutants, and many
more applications (Zhuang, Liu and Meng, 2019; Cao, et al., 2020; Li, et al., 2020; Hu,
Ding and Zhong, 2021; Hu, et al., 2021). The advantageous properties of MXene in
composite materials, such as highly hydrophilicity, large surface area, improved
charge separation abilities, good conductivity, and various surface functional groups
for redox reactions (Sun, et al., 2019; Ihsanullah, 2020). The morphologies of typical
TisAlC2 MAX phase and TizC, MXene are depicted in Figures 2.4a and b. The MAX
phase exists as stacked ternary compound with metallic bond between M (early
transition metal) and A (Group 13 or Group 14 elements) and strong
covalent/ionic/metallic forces between M-X (Venkateshalu and Grace, 2020). After

the HF etching of A element, the MXene exists small intercalation between M-X.

Figures 2.4: SEM imaged of (a) TisAIC2 MAX and (b) TisC2 MXene (Ihsanullah,
2020).
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Zhang and co-workers (2018b) fabricated 2D a-ferric oxide (Fe2Os3) doped
titanium carbide (TisC2) MXene composite material via a simple dispersion in
ultrasonic wave. Under the visible light irradiation, a notable high degradation
efficiency of RhB was obtained at 98% within 2 hours. In another study, Shen et al.
(2019) synthesized TisC> MXene based catalyst with cerium oxide (CeO3) through a
hydrothermal treatment at 180°C. The as-prepared CeO»/TizC> composite was
achieved tetracycline (TC) degradation at 80% in 60 minutes under the visible light
radiation. On the other hand, 2D/2D TisCz/porous g-CsNs (PCN) composite was
prepared by Liu and co-workers (2020a) through a simple continuous stirring. In their
study, 98% of 10 mg/L phenol was degraded after 3 hours photocatalysis under visible
light irradiation. Cui, et al. (2020) fabricated hybrid bismuth tungstate/niobium carbide
(Bi2WOs/Nb2CTy) via hydrothermal reaction for the degradation of RhB. Under
visible light irradiation, the RhB degradation efficiency for the Bi2WOQOes/Nb2CTx
composites was improved to 99.8% as compared to pristine BiWOs (90.1%) within
90 minutes. The enhancement of the composites was due to the greater interface
contacts, subsequently improves the ew - hw* separation for better photocatalytic

activities.

Moreover, Cai and co-workers (2018) synthesized a Schottky catalyst, silver
phosphate/TisC> MXene (AgsPO4/Ti3C,) using an electrostatic adsorption assisted by
self-assembly method. In their studies, methyl orange (MO) with concentration of 20
ppm achieved 90% degradation efficiency in 30 minutes. Fang and co-workers (2019)
prepared silver tungstate/ TisC2 Schottky composite (Ag2WO4/TisCz) through
electrostatic traction. In their studies, the degradation efficiency for 20 mg/L
sulfadimidine (SFE) was achieved at 88.6% using the Ag.WO4/TisC2 composites
while only 12% removal efficiency was obtained from the bare Ag2WO4 in 40 minutes
under the visible light radiation. The significant improvement by the coupling of
MXene was due to the formation of Schottky junction between the Ag2WO4 and TisC>
interface. The creation of a built-in electrical field promoted the electrons transfer from
Ag>WOq4 to TisCy, resulted in higher photocatalytic performance. Table 2.2 depicts the
various MXene based catalysts with their synthesis methods associated with the

degradation efficiency of organic pollutants.



Table 2.2: The Synthesis of Various MXene-based Catalyst with Respective Degradation Efficiency.
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MXene composite Synthesis method Pollutant Light source MXene loading Performance Reference
MAX phase  MXene type (Mg/L) (W)
TizAIC a-Fe203/TisCz Simple dispersion RhB; 10 500 W Xe a-Fe20s: 98% within 2 Zhang, et al.,
in ultrasonic wave lamp with  MXene=1:2 hours 2018b
UV-cutoff (\>
420 nm)
TizAIC CeO2/ TizCs Hydrothermal TC; 10 350 W Xe 1g/L 80% in 60 Shen, et al,
lamp minutes 2019
TisAIC, TisCo/porous g- Simple continuous Phenol; 10 500 W Xe 04g/L 98% within 3 Liu, et al.,
C3sNg stirring lamp hours 2020a
Nb2AIC Bi2WOe/Nb2CTx Hydrothermal RhB; 15 500 W Xe 05¢g/L 99.8% in 90 Cui,etal., 2020
lamp minutes
TizAIC, AgsPO4/TisCo Electrostatic MO; 20 300 W Xe 04g/L > 90% within Cai, etal., 2018
adsorption assisted lamp with 30 minutes
by self-assembly cutoff  filter
(2> 420 nm)
TizAIC, AQoWO4/TisC,  Electrostatic SFE; 20 300 W Xe 20mg 88.6% in 40 Fang, Cao and
traction lamp minutes Chen, 2019




21

2.3.5 TisC2-NiFe204/V20s Ternary Photocatalytic Mechanisms

The ternary photocatalytic mechanism was proposed as depicted in Figure 2.5.
According to the literatures, the approximate valence band (Evg) of NiFe204 and V205
are -0.57 eV and 0.47 eV, respectively (Jayaraj, et al., 2018; Cui, et al., 2019; Zhao, et
al., 2021). Meanwhile, the conductive band (Ecg) for both catalysts was 1.07 eV and
2.73 eV, correspondingly. The Ecs of NiFe2O4 is more negative than the potential of
02/°02 (-0.33 eV) (Veisi, et al., 2021). Under the light irradiation, the ecg™ will be
generated at CB leaving hvg* at VB and react with molecular oxygen (O2) in aqueous
to form superoxide anion radicals (¢O2’) (Xie, et al., 2021). However, the Ecg of V205
is more positive, no *O2” will be generated. Furthermore, the photogenerated ecg™ in
NiFe204 will be transported to the more positive Ecg of V20s. On the other hand, the
Eve of the of V20s is more positive than the potential *OH/OH™ (1.99 eV) and
*OH/H20 (2.27 eV) (Kwon, et al., 2020; Zhang, et al., 2021a). More hydroxy| radicals
(*OH) will be produced at the CB. Subsequently, the hvg® will be travelled to the less
positive VB of NiFe20O4. The transferring of hyg™ and ecg™ will improve the ecy™ - hvp*
separation for better photocatalytic activities (Xie, etal., 2021; Zhao, et al., 2021). The
radicals generated with high redox potential responsible for degrading RhB dye
molecule and perform antimicrobial activities toward E. coli and A. Niger. Lastly, the
Ti3C2 serves as a co-catalyst which further improve the charge carrier separation (Yang,
et al., 2020). The photogenerated ecg” from the CB of V20s will move to this co-
catalyst. This may promote the charge separation and reduce the recombination rate of
the catalyst (Sun, et al., 2019; Liu, et al., 2020a; Li, et al., 2021a). Hence, the ternary

Ti3Co-NiFe204/V20s5 composites may exhibit excellent photocatalytic performance.

2.4 Process Parameter Studies

In the photocatalytic wastewater treatment process, there were various process
parameters that have been configured to study the performance, such as the initial
pollutant concentration, solution pH, catalyst loading, dopant content, types of
scavenger, light source, light intensity, and additional of electrolyte (Hasanpour and
Hatami, 2020; Chankhanittha and Nanan, 2021; Elbadawy, et al., 2021; Rafiq, et al.,
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Figure 2.5: The Photocatalytic Mechanism of Ternary TisCz-NiFe204/V20s

Composites.

2021). In the present study, the process parameters including the co-catalyst contents,

the catalyst loading, and the pH of solution.

2.4.1
The contents of co-catalyst to be incorporated to semiconductor photocatalyst has great

Co-catalyst loading

effect to the photocatalytic performance. Doping of small amount of co-catalyst could
promote the e - hw™ pairs separation as it is a conductor that may form Schottky
junction with semiconductors (Li, et al., 2021a). The increase in the amount of co-
catalyst may improve the photocatalytic activities. However, overdosage of co-catalyst
will significantly declines the photocatalytic performance. This is due to the excessive
amount of co-catalyst may cover the photoactivated semiconductor from light
irradiation for photocatalytic activities (Zhuang, Liu and Meng, 2019; Yang, et al.,
2020).

Zhuang and co-workers (2019) had synthesized TiO2/TizC> composites via
electrostatic assembly technique to be applied in photocatalytic H2 generation. In their



23

studies, the varying amount of TisC2 MXene from 1 wt% to 3 wt% had achieved H>
production of 4.257 mmol h'g™? to 6.979 mmol h™g™ in 3 hours. Further increase in
the TisC> content to 5 wt%, the photocatalytic H2 production had reduced to 5.265
mmol h'lg?. The decrease in the photocatalytic performance was due to the excess
Ti3C quantities which restricted the light penetration that reach on the TiO surface.
Similar findings were reported by Liu, et al. (2020a) that the excess co-catalyst can
inhibit the photocatalytic activities. Liu and colleagues had prepared the TisCz/porous
g-C3N4 (PCN) composite through continuous stirring followed by vacuum filtration.
Under visible light irradiation, the increase of the TizC, amount from 10 wt% to 20
wt% had enhanced the photodegradation of phenol from 70.4% to 98%. This can be
ascribed that the photogenerated e - hw" pairs are well separated by the
heterojunction between TizC, and PCN photocatalyst. When the weight percentage of
Ti3C> increased to 50%, the photocatalytic activity had significantly diminished. This
revealed that excess TisC prevent the light radiation to the PCN photocatalyst and

restricted the formation of ecr” - hvy™ pairs for photocatalytic process.

2.4.2 Catalyst Loading

The photocatalyst loading is one of the dominant process parameters that directly affect
the photocatalytic activities. The increase in the catalyst loading will increase the
photocatalytic degradation efficiency of pollutants (Frindy and Sillanpad, 2020;
Hasanpour and Hatami, 2020; Rafique, et al., 2020). Numerous studies were conducted
to examine the effect of catalyst loading in photocatalytic performance. Based on the
literature reports, the loading of catalyst will affect the generation of ROS and the
absorptivity of light in aqueous (Vattikuti, et al., 2018; Zeleke and Kuo, 2019;
Vigneshwaran, et al., 2021; Xie, et al., 2021; Zhao, et al., 2021). The photocatalytic
degradation of contaminants increased with the photocatalyst dosage as more active
sites on photocatalyst surface responsible, leading to increase of the generation of
reactive radicals (Shah, Jan and Khitab, 2018; Rafique, et al., 2020; Ghorai, et al., 2021).
However, the excess catalyst loading may deteriorate the photocatalytic degradation
performance. The excessive amount of photocatalyst will intensify the aggregation of

catalyst which leading to the depletion of photocatalyst active site for generation of
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reactive radicals. Moreover, the overdosage of catalyst will lower the light intensity
that penetrate to the aqueous solution in addition to the scattering of light by the high
turbidity solution. Consequently, the photocatalyst may receive minimum light due to
the shielding effect which obstruct the photoexcitation process for the generation of ecy”
- hw™ pairs (Mishra, et al., 2020). Subsequently, the recombination will occur and
resulted in poor photocatalytic activities.

