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Abstract

In this research, several visible-light driven photocatalysts were developed and their photocatalytic
activities were evaluated in the removal of organic pollutants. Wastewater containing pathogen carriers
such as total coliforms, and E. coli was tested for disinfection using the synthesized visible-light

photocatalysts.

Graphitic carbon nitride (GCN or g-CsN.), a visible-light driven photocatalyst, was synthesized from
different precursors. Also, different composites of GCN such GCN/Ag.CrO4, and GCN/ZnO-Cu were
synthesized. The purpose of these GCN composites is to enhance the photocatalytic activity of the GCN.
Several characterization techniques were used to understand the physicochemical properties of the

photocatalysts.

The initial photocatalytic experiments, detailed in Chapter 3, were on degrading 4-CP under a royal blue
LED (450 nm) using precursor-derived GCNs and GCN composites. The results show that the

GCN/0.3Ag:CrO4 performed well with over 95% degradation of 4-CP.

The second set of photocatalytic experiments, detailed in Chapter 4, were on investigating the degradation
of 2,4-D and MCPP, BSA protein, SARS-CoV-2 (Covid-19) spike protein, CATP, and total coliforms/E.
coli using the best performing GCN/0.3Ag.CrO: in the first photocatalytic experiments and royal blue LED.
Over 85% of 2,4-D and MCPP were simultaneously degraded, 77.5% of Covid-19 spike protein was

achieved, and over one log reduction of cATP, total coliforms/E. coli was achieved in wastewater treatment.

In Chapter 5 (third set of experiments), new sets of photocatalysts were synthesized. GCN/0.1ZnO-Cu3%
performed best with over 65% of 4-CP degradation under royal blue LED. A complete 5.5 log reduction of

coliforms-containing wastewater primary influent was achieved with the same photocatalyst.



In Chapter 6, the best-performing GCN/ZnO-Cu nanocomposite in observed in chapter 5 was coated on a
polyvinyl chloride (PVC) substrate and the performance was evaluated under a 5000K LED (400 — 700
nm). The result shows a 2-log reduction of the coliform-containing wastewater treatment on the self-

disinfecting coated surface.

To the best of our knowledge, this is the first research to investigate the comprehensive use and practical
application of self-disinfecting coated surfaces under commercial and industrial light (5000K LED)

irradiation.

All our results demonstrate that compositing GCN with metals can degrade pollutants and disinfect

wastewater under visible light irradiation.
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Chapter 1: Introduction

1.1 Background

The process of industrialization and civilization over several decades have been identified as major
indicators of development and urbanization in any society. With the benefits of industrialization and
civilization come the negative consequences of the release of toxic chemicals such as gases, solid waste, as
well as microorganisms into the environment (land, air, and water). Of interest is water pollution, which is
increasingly becoming a global challenge[1-3]. Water pollution negatively affects our health as it kills more
people in the world than war. Less than one percent of the earth’s freshwater is accessible for drinking.
Without action, it is reported that the challenge of water pollution will increase by 2050 when global
demand for freshwater is expected to be one-third more than it is now [4]. Water pollution is when
hazardous substances such as chemicals and microorganisms contaminate surface waters (oceans, rivers,
lakes, streams), groundwater, or other water bodies, degrading the quality of water and rendering it toxic to
humans and the environment [5]. The United Nations’ World Water Development document in 2020,
reported that changes to the water cycle will pose risks to food security, energy production, human health,
economic development, and poverty reduction and therefore threaten the achievements of sustainable
development goals [6]. Therefore, it is important to develop an advanced, eco-friendly, low-cost, and

efficient wastewater treatment technology.

There are many conventional technologies used in the application of wastewater treatment in addressing
water pollution, however, they have their limitations. For example, the use of chlorine in disinfecting
microorganisms can react with organic compounds, generating chloro-organic compounds that are
carcinogenic [7,8], such as the chlorination of phenolic compounds to produce chlorophenols. In addition,
some pathogens such as viruses and bacteria ( legionella) are known to be resistant to chlorine disinfection

[9]. Ozonation and irradiation (use of germicidal lamps at 256 nm) have their limitations like the generation



of toxic disinfection by-products during ozonation [10], and the lack of residual effects during irradiation
[11]. Other treatment methods such as adsorption [12], precipitation [13], and membrane filtration [14]
while being effective, transfer the pollutants from one matrix to another [15]. Biological treatment of
wastewater-containing chemical compounds is another effective way, but the chemicals can be toxic to

microorganisms [16].

Advanced oxidative processes (AOPs), such as ozone photolysis (UV/O3), hydrogen peroxide photolysis
(UV/H,0,), Fenton’s reagent (HO2/Ferrous iron, e.g.,, FeSOs), and photocatalysis, have shown
effectiveness in the degradation of organic pollutants and the disinfection of microorganisms. The objective
of these AOPs is to address some of the limitations associated with conventional treatment processes. AOPs
are the collection of processes that can treat organic pollutants through the generation of reactive oxidative
species [17,18]. Jing et al. removed atrazine from wastewater using UV/O; and reported 95% degradation
in 3h [19]. Yu et al. studied the effect of UV/H0O; on the degradation of sulfolane at different concentrations
in water [20]. It was reported that 84% and 95% degradation of sulfolane were achieved after 8h. Yu et al
achieved more than 95% degradation in 3h for sulfolane using Fenton-like reactions [21]. The difference
between these AOPs is that the oxidant/photolysis processes such as UV/H,0, and UV/Q3, and Fenton-like
reactions are homogeneous catalytic processes in which the catalyst, the oxidant, and the contaminant are
all in the same aqueous phase. Photocatalysis is a heterogeneous AOP in which the photocatalyst is in the
solid phase while the contaminant is dissolved in the water. Direct photolysis is a photochemical process
widely used in inactivating pathogens in wastewater. Photolysis can excite contaminants to a highly reactive
state leading to degradation [22,23]. However, homogenous AOPs including direct photolysis require high-
energy irradiation using UV-C lamps with a wavelength range of 200 — 280 nm (see Table 1) which is ideal
for pathogen removal [24]. Photolysis occurs when a contaminant is irradiated at a wavelength that it can
absorb causing excitation of the contaminant [22]. In addition to the need for high-energy radiation, they
can also form harmful by-products. Some homogeneous AOP such as UV/QOj3 can lead to the generation of
toxic by-products when excess oxidant, Os is present in the solution. Excess Oz in the solution can cause a

2



reaction with bromine ions in the water leading to the production of bromate. Bromate has been listed as a
possible carcinogen by various environmental agencies such as the Environmental Protection Agency
(EPA) and the International Agency for Cancer Research [25]. The maximum allowable bromate
concentration in drinking water set by the World Health Organization is 10 pg/L. Therefore, when the
concentration of bromine ion in raw water is below 20 pg/L then the concentration of bromate will remain
within the guideline value. However, when bromine ion exceeds 20 ug/L, the formation of bromate tends
to exceed guidelines and becomes a challenge. The limitations in the application of Fenton’s process are
the need to remove iron after treatment and the low pH requirement to maintain Fe (l11) species in the

solution. Fenton process depends on a cycle that regenerates Fe (I1) [26].

Unlike other AOPs, photocatalysis does not require the use of chemical oxidants, strict control of
environmental factors such as temperature and pH, and high-energy irradiation using UV-C lamps (200 —
280 nm) thereby reducing the cost of energy and chemicals [27]. Photocatalysis can take place in ambient
conditions and under low to very low energy irradiation (UV-A to visible light) with a wavelength range
(of 380 — 700 nm), and many recalcitrant organic compounds, metallic ions, and pathogens can be removed

without the formation of toxic by-products [28].



1.2 Knowledge gaps

Visible-light-driven photocatalysis, is increasingly gaining a lot of attention because it is not energy-
intensive, can utilize cheap, abundant, and renewable energy available from sunlight, has no harmful by-
products, and completely mineralizes the pollutants to harmless products such as CO; and H;O. The
application of visible-light-sensitive photocatalysts in degrading pollutants and disinfecting
microorganisms is widely reported. It is well known that light source and intensity play a significant role
in photocatalytic degradation and disinfection kinetics. In published articles, the focus is commonly on the
use of natural sunlight or solar simulator (xenon lamps) as the visible light source in the photocatalytic
degradation of organic pollutants and the inactivation of microorganisms. Therefore, this serves as the
starting point in understanding photocatalysis and more importantly the knowledge gaps in the synthesis
and the application of visible-light-driven photocatalysis. Therefore, the following have been identified as

knowledge gaps:

o Lack of research in the photocatalytic degradation of protein.

o Lack of research in the photocatalytic degradation of adenosine triphosphate (ATP). ATP is an
organic compound that drives metabolic processes in living cells. It can be used as an indication of
the biological activities of microorganisms.

e Limited research in the photocatalytic disinfection of total microbial population and total coliforms
in real wastewater.

o Lack of research using a monochromatic visible light source in the photocatalytic degradation of
organic pollutants and the disinfection of microorganisms.

o Limited research in self-disinfecting coated surfaces using a visible-light-driven photocatalyst and

a visible light source.