In another study, Chankhanitta and Nanan (2021) had constructed the zinc
oxide/bismuth molybdate (ZnO/BioMo00Os) composites through a solvothermal
technique. In their studies, the increase in the composite amount from 25 mg to 50 mg
in degrading 10 ppm of RhB dye under the visible light irradiation, the degradation
efficiency had enhanced from 45% to 92% within 180 mins. When the catalyst loading
was further increased to 75 mg, a slight reduction in photocatalytic degradation
efficiency to 88%. This can be ascribed that the increasing of catalyst dosage had
increased the turbidity of solution which lowered the penetration of visible light and
the scattering of light. As a result, the generation of ROS for degrading RhB dye was
reduced. The significant deterioration in the photocatalytic performance was due to the
observable turbidity of solution which preventing the light penetration together with
the light scattering by suspended catalyst. The shielding effect caused small number of

active sites for photocatalytic activities.

Furthermore, the increase in the catalyst loading has significant effect on the
photocatalytic antimicrobial performance (Mydeen, et al., 2020; Mukhtar, et al., 2021).
Mukhtar and co-workers (2021) had synthesized dual S-scheme ZnO-V20s5-WOs3
nanocomposites via facile co-precipitation method to test its antimicrobial activities
against S. aureus, K. pneumoniae, P. aeruginosa, and P. Vulgaris. In their studies, the
increase in the nanocomposites concentration ranging from 1 pg/mL to 3 pg/mL, the
bacteria zone of inhibition (ZOI) measurement also increases significantly. The
synthesized nanocomposites had the most considerable antimicrobial effect against K.
pneumoniae with an improved ZOI measurement of 11 mm to 20 mm when the catalyst
concentration increases from 1 ug/mL to 3 pg/mL. This could be ascribed that higher
catalyst concentration provided more direct interaction with bacteria cell and ruptures
the bacteria cell wall (Balasurya, et al., 2021). The enhanced antimicrobial activities

with the increased of catalyst concentration could be the mechanisms including, the
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production of more ROS, the generation of dense metal ions which causes the
penetration of cations in bacteria cell membrane, and the shape of nanoparticles for
easy destruct the cell membrane (Mydeen, et al., 2020; Mukhtar, et al., 2021; Nivetha,
Kavitha and Kalanithi, 2021).

2.4.3 Solution pH

The pH of the solution has great influence on the photocatalytic degradation of
different pollutants. Different semiconductors were used for the photocatalysis process
may have different surface properties. These properties including the band edge
position, degree of dissociation, and the surface charges are significantly affected by
the pH of solution. There are many literature studies have been conducted and proving
that the different solution pH causing different photodegradation rate (Hasanpour and
Hatami, 2020; Kumar, et al., 2020; Zhao, et al., 2021). In the photodegradation of dye
molecules, the pH of solution has direct influence on the surface interaction. A
literature study reported by Li, et al (2018) in treating the anionic dye molecule, such
as the mordant orange (MO), the increase in the pH of solution from 2.8 to 10.7, the
decolourization efficiency was reduced from 90% to 77%. This can be ascribed that in
the acidic condition, the surface of the catalyst existed as positively charge. Strong
electrostatic interaction between anionic molecules with positively charged catalyst

had improved the adsorption of dyes and facilitate the photocatalytic degradation.

Furthermore, Chen and co-workers (2020) had carried out the photocatalytic
degradation of 10 mg/L RhB dye using the carbon nanotube-TiO2 (CNT-TiOz)
synthesized via sol reflux method. By varying the solution pH from 2 to 10, the
photodegradation efficiency had declined 100% to 88%. They explained that the better
photocatalytic performance in acidic environment was due to the generation of
hydroperoxyl ions (HO2") which leading to the generation of more *OH radicals. On
the other hand, a research conducted by Singh and Basu (2020), treating the cationic
RhB dye through the magnetic Fe-O3/g-CsNa4 under the visible light irradiation.
According to the results, the increase in the pH value from 1 to 9, an increasing trend

in the photocatalytic degradation of RhB was obtained. The remarkable degradation
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of RhB was observed at pH 9 with efficiency of 98.2%. This revealed that the cationic
RhB™ molecules performed strong electrostatic repulsion from the photocatalyst with
positively charged surface at acidic condition. At pH 9, the deprotonation of RhB
leading to high photocatalytic performance. Additionally, the basic environment
promoting the formation of *OH radicals which facilitate the degradation of RhB.
However, the further increase of solution pH showed declination in the degradation
efficiency. This could be attributed to the formation of metal hydroxide that covered

the photocatalyst surface and limited the active sites for the reaction.

2.5 Photocatalytic Antimicrobial Studies

There are various microorganism’s species exist in water and wastewater effluent.
Generally, the pathogenic microorganisms could be classified into viruses, fungi,
gram-positive and gram-negative bacteria. The most common gram-negative bacteria
cause numerous types of diseases, such as E. coli (diarrhoea, severe illness), P.
aeruginosa (respiratory infections, urinary tract and gastrointestinal infections), K.
pneumoniae (pneumonia, meningitis, wound or surgical site infections), and P.
Vulgaris (bloodstream or respiratory tract infections, wound infections) (Kumar, et al.,
2021; Mukhtar, et al., 2021; Shi, et al., 2021). As the gram-negative bacteria species,
S. aureus may cause cellulitis, endocarditis, pneumonia, and skin infections (Mukhtar,
et al., 2021). In addition, Aspergillus is fungus species which could be found in soil,
air and surface water. It may cause allergic diseases, respiratory infections and
generate toxic metabolites (aflatoxins) that will affect human health (Sun, et al., 2021a;
Zhang, et al., 2021b). The conventional disinfection methods, including UV
disinfection, ozonation, chlorination, adsorption and filtration. However, these
methods have the disadvantages, such as higher cost, generation of carcinogenic and
harmful by-products and the sludge production may induce the secondary pollution
(Wang, et al., 2020; Roshith, et al., 2021). Therefore, the photocatalysis has becoming
a promising technology for the inactivation of pathogenic microorganisms.

Basically, the antimicrobial mechanisms could be the direct contact of the

metal ions, the resistance of the bacterial adhesion via hydrophobic interface and



27

electrostatic repulsion, cell membrane rupture by sharp edges nanoparticle, and most
significantly the generation of ROS that destruct the bacterial cell membranes through
oxidation (Tshangana, et al., 2020; Liu, et al., 2021a; Wang, et al., 2021a). The
antimicrobial activities could be determined through the measurement of the zone of
inhibition (ZOl) or the colony counting method on plate which observed under a
fluorescence microscope (Quek, et al., 2018; Tshangana, et al., 2020; Wang, et al.,
2020; Roshith, et al., 2021). Jaffari, et al. (2019b) synthesized silver decorated bismuth
ferrite (Ag-BiFeOs3) photocatalyst and study the photocatalytic antibacterial activity of
the as-synthesized photocatalyst. In their study, the zone of inhibition (ZOI) was
conducted towards the E. coli and M. luteus bacteria under visible irradiation. They
found that the ZOls for E. coli and M. luteus were 28 mm and 32 mm, respectively.
Moreover, Wang and co-workers (2020) conducted the photocatalytic disinfection of
S. aureus using the synthesized cuprous oxide anchored MXene (Cu2O/MXene). The
inactivation of bacteria can be observed through the photographs. Less bacteria stains
were obtained for both bacteria colonies when the Cu,O/MXene composites were used
as compared to pristine MXene or Cu20O. Figures 2.6 (a) and (d) illustrate the
antimicrobial activities in different conditions. The enhancement of the antimicrobial
activities was attributed to the synergistic effect of the direct interaction of sharp edges
MXene to bacteria membrane, and the generation of Cu* and Cu?* ions by the Cu,0

posed toxicity effect to the bacteria through the denaturing of bacteria DNA.

Figures 2.6: Inactivation of S. aureus Bacteria in (a) Control, (b) Pristine MXene,
(c) Bare Cu20, and (d) Cu20/MXene composites (Wang, et al., 2020).
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2.6 Summary

The characteristics of the dyestuff wastewater has been first 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 levels of success
in eliminating the contaminants in wastewater. The principle and working mechanism
of the heterogeneous photocatalysis was also stated to understand on the process.
Small bandgap V2Os photocatalyst is a promising candidate in photocatalysis as it can
be activated under visible light irradiation. Owing to the limitations of V20Os,
incorporation the ferromagnetic NiFe>Os with V205 to form the binary photocatalysts
was also proposed the first time in this study. The advantages of NiFe;O4in composite,
including effective separation of ew” - hw* pairs along with the extension of
recombination rate, ferromagnetic property of NiFe>Os allowed easy recovery of
photocatalyst by external magnetic field, while the introduction of non-noble-metal
Ti3C> as co-catalyst to couple with the binary NiFe204/V20s to further enhance the
separation of charge carriers. The effect of process parameters, such as the co-catalyst
content, catalyst loading, and solution pH have been described as they were reported
to significantly affect the photocatalytic activities. To the best of our knowledge, there
are no report on the degradation of dyestuff wastewater and microbial inactivation
using a ternary TisC2-NiFe204/V20s composite under visible light irradiation.
Therefore, the performance of TisC2-NiFe204/V20s composite in treating dyestuff
wastewater and antimicrobial towards E. coli and A. Niger will be evaluated in this

study.
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CHAPTER 3

RESEARCH METHODOLOGY

The experimental setup and methodology of the experiment was discussed in this

chapter. A summary of the study is given by a flowchart in Figure 3.1.

3.1 Chemicals and Materials

All the chemicals used in this research study 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 used were listed in Table 3.1.
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Figure 3.1: Flowchart of Experimental Work Involved in This Study.
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Table 3.1: Lists of Chemicals and Materials Used.

Chemicals/ Reagent Purity (%) Supplier Purpose of Use
Ammonium metavanadate > 99 Merck To synthesis V205
(NHsVO3) photocatalyst.
Iron Un) nitrate 98 GENE To synthesis NiFe2O4
nonahydrate Chemical photocatalyst.
(Fe(NOs)3*9H0)
Nickel ()] nitrate >97 SYSTERM  To synthesis NiFe2O4
hexahydrate photocatalyst.
(Ni(NO3)226H20)
Titanium aluminium > 99 Shanghai To  synthesis 2D
carbide (TizAIC)) Xinglu nanosheet co-catalyst.
Chemical
Hydrofluoric acid 40% Merck As etching solution for
TizAIC,.
Tetramethylammonium 25% Sigma To use as intercalation
hydroxide (TMAOH) Aldrich agent.
Hydrochloric acid (HCI) 37% Merck To adjust solution pH.
Sodium hydroxide (NaOH) 1M Sigma To adjust solution pH.
Aldrich
Deionized water (DI) Resistivity ~ NEW For the preparation of
=18.2MQ HUMAN chemicals.
UP
Ethanol (C2HsOH) 95 Medigene To use as dispersing
agent and disinfectant.
Rhodamine B (RhB) > 90 Merck Acts as the synthetic
dye wastewater.
Escherichia coli (E. coli) - Himedia To culture bacteria.
Aspergillus  Niger (A, - TBC To culture fungus.
Niger)
Nutrient Broth - Himedia To provide nutrient for
bacteria.
Nutrient Agar - Himedia As the culture medium.
Sodium chloride (NaCl) 85% Gene To dilute  culture
Chemical solution.
Sodium sulphate (Na;SO4) 0.5M R & M Touseaselectrolyte for
Chemical photoelectrochemical

Printed ink wastewater

testing.

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 photocatalytic degradation of rhodamine B dye under visible light irradiation was
carried out in the fume hood with black cover??. The experimental setup was-in this
study is depicted in Figure 3.2. The experimental setup included a magnetic stirrer
plate with a beakers used as the photocatalytic reactor, ere-unit-of a 150W indoor LED
light bulb was-used as the visible light source and a flow meter with air flow rate of 2
L/min to provide oxygen. Revise. Function of each device can discuss one-by-one after
this sentence. The current form is too messy. The magnetic stirring rate was set at 300

rpm and run for 8 hours.

Flow
meter
150 W LED
Lamp
Magnetic
Stirrer

Figure 3.2: Schematic Diagram of Photocatalytic Degradation System.

3.2.2  UV-Vis Spectrophotometer

The UV-Vis spectrophotometer was used to determine the RhB colour concentration

before and after the photocatalytic degradation for 8 hours. The sample solution was
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poured into a quartz cuvette with specific light wavelength (A) was set in the UV-Vis
spectrophotometer for light absorption. When the light penetrates through the sample,
some light will be absorbed by the molecules and some will be directly penetrated
through. This will reduce the intensity of light that passed through the sample and the
degree of absorption by the molecules was recorded by the spectrophotometer. The
UV-Vis spectrophotometer can be then used to determine the concentration of
pollutants in solution by using the molar absorptivity or plotting a calibration curve
(Clark, 2016). 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=clc (3.2)

Where A is the measure of absorbance at specific A, ¢ is the coefficient of molar
absorptivity in L mol™ cm™, I is the length of path that light passed through in cm and

¢ is the concentration of solution in mg L™,

3.3 Analytical Procedures

3.3.1 Chemical Oxygen Demand (COD) Analysis

The COD analysis was conducted to determine the mineralization efficiency of RhB
dye and the real printed ink wastewater in the optimize composite photocatalyst. The
procedures in examining the COD were according to the HACH Reactor Digestion
Method 8000 in HACH Water Analysis Handbook (HACH, 2019). Generally, 2 mL
of sample solution was withdrawn at different time intervals and was 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 2H. After the reaction, 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 to obtain average results for accuracy data.
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3.3.2  Biological Oxygen Demand (BOD) Analysis

The BOD represents the amount of oxygen consumed by microorganisms to
decompose the organic constituents in water under aerobic condition (Ma, et al., 2020;
Sale, et al., 2020). The BOD is the measurement of the difference in dissolved oxygen
(DO) in water for certain durations. The BODs was measured according to the standard
method of American Public Health Association (APHA) 5210B (APHA, 2018).
Generally, the dilution of sample was done based on the desired dilution factor and the
sample was poured into a 300 mL BOD bottle. The initial DO value (DOo) was
determined using a EUTECH DO 2700 DO meter. Next, the BOD bottle was sealed
with parafilm immediately to avoid additional atmospheric oxygen from dissolving
into the solution as this will affect the actual BOD value. The BOD bottle together
with the lid were wrapped with aluminium foil to prevent the solution exposure to light.
The BOD bottle was then placed in a VELP SCIENTIFICA FOC 225E BOD incubator
under dark condition at 20°C for 5 days. The final DO value (DOs) was measured after

5 days incubation. The BODs value was calculated using the Eq. (3.1).

BOD: = DO, — DO</Dilution Factor 3.2

Where DQyq is the initial DO and DOs is the final DO value after 5 days incubation
which expressed in mg L™,

3.3.3  Turbidity Analysis

Turbidity analysis is conducted to measure the suspended biological and chemical
particles that present in solution (Farrell, et al., 2018). It is also an important water
parameter to indicate clean water quality. The high turbidity in water may be due to
high microbial pathogens, clay and silts, hazardous chemicals such as iron and
manganese that may affect human health (WHO, 2017). The turbidity of water can be
determined according to the instruction manual of Hanna HI-98703 turbidimeter
(Hanna Instruments, 2018). Prior to the turbidity analysis, calibration of the instrument
was conducted by using the standard solution given (0.1 NTU, 15 NTU, 100 NTU and
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750 NTU). To analyze the turbidity of solution, the sample solution was filled to a
sample cell until the marking line. The surface of sample cell was wiped with a cloth
to clean the stain that will block the light penetration into the cell. The sample cell was
then put into the turbidimeter and the value was read in the unit of Nephelometric
Turbidity Unit (NTU). The measurement was repeated to obtain an average value for

higher accuracy.

3.3.4  pH Analysis

pH is the expression of the concentration of H ions in water (USEPA, 2021). The pH
analysis is an important water quality parameter to determine the acidity or alkalinity
of sample solution. At lower pH value, most of the aquatic creatures could not survive.
On the other hand, high pH value will also reduce the biodiversity as high alkalinity
will damage the organs of organisms (Gensemer, et al., 2017). The solution pH can be
determined using a Hanna HI-2211 pH meter. To analyze the solution pH, the pH
probe was cleaned with distilled water before and after every value taken, then it was
put into the sample solution to read the value. The pH value was duplicated to obtain

an average result for accuracy data.

3.3.5  Colour Analysis

The colour analysis is an important water parameter as it may reflects to the high
pollution by coloured salts and dye molecules (Albert, et al., 2021; Iwar, Utsev and
Hassan, 2021). The colour can be determined according to HACH Platinum-Cobalt
Standard Method 8025 in Water Analysis Handbook (HACH, 2014). Based on this
method, 50 mL sample solution was first added with a pH 8 buffer powder pillow
followed by pH adjustment to pH 7.6 using 1.0 N HCI or 1.0 N NaOH. Next, the
sample solution was filtered using a 0.45 pum filter. The filtered sample solution was
filled into a 10 mL sample cell and the cell was wiped to remove stains on cell. The

colour of the sample was read which expressed in Pt-Co.
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34 Preparation of Photocatalyst

In this study, the preparation of V.0s, NiFe204, Delaminated TizC2. MXene (D-TisC>)
co-catalyst and D-TisC2/NiFe204/V20s composite were systematically synthesized in

the subsequent sections.

3.4.1  Synthesis of V205 Photocatalyst

The V205 photocatalyst was synthesized by a simple thermal decomposition process.
The ammonium metavanadate (NH4VO3) powder was burnt in a muffle furnace at 400
°C for 30 minutes after grounded using mortar and pestle for 1 hour (Zeleke et al., 2019;

Shafeeq, et al., 2020). A flowchart of the synthesis process is illustrated in Figure 3.3.

NH4VOs3 was put into a mortar and grounded for 1 hour

l

The finely grounded NH4VOs was burnt in muffle

furnance at 400 °C for 30 minutes

Figure 3.3: Flowchart of Thermal Decomposition of NH4VOsto Yield V20s.

3.4.2  Preparation of NiFe204/V20s Binary Composite

The NiFe204/V20s (NFO/V) composite was synthesized through a simple
hydrothermal process (Veisi, et al., 2021; Xie, et al., 2021). In the process, 0.727 g Ni
(NOz3)2¢6H20 and 2.02 g Fe (NO3)3*9H20 were dissolved in 75 mL of DI water. The
solution was mixed and stirred for 30 mins. Next, 0.59 g of as-synthesized V.0s was
added gradually to the mixture and sonicated for 1H. 2M NaOH solution was added
dropwise to the mixture to adjust the pH of solution to 12. The homogeneous solution
was transferred to a Teflon-lined autoclave and heated at 180 °C for 12H. After the

reaction, the reactor was cooled to room temperature. The precipitate formed was
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centrifuged and washed for three times with DI water. Finally, the collected composite
was dried at 80 °C for 12 hours. The wt% of NFO to V according to the above
procedures was 50 wt% (50-NFO/V). Varying mass of V2>0s were added to obtain
series NFO/V composite (10-NFO/V and 20-NFO/V). The pristine NFO was also
synthesized for comparison through the same procedures without adding of V2Os. The

preparation process was depicted in Figure 3.4.

1.454 g Ni (NOz3)226H20 and 4.04 g Fe (NO3)3*9H20 were
dissolved in 75 mL DI water and stirred for 30 mins

\ 4

2M NaOH solution was added dropwise and adjust until pH
12

v

Transferred the solution to a Teflon-line hydrothermal
reactor and kept at 180 °C for 12H.

A 4

The precipitate formed was centrifuged and washed with

DI water.

v
The collected catalyst was dried in an oven at 80 °C for 12H.

Figure 3.4: Flowchart of the Preparation of NiFe20O4 Nanoparticles.

3.4.3  Synthesis of Delaminated TizC2 MXene Co-catalyst

Next, the synthesis of 2D TisC> MXene was conducted via a chemical etching using
hydrofluoric acid (HF) and stirred for 24 hours at 60 °C (Zhan, et al., 2020). The etched
Ti3C, was let to set for 24 hours before filtered using 0.22 um nylon filter paper with
assisted by vacuum filtration system and washed with nitrogen-purged DI water until
the pH of filtrate dropped to the range of pH 6—7. The filtered Ti3C> was dried under -
50 °C of freeze-drying for 8 hours. Subsequently, the dried TizC> was delaminated
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using the tetramethylammonium hydroxide (TMAOH) to further increase the
interlayer structure of TisC2 (Alhabeb, et al., 2017). The delaminated TizC> (D-TisC2)
was centrifuged and washed with ultrapure water for 5 times at 7000 rpm for 30

minutes. The process of synthesis was displayed in Figure 3.5.

1.0 g TisAIC2 MAX Phase was gradually added to 40%
Hydrofluoric acid and stirred at 60 °C for 24 hours

Settled the solids for at
v least 24 hours.

The black solids were filtered using 0.22 pm nylon filter

paper and washed until the pH in range pH 6 — 7

\4

Freeze-drying the filtered solids (TisC2) for 8 hours

\ 4

0.5 g TisC2 was added to 1% TMAOH solution and stirr
for 24 hours under room conditions to delaminate the
stacked TisC2

Settled the solids for at
least 2 hours.

v

Centrifuged the D-TisC2 and washed with ultrapure

water for 5 times at 7000 rpm for 30 minutes each time

v
The D-TisC2 was freeze-dried for 8 hours

Figure 3.5: Flowchart of Synthesis 2D TisC2 MXene.

3.4.4  Preparation of D-TisC2/NiFe204/VV20s Composite

Lastly, the MV composite was synthesized by dispersing D-TizC> in ethanol under
sonication together with adding of V20s for 30 minutes (Zhao, et al., 2018). The
ethanol was then evaporated, and the composite was calcined in a tube furnace under
nitrogen condition at 300 °C for 1 hour. The flowchart in Figure 3.6 depicted the

synthesis process of the composite material.
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0.1 g D-MXene was dispersed in ethanol under

sonication for 10 minutes

v

1.9 g V205 was added to the mixture and dispersed for

another 10 minutes

v

Ethanol was evaporated at 60 °C for 1 hour.

I

The composite solid was calcined in tube furnace
under N2 at 300 °C for 1 hour

Figure 3.6: Flowchart of D-TisC2/NiFe204/V20s Composite Fabrication.

35 Characterization of D-TisC2/NiFe204/V20s Composite

3.5.1 Morphology and Composition Analysis

The morphology and elemental composition of the as-synthesized D-
Ti3C2/NiFe204/V20s composite will be determined through the Field-Emission
Scanning Electronic Microscopy with Energy Disperse X-Ray (FESEM-EDX). The
analysis was conducted using Jeol JSM-6701F FESEM-EDX instrument. Prior to the
analysis, the sample was tap on aluminium tube with the carbon tape. The sample
photocatalyst was coated with fine layer of platinum through Jeol JSM-1600 auto fine
coater and then vacuumed for 5 minutes for degassing. This morphological and
elemental analyse were carried out in at the Faculty of Science in UTAR.
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3.5.2 Crystallization Analysis

The crystalline properties of the as-synthesized composite can be tested through the a
X-ray Diffraction (XRD) analysis. The analysis was done by the Philips PW1820
diffractometer with Cu Ko incident radiation (A = 1.5406 A) within a 20 range of 10°
to 80°. This crystallization phase analysis was conducted at Faculty of Science in
UTAR.