1.3 Research goals and objectives

The goals of this research are (1) the development and synthesis of visible-light-driven photocatalysts that
can degrade organic pollutants and disinfect wastewater and (2) the evaluation of the coating of a substrate
with the developed visible-light-driven photocatalyst to act as a self-disinfecting surface under visible light
irradiation. These goals are based on the identified knowledge gaps. These goals are geared towards full
application in wastewater treatment and self-disinfecting coated surfaces. To this end, the following sub-

objectives were identified to achieve these goals:

1. Synthesis and characterization of visible-light-driven photocatalysts based on graphitic carbon
nitride (GCN) and GCN composites.

2. Evaluate the effect of using different precursors to synthesize GCN on degrading organic
contaminant under visible light irradiation.

3. Evaluate the effect of synthesis of GCN composites such as GCN/Ag, GCN/AgBr, GCN/AgsPOs,,
GCN/Ag2Cr0O4, GCN/ZnO-Cu in degrading organic contaminants (2,4-D, MCPP, 4-CP, BSA
protein, and SARS-CoV-2 spike protein) and disinfecting wastewater.

4. Determine the photocatalytic efficiency of GCN composite in removing contaminants
simultaneously.

5. Evaluate the effect of using different light sources such as single-wavelength visible light (royal
blue LED, 450 nm), single-wavelength UV light (UV-A LED, 365 nm), Xenon lamp, and cool
white, fluorescent lamps (400 — 700 nm) on the degradation of organic contaminant.

6. Investigate the reactive oxygen species (ROS) responsible for the degradation of organic
contaminants and the disinfection of wastewater.

7. Develop self-disinfecting coated surfaces based on GCN composites of GCN/ZnO-Cu

8. Evaluate the disinfecting performance of the self-disinfecting coated surface in the dark and under

multiple-wavelength visible light source (5000K LED, 400 — 700 nm).



9. Investigate the effects of multiple coats and light intensity on the performance of the self-
disinfecting coated surface under 5000K LED.

10. Investigate the reactive oxygen species (ROS) responsible for the degradation of the self-
disinfecting coated surface.

11. Investigate the reusability of the synthesized GCN composites for degrading organic contaminants,
disinfecting wastewater, and self-disinfecting coated surfaces for practical application purposes.

12. Propose photocatalytic mechanisms for the degradation of organic contaminants, disinfection of

wastewater, and self-disinfecting coated surfaces.

1.4 Thesis overview

The thesis is divided into seven chapters in a manuscript-based format. The description of the content of
each chapter is outlined below.

Chapter 1 presents the background on water pollution, challenges with conventional water treatment
methods and some advanced oxidative processes (AOPs), and photocatalysis. Also in this chapter are the

research goals and objectives, and thesis overview.

Chapter 2 gives a literature review on photocatalysis, photocatalytic mechanism and application,

modification of semiconductor photocatalysts, and visible light photocatalysis.

Chapter 3 is focused on the development of a visible-light-driven photocatalyst of GCN/Ag.CrO, binary
nanocomposite and the evaluation of its photocatalytic performance in degrading 4-chlorophenol under
royal blue LED (450 nm). It also investigated other GCN composites such as GCN/Ag, GCN/AgBr, and
GCN/AgsPO4 by comparing their performances to GCN/Ag.CrOs. The effect of different light sources such
as UV-A LED (365 nm), Xenon lamp, and cool white, fluorescent lamps (400 — 700 nm) in degrading 4-
chlorophenol was investigated and their performances compared to royal blue LED (450 nm). This paper

was peer-reviewed and published in the journal “Catalysts”.



Chapter 4 is focused on the degradation of multiple contaminants simultaneously. These include BSA
protein, SARS-CoV-2 spike protein, and the disinfection of microorganisms, total coliforms, and E. coli in
wastewater primary secondary effluent using the optimally performing GCN/Ag.CrO, presented in chapter
3 and visible light, royal blue LED (450 nm). This paper was peer-reviewed and published in the journal

“Catalysts”.

Chapter 5 presents the development of a visible-light-driven photocatalyst of GCN/ZnO-Cu ternary
nanocomposite and the evaluation of the photocatalytic performance in the degradation of 4-chlorophenol
and the disinfection of coliforms-containing wastewater primary influent under royal blue LED (450 nm).
Investigations were also conducted to determine the reusability of the photocatalysts, and the dominant
reactive oxidative species (ROS) involved in the photocatalytic reaction. A photocatalytic mechanism was
also proposed based on the dominant ROS. This paper was peer-reviewed and published in the journal

“Chemosphere”.

Chapter 6 focuses on self-disinfecting coated surfaces. Here, the synthesized visible-light photocatalysts
in Chapter 5 (GCN/ZnO-Cu ternary nanocomposite) were coated on a polyvinyl chloride (PVC) substrate.
The self-disinfecting performance of the coated PVC substrate denoted as coated PVC (GCN/ZnO-Cu) was
investigated with a drop of coliforms-containing wastewater primary influent under a visible light source,
5000K LED (400 — 700 nm). The effects of coats and light intensity were investigated. The reusability of
the coated PVC substrate and the dominant reactive oxygen species (ROS) involved in the self-disinfecting
photocatalytic reaction were investigated. The self-disinfecting photocatalytic mechanism was proposed

based on the dominant ROS. The manuscript is submitted to the journal “Chemosphere”.

Chapter 7 presents the conclusions of this research and recommendations for expanding on this work in

the future.



Chapter 2: Literature Review

2.1 Photocatalysis

Photocatalysis was first discovered over 90 years ago [29,30]. However, it began receiving significant
attention after the discovery of water splitting by Fujishima and Honda in 1971 [31]. Advanced Oxidative
Process (AOP), including photocatalysis, was first proposed for the treatment of drinking water in 1980 and

since then it has been studied for the treatment of different wastewater [32—34].

2.1.1 Photocatalytic mechanism

Photocatalysis is defined as the “acceleration of a photoreaction by the action of a catalyst” [35]. It is when
light is used to initiate photocatalysis by bombarding the surface of the photocatalyst with photons [36,37].
For photocatalysis to take place, the light energy must be equal to or greater than the bandgap energy of the
photocatalyst. The bandgap or energy gap is the difference in energy (in electron volts) between the top of
the valence band and the bottom of the conduction band in insulators and semiconductors. It is the energy
required to excite and eject an electron bound to a valence band to migrate to the conduction band and
become a conducting electron that is free to move within the crystal lattice and serve as a charge carrier to
conduct electric current. The energy required to cause this excitation comes from a light source that should
be equal to or greater than the energy gap of the semiconductor photocatalysts. Scheme 2.1 shows the
movement of electrons to and from the conduction band. The irradiation from the light with greater photon
energy than the bandgap energy of the photocatalyst causes the excitation of electrons (e-). The electrons
leave the valence band and migrate towards the conducting band leaving behind a hole (h*) in the valence
band. These electrons react with the dissolved oxygen (O2) in water to form superoxide radicals (-Oy) or
hydroperoxide radicals (HO,) and upon further reaction, the decomposition produces hydroxyl radicals
(HO). The holes (h*) can react with the hydroxyl ion (OH") or water molecule to form hydroxyl radicals
(HOY). These generated radicals are known as reactive oxygen species (ROS) or reactive species. The

photogenerated electrons are considered reductant while the photogenerated holes also participate in the



oxidative decomposition due to their strong oxidizing power, which is the primary pathway for hydroxyl
radical production. These photogenerated electrons, photogenerated holes, and the reactive oxygen species
(ROS) participate in the degradation of organic pollutants or the disinfection of microorganisms. The

photocatalytic mechanism is presented in equations (2.1) — (2.9) [38].

The photogenerated electrons can also lead to the evolution of hydrogen gas, a phenomenon known as
photocatalytic water splitting, which is one of the applications of photocatalysis. In the overall water
splitting mechanism, the photogenerated electrons react with the hydrogen ion in the water molecule to
produce hydrogen gas (reduction reaction) and the photogenerated holes react with the water molecule to
produce oxygen gas and hydrogen ion (oxidation reaction) as shown in equations (2.11) — (2.12) [39]. The
produced oxygen gas can react with photogenerated electrons to form superoxide radicals (‘Oy) or
hydroperoxide radicals (‘HOy), and it further reacts with and degrades the organic pollutant causing
complete mineralization (production of CO and H20) and deactivate microorganisms. The photogenerated
holes can also react with a water molecule to produce hydroxyl radicals and hydrogen ions (equation 2.7).
With the hydrogen ion and the oxygen molecule present in the water, the oxygen molecule will more readily
oxidize other molecules by accepting electrons. The oxidizing power of these oxidizing agents is reflected
in their oxidation potential (OP) with O, having OP of 1.26 V [40] and hydrogen ion having OP of 0 V
[41]. The OP of superoxide radical (‘O2) is 0.34 V [42] and hydroxyl radical (HO) is 2.80 V, second only
to fluorine which is 3.30 V [40]. This means that O, with a higher OP is a stronger oxidizing agent (oxidizer)

than H* and has a stronger tendency (affinity) for electrons.