3.5.3  UV-Vis Diffuse Reflectance Spectroscopy

The optical properties and the band gap of the as-synthesized catalyst were
investigated using the UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS). The
UV-Vis DRS spectra were obtained using a JASCO V-730 UV-Vis spectrophotometer
with scanning range of 200 nm to 800 nm. This analysis was tested at Faculty of

Engineering and Green Technology in UTAR.

3.5.4  Photoelectrochemical Analysis

The photoelectrochemical properties of the as-synthesized photocatalysts were
conducted using an Electrochemical Potentiostat (Gamry Interface 1000) with a
standard three-electrode cell. The setup of the potentiostat was as follows: a bulk cell
was filled with 0.5 M Na>SOs as electrolyte, pure Pt as the counter electrode, Ag/AgCl
served as the reference electrode and the fluorine doped tin oxide (FTO) glass coated
with photocatalyst as the active electrode. The light source used to initial the reaction
was a 150 W LED lamp. Some of the photoelectrochemical tests were conducted,
including Transient Photocurrent Response (TPR), Linear Sweep Voltametry (LSV)
and Electrochemical Impedance (EIS) Nyquist plot.
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3.6 Photocatalytic Degradation of Dyestuff

The photocatalytic degradation of RhB dye was conducted for bare V20s, NiFe;O4, D-
Ti3C2, and D-TisCo/NiFe204/V20s composites. Initially, 200 mL of 10 mg/L RhB dye
was poured into beaker and certain amounts of catalysts were added to each beaker.
Before the visible light irradiation, the pollutants with catalyst were underwent the
dark reaction for 30 minutes. Then, a 150W LED lamp was switched on and the
degradation of dyestuff was determined for 30 minutes interval for total 8 hours
reaction time. The samples were centrifuged and the supernatants were tested its
concentration using UV-Vis spectrophotometer.

3.7 Mineralization Study

The mineralization of RhB dye solution was conducted through a COD analysis. After
the LED lamp was switched on for the photocatalytic activities by the D-
Ti3Co/NiFe204/V20s composites, the sample solution was extracted every 30 mins.
The solution extracted was centrifuged to remove the particles. Then, the

mineralization efficiency can be calculated using Eqg. (3.3).
Mineralization Ef ficiency (%) = [(COD; — COD;)/COD;] x 100%  Eq. 3.3

Where COD; is the initial COD value (mg/L) at t = 0 and CODy is the COD value

(mg/L) at given time, t expressed in min.

3.8 Parameter Studies

3.8.1 Co-catalyst Loading

Amounts of co-catalyst to be incorporated to semiconductor photocatalyst has great
effect to the photocatalytic performance. In this study, the D-TisC> MXene co-catalyst
loading used ranging from 0.25 wt% to 1.0 wt%. The selection of the loading range
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was based on the literatures done by Zhuang, Liu and Meng (2019), Liu, et al. (2020a)
and Yi, et al. (2020). The experiments were conducted with constant initial RhB dye

concentration of 5 mg/L under natural pH 6.9.

3.8.2  Catalyst Loading

The increase in the catalyst loading will increase the photocatalytic degradation
efficiency of pollutants (Frindy and Sillanpa4, 2020; Hasanpour and Hatami, 2020;
Rafique, et al., 2020). The catalyst loading of NiFe;O4 in the binary NiFe;04/V20s
composite was studies at the range from 10 wt% to 50 wt%. The selection of the
loading was based on the literatures conducted by Reddy, et al. (2020), Faraji, et al.
(2021), Veisi, et al. (2021) and Zhao, et al. (2021). The experiments were conducted
under natural pH 6.9 with initial RhB concentration of 5 mg/L.

3.8.3  Solution pH

The pH of the solution has great influence on the photocatalytic degradation of
different pollutantsThe effect of solution pH on the photocatalytic degradation of
dyestuff was studied with ranging from pH 2 to pH 10. The different initial pH of the
solution was adjusted using 1.0 M NaOH and 1.0 M HCI. The pH ranges selection was
based on the literature carried out by Li, et al. (2018), Chen, et al. (2020) and Singh
and Basu (2020). The experiments were conducted at initial RhB concentration of 5

mg/L with optimized NiFe204/V20s catalyst loading.

3.9 Antimicrobial Activity

Antimicrobial activities for the pristine V.0s, NiFe;O4, D-TisCz, and D-
Ti3C2/NiFe204/V20s composites were examined through the inhibition of S. aureus
and B. cereus bacteria. These two bacteria were selected because they are common
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type bacteria found in foods, natural water bodies and wastewater effluent. The
photocatalytic antibacterial activities were carried out by a spread plate method to
observe the viable bacterial cell colonies. Typically, all the glassware and apparatus
together with culture medium used in this study were sterilized in an autoclave
operated at 120 °C for 20 mins. The kwik-stik was used to culture the bacteria in 50
mL nutrient broth and incubated in orbital shaker at 37 °C for 16H. The bacteria were
obtained through centrifugation at 4000 rpm and diluted to 10’ CFU/mL using 85%
saline water. The photocatalytic inactivation of bacteria was conducted using the
reactor as described in Section 3.2.1. 100 mL of 0.85% saline solution containing
bacteria cell with concentration of 10’ CFU/mL was added to the reactor. After that,
0.5 g/L of photocatalyst was loaded and stirred magnetically. The mixture was reacted
under dark condition for 30 min before the LED light was switched on. At constant
interval times, 2 mL of sample was extracted and filtered using 0.45 um PTFE
membrane filter. 0.5 mL of the filtered sample was spread evenly on a nutrient agar
plate. The number of viable cells was then observed through photograph after
incubated for 24 h at 37 °C. A control experiment was conducted with the LED light

irradiation only without the addition of photocatalyst.

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 h*, «OH radicals, H2O, and O+ radicals responsible for the
degradation of dyestuff. To investigate the role of ROS in the degradation of dyestuff,
the scavenging tests were conducted using common radical scavengers including
Catalase, Isopropanol (IPA), Potassium iodide (KI), and Benzoquinone (BQ). 2 mmol
of each scavenger was added to reaction solution to scour H2O2, *OH, h* and Oy*’,
respectively (Dadigala, et al., 2019; Jaffari, et al., 2019a; Wong, Lam and Sin, 2019).



44

3.11 The Hydroxyl (*OH) Radicals Analysis

According to literature studies, the photogenerated h*, H,O, and <O radicals
produced in the photocatalytic activity would foster the generation of *OH radicals
which is the predominant in degrading organic constituents (Jayaraj, et al., 2018; Ali,
Nair and Sandya, 2019; Jaffari, et al., 2019b). To further verify the generation of *OH
radicals over the TisC2-V20s composite in photocatalytic degradation of dyestuff, the
terephthalic acid photoluminescence (TA-PL) technique was applied (Wong, Lam and
Sin, 2019). The TA was used due to its non-fluorescence property, which could react
with *OH radicals to be converted into a fluorescent 2-hydroxylterephthalic acid
(HTA). Generally, the PL spectra of V20s excited at 315 nm from the TA molecules
under light irradiation, while HTA found at the 425 nm peak of the PL intensity
indicated that the amount of *OH radicals formed on the catalyst (Chai, Lam and Sin,
2019; Shafeeq, et al., 2020).

3.12 Recycling Test

To evaluate the stability of D-TisC./NiFe204/V20s composite after photocatalytic
reaction, the recycling test was conducted. Generally, the composite was collected
after one cycle of photocatalytic process in dyestuff and use for another set of
experiment with the same condition (Dadigala, et al., 2019; Zhang et al., 2021). The
degradation efficiency was determined. In the typical procedure, the used D-
Ti3C2/NiFe204/V20s composite was collected via external magnetic force. The sample
collected was then dried in a vacuum oven at 60 °C for overnight. The dried sample

was then run for several times to test the durability of the photocatalyst.

3.13 Real Printed Ink Wastewater Effluent Study

The photocatalytic degradation of real printed ink wastewater effluent (PIWE) will be

conducted using the optimized composite and process parameters. The PIWE was

collected at Bercham, Ipoh. After collected from the paper printing industry, the PIWE
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was first filtered with 38 pm stainless steel mesh sieve to remove large particles in
wastewater. The wastewater was stored in a plastic drum at 5 °C in a refrigerator.
Several preliminary studies were also conducted, including COD, BOD, turbidity, pH
and colour. The mineralization efficiency of the real PIWE was determined through
the COD analysis.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter explained the experimental results of the current research. The first part
of the chapter presented the characterization studies on the synthesized D-M/NFO/V
ternary composite utilized in the photocatalytic degradation of dyestuff. In the second
part of this chapter, the preliminary performance of the developed D-M/NFO/V ternary
composite in photocatalytic degradation of the synthetic dyestuff wastewater was
depicted. In the next part of this chapter, several process parameters including the NFO
catalyst loading, D-M co-catalyst loading and the solution pH were studied to evaluate
the photocatalytic degradation performance. Subsequently, the antibacterial activities
using the optimised D-M/NFO/V ternary photocatalyst towards Bacillus cereus (B.
cereus) and Pseudomonas aeruginosa (P. aeruginosa) via the zone of inhibition (ZOI)
testing. In the fifth part of this chapter, the radical scavenging test was conducted to
determine the major reactive oxygen species (ROS) responsive in photodegradation of
dyestuff wastewater. This was followed by the reusability study of the optimised
ternary photocatalyst. Lastly, the photocatalytic degradation of real printed ink
wastewater utilizing the best ternary catalyst at the optimum condition was also studied.

4.1  Characterization of the Synthesized Photocatalysts

Characterization of the synthesized photocatalysts utilized in the photodegradation of
dyestuff wastewater such as V205 (V), NiFe2O4 (NFO), Delaminated TisC, MXene
(D-M), NFO/V binary and D-M/NFO/V ternary composites were conducted. The
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characterization techniques used including the surface morphology, elemental
composition, crystallization phase, band gap and photoelectrochemical test to evaluate
the physiochemical, optical and electronic properties of the photocatalysts. The
morphological of the synthesized photocatalysts was examined through FESEM
images while the elemental composition analysis was carried out using the EDX
technique. The XRD analysis was conducted to determine the crystallization phase of
the synthesized photocatalysts. Next, the optical property of the catalysts was
identified using the UV-vis DRS technique to obtain the band gap energy of the
catalysts. Lastly, the photoelectrochemical tests such as the TPR, LSV, EIS and MS
were conducted to study the electronic properties of the catalysts.

4.1.1  Morphological Analysis

Figure 4.1 depicts the morphological structures of the synthesized catalysts including
V, NFO, M, D-M, NFO/V binary composite and D-M/NFO/V ternary composite,
respectively obtained from the FESEM images. The FESEM image obtained for the
V205 synthesized via the simple thermal decomposition revealed that V20s have
irregular flake-like morphologies. The measured particle diameters of V205 were
varying from 80 nm to 700 nm, while the particle lengths were ranging from 0.18 pm
to 1.14 um. It could be observed that the image of NFO revealed its morphology
existed as sphere-like particles with a measured particle diameters ranging from 22 nm

to 76 nm.

Figure 4.1 (c) shows the TizC2 MXene synthesized through the etching of Al
from TisAIC2, MAX phase using hydrofluoric acid (HF) displayed the stack-layered
structure which are in consistent to the literatures reported by Ihsanullah (2020), Jeon,
et al. (2020) and Dixit, et al. (2022). The delaminated structures of MXene are
illustrated in Figure 4.1 (d). The delamination of MXene was conducted via the mixing
of MXene in tetramethylammonium hydroxide (TMAQOH) assisted with sonication.
The morphologies of D-M were less stacked and present to be few layered or single
sheets. This could be contributed to the higher active site for the chemical reaction
(Hwang, et al., 2020).



¥20,000 WD G6.0mm

§ 3 e PP g e
40KV X10,000 WD 6.0mm 2 S 40kv  X10,000 WDG6.1mm 1um

Figure 4.1: FESEM Images of (a) V, (b) NFO, (c) M, (d) D-M, (e) NFO/V and (f)
D-M/NFO/V.

Based on the FESEM images for the NFO/V binary composite (Figure 4.1 (e)),
it can be observed that the irregular shapes of V.Os particles were surrounded with
nanosized spherical NFO particles. It was worth noting that the NFO nanoparticles
were evenly distributed over the V2Os surfaces forming binary photocatalyst. Lastly,
the D-M/NFO/V ternary composite photocatalyst illustrated in Figure 4.1 (f) has the
similar morphology as in the NFO/V binary composite with additional of thin sheet
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presented in the FESEM images. This indicated that the existence of delaminated
MXene in the binary composite forming well-incorporated ternary structure.
Nonetheless, the D-M thin sheets are not noticeable in the FESEM images due to its
low weight percentage content in the ternary composite. The presence of delaminated
Ti3Co, MXene in the ternary composite can be elucidated by the EDX Mapping as
displayed in Figure 4.3.

4.1.2  Elemental Composition Analysis

The analyses of elemental composition of the synthesized photocatalysts were
conducted using the Energy Disperse X-ray (EDX) technique. The results obtained for
each catalyst, V, NFO, M, D-M, NFO/V and D-M/NFO/V are displayed in Figures 4.2
(@) to (f), respectively. The EDX spectrum of the V.Os photocatalyst was composed
of V and O elements only, indicating the high purity of the V.Os products synthesized
through simple thermal decomposition. The results obtained were also in consistent to
the EDX spectra reported in literatures (Zeleke and Kuo, 2019; Rafique, et al., 2020;
Zhang, et al., 2021a). Figure 4.3 (b) displays the EDX spectra of NFO catalyst which
mainly composed of Ni, Fe and O elements. Subsequently, the EDX spectrum of the
synthesized MXene and Delaminated MXene were depicted in Figures 4.2 (c) and (d).
Both obtained results showed that the major chemical compositions are Ti and C
elements. The high C peaks existed in the spectra could also be attributed to the carbon
tape for holding the sample during the analysis. Figure 4.3 (e) illustrates the EDX
spectra of NFO/V binary composite, while Figure 4.3 (f) shows the EDX spectra of D-
M/NFO/V ternary composite materials. The results of the EDX analysis for the binary
composite contained the elements Ni, Fe, V and O, whereas the ternary composite
consisted additional peaks for elements Ti and C. This indicating that the Delaminated
Ti3C2 MXene had successfully incorporated to the NFO/V binary photocatalyst and

resulting the ternary composite materials.

The EDX mapping of the synthesized D-M/NFO/V ternary composite material
was illustrated in Figure 4.3. The results showed that the existence elements, Ti, C,
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Figure 4.2: EDX Spectra of (a) V, (b) NFO, (c) M, (d) D-M, (e) NFO/V and (f) D-
M/NFO/V.

Ni, Fe, V and O were distributed evenly in the composite structure. This result further

confirmed the XRD finding as above discussion.
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Figure 4.3: EDX Mapping of D-M/NFO/V Ternary Composite.

4.1.3  Crystallization Phase Analysis

The crystallization phases of the synthesized photocatalysts were characterized
through the XRD analyses and the results were depicted in Figure 4.4. As displayed in
the figure, the pure V205 photocatalyst has the characteristic peaks existed at 20 =
15.45°, 20.35°, 21.78°, 26.23°, 31.08°, 32.45°, 34.35°, 41.32°, which corresponded to
the (200), (001), (101), (110), (400), (011), (310) and (002) crystal planes. These
diffraction peaks corresponded to the respective planes confirmed the orthorhombic of
the synthesized V.Os crystal structures. The results were consistent with the standard
card JCPDS No. 41-426 (Zeleke and Kuo, 2019; Karthik, et al., 2020; Rafique, et al.,
2020; Shafeeq, et al., 2020; Zhang, et al., 2021a). As for the pure NFO, the diffraction
peaks appeared at 20 = 18.44°, 30.34°, 35.73°, 43.42°, 53.88°, 57.42°, 63.05°, which
matched to the indexes at (111), (220), (311), (400), (422), (511) and (440),
respectively. The results reflected that the pure NFO existed as cubic spinel
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Figure 4.4: XRD patterns of the Synthesized Photocatalysts.

structures which referred to the standard JCPDS No. 54-0964 (Reddy, et al., 2020;
Baig, et al., 2021; Faraji, et al., 2021; Veisi, et al., 2021).

Moreover, the XRD patterns of the delaminated MXene (D-M) were illustrated
in the figure at the angles of 18.52, 28.72°, 32.51°, 36.13°, 41.96°, 54.42°, 60.87°,
which referred to structure planes at (004), (006), (101), (103), (105), (108) and (110),
correspondingly. Figure 4.5 demonstrates the XRD patterns for the MAX phase,
MXene and delaminated MXene (D-M) for comparison. All the D-M and MXene
structures having the similar diffraction peaks which in consistent to the TizAIC; MAX
phase with standard JCPDS No. 52-0875 (Fang, Cao and Chen, 2019; Huang, et al.,
2020; Rasheed, et al., 2021). Notably, the strong (104) peaks of the MAX phase at the
diffraction angle of 39° was disappeared in both D-M and MXene. This was attributed
to the etching of Al element during the HF treating (Yan, et al., 2019; Yang, et al.,

2019; Li, et al., 2021a).
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Figure 4.5: XRD patterns of MAX, MXene and D-M.

On the other hands, the XRD patterns for the NFO/V binary and D-M/NFO/V
ternary composite materials depicted the characteristic peaks for each component,
indicating the well-synthesized composite photocatalysts. Figure 4.6 displays the
magnified (004) plane for the ternary composite. The peak at 18.52° confirmed the

presence of D-M in the ternary photocatalyst.
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Figure 4.6: Magnified image indicating the presence of D-M in ternary composite.
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414  Band Gap Energy Analysis

The optical properties of the synthesized photocatalysts including V, NFO, NFO/V
and D-M/NFO/V were determined via the UV-vis Diffuse Reflectance Spectroscopy
(DRS) analysis. In Figure 4.7, the UV-vis DRS spectra of the synthesized catalysts
presented that the characteristic light absorption edges for VV, NFO, NFO/V and D-
M/NFO/V were 380 nm, 530 nm, 470 nm and 490 nm, respectively. The results
indicated that all the synthesized photocatalysts exhibited visible light absorption
capacity. As observed from the figure, the NFO/V binary composite had shifted from
380 nm to 470 nm as compared to pure V20s. This can be attributed to the interaction
between NFO and V forming the heterojunction (Chen, et al., 2021; Zhang, et al.,
2021a). On the other hand, the D-M/NFOQO/V ternary composite revealed longer visible
light absorption edges at 490 nm as compared to bare V205 (380 nm) and NFO/V (470
nm) binary composite. The black colour delaminated MXene incorporated in the
composite structure has improved the light absorption and photon harvesting
capability (Yan, et al., 2019; Zhuang, Liu and Meng, 2019). This property can be
improved the photocatalytic activities in degrading the pollutants which will be further
discussed in Section 4.3.

Vv
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Figure 4.7: UV-vis DRS Spectra of the Synthesized Photocatalysts.
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The optical band gap (Eg) of the semiconductor is estimated through the Tauc’s
method expression as displayed in Eq. (4.1) to relate the optical absorption edge of
photocatalyst to the energy gap (Fang, Cao and Chen, 2019; Tan, et al., 2019; Zhang,
etal., 2021d; Zhao, et al., 2021).

(ahv)Y™ = A(hv — E,) (4.1)

Where a, h, v, A and Eg denote the light absorption coefficient, Planck’s constant
(4.136 x 10715 eV Hz™1), frequency of light (Hz), proportional constant and band
gap energy (eV), respectively. The value of n in the expression indicating the direct

(n=0.5) or indirect (n= 2) transition band gap of the materials.

Furthermore, the band gap energies of the synthesized photocatalysts were
calculated 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 is given by the equation in Eq. (4.3) (Li and Wu, 2015; Makula, Pacia and
Macyk, 2018; Tan, et al., 2019).

F(R) = % (4.2)
h
Eg =~ (4.3)

Where F(R) is the Kubelka-Munk function, R is the reflectance (%) of the material, Eq
is the band gap energy (eV), ¢ is the velocity of light travel in vacuum (3.0 x 108 m s°

1y and 1 denotes as the wavelength (nm) of light absorption.

The linear expression of the (F(R)hv)? versus hv for determining band gap
energies for each photocatalyst was plotted and depicted in Figure 4.8. From the figure,
a tangent line was drawn to obtain the optical band gap energy. The attained band gap
energies for V, NFO, NFO/V and D-M/NFO/V were 2.78 eV, 2.00 eV, 2.63 eV and
2.45 eV, correspondingly. The moderately wide band gap of V2Os was constricted with
the addition of NFO forming narrower band gap of NFO/V binary composite materials.
The results are well-aligned with the literature reports (Borras, et al., 2020; Reddy, et
al., 2020; Paul and Dhar, 2020; Chen, et al., 2021). In the literatures, the addition of
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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. Moreover,
the addition of D-M as a co-catalyst could further improve the light absorption capacity

with diminished band gap energy. Similar findings were reported in other literatures

(Fang, Cao and Chen, 2019; Shen, et al., 2019; Rasheed, et al., 2021).
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Figure 4.8: Kubelka-Munk Function Plot of (F(R)hv)? versus hv of V, NFO,

NFO/V and D-M/NFO/V photocatalysts.

415 Photoelectrochemical Test
Figures 4.9 (a) and (b) show the Transient Photocurrent Response (TPR) and
Electrochemical Impedance Spectroscopy (EIS) for the synthesized photocatalysts.
The TPR measurement was used to investigate the charge carrier separation efficiency
while the EIS was to further validate the photoinduced charge carrier transmission
(Zeng, et al., 2016; Xia, et al., 2018; Veisi, et al., 2021). As depicted in Figure 4.9 (a),
the photocurrent responses increased in all the samples instantly when the LED light

is switched on and dropped immediately when the light was turned off. The results
indicated all the photocatalysts were responded to the LED light illumination.
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Figure 4.9: (a) TPR and (b) EIS Nyquist Plot of the Synthesized Photocatalyst.
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The photocurrent generated by pure NFO and pure V single photocatalyst were
low, indicating poor charge carrier separation of individual catalysts component. The
binary NFO/V had improved photocurrent response due to the formation of
heterojunction between the pure V and pure NFO (Raizada, et al., 2021; Sin, et al.,
2021; Xie, et al., 2021). When the D-M was incorporated with NFO/V binary catalyst,
the photoexcited ec,” migrated from the binary composite to the large surface D-M.
The D-M was expected to work as the co-catalyst and formed the Schottky barriers
with the binary NFO/V catalysts, inhibiting the possible recombination of e - hyp*
pairs in the binary structure (Li, et al., 2021a; Zhong, Li and Zhang, 2021).
Consequently, the ternary D-M/NFO/V could exhibit better photocatalytic activities

as compared to binary and unary catalysts.