Table 2.1 shows the photonic energy of different wavelengths of the electromagnetic spectrum. The solar
energy reaching the earth covers the entire electromagnetic spectrum, which is between 100 nm and
1,000,000 nm, corresponding to the photon energy between 12.4 eV and 1.24 meV. UV constitutes about
10% of the total electromagnetic radiation output from the sun. UV from sunlight, which can be divided
into three parts, has 95% UV-A (longer wavelength range) and 5% of UV-B (median wavelength range)
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reaching the earth. UV-C and most of UV-B do not reach the earth and are removed from extraterrestrial
radiation by stratospheric ozone [43]. Therefore, approximately 5% of the UV component of solar radiation,
which is largely UV-A reaches the earth. This indicates that a photocatalyst that essentially has a lower
energy gap (band gap) can utilize the 5% UVA radiation from the sun to cause a photocatalytic reaction.
Photocatalysis can only take place when the energy from the light is equal to or greater than the band gap
of the photocatalyst. In this case, the energy of UV-A and UV-B regions of the solar spectrum is greater
than any photocatalyst that has been reported, and therefore photocatalysis will take place. The UV region
of the sunlight can be harnessed for photocatalysis by using visible light cut-off filters. The visible light
cut-off filters will cut off radiation greater than 420 nm from the sun leaving only the UV radiation.
Similarly, the visible light region of the sunlight can be harnessed for photocatalysis by using UV cut-off
filters which cuts off radiation less than 420 nm. The 420 nm is mostly used as a cut-off limit in
photocatalysis for both UV and visible light utilization in the solar spectrum to ensure that there is no

adjacent visible light or UV interference or effect when using UV or visible light irradiation.

f"‘ ®OH

‘ o

O)
e+ H:0.—>"OH + ®OH

Energy

Excitation
Recombination

TiO,

<
@

& H.0 /~ OH; R
( Photo-oxidation
®OH; R+

®OH + R — intermediates —> CO:+ H:0

Scheme 2. 1 Schematic diagram of photocatalysis mechanism (Image cited under the Creative Commons
Attribution license) [44]
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Photocatalyst + hv —» e~ + h* (2.1

e +0, > 05 (2.2)
‘07 + H* — ‘00H (2.3)
2':00H - 0, + H,0, (2.4)
H,0, + ‘05 » HO + OH™ + 0, (2.5)
H,0, + hv - 2 HO: (2.6)
h* + H,0 - HO + H* 2.7)
h*t +0H™ - HO: (2.8)

Pollutants + (e~,h™, ‘05, HO",or -O0H) — Intermediates — degradation products (2.9

The rate of photocatalytic degradation of organic pollutants or the photocatalytic disinfection of

microorganisms can be represented by the pseudo-first-order Kinetics at low substrate concentration as

shown in equation (2.10):

In [Cﬁo] = —kt (2.10)

Where k = the apparent reaction rate constant
t = reaction time
C, = the initial concentration
C = the concentration of the pollutant at time t

4H* + 4e~ - 2H, Reduction reaction (2.11)
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2H,0 + 4h* — 4H* + 0, Oxidation reaction (2.12)
Table 2. 1 Photonic energy of different wavelengths of the electromagnetic spectrum [45].
S/N Spectrum Range Abbreviation | Wavelength (nm) Energy (eV)
1 Ultraviolet (UV) | Extreme UV EUV 1-100 1240-12.4
Far UV uv-C 100 - 280 12.4-4.43
Mid UV uv-B 280-315 4.43-3.94
Near UV UV-A 315 -380 3.94-3.26
2 Violet 380 - 435 3.26-2.85
Blue 435 - 500 2.85-2.48
Visible (Vis) Cyan 500 - 520 2.48-2.38
Green 520 - 565 2.38-2.19
Yellow 565 - 590 2.19-2.10
Orange 590 - 625 2.10-1.98
Red 625 - 780 1.98 -1.59
3 Infrared (IR) Near Infrared | IR-A 780 - 1400 1.58-0.89
Mid Infrared IR-B 1400 - 3000 0.89-0.41
Far Infrared IR-C 3000 — 1000000 0.41-0.00124

2.1.2 Photocatalytic application

Photocatalysis has various applications - in disinfection and self-disinfection of microorganisms such as E.
coli, degradation of organic pollutants to mineralized products of CO, and H.O, water splitting to produce
green hydrogen energy, and as a carbon capture and conversion mechanism in CO; reduction. The use of
semiconductor catalysts in photocatalysis has been widely studied [46] due to their physicochemical
properties such as bandgap energies charge transport characteristics, light absorption properties, and
thermal and chemical stability [47]. The interest in semiconductor applications in photocatalysis is also
because they are economical, harmless, large surface area-to-volume ratio, tunable bandgap (which can be
modified by doping and size reduction), and broad absorption spectra [48]. However, the drawbacks of
photocatalysis is that it is not specific to degradation of a contaminant or disinfection of microorganisms
due to the physicochemical properties of the photocatalyst and the characteristics of the light source (visible
or UV and intensity). The earliest and the most widely studied semiconductor photocatalyst is titanium

dioxide (TiO.), a metal-based semiconductor photocatalyst. It has been widely applied in organic pollutant
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degradation, water splitting, and disinfection of wastewater. However, its wide bandgap (~ 3.2 eV) limits
its utilization only to UV irradiation [49-51]. Metal-free semiconductor polymeric photocatalyst, such as
graphitic carbon nitride (g-CsN. or GCN) is increasingly gaining attention because of their narrow bandgap
(2.7 eV — 2.80 eV) and the utilization of visible light irradiation [52-55], Scheme 2.2 shows the structure
of GCN, its physicochemical properties and its application in environmental remediation and chemical
processes. Inside the pentagon is the structure of GCN which is the tri-s-heptazine ring. On the vertices are
the physicochemical properties which are the ease of preparation from readily available and cheap
precursors such as urea and melamine using a facile thermal polymerization process, stable bandgap, high
chemical stability, and high thermal stability at very high temperatures of up to 600°C. On the edges are
some of the applications including the degradation of organic pollutants to mineralized products of CO,
and H»0O, and the disinfection of pathogens, by reacting with the photogenerated electrons, photogenerated
holes, and reactive oxidative species (ROS). Other applications include water splitting to produce hydrogen,

photocatalytic reduction of CO- and the breakdown of heavy molecular compounds such as benzyl alcohol.

13



CH,OCH,OH
(Benzyl alcohol)

CHCOCHO

CO; + H,O (Benzaldehyde)

Water splitting

—- ¢
£y

2H,O 2H, &0,

Scheme 2. 2 Schematic diagram of the physicochemical properties and the multi-functional application of

g-CsN4 (Picture cited with permission granted by Rightslink, Appendix A) [56].

2.2 Modification of semiconductor photocatalysts

Semiconductor photocatalysts are used to photocatalytically degrade organic pollutants and
photocatalytically disinfect microorganisms. However, the use in bulk forms comes with the disadvantages
of fast electron-hole recombination, poor charge transfer, and poor light utilization. To address these
problems, the photocatalysts are modified to improve their photosensitive activity. Some of these

modification techniques are doping with either metal, non-metal, or other semiconductor photocatalysts.