Furthermore, the EIS Nyquist curves depicted in Figure 4.9 (b) also revealed
that the enhanced charge separation and migration of charge carriers was obtained for
the ternary D-M/NFO/V photocatalyst. Larger semicircle arcs were observed for both
pure NFO and pure V unary catalysts. The results indicated poor charge separation
efficiency and higher recombination rate of es” - hy* pairs which exhibited poorer
photocatalytic activities. The order of the reduction in semicircle arc size was as
followed: NFO > V > NFO/V > D-M/NFO/V. Among the samples, the smallest
semicircle arc observed in the ternary compound implied that the minor interfacial
charge-transfer resistance and hold strong ability in shunting e - hw™ pairs for the
photoreaction (Zeng, et al., 2016; Vattikuti, Nam and Shim, 2018; Zhang, etal., 2021c).

This EIS Nyquist outcomes were consistent with the TPR result.

To determine the band position of the synthesized photocatalysts, the Mott-
Schottky (MS) analysis was conducted and illustrated in Figure 4.10. The conductive
band potential (Ecy) of the bare V can be determined by drawing a tangent line to the
x-axes of the graph (Figure 4.10 (a)). The Ec, of the V was evaluated to be + 0.46 eV.
The positive slope in this plot, indicating that V is a n-type semiconductor. Meanwhile,
the negative slope was obtained for pure NFO as shown in Figure 4.10 (b), revealing
that it is a p-type photocatalyst. The measured Ec, for pure NFO was -0.79 eV. By
integrating the UV-vis DRS and the MS analyses, the valence band (Ew) of the
semiconductor can be calculated by the formula in Eq. (4.4) (Atacan, Giiy and Ozacar,
2021; Duan, et al., 2021; Feizpoor, et al., 2021).
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Eco = Ew - Eg (4.4)
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Figure 4.10: Mott-Schottky Plot for (a) Pure V and (b) Pure NFO.

Therefore, the Evy of each photocatalyst was calculated and illustrated in Table 4.1.

Table 4.1: The Potential Band of the Synthesized Photocatalysts.

Photocatalyst  E, Ec Ew
\ 2.78 eV +0.46 eV +3.24 eV
NFO 2.00 eV -0.79 eV +1.21eV

4.2 Preliminary Study of Photocatalytic Degradation of RhB Dye

In the preliminary study, the RhB dye was treated to evaluate its dye removal
efficiency under the photolysis and photocatalysis. Under the photolysis, the RhB dye
was treated solely under LED light irradiation without adding any photocatalyst.
Meanwhile, under the photocatalysis, 0.5 g/L of D-M/NFO/V photocatalyst was added
to the treatment system to compare the dye removal efficiency with and without the
presence of catalyst. Figure 4.11 shows the photolysis process with little dye removal
efficiency of 15.5 % in 360 min under LED light irradiation. On the contrary, when
D-M/NFO/V photocatalyst was added to the RhB dye reactor at the same condition as
in the photolysis, a remarkably high decolorization efficiency was obtained at 90.2 %.
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Figure 4.11: RhB Dye Removal Efficiency under Photolysis and Photocatalysis
([RhB Dye] =5 mg/L; [Catalyst] = 0.5 g/L; Solution pH = 12.0).

The outstanding decolorization efficiency was obtained under the
photocatalytic degradation of RhB dye. Under the light illumination, the D-M/NFO/V
ternary compound with band gap energy of 2.45 eV was activated by accepting the
photon energy from the LED light source. The e - hw* pairs were generated with
higher TPR and notably small EIS value indicating excellent charge separation
efficiency that could be contributed to the generation of ROS (Sajid, et al., 2020; Zhao,
etal., 2021). The photoactivated hy,™ at the valence band will react with the hydroxide
ions generated from the dissociation of water molecules in the aqueous solution.
Thereby, producing the highly oxidative *OH radicals with redox potential of 2.8 eV
which effectively degrade dye molecules to produce CO2, H20 and degraded products
(Vattikuti, et al., 2018; Mishra, et al., 2020; Shen, et al., 2021).

In the present study, the quality parameters studies of RhB dye wastewater such
as COD, colour, turbidity and solution pH were also conducted using the D-M/NFO/V
ternary composite under the LED light irradiation. Table 4.2 displays the parameters
of RhB dye before and after the photocatalytic degradation by the ternary composite.
As depicted in the table below, the initial COD of RhB dye was 80 mg/L and the COD
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value of the wastewater after 6 hours photocatalytic treatment was 41 mg/L, which
corresponding to the COD removal efficiency of 48.75 %. Furthermore, the turbidity
reduction and the true colour removal efficiency were 66.47 % and 62.78 %,
respectively. As for the solution pH, a decrease of solution pH from pH 12.01 to 9.34
was observed after the photocatalysis. The decrease in the solution pH could be
ascribed as the OH" ions in the solution reacted with the photoinduced hw,™ to generate
*OH radicals, which responsible in degrading the dye molecules (Weldegebrieal and
Sibhatu, 2021).

Table 4.2: Parameters of the RhB dye before and after Photocatalytic
Degradation using D-M/NFO/V Ternary Composite.

Parameters Unit  Before Treatment After Treatment  Efficiency (%)

COD mg/L  80.0 41.0 48.75
Colour Pt-co 90.8 33.8 62.78
Turbidity NTU 24.1 8.1 64.47
pH - 12.01 9.34 -

In addition, the UV-Vis adsorption spectrum of the RhB dye solution at the
wavelength (A) of 553 nm against the different time intervals was depicted in Figure
4.12. The results showed that the RhB dye absorbance decreased with time when
treated with D-M/NFO/V ternary photocatalyst for 360 mins.
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Figure 4.12: UV-vis Absorption Spectrum of RhB at A = 553 nm Against Time.

4.3  Effect of Process Parameter Studies on Photocatalytic Degradation of
Dyestuff

The effect of process parameter studies was evaluated to optimise the photocatalytic
degradation of dyestuff wastewater using the synthesized D-M/NFO/V ternary
composite materials. The operational parameters to be studied including the NFO
loading in NFO/V binary compound, the D-M co-catalyst loading in D-M/NFO/V
ternary system and dye solution pH.

4.3.1 Effect of NFO Catalyst Loading in NFO/V Binary Composite

In the binary composite materials, the appropriate ratio of NFO weight percentage
(%wt) on the V catalyst loading was highly affected the photocatalytic activities. In
the present study, the NFO weight loading was ranging from 10 wt%, 20 wt%, 50 wt%
and 70%, which denoted as 10NFO/V, 20NFO/V, 50NFO/V and 70NFO/V,



63

accordingly. The experiments were carried out in the same conditions of 0.5 g/L
catalyst loading, RhB concentration at 5 mg/L and solution pH of 12.0. Figure 4.13
displays the photocatalytic degradation efficiency of the RhB dye solution using bulk
V, bare NFO, and different %wt NFO to V under the LED light irradiation for 240
min. The photocatalytic degradation of dye for pure V and pure NFO were 31.8% and
43.3%, respectively. When the pure NFO was added onto the V catalyst, the
photocatalytic degradation efficacy exhibited significant enhancement. The removal
efficiency was increased from 44.4% to 73.9% when increasing NFO loading from 10
wit% to 50 wt%. However, further increase in the NFO loading, the removal efficiency

of binary composite was reduced to 49.0%.
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Figure 4.13: Photocatalytic Activity of Pure V, Pure NFO and NFO/V with
various NFO loadings toward the Degradation of RhB Dye ([RhB] = 5 mg/L;
[Catalyst] = 0.5 g/L; Solution pH =12).

The NFO/V binary composite displayed remarkable removal efficiency as
compared to the single photocatalyst. This can be ascribed to the enhancement of the
e - hw' pairs separation of Z-scheme heterojunction composite, promoting the
charge separation between the two materials (Hong, et al., 2016; Jayaraman, et al.,
2019; Fan, etal., 2021; Liu, et al., 2021b). Furthermore, the increase in the NFO dosage
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in NFO/V binary compound boosted the photocatalytic activities as the synergetic
effect of the heterostructure enhanced the charge separation which prolonged the redox
activities. Nevertheless, the surplus quantities of NFO inhibited the photocatalysis
process. This could be attributed to the excess amount of NFO obstructed the light
absorption which weakened the generation rate of ec,” - hy* pairs (Dadigala, et al.,
2019; Cao, et al., 2021). Additionally, the overdosage of NFO can conceal the surface
of the active sites which resulted in the shielding effect that hindered the charge carrier
production and declined the photocatalytic performance (Mishra, et al., 2020; Huang,
etal., 2021).

Similar findings were reported by Liu, et al. (2021b) when increasing in the
amount of Bi»Ss catalyst in Bi»S3/BiVO4/TiO2 nanorods (BVT) ternary composite
from 3 mol to 4 mol, the photodegradation of methyl orange enhanced from 62% to
76% under 300W Xenon lamp for 180 min. When further increase the dosage of Bi2S3
catalyst to 5 mol, the degradation efficiency reduced to 69%. The results revealed that
the excess amount of Bi>Sz had hindered the light absorption can be inhibited the
separation of ecy” - hyy™ pairs. On the other hand, Chachvalvutikul and colleagues (2021)
studied the effect of FeVVO4 (FV) catalyst dosage in ternary compounds. In their study,
the addition of the FV contents from 0.5 wt% to 1 wt%, the photocatalytic degradation
efficiency improved from 93.2% to 99.3%. A deterioration in the degradation efficacy
of 80.8% was observed as FV content increased to 3 wt% in the ternary composites.
The findings were indicated that the suppress of the recombination rate of the charge
carrier as well as the reduction of catalyst reactive sites due to the shielding effect by

the excessive FV contents.

4.3.2 Effect of D-M Co-catalyst Loading in D-M/NFO/V Ternary Composite

To further enhanced the Z-scheme heterojunction of NFO/V, the D-M with different
loadings were evaluated toward the degradation of RhB dye. The D-M loading was
varied from 0.25 wt% to 1.0 wt%. Figure 4.14 demonstrates the photoactivities of D-
M/NFO/V ternary composite with different D-M loadings. Addition of D-M loadings

from 0.25 wt% to 0.5 wt% enhanced the photocatalytic degradation efficiency
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Figure 4.14: Photocatalytic Activity D-M/NFO/V Ternary Compound at

Different D-M loadings toward Degradation of RhB Dye ([RhB] = 5 mg/L;

[Catalyst] = 0.5 g/L; Solution pH = 12).

drastically to 77.6% and 88.7%, respectively. Nonetheless, the further merged of D-M
content was significantly deteriorated the removal efficiency to 54.0%. In comparison
to the photocatalytic degradation of RhB with binary NFO/V (73.9%), the 1.0 wt% D-
M/NFO/V exhibited the best degradation efficiency of 88.7%.

Incorporation of D-M can work as a co-catalyst to further enhance the
transmission of the photoinduced charge carriers in the ternary composite materials.
Appropriate amount of co-catalyst loadings can be dramatically enhanced the
photocatalytic performance. This can be ascribed as the integration of D-M co-catalyst
can broaden the light absorption range, the highly conductive metallic D-M promote
fast migration of photogenerated ec,” from the binary NFO/V to large surface area of
D-M and the contact interfaces providing more active sites for reactions (Yang, et al.,
2019; Liu, et al., 2020b; Wu, et al., 2021). As the loadings of D-M were added
excessively, the degradation efficiency of ternary composite dropped. The results can
be attributed to the higher amount of black colour D-M had minimized the light
penetration and scattered the light transmission to activate the photocatalysis process
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and thus weakened the segregation of ew - hw" pairs of the binary photocatalyst
(Choudhury and Gogoi, 2021). This finding was consistent with other literatures (Raja,
Son and Kang, 2021; Sun, et al., 2021b; Zhang, et al., 2021d).

Liu and co-workers (2020b) examined the effect of MXene loading in MXene
Ti3Co/TiO2/BIOCI ternary composites in the degradation of RhB dye under Xenon
lamp for 120 min. In their studies, the increase in the MXene co-catalyst loading from
1% to 4%, the photodegradation efficiency improved from 60% to 85%. When the
loading was further elevated to 5%, the degradation rate was declined to 75%. They
explained that proper weightage of MXene in ternary composite exhibited good
photocatalytic activities due to the improved charge transmission and prolonged of the
recombination of charge carrier. Declining in the photocatalysis with the increasing in
the MXene loading caused the shielding effect and deteriorated the light absorption
capability. Another study conducted by Wang et al. (2021), the increase in the
delaminated TisC> MXene loading in TizC2/SnNb20s binary compound from 2% to 5%
presented improved photocatalytic removal of tetracycline hydrochloride from 55% to
70%. However, when the TisC> loading was increased to 10%, the reactivity was
showed declination. They described that the black TisC, with appropriate amount can
be advantageous for improving the light absorption capacities. Nevertheless, the
higher quantity of TisC> will tends to convert the photon into thermal energy which

supress the photocatalytic performance.

4.3.3 Effect of Solution pH

The solution pH is a crucial operational parameter of the photocatalysis as it affects
the surface of photocatalyst which directly influences the photocatalytic activity. In
the present study, the effect of RhB solution pH in the photocatalytic degradation
performance was carried out with pH ranging from pH 2 to pH 12, while the other
parameters were remained constant. The solution pH was adjusted by the addition of
1.0 M HCI or 1.0 M KOH. Figure 4.15 displays the photocatalytic activities of D-
M/NFO/V ternary composite at different solution pH under the LED light irradiation
for 4 h. In the natural pH (without adding pH adjuster), the photodegradation rate of
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Figure 4.15: Photocatalytic Activity of D-M/NFO/V ternary composite at
different solution pH toward Degradation of RhB ([RhB] = 5 mg/L; [Catalyst] =
0.5g/L).

RhB was low with removal efficiency of 52.2%. Increasing the solution pH to pH 9
and 12, the photodegradation efficiencies were 58.6% and 88.7%, respectively. On the
contrary, when the solution pH was altered to 2, the photocatalysis efficiency was

suppressed to 42.8%.

The photocatalytic degradation of dye can be attributed to the three
mechanisms, (1) direct reduction by photoexcited ec, (2) direct oxidation by
photoinduced hw*, and (3) attacking by *OH radicals (Rafiq, et al., 2021). At lower
pH, photoinduced hy* can be generated as the major reactive oxygen species (ROS),
meanwhile the *OH radicals can be produced at higher solution pH. Another factor
caused by the effect of solution pH was the surface chemistry of the photocatalyst. At
higher pH environment, deprotonation process occurred and the surface of the
photocatalyst will become positively charged. On the contrary, protonation process
will occur in acidic condition which led to the positively charged surface of the

photocatalyst (Javanbakht and Mohammadian, 2021).
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RhB is a cationic dye which will ionise into positively charged ions in aqueous
solution. As illustrated in figure, the outstanding degradation of cationic RhB was
obtained at pH 12. This was ascribed to the surface of the D-M/NFO/V 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 generation of abundant of *OH radicals, which was responsible for
the photodegradation process (Lohar, et al., 2021; Sutar, Barkul and Patil, 2021; Vema,
et al., 2021). Furthermore, the photocatalytic performance was deteriorated at lower
solution pH. This can be explained as the surface repulsion between protonated
photocatalyst in acidic condition with cationic RhB.

Consistent results were reported in the literature studies (L1, et al., 2021c; Sutar,
Barkul and Patil, 2021; Wang, et al., 2021b). Sutar and co-workers (2021) conducted
the study to investigate the effect of pH in the degradation of cationic dye using ZnO-
Zn,TiOg4 (ZT) catalyst. The optimum pH in photodegradation of dye was obtained at
pH 11 under the irradiation of sunlight for 7 h. They explained that the excellent
photocatalytic performance obtained at higher pH was due to the generation of *OH
radicals as well as the strong electrostatic attractions between the anionic surface of
ZT catalyst and cationic dye. Another report by Li, et al. (2021c) demonstrated that
the highest photocatalytic degradation of astrazon brilliant red (ABR) dye removal was
obtained at the alkaline environment (pH 11). They justified that the remarkable high
degradation efficiency was due to the generation of *OH and *O>" radical under alkaline
pH superior to that in acidic pH.

4.4 Antimicrobial Activities

The microbial pathogens, including S. aureus, E. coli, B. cereus, P. aeruginosa, K.
pneumoniae, and P. Vulgaris are present in real wastewater due to the high organic
contents. The photocatalytic antibacterial activities were carried out by a spread plate
method to observe the viable bacterial cell colonies. In the present study, the
photocatalytic inhibition of gram-positive Staphylococcus aureus (S. aureus) and

Bacillus cereus (B. cereus) were conducted under the LED light irradiation using the
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synthesized photocatalysts. Figures 4.16 and 4.17 display the photocatalytic
antibacterial activities toward S. aureus and B. cereus, respectively under LED light
irradiation for 240 min. The results demonstrated that under the photolysis (without
photocatalyst), no observable change indicating both S. aureus and B. cereus cannot
be inhibited under the LED light. When the synthesized photocatalysts were added to
evaluate the photocatalytic disinfection activities, the number of bacterial colonies had
noticeable reduction as compared to that of photolysis. The disinfection effect was not
observable under the dark condition. Comparing the photocatalytic antibacterial
activities of V and NFO unary samples, both the binary NFO/V and ternary D-
M/NFO/V composites exhibited higher disinfection effects. Among the samples, the
ternary composite displayed the remarkable antibacterial activities. The order of the
photocatalytic antibacterial activities of the synthesized photocatalyst against S.
aureus was as followed: D-M/NFO/V > NFO/V > V > NFO. Similar order for the
photocatalytic inhibition of B. cereus.

The photocatalytic disinfection of bacteria was influenced by various factors
including morphology, surface charges and generation of ROS. The slight disinfection
effect was observed for all the photocatalysts under the dark condition. The results can
be attributed to the production of positively charged ions (V°*, Ni?*, Fe3*, Ti**) from
the respective samples (Karthik, et al., 2019; Hajipour, et al., 2021; Li, et al., 2021d).
The release of cations adsorbed by the negatively charged bacteria cell wall and
destroyed the cell wall causing the dead of bacteria. On the other hand, under the LED
light irradiation, the photocatalytic inhibition of S. aureus was observed after 240 min.
This could be ascribed to the photogenerated ecy” - hwy* pairs leading to the production
of ROS responsible for cell inhibition. The formation of *OH and «O>" radicals reacted
with intercellular cytoplasm and bacterial membrane. Consequently, led to the
dysfunction of cell walls, peroxidation of lipids membranes, oxidation of proteins as
well as denaturation of DNA (Jayaraj, et al., 2019; Alsafari, et al., 2021; Ma, et al.,
2021b).

The D-M/NFO/V exhibited the profound photocatalytic inhibition of S. aureus
under LED irradiation for 240 min. The results can be attributed to the effective ecy -
hvw* pairs separation for yielding the highest amount of *OH and <O radicals

responsible for the redox reaction in killing the bacteria cells (Liu, et al., 2021).
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Figure 4.16: The Photocatalytic Antibacterial Activities toward S. aureus under as-prepared Photocatalysts.
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Figure 4.17: The Photocatalytic Antibacterial Activities toward B. cereus under as-prepared Photocatalysts.
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Moreover, the existence of positive ions (V°*, Ni?*, Fe3*, Ti*") attacked and entered
the negatively charged bacterial cell membrane subsequently led to the cell denatured
(Li, et al., 2021d). As compared the NFO/V to the D-M/NFO/V ternary composites,
the incorporation of D-M enhanced the photocatalytic antibacterial effects. This
revealed that the D-M co-catalyst boosted the migration of photogenerated ec,” and
hence prolonged the recombination rate (Feng, et al., 2021; Shi, et al., 2021).
Additionally, the structure of D-M existed as thin and sharped sheets also helped for
the destroying of bacteria cells through direct physical interactions (Wang, et al., 2020).

Wang and co-workers (2020) conducted the photocatalytic antibacterial
activities using Cu2O anchored MXene toward S, aureus and P. aeruginosa. The
enhanced antibacterial activities were observed on Cu,O/MXene when compared to
pure Cu20 and MXene. They explained that the binary composite had improved the
charge separation for promoting high yield ROS responsible for antibacterial
capability. Furthermore, the sharped edges MXene also damaged the bacterial cell wall
via direct physical contacts leading to the leakage of DNA. Another study carried out
by Hajipour et al. (2021), the photocatalytic disinfection of S. aureus under white light
using CuO modified TiO, composite material. High antibacterial activity was obtained
for CuO/TiO2 sample due to the enhanced charge carrier separation for the formation
of ROS. They described that the photogenerated *OH responsible in the peroxidation
of lipids layer resulting in the damaging of cell organelles as well as the DNA structure.

4.5  Reactive Oxygen Species Responsible for RhB Removal

In the photocatalysis, the reactive oxygen species (ROS) played the important roles
toward the degradation of RhB molecules. The role of each ROS was evaluated via the
radical scavenging test by adding of ROS quencher to inhibit its activity. According to
the literatures, the common free radical trapping agents including ammonium oxalate
(AO), benzoquinone (BQ), isopropanol (IPA) and silver nitrate (AgN) to scavenge hy™,
*O2, *OH and e, respectively (Liu, et al., 2020c; Cao, et al., 2021, Veisi, et al., 2021;
Zhao, et al., 2021). Figure 4.18 demonstrates the photocatalytic degradation of RhB

using D-M/NFO/V ternary composite with and without adding of radical scavengers.
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Figure 4.18: Effects of Various Scavengers on LED light Photocatalytic
Degradation of RhB over D-M/NFO/V Ternary Composite ([RhB] = 5 mg/L;
[Catalyst] = 0.5 g/L; Solution pH = 12).

As displayed in the figure, the dye removal efficiency was achieved at 88.7% under
the LED light irradiation for 240 min without adding of any quencher. Meanwhile,
with the addition of the respective trapping agents, the degradation rate was reduced
drastically under the same condition. The photodegradation rate was deteriorated to
36.7%, 34.9%, 46.2% and 86.1% for *OH, *Oy", hw" and ew’, respectively. The results
revealed that the order of reactive species responsible for the degradation of RhB

molecules was as followed: *O2” > «OH > hyp™ > ey’

Among the ROS, 02" and *OH were the major species for the degradation of
RhB. This can be attributed to the band edge potential of the synthesized ternary
materials which capable to generate more *O2" and *OH species for degradation
process upon irradiation of LED light. As described in Sections 4.1.4 and 4.1.5, the
band gap energy V photocatalyst was 2.78 eV with CB and VB potential of +0.46 eV
and +3.24 eV, respectively. The well-positioned of the VB potential allowed it to

generate the *OH radical as the VB potential is more positive than the redox potential
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of H2O/«OH (+2.70 eV vs NHE) (Hong, et al., 2016; Dadigala, et al., 2019;
Chachvalvutikul, Luangwanta and Kaowphong, 2021). However, the CB potential of
V is less negative than the redox potential of O2/*O2 (-0.33 eV vs NHE). As a result,

no *O;" radicals can be generated for the photocatalysis.