2.2.1 Metal doping

The addition of metallic compounds provides for improved photocatalytic activity such as reduction in
bandgap energy and enhanced visible light absorption [57,58]. Doping is the introduction of a substance
into an intrinsic semiconductor to modify its electrical, optical, and structural properties. An intrinsic
semiconductor is an undoped semiconductor. The number of charge carriers is determined by the properties
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of the material and not the dopant. When an intrinsic semiconductor is doped, it is referred to as an extrinsic
semiconductor. The doping of a semiconductor with metal or non-metal can be achieved through several
synthesis processes. Some of the widely used processes are thermal polymerization, hydrothermal, and
precipitation. Some of these processes can also be combined to achieve better photocatalytic activity.
Thermal polymerization is a process where the precursor of the dopant is mixed with the precursor of the
semiconductor photocatalyst and heated in the muffle furnace at a certain temperature for a defined time to
give a doped-semiconductor photocatalyst [59]. The hydrothermal process is heating the mixture of the
solution of the synthesized semiconductor photocatalyst and the dopant precursor on a hot plate at a certain
temperature for a defined duration in other to have the dopant precipitate into the structure of the
photocatalysts [60]. The co-precipitation/hydrothermal process is the process of simply mixing the
precursors of a semiconductor photocatalyst and the dopant on a hot plate at a certain temperature and
defined time to achieve the precipitation of the semiconductor and the dopant [61,62]. Introduction of
oxygen as a hon-metal dopant into the semiconductor photocatalyst during thermal exfoliation [63]. The
introduction of metal dopants creates a sub-energy level below the conducting band which facilitates
reduced travel distance between the electrons and holes, a condition necessary for the enhanced
photocatalytic activity of the semiconductor. The dopants also serve as trapping sites for the photogenerated
electrons thereby delaying and reducing the rate of electron-hole recombination as seen in Scheme 2.3.
Some of the metals used for doping are potassium (K), sodium (Na), iron (Fe), manganese (Mn), Copper

(Cu), Zinc (Zn), Molybdenum (Mo), Cobalt (Co), and others.

Wang et al. synthesized K-doped graphitic carbon nitride (GCN) by thermal polymerization of KBr and
thiourea and reported the effect of potassium in GCN on the photocatalytic evolution of H gas [59]. The
report showed that the introduction of potassium in the GCN structure reduced the bandgap and the
recombination rate of the electron-hole pair and enhanced the light absorption properties of the GCN. Tonda
et al. prepared Fe-doped GCN by mixing the GCN with the mixture of ferric chloride and acetone and
investigated the doping effect on the photocatalytic degradation of rhodamine B (RhB) [59]. They reported
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a reduced bandgap which resulted in enhanced light absorption activity, and a faster degradation rate of
RhB when compared to GCN. Le et al. prepared Cu-doped mesoporous GCN and reported a faster
degradation rate of methyl orange (MO) than bulk GCN [64]. Oh et al. prepared Cu-doped, Fe-doped, and
Co-doped GCN and investigated their photocatalytic performance in degrading sulfonamide antibiotic
sulfathiazole (STZ) [65]. The order of photocatalytic activity is as follows: Co-doped GCN > Fe-doped

GCN >> Cu-doped GCN. The result shows the superior stability and performance of Cobalt (Co).

02 .OQ- . .OOH, HQOQ or 'OH

e trapping @ O,+e = 0Oy
UV light B
A
hv TiO, ; Dye - intermediates >CO, + H,0

H,O+ h* - "OH + H*
H,O or OH

Scheme 2. 3 Doping as an electron trapping site for TiO, photocatalyst (Picture cited with permission
granted by Rightslink, Appendix B) [66].

2.2.2 Non-metal doping

Heteroatoms can adjust the bandgap of bulk GCN. The heteroatoms have high ionization energy and are
strongly electronegative. They can form covalent bonds by accepting electrons when reacting with other
compounds. Heteroatom is any atom that is not carbon or hydrogen which is in the ring of a cyclic
compound. Examples of heteroatoms commonly used as dopants are nitrogen, oxygen, sulfur, chlorine,
bromine, and iodine. Dong et al. synthesized carbon-doped GCN to improve the GCN bandgap and they

reported a faster degradation of RhB when compared to bulk GCN [67]. She et al prepared oxygen-doped
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GCN and reported improved band gap and enhanced light absorption which resulted in faster degradation
of methyl orange (MO) [68]. Cao et al synthesized S-doped GCN and reported reduced band gap and

enhanced photocatalytic activity [69]. This resulted in faster degradation of methylene blue (MB).

2.2.3 Co-doping

Co-doping, also known as tri-doping, is the combination of the benefits of these dopants which will lead to
the enhanced photocatalytic performance of the semiconductor photocatalyst. Zhao et al prepared K-Na
codoped GCN to tune the band structure of GCN by using KCI, NaCl, and melamine as precursors [70].
The photocatalytic degradation of RhB was significantly enhanced because of the enlarged surface area and
reduced rate of electron-hole recombination. Hu et al codoped Fe and P on GCN and found that the
intercalation of the metal (Fe) and non-metal (P) with the nitrogen in the GCN structure resulted in a
synergistic effect by reducing the bandgap and improving charge separation [71]. This led to an enhanced
photocatalytic performance in degrading RhB. Lin et al. codoped boron and fluorine on GCN by the
polymerization of urea [72]. The X-ray photoelectron spectroscopy (XPS) revealed the interaction of the
boron and fluorine heteroatoms in the GCN structure with B-N and F-N bond formation. This resulted in
higher hydrogen evolution which is due to enhanced photocatalytic activity and improved charge

separation.

2.2.4 Heterojunction

The heterojunction is an interface between two layers or regions of dissimilar coupled semiconductors. The
coupling of these two or more dissimilar semiconductors is known as a composite. A semiconductor such
as TiO2 or GCN is known as a photocatalyst while a coupled semiconductor such as GCN/Ag.CrO, with
two different semiconductor parts (GCN and Ag.CrO4) is known as a semiconductor photocatalyst.
Composite is when a material is made of various parts. These semiconductors have unequal band gaps. The

heterojunction is used to improve the separation of photogenerated electrons and inhibit electron-hole pair
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recombination [57,73,74]. Semiconductors can either be a negative type (n-type) or a positive type (p-type).
The n-type plays a significant role in electron conduction because of the excess of electrons in the outer
shell of the electrically neutral atoms while the p-type plays a significant role in hole conduction because it
contains excess holes. Examples of n-type semiconductors are g-CsNa4 (GCN) [75], Ag2CrO4 [76], TiO,,
Zn0, SnOy, Bi204, and MoOs [77] while p-type semiconductors are GCN, NiO, Cu.0, and Bi,O; [77].
There are different types of semiconductor heterojunctions such as n-n, and p-n. These heterojunctions can
be between wide and narrow bandgap semiconductors. TiO,, NiO, and ZnO are UV-responsive
semiconductor photocatalysts with wide band gaps (> 3.0 eV) while GCN is known to be a visible-light
responsive semiconductor with a narrow bandgap (2.70 eV). The coupling of n-type GCN (2.70 eV) and
another n-type semiconductor, such as TiO2 (3.20 eV), ZnO (3.37 eV), or Ag.CrO4 (1.80 eV), to form n-n
heterojunction expands the light absorption range and increases the specific surface area. Similarly, the
coupling of n-type GCN with p-type semiconductors such as nickel oxide, and NiO (3.6 eV), to form p-n
heterojunction also expands the light absorption range. Scheme 2.4 shows the heterojunction of the p-n type
semiconductors. In semiconductor/semiconductor heterojunction, the photogenerated electrons (e-) and the
photogenerated holes (h+) flow towards the less negative potential and the less positive potential,

respectively [78].

Adhikari et al. synthesized GCN/TiO, composites and reported enhanced photocatalytic performance in the
degradation of RhB under natural sunlight [79]. Sundaram et al. synthesized GCN/ZnO composite by the
calcination of melamine and sodium acetate [80]. The reduced electron-hole recombination resulted in the
enhanced photocatalytic degradation of p-nitrophenol and MO. Tang et al. synthesized GCN/NiO which
led to the suppression of electron-hole pair recombination and enhanced visible light absorption. This

resulted in improved performance in CO; photocatalytic reduction [81].
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Scheme 2. 4 Schematic diagram representation of heterojunction semiconductor photocatalysts (Image
cited under the Creative Commons Attribution license) [78].

2.3 Visible light photocatalysis

The synthesis of visible-light-sensitive photocatalysts is becoming increasingly important because of its
application in environmental remediation such as air purification and wastewater treatment [82]. Therefore,
we plan to develop visible-light active photocatalysts that can achieve high degradation efficiency for
organic pollutants while providing disinfection. This plan can be achieved by doping with metal, and non-
metals or coupling two semiconductors together to form a heterojunction. This is to overcome the drawback
of poor visible light utilization that is commonly associated with semiconductor photocatalysts. The poor
visible light utilization is because of fast electron-hole recombination, poor charge separation, and transfer
that are associated with the wide bandgap of semiconductors. The doping reduces the bandgap, increases
the rate of charge transfer, improves charge separation between photogenerated electrons and
photogenerated holes, and enhances visible light absorption and utilization. TiO, and ZnO which are wide
band-gap semiconductors (> 3.0 eV) are very active under UV light and can be tuned to function under

visible light by reducing the bandgap with metal or non-metal. Another option for improving the visible
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light absorption range and reducing electron-hole recombination is by coupling two or more semiconductors
to form a heterojunction. For example, TiO2 and ZnO can be coupled with another semiconductor such as
graphitic carbon nitride (2.7 eV, 459 nm) to form a GCN/TiO, composite and GCN/ZnO composite. The
addition of GCN to TiO2 (3.2 eV, 387 nm) and ZnO (3.37 eV, 368 nm) in the composite extends the light
absorption from UV to the visible light region. This extension of light absorption is possible due to the

formation of heterojunction between the semiconductor photocatalysts.

The heterojunction is the interface between two dissimilar semiconductors of unequal bandgaps. These
combined bandgaps, especially between UV light-active photocatalysts such as TiO2 and ZnO and visible-
light-active photocatalyst such as GCN leads to enhanced light utilization from the UV region to the visible
light (VL) region of the electromagnetic spectrum. This extended light absorption from the UV region to
the VL region is of benefit in environmental remediation under natural sunlight and visible light
applications since the two light sources have a visible light region and UV region which the composites
like GCN/TiIO2 and GCN/ZnO can utilize for photocatalytic activities. In addition, a narrow bandgap
semiconductor such as GCN (2.7 eV) can be coupled with another narrower bandgap semiconductor such
as Ag2CrO4 (1.80 eV) to form GCN/AQ.CrO4 heterojunction. The addition of Ag.CrO. to GCN expands
the visible light absorption from 460 nm to 688 nm. This is important when using light sources such as

natural sunlight or visible light (400 nm — 700 nm).

2.3.1 Visible light photocatalysis and the degradation of organic pollutants

The organic compounds that can be degraded by photocatalysts under visible light irradiation are dyes,
petroleum hydrocarbons, and phenolic compounds. Others are pharmaceuticals such as antibiotics and anti-
inflammatories, and pesticides [83]. These organic compounds are chemically stable, toxic, and could be
carcinogenic and recalcitrant [83-85]. Dyes such as Rhodamine B (RhB), Methyl Orange (MO), and Methy!I

Blue (MB) are non-biodegradable. Ni et al. synthesized SiO./MoS, composite and investigated the
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photocatalytic performance in degrading MB and MO [86]. The result was that the high surface area and
enhanced visible light absorption contributed to the faster degradation of the two dyes when compared to

either SiO, or MoS..

Phenolic compounds in wastewater are the outcomes of industrial activities such as manufacturing, refining,
pharmaceuticals, and petroleum production. Phenolic compounds are soluble in water, toxic, and non-
biodegradable [87]. Phenols and their derivatives of chlorophenol and nitrophenol are broken down in the
bulk liquid by hydroxyl radicals during the photocatalytic process to give intermediates such as
hydroquinone, 4-chlorocatechol, pyrocatechol, and benzoquinone. These intermediates are eventually
converted to mineralized products of CO; and H.O. Scheme 2.5 shows the photocatalytic degradation
pathways for 4- chlorophenol (4-CP) [88], one of the contaminants of study in this Ph.D. program. In
Scheme 2.5, there are 2 competing primary intermediates in the degradation of 4-chlorophenol: through the
formation of hydroquinone primary intermediate by substituting the chlorine ion with hydroxyl ion 2 and
the formation of the 4-chlorocatechol primary intermediate by hydroxylation 3. Either of these 2
intermediates leads to the formation of another intermediate which is 1,2,4 benzenetriol 4, other
intermediates, and then the mineralized products of CO; and H,O. The ratio of these primary intermediates
formed is determined by the experimental conditions and setup, such as the light source and the intensity,

pH, temperature, and the quantity of reactive oxidative species (ROS) generated.

Pesticides are used as growth regulators, desiccants, ripening regulators, and to prevent damage during
transportation or storage. However, pesticides are one of the primary sources of water pollution. All
pesticides are toxic, non-biodegradable, and carcinogenic [89]. Domestic commercial brand herbicide,
Killex® consists of two organic compounds commonly used as herbicides, 2,4-Dichlorophenoxy acetic acid
(2,4-D) and Methylchlorophenoxypropionic acid (Mecoprop-P or MCPP). These compounds are toxic, and
recalcitrant, and have been designated as pollutants [90,91]. Heydari et al. used TiO under natural sunlight
to degrade the constituents of commercial brand herbicides, Killex® which are 2,4-D and Mecoprop-P [92].
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97% degradation of 2,4-D after 15 days and 100% degradation of Mecoprop-P after 22 days were reported.
Table 2.2 shows some visible light photocatalysts and their application in the degradation of organic

pollutants and pesticides.

22



Table 2. 2 Visible-light active photocatalysts and the degradation of organic pollutants

S/N | Photocatalyst | Visible Organic | Conc Degradation | Degradation | Ref
light Pollutant | (mg/L) | time (min) efficiency
source (%)

1 Sn0O2-MoS; Visible MB 20 120 96.4 [86]
light (200
W)

2 TiO; Natural 2,4-D and | 49.4 and | 15 days | 97 [92]
sunlight Mecoprop | 27.3 (21,600 min) | and

-P and 100
22 days
(31,680 min)

3 Ag/N-TiO2 Halogen MO 10 120 54 [93]
Xenon
lamp
(1000W)

4 ZnO/g- Simulated | 4-CP 10 300 92 [94]

CsN4/Carbon | solar

xerogel radiation
(300W
lamp),
visible light
(400W
lamp)

5 MoOs/g-CsN4 | Natural 2,4-D 50 300 99 [95]
sunlight

6 GCN Xenon Mecoprop | 0.05 7 100 [96]
lamp (200 - | -P
800 nm, | (MCPP)
300W)

23




OH
TiO;g, hv OH
2
H20, O2
ClI OH OH

\ |
Cl other

3 products

Scheme 2. 5 Photocatalytic degradation pathways for 4-chlorophenol. (Picture cited with permission
granted by Rightslink, Appendix C) [88].

2.3.2 Visible light photocatalysis and the disinfection of microorganisms

Microorganisms are commonly found in wastewater, and they could be pathogenic leading to many
infectious diseases. Some of these pathogenic microorganisms are enteroviruses that cause gastrointestinal
diseases, E. coli strain that causes diarrhea, urinary tract infections, respiratory infection, and pneumonia,
S. aureus, enterovirus and coronavirus that cause respiratory disease, skin infection, diarrhea and
pneumonia, and salmonella that causes dysentery and meningitis. Matsunaga was the first to report the
inactivation of bacteria using TiO- photocatalysis in 1985 [97]. The report shows the disinfection of bacteria
in water provides a new path for the application of photocatalysis in the disinfection of microorganisms.
Just like the degradation of organic pollutants, the reactive oxygen species (ROS) play an important role in
the inactivation of microorganisms. The ROS destroys coenzyme A leading to the inhibition of respiratory
activity and the oxidation of the nucleic acid, protein, and other macromolecules and eventually causing
cell death [98]. Silver compounds, zinc compounds, and copper compounds have been known for a very

long time to have antimicrobial properties. These unique properties have led to several studies on their
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application for disinfecting water and wastewater, especially in photocatalysis. Several research and
reviews reported the antimicrobial efficacy of silver nanoparticles (AgNP), silver ions (Ag*) [99,100], ZnO
[101], and copper nanoparticles [102]. These compounds can attach to the cell wall of microorganisms and
the sulfide protein and then denature them, inhibiting the respiratory system and cell reproduction, and
leading to the eventual cause of cell death. In addition, the production of ROS by these photocatalysts can
lead to cell membrane disruption [99]. Scheme 2.6 shows the antimicrobial mechanisms of silver
nanoparticles (Ag NPs), ZnO nanoparticles (ZnO NPs), and copper nanoparticles (Cu NPs). In Scheme 2.6
(a), 7 different actions were proposed for the antimicrobial mechanism of Ag NPs as follows: the Ag*
released by Ag NPs adhere to or pass through the cell wall or membrane, the interaction of the Ag* with
the ribosomes leading to its denaturing, the interruption and the termination of adenosine triphosphate
(ATP) production as a result of the deactivation of the respiratory enzyme by the Ag*, the disruption of the
membrane by reactive oxygen species (ROS), interference of deoxyribonucleic acid (DNA) replication by
Ag" and ROS which leads to DNA replication and cell multiplication, denaturing of the cell membrane by
Ag NPs, and the perforation of the cell membrane by the Ag NPs leading to the leakage of organelles and
nutrients from cells. In Scheme 2.6 (b), ZnO NPs show a similar mechanism to Ag NPs as follows: the Zn?*
released from the ZnO NPs adheres to and passes through the cell membrane and eventually attacks the cell
structure, the ROS generated by the ZnO NPs interfere with the DNA and the cell structure and therefore
inhibiting the DNA replication and cell multiplication, and the ZnO NPs disrupts the cell membrane,
perforates it which eventually leads to the leakage of nutrients. In Scheme 2.6 (c), the antimicrobial
mechanisms of Cu NPs are broken down for three microorganisms, bacteria, viruses, and yeast and fungi.
For the anti-bacteria mechanism, again you see similar trends as compared to Ag NPs/Ag*, ZnO NPs/Zn?*
as follows: the Cu NPs adheres to, denatures, and perforates the cell membrane leading to leakage of
nutrients, the interaction of the copper ions with protein leading to its damage and the generation of ROS
by the Cu NPs leads to the interference of the DNA replication and thereby inhibiting the DNA replication
and cell multiplication. While there are 3 steps involved in the disinfection process that are directly attached
of the nanoparticles to the bacterial cell wall, the release of ions and the diffusion through the cell
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membrane, and the generation of ROS that disrupts the production of cellular functions, the photocatalytic
disinfection mechanism remains elusive, complicated, varies across the board depending on the

experimental conditions, and therefore controversial.

There are claims and counter-claims on which step is dominant when it comes to the ROS, ions, and charges
responsible for the disinfection. However, there seems to be a general agreement that the ROS, charges,
and ions all play a role to a varying degree in the photocatalytic disinfection mechanism. However, the
closest and most simplified disinfection mechanism involving the irradiation of a semiconductor by light
was proposed as seen in equations (2.13) — (2.23) showing the different targets in the bacteria by ROS,
metal ions, and metal nanoparticles [103]. Equations (2.18) — (2.19) show that the released metal ions
(oxidizing agents) from the photocatalyst can be reduced to metal nanoparticles (NP) and the metal NP
(reducing agent) can be oxidized to generate ROS which attacks different parts of the bacteria [104]. The
photocatalytic disinfection mechanism can also be used in apart, equations (2.21) — (2.23), for the
photocatalytic degradation mechanism of protein. Ribosomes are a macromolecule found in the cells of

microorganisms and are the site for protein synthesis and production of RNA.

Deng et al synthesized GCN/AgBr composite and used it to inactivate E. coli and S. aureus under visible
light irradiation (Xenon lamp, 300W) [105]. The results show complete inactivation (6.5 log) of E. coli in
60 minutes and S. aureus in 150 minutes. The ROS of h* and HO- were reported to be dominant in the
inactivation of the bacteria. Karunakaran et al. prepared a ZnO/TiO. composite and evaluated its
photocatalytic performance in inactivating E. coli under two visible light sources, a 150 W tungsten lamp,
and natural AM1 sunlight [106]. 9 x 10> CFU/mL of E. coli was inactivated under the tungsten lamp
irradiation in 30 minutes and 8 x 10** CFU/mL of E. coli was inactivated under natural AM1 sunlight in 30
minutes. Zhang et al. synthesized a ternary composite of GCN/ZnO/Stellerite to inactivate S. aureus under
visible light illumination [107]. Nearly 90% of inactivation was reached after 150 minutes. Ng et al.
synthesized magnetic Fe,Os/AgBr to disinfect wastewater of E. coli and S. aureus under visible light
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irradiation [108]. The disinfection of viruses has also been reported using visible light photocatalysis. Li et
al. synthesized GCN and investigated its photocatalytic activity on MS2 under visible light irradiation
(Xenon lamp, 300W) [109]. Bacteriophage MS2 is a commonly used surrogate for waterborne pathogenic
viruses due to their similar size, structure, and surface properties [109,110]. The result showed complete

inactivation (8 log) in 360 minutes with GCN at an optimal concentration of 150 mg/L.

Light-activated antimicrobial and antiviral coatings have been and are currently being studied for
continuous disinfection of surfaces. The irradiation of photocatalysts with visible light results in the
production of cytotoxic species such as photogenerated electrons, photogenerated holes, and reactive
oxygen species such as singlet oxygen hydrogen peroxide and hydroxyl radicals. Kelly et al. synthesized
Mo-doped titania photocatalysts and coated it on a stainless steel substrate to investigate their photocatalytic
performance on E. coli under visible light [111]. Complete inactivation (7 log) was achieved in 24 hours.
Khan et al. coated plastic Venetian blinds and glass substrates with the synthesized Ag-doped TiO;
photocatalyst and investigated the photocatalyst activity of the coating in disinfecting P. aeruginosa and B.
subtilis under visible light [112]. The coatings were carried out using two solvents, water, and ethanol. The
water and ethanol coating methods were applied to the glass as well as the blinds. 90% disinfection of P.
aeruginosa was achieved for the water-based coated glass in 120 minutes while 95% disinfection of B.
subtilis was attained for water-based coated glass and water-based Venetian blinds in 120 minutes. The
result shows that the water-based coating of Ag/TiO; on glass and Venetian blinds had optimal disinfection
performance against the bacteria under visible light. Liu et al. coated Cu (11)-TiO2 on a glass substrate and
used it as a self-disinfecting coating to disinfect bacteriophage virus (1.2 x 10 PFU/mL) [113]. The effect
of pH was studied on the disinfection performance. Only 3 log reduction was achieved with a pH of 7 in
120 minutes while complete inactivation (log 8) was achieved with a pH of 12 in 120 minutes. Table 2.3

shows the disinfection of microorganisms under visible light irradiation.
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Table 2. 3 Visible-light active photocatalysts and the disinfection of microorganisms

S/N | Photocatalyst | Visible light | Contaminan | Disinfection | Conc. Disinfection | Ref
source t time (min) (CFU/mL) efficiency

1 BiOBr/AgBr Xenon lamp | E. coli 24 107 Complete 7 | [115]
(1000 W/m?, log reduction
300W)

2 GCN/ZnO/Stel | Visible light S. aureus 120 107 90% [116]

lerite

3 Ag/BiOl lodide lamp | E. coli 20 107 Complete 7 | [117]
(400W) log reduction

4 Fe/ZnO Solar E. coli 90 107 3log [61]
irradiation reduction
(100,000 lux)

5 AQ/ZnO/GCN | Xenon lamp | E. coli 120 3.2* 10’ Complete 7.5 | [118]
(300W) log reduction

6 GCN/Mn-ZnO | Sunlight E. coli, S. |- - High zone of | [119]
(68,000 — | aureus,  B. inhibition
73,000 lux) subtilis, and

S. salivarus

7 Alumina/ZznO | Yellow LED | E. coli 240 10° Complete 6 | [62]
(65,000 Ilux, log reduction
160W)

2.4 Light sources and intensities

There are three different types of light sources, and they are continuous polychromatic light (incandescent
bulbs, halogen lamps, Xenon lamps, fluorescent lamps, and the sun), discrete polychromatic light (mercury-
vapor lamps), and narrow-band monochromatic light (LEDs, OLEDs, and laser). Efficiencies of these light
sources were reported based on their characteristics and reaction engineering perspective [120] which are

tabulated below.
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Table 2. 4 Characteristics of light sources

SIN | Characteristic Polychromatic light | Monochromatic light
1 Filtering of the emission spectrum Yes No
2 Typical lifetime: For Example, 20,000h of | No Yes
operating time
3 Photon flux (mol/h) Low (Xe and Hg-Vap) | Very high (Near UV
and VL)
4 Cooling demand High Low

The table 2.4 shows that monochromatic light source such as blue LED has better practical application than
polychromatic light source especially because of high photon flux, meaning that a large number of photons
generated can be used to drive the photocatalytic reaction and long operating time. However, the practical
limitation is the availability of monochromatic light for “all” required wavelength regions. Some LED-
based light sources are also polychromatic with wavelengths ranging from 400 — 700 nm. These LED-based
light sources are categorised based on the color temperature on a Kelvin scale which could be either warm
or cool. For example, 3000K LED lights have a warm color (red) with peak intensity at wavelength > 600
nm, while 5000K LED lights have a cool color (blue) with peak intensity at wavelength 450 nm [121,122].
The 4000K LED light, which is between 30000K LED and 50000K LED, with amber color has a peak
intensity at wavelength 550 nm. A relationship exists between the color temperature (degrees Kelvin) of
LED lights when placed at the same distance of 10cm to an object and their light intensity (Lux) as estimated
and observed using Nemalux Industrial Lights: 3000K LED, 4000K LED, and 5000K LED as seen in Table
2.5. The table shows that the light intensity increases as the color temperature of the LED light increases.
Reported articles validate this observation that low brightness (low light intensity) is associated with low
and warmer color temperatures such as 3000K LED while high brightness (high light intensity) is associated
with higher and cooler temperatures such as 5000K LED [123]. When a 5000K LED light (Nemalux
Industrial) distance is varied to an object, different light intensities are estimated and observed as seen in

Table 2.6. It was observed that the light intensity decreases with the increasing distance to the object of
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illumination. Overall, this indicates that the choice of color temperature for LED light and its distance to
the object of illumination affect the light intensity. In this thesis, monochromatic LED light in the visible
spectrum (450 nm) was used for chapters 3 to 5 in the photoreactor due to its directionality, high light
intensity, and practical application while polychromatic LED light in the visible spectrum (400 — 700 nm)
with the color temperature 5000K was used in chapter 6 which is about the self-disinfecting coated surfaces
(see Table 2.5) due to its brightness and high light intensity. The 5000K LED as well as the 3000K LED
and the 40000K LED can be deployed essentially for outdoor applications to simulate sunlight since
sunlight is reported to have light intensities of 100,000 Lux (direct sunlight) and 3,000 — 18,000 Lux (diffuse
sunlight) [124]. These LED lights can be used as task lights in workspaces that require high illumination
such as construction sites at night time. The LED lights can also be used in residential rooms and
commercial places that require light intensities between 100 — 800 Lux by placing them at a distance much
further away from the object of illumination since light intensity is a function of the distance between the

light source and the object of illumination (see Table 2.6).

Table 2. 5 Estimate light intensities of polychromatic LED lights (10 cm to object) with different color
temperatures

Light source and type 3000K LED | 4000K LED 5000K LED
Wavelength, nm > 600 550 450
Light intensity (10cm distance to object), Lux | 15,4000 15,610 16,800

Table 2. 6 Estimated light intensities of polychromatic 5000K LED light at a varying distance to an object

Distance to an object (cm)

Light intensity (Lux)

10 16,800
20 7,200
30 3,500
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Chapter 3: Visible-Light-Driven Photocatalytic Degradation of
4-Chlorophenol Using Graphitic Carbon Nitride Based
Nanocomposites?

3.1 Highlights

e U-GCN showed the highest photocatalytic degradation activity.

¢ U-GCN/Ag.CrO4 nanocomposites showed superior photocatalytic degradation activity, among
other U-GCN/silver-based nanocomposites.

¢ U-GCN/0.3Ag.CrO4 nanocomposite was photocatalytically activated by both royal blue LED and

UV-A LED

1 0.0. Akintunde, L. Yu, J. Hu, M.G. Kibria, G. Achari, Visible-Light Driven Photocatalytic Degradation
of 4-Chlorophenol Using Graphitic Carbon Nitride-Based Nanocomposites, Catalysts. 12 (2022) 281.

https://doi.org/10.3390/catal12030281.
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3.3 Abstract

4-chlorophenol (4-CP), a hydroxylated aromatic compound (HAC), is a recalcitrant and toxic organic
pollutant found in industrial wastewater and various environmental media. In this paper, visible-light-
activated photocatalysis using graphitic carbon nitride (GCN) was used to treat 4-CP in an aqueous media.
Graphitic carbon nitride from different precursors (dicyanamide, urea, and melamine), as well as
GCN/silver nanocomposites (AgBr, AgsPO., Ag.CrOs and Ag), were successfully synthesized and
characterized by BET, XRD, SEM, EDS, and UV-Vis DRS. The band gaps of the photocatalysts were
estimated using the UV-Vis DRS characterization results and Tauc plots. The evaluation of the efficacy of
the GCN-based catalysts in degrading 4-CP was conducted with different photoreactors such as a royal blue
light-emitting diode (LED), a UV-A LED, LUZCHEM cool white lamps, and a solar simulator. The results

showed that GCNs with royal blue LED can effectively degrade 4-CP from agueous media. Among the

34



different precursors, urea-derived GCN showed the best performance in degrading 4-CP due to its large
surface area. GCN/0.3Ag2CrO4 nanocomposite showed a synergistic effect for the enhanced photocatalytic
degradation of 4-CP. The degradation of 4-CP with a rate constant of 2.64 x 102 min* was achieved with

a GCN/0.3Ag.CrO, nanocomposite under royal blue LED irradiation.

3.4 Introduction

4-chlorophenol (4-CP), a hydroxylated aromatic compound (HAC), is a recalcitrant and toxic organic
pollutant found in industrial wastewater and various environmental media. It is extensively used as an
intermediate in the synthesis of pharmaceuticals, dye, wood preservatives, and agricultural products such
as pesticides and herbicides [125,126]. The release of wastewater from industrial processes using 4-CP as
an ingredient has been a major source of water pollution. Not only are chlorophenols found in industrial
wastewater, but they can also be formed during the disinfection of municipal water upon chlorination of
humic matter or natural carboxylic acid [127]. Physical adsorption and biological degradation have been
reported to remove 4-CP in water [128]. However, physical adsorption only transfers 4-CP from the solution
to the surface of the adsorbent. Adsorbents can be quickly exhausted when they are used to treat a high
concentration of 4-CP. The high cost associated with the disposal and regeneration of exhausted adsorbent
limits its use on a large scale [129,130]. The biodegradation of 4-CP usually requires a longer hydraulic
retention time and produces a high microbial mass [128]. In addition, biodegradation performance is highly
impacted by carbon source, oxygen level, nutrients, and temperature. Photocatalysis can address these
limitations due to its high efficiency in the degradation and mineralization of organic pollutants to CO, and
H.0, and it is more eco-friendly as it will not release secondary pollutants into treated water and requires a
lesser amount of chemical input [38,131]. Photocatalysis is a process in which a photocatalyst, such as
TiO,, is irradiated by photons with higher energy than its bandgap, leading to the generation of holes and
electrons on its surface. Those photogenerated holes and electrons can react with electron donors and

acceptors to form reactive oxidative species such as oxygen and hydroxyl radicals, which can degrade the
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organic contaminants to less harmful by-products [132]. Photocatalysis has been widely used in the
degradation of organic pollutants (dyes, phenolic compounds, and hydrocarbons), removal of heavy metals
(mercury, arsenic, and cadmium), removal of pharmaceuticals (antibiotics), and inactivation of
microorganisms [38]. Conventional photocatalysis has been focused on using titanium dioxide (TiO5),
which requires UV irradiation due to its large bandgap (3.2 eV). The high energy cost associated with UV
irradiation puts a limitation on its practical application [133].

Over the last decade, visible-light-sensitive graphitic carbon nitride (GCN or g-CsNi), a metal-free
photocatalyst, has gained a lot of attention in removing organic contaminants due to its narrow optical band
gap (2.7 eV). It is readily synthesized from available precursors (dicyandiamide, urea, and melamine) and
has a low cost of production [134-136]. GCN derived from different precursors has been successfully
reported to remove nitrogen oxide, 4-nitrophenol, methyl orange, and rhodamine B under visible light [137—
140]. The photocatalytic activity of GCNs can be further enhanced by doping with different organic and
inorganic compounds to reduce the bandgap, increase visible-light utilization, decrease the recombination
rate of e-h pairs, and improve the rate of charge transfer [141,142]. Silver-based inorganics are among the
most promising compounds used to improve the properties of GCN because of their photosensitivity and
photocatalytic activity. Ren et al. [143] observed that 4-CP degradation by GCN/AgsPO4 with a xenon lamp
was 28 times faster than using pristine GCN. Deng et al. [105] enhanced visible-light-driven photocatalytic
E. coli disinfection by using GCN/AgBr. A negligible inactivation of E. coli was obtained for pure GCN
within one hour, while a 6.5 log reduction was achieved with GCN/AgBr. Faisal et al. [55] fabricated
GCN/Ag nanoparticles to degrade methylene blue in water under a xenon lamp and found that the
degradation rate with GCN/Ag is 1.9 times higher than pure GCN.

This research focuses on the synthesis and characterization of GCN and GCN/silver-based composites and
their photocatalytic performance in degrading 4-CP under royal blue LED and other light sources. GCNs
were prepared from different precursors, including dicyandiamide (D-GCN), urea (U-GCN), and melamine
(M-GCN) through the direct pyrolysis method, while GCN/silver-based composites (U-GCN/Ag, U-
GCN/AgsP0O4, U-GCN/AgBr, and U-GCN/Ag2CrO4) were fabricated by a dark-induced/in-situ deposition
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method. Different characterization techniques including BET, XRD, SEM, EDS, and UV-Vis DRS were
used to study the composites’ crystal structure, morphology, and optical and bandgap properties. The impact
of GCN precursors, silver compounds, GCN/silver ratio, and light sources on the photocatalytic degradation
of 4-CP has been fully investigated. A mechanism of the photocatalytic degradation of 4-CP by GCN/silver-

based composites has been proposed.

3.5 Materials and Methods

3.5.1. Chemicals

4-chlorophenol-CICsH4OH (99%), urea-CHsN20 (> 99.5%), silver nitrate-AgNO3z (> 99%), potassium
chromate-KoCrOs (> 99%), potassium bromide-KBr (> 99%), ethanol-C;HsOH (> 95%), 1-10
phenanthroline-Ci12HgNa, iron 111 chloride-FeCls, ammonium iron II sulfate hexahydrate (Mohr’s salt, >
98%) -(NH.)2Fe(04),(H20)s, and high-pressure liquid chromatography (HPLC) grade water were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Melamine, CsHsNs (> 99%), was purchased
from Aldrich (St. Louis, MO, USA). Dicyandiamide-C,H4N4 (> 99%) and potassium trioxalatoferrate ITT
trihydrate-KsFe(C204)3-:3H,O were purchased from Alfar Aesar (Ottawa, ON, Canada). Nanosilver
particles were purchased from Aldrich (Oakville, ON, Canada). HPLC grade acetonitrile, CHsCN, was
purchased from EMD (Gibbstown, NJ, USA). Sodium acetate-C,HsNaO, was purchased from Brady
Canada. Aqueous solutions were prepared with deionized (DI) water. The disodium hydrogen phosphate,
Na;HPO4 (> 99%) was purchased from BDH (Toronto, ON, Canada). Phosphoric acid, HsPO4 (75%), was

purchased from Chemco (Port Louis, Mauritius). All chemicals were used as received.

3.5.2 Synthesis of Graphitic Carbon Nitride (GCNs) and GCN Composites

In this study, GCNs were synthesized by direct pyrolysis from the different precursors' dicyandiamide, urea,
and melamine [137,138,143,144], as shown in Scheme 3.1a. Typically, 30 g of dicyandiamide, urea, or

melamine was put in a partially closed alumina crucible and then placed in a muffle furnace (550-58, Fisher
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Scientific, Waltham, MA, USA), set at 550 °C, for 4 h. After 4 h, the muffle furnace was turned off and the
GCNs derived from these precursors were left to cool down to room temperature. The GCNs from
dicyandiamide, urea, and melamine were ground to powder and labeled D-GCN, U-GCN, and M-GCN,

respectively.

(a) Synthesis of GCN

1
1
1
1
: Muffle furnance
1
1
1
1

(GCN precursors: Dicyandiamide, N cepiie ]
Melamine, or Urea ‘j‘-"f: C i GCN
h

(b) Synthesis of GCN/AgX composites

For GCN/AgyCrOy4 composite For GCN/Ag3PO,4 composite
GCN dispersed in | K>CrO, +AgNO, ‘ [ Na,HPO, +AgNO;3 ‘
40 mL DI water on
magnetic stirrer
20 min For GCN/AgBr composite For GCN/Ag composite

| KBr +AgNOy Ag
Y _

Sonication GCN/DI water mixture on magnetic stirrer

2h 15 min

Magnetic stirrer
Vacuum filtration Sonication
{dark condition) [€
0.45 um filter 15 min
7h
y
Dl‘}’ in oven UA(‘;CN.-",\:AgECrO_I.
U-GCN/0.3AgBr,
room temperature > U-GCN/0.3Ag;POy,
U-GCN/0.3Ag,
12h Ag,CrOy

Scheme 3. 1 Synthesis procedures of GCN and GCN-based composites.
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GCN/silver-based compound composites were synthesized by a dark-induced, in-situ deposition method
(see Scheme 3.1b) [143,145]. A total of 1 g U-GCN was dispersed in 40 mL of deionized water, stirred on
a magnetic stirrer for 20 min, and then placed in an ultrasonicator for 2 h. After that, the solution was placed
on the magnetic stirrer and different amounts of K,CrO., KBr, Na;HPQOs, Ag, and AgNO; were added as
follows: for U-GCN/0.3 Ag2CrO4 composites, 0.2774 g AgNO; and 40 ml K,CrO4solution (4.83 g/L) were
added; for U-GCN/0.3 AgBr, 0.277 g AgNOs and 40 ml KBr solution (4.85 g/L) was added; and for U-
GCN/0.3 AgsPO4, 0.1386 g of AgNO3 and 40 mL Na;HPO, (2.42 g/L) were added, while for U-GCN/0.3
Ag, 0.3 g of Ag nanoparticle was added. The mixture of GCN/silver compounds was placed on the magnetic
stirrer for 15 min and then transferred to the ultrasonicator for another 15 min. The solution was then placed
on the magnetic stirrer in the dark for 7 h. The product was vacuum filtered using a 0.45 um (nitrocellulose,
Merck Millipore Ltd., Cork, Ireland), then washed with both DI water and ethanol at least five times.
Finally, U-GCN/silver-based compound composites were obtained after drying in the oven (637 G, Fisher
Scientific, Waltham, MA, USA) at room temperature for 12 h. Nanocomposites of U-GCN/Ag.CrO, with
different mass ratios of Ag.CrOs denoted as U-GCN-xAg.CrOs, where x = 0.1, 0.3, and 0.5, were
synthesized using the same procedure above with different masses of AgNO; and K,CrO4. Ag.CrOs was
synthesized following a similar procedure in Figure 5b above, but without U-GCN. Described briefly,
0.2774 g AgNO3 was added to 0.1934 g of K,CrO4 40 mL solution, stirred for 20 min, sonicated for 2 h,
stirred and sonicated for 15 min, and then stirred for 7 h in the dark. The product was vacuum filtered and
washed with ethanol and water, then dried in the oven at room temperature for 12 h to obtain the Ag>CrO,

product.

3.5.3. Characterization

The crystal structure of the samples was studied using X-ray diffraction (XRD; Rigaku multiflex X-ray
diffractometer) with Cu Ka X-ray radiation, A = 1.5406 A°. The morphology of the samples was examined
by scanning electron microscope (SEM; Quanta FEG 250 FESEM). The elemental analysis of the samples

was conducted using energy-dispersive X-ray spectroscopy (EDS; Bruker Quantum 5030 SDD X-ray
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spectrometer) with SVE 111 pulse processing electronics. The surface areas and pore volumes were obtained
from the N2 sorption isotherm at 77 K using automatic adsorption equipment (Tristar Il; Micrometrics).
The UV-Visible (UV-VIS) diffuse reflectance spectroscopy (DRS) of the dry-pressed disk samples was
measured using a spectrophotometer (UV-VIS DRS; UV-2600 Shimadzu spectrophotometer) with BaSO4
as the reference sample. The UV-VIS DRS of the samples were used in estimating the Kubelka—Munk
function (F(R)E)? using Equation (3.1), and then the band gap values of the samples were estimated from
the Tauc plot of (F(R)hv)¥Y vs. hv, eV [146,147] as follows:

1
— R)2 Y
u*,ﬂ,)*f

[F(R)hv]% = ( R

(3.1)
1
K= (1-R)% S=2R;Y=§or2; hv = eV

where K is the molar absorption coefficient, S is the scattering factor, h is the Planck constant, v is the
photon’s frequency, and Y is a factor dependent on the nature of the electron transition, which is either %2

or 2 for the direct and indirect band gaps, respectively.

3.5.4. Photocatalytic Experiments

The photocatalytic performance of GCNs derived from different precursors (D-GCN, U-GCN, and M-
GCN) was first evaluated by degradation of the 4-CP using a royal blue LED photoreactor (peak emission
wavelength = 450 nm). In each experiment, 40 mg of the GCN was dispersed in a 40 mL solution containing
20 mg/L 4-CP in a 100 mL quartz beaker. Before LED irradiation, the water/catalyst mixture was stirred
magnetically in the dark for 30 min to attain adsorption—desorption equilibrium. 3 mL of samples were
collected at different irradiation intervals and filtered using a 0.45 pm syringe filter (PTFE,

Chromatographic Specialities Inc., Brockville, ON, Canada) to remove the photocatalyst particles.
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The GCN showing the best performance in degrading 4-CP was selected in synthesizing GCN/silver-based
nanocomposites (Ag, AgBr, AgsPO4, and Ag.CrQOy), all at a fixed mass ratio of 1:0.3. The performance of
the most promising photocatalyst, U-GCN/silver chromate composite, was further investigated using three
different mass ratios (x = 0.1, 0.3, and 0.5). Furthermore, the performances of the UV-A LED (365 nm),
Luzchem cool white light reactor (400—700 nm), and the solar simulator (350-1800 nm) using the optimal

U-GCN/silver chromate composite were evaluated and then compared with royal blue LED photoreactor.

3.5.5 Analysis

The concentration of 4-CP was determined using high-performance liquid chromatography (HPLC; LC-

2040C 3D Shimadzu Corporation, Kyoto, Japan) with UV absorbance detection at A = 280 nm.

The mobile phases were 0.1% phosphoric acid in HPLC-grade water and 0.1% phosphoric acid in
acetonitrile at a 50:50 mixture with a flow rate of 1 mL/min. The measurements were conducted in

duplicate, and the detection limit was around 0.1 mg/L.

3.5.6 Actinometry

The radiation entering the reaction vessel