Furthermore, the coupled of NFO to V produced binary composite that can

generate *O2” and *OH species for photodegradation of RhB. The band gap energy of

NFO was 2.00 eV with CB position at -0.79 eV. These characteristics were contributed

to the generation of O™ as the CB potential of NFO is more negative than the redox
potential of O./+0>" (Faraji, et al., 2021; Zhao, et al., 2021). D-M in the heterostructure

work as the co-catalyst which trap the photogenerated ec«,™ and hence improved the

performance of the photocatalysis (Li, et al., 2021a; Zhong, Li and Zhang, 2021).

When the e, was scavenged in the aqueous solution, the degradation rate exhibited

minor effect and good photocatalytic performance was observed. This could be

assigned to the formation of Z-scheme heterojunction between NFO and V

photocatalyst as well as D-M co-catalyst trapped the ec,” which providing good charge

carrier separation for notably high photocatalytic activities (Cui, et al., 2020; Liu, et
al., 2021b). The mechanism of the photodegradation of RhB using D-M/NFO/V

ternary composite under the LED light irradiation was depicted in Figure 4.19.
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Figure 4.19: Schematic diagram for Mechanism of Photodegradation over D-

M/NFO/V Ternary Composite.
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4.6  Reusability Study

The stability and reusability of the optimized ternary composite was evaluated through
the recycling test. Generally, the D-M/NFO/V ternary sample was conducted with its
photocatalytic activities toward the degradation of RhB. The collected sample was
washed with ethanol and distilled for several times followed by drying in oven at 80°C
for overnight (Liu, et al., 2020c). The dried sample was then used in the photocatalysis
experiment three consecutive runs under the same condition to evaluate its reusability
as well as the stability. Figure 4.20 demonstrates the recycling test of the optimized
catalyst with four consecutive runs under the irradiation of LED light for 240 min
treatment time. The results revealed that the photocatalytic degradation of RhB using
the fresh sample was achieved at 88.7%. The dye removal efficiency remained notably
high at 84.2% for the fourth cycle.

100.0
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Figure 4.20: The Recycling Experiment for the Photocatalytic Degradation of
RhB over D-M/NFO/V ([RhB] =5 mg/L; [Catalyst] = 0.5 g/L; Solution pH = 12).

The photocatalytic performance remained at high dye removal efficiency after
four cycles indicated the highly stable of the synthesized D-M/NFO/V ternary
compound (Kumar, et al., 2020; Feizpoor, et al., 2021). The high stability of the

composite revealed that it had higher capability to generate more radicals for notably
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photocatalytic performance. However, there was slightly deterioration in the dye
removal efficacy of the reused sample after the four cycles was noticed. It could be
assigned to the inevitable loss of active photocatalyst during the washing and recovery
process (Jayaraman, et al., 2019; Liu, et al., 2021b; Veisi, et al., 2021). Another reason
for the insignificant declination in dye removal could be due to the indestructible RhB
adsorbed on the photocatalyst’s surface which led to the reducing in the catalyst active
site for reactivity (Chachvalvutikul, Luangwanta and Kaowphong, 2021). The used
sample was also easily to be recovered through external magnetic force after the

reaction as depicted in Figures 4.21 (a) and (b).

Figure 4.21: D-M/NFO/V Ternary Composite (a) Suspended in aqueous and (b)
Separated by External Magnetic Force.

The results of the current study were agreed to several literature reports (Cui,
et al., 2019; Jayaraman, et al., 2019; Rafique, et al., 2020; Zhang, et al., 2021a).
Jayaraman and colleagues (2019) tested the stability and retrievability of BiFeO3s/V20s
for the degradation of methylene blue dye under visible light irradiation for 2 h. The
result displayed that the synthesized sample retained high catalytic performance at 90%
with minor degradation in activities after four cycles. They mentioned that the
synthesized composite had high reproduction rate with little loses during the recovery
process. Furthermore, another catalyst feasibility test conducted by Zhang and the
teams (2021a) illustrated high photocatalytic activities toward methyl orange using
V20s/P-g-C3N4 binary compound. High degradation rates were remained after four
consecutive cycles of experiment. The results revealed that the high stability and
recovery rate of the catalyst which could be practically applied in real wastewater

treatment.
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4.7  Real Printed Ink Wastewater Study

The optimized D-M/NFO/V ternary composite was also tested using real printed ink
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, cosmetic, paper and pulp factories. In the present study, the real
printed ink wastewater (PIWW) was applied in the optimized D-M/NFO/V ternary
photocatalyst under the LED light illumination for 4 h. Table 4.3 depicts several water
parameters with the degradation efficiency.

Table 4.3: Parameters of the Real Printed Ink Wastewater before and after
Photocatalytic Degradation using D-M/NFO/V Ternary Composite under LED
light irradiation for 4 h.

Parameters Unit  Before Treatment After Treatment Efficiency (%)

COD mg/L  43.0 21.0 51.2
BODs mg/L  54.8 36.8 32.9
Colour Pt-co 355.0 55.0 84.5
Turbidity NTU 645 4.2 93.6
pH - 12.11 9.72 -

As shown in the table, the initial COD of the PIWW was 43.0 mg/L and the
final COD of the wastewater after 4 h photocatalytic reaction under LED light was
21.0 mg/L, which indicated a degradation efficiency of 46.25%. Moreover, the initial
and final BODs of PIWW were 54.8 mg/L and 36.8 mg/L, respectively with
degradation efficiency of 32.9%. On the other hand, remarkably high degradation
efficiencies were obtained in colour and turbidity at 84.5% and 93.6%, respectively.
The pH of the PIWW was adjusted to pH 12 to simulate the same treatment condition
as in the degradation of synthetic RhB dye solution. A slight decrease in the solution
pH from 12.11 to 9.72 was attained in the treatment of PIWW. This reduction of pH
could be assigned to the reaction between the photogenerated hy," at the valence band
of the photocatalyst with OH™ ions in aqueous solution to produce reactive *OH
radicals. Subsequently, responsible in the photocatalytic degradation of pollutants in
PIWW (Hasanpour and Hatami, 2020; Ma, et al., 2021a).
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In the present study, the ternary D-M/NFO/V composite was successfully synthesized
via a simple thermal decomposition and applied in the dyestuff wastewater treatment
and antimicrobial activity under LED light irradiation. The as synthesized
photocatalysts were characterized through FESEM, EDX, XRD, UV-vis DRS and
photoelectrochemical analyses. The irregular flake-like structure V and sphere-like
particle NFO were witnessed in the microscopic images. Both V and NFO catalysts

were found to disperse on the surface of single sheet-like D-M.

The EDX analysis showed that the ternary D-M/NFO/V compound contained
V, Ni, Fe, O, Ti and C elements distributed evenly in the composite structure. The
XRD analysis presented the orthorhombic pure V catalyst and cubic spinel pure NFO
catalyst. The D-M illustrated in XRD patterns revealed the similar diffraction peaks as
the MXene which consistent to the literatures. Moreover, the UV-Vis DRS analysis
displayed the band gap energy of D-M/NFO/V, NFO/V, V and NFO were 2.45 eV,
2.63 eV, 2.78 eV and 2.00 eV, respectively. The photoelectrochemical experiments
demonstrated that D-M/NFO/V exhibited the improved ecy” - hyw™ pairs separation,

which advantageous for the photocatalytic performance.

Using the RhB as the model pollutant, the D-M/NFO/V photocatalyst
demonstrated profound visible light photocatalytic performance as compared to those
of binary NFO/V and unary V and NFO. The enhanced photocatalytic was due to the
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excellent charge separation efficiency that can be contributed to the generation of ROS.
Several quality parameters studies of RhB such as COD, colour, turbidity and solution
pH were degraded using the D-M/NFO/V ternary composite under the LED light

irradiation.

Furthermore, the effect of several process parameter studies including NFO
catalyst loadings in binary NFO/V compound, D-M co-catalyst loadings in D-
M/NFO/V ternary composite and solution pH were investigated. The result of the
present study concluded that the optimum NFO loading was 50 wt% to V catalyst, 0.5
wt% of D-M co-catalyst content in treating RhB dye under pH 12. A notable
photodegradation efficiency of RhB was achieved at 88.7% using the D-M/NFO/V
ternary composite under LED light irradiation in 240 min. The experimental results
concluded that the appropriate weightage of NFO loadings and D-M co-catalyst
loadings were highly influencing the photocatalytic performance.

The antimicrobial activity of the synthesized photocatalysts were determined
against the inactivation activities of S. aureus and B. cereus under LED light
irradiation for 240 min. The order of the antibacterial performance of the synthesized
photocatalysts against S. aureus was as followed: D-M/NFO/V > NFO/V >V > NFO.
Similar order was observed for the photocatalytic inhibition of B. cereus. The
enhanced photocatalytic disinfection of microbial can be attributed to the following
reasons: (1) production of positively charged ions (V°*, Ni?*, Fe®*, Ti*) from the
respective samples attacked and entered the negatively charged bacterial cell
membrane; (2) the effective ecy” - hyp™ pairs separation for yielding the highest amount
of *OH and +O>" radicals responsible for the redox reaction in killing the bacteria cells;
and (3) the structure of D-M existed as thin and sharped sheets for the destroying of
bacteria cells through direct physical interactions.

Moreover, the roles of reactive oxygen species (ROS) in the photocatalysis
were also studied. Among the ROS, *O2" and *OH were the major species for the
degradation of RhB. This can be attributed to the suitability of band edge potential of
the synthesized ternary materials, which capable to generate more *O2” and *OH

species for degradation process upon irradiation of LED light. A possible mechanism
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of the photodegradation of RhB using D-M/NFO/V ternary composite under the LED
light irradiation was also proposed.

Additionally, the reusability of the optimized ternary composite was evaluated
through the recycling test. The D-M/NFO/V ternary compound displayed outstanding
recyclability which attained high removal efficiency of 84.2% after four successive
runs. A slight deterioration in the dye removal efficacy of the reused sample over the
four cycles was observed and this could be assigned to the inevitable loss of active
photocatalyst during the washing and recovery process. Lastly, the optimized D-
M/NFO/V ternary composite was also tested using real printed ink wastewater to
reveal its potential application in wastewater treatment. The result demonstrated that
several water parameters such as COD, BOD, colour, turbidity and pH were reduced
under the LED light irradiation for 240 min. As a conclusion, this study revealed that
the synthesized D-M/NFO/V ternary composite is a promising candidate for the
photodegradation of organic pollutants and concurrently disinfection of microbial in

the real dyestuff wastewater.

5.2 Recommendations

Upon the completion of the present study, several fundamentals and engineering
aspects were acquired and should be taken into consideration in the future research

works.

1. The effect of other operation parameters such as the catalyst loading, velocity of
air flow and light intensity could be investigated to further improve the
photocatalytic degradation efficiency.

2. The photocatalytic degradation of other types of dyes including anionic and non-
ionic dye as the real dyestuff wastewater contained various types of dye molecules.

3. The HPLC and GC analyses should be carried out to further evaluate the
intermediates that may be produced during the photocatalytic reactions and to
further study the photodegradation mechanism.
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APPENDICES

Appendix A: Calibration Curve of RhB Dye at Wavelength of 553 nm.
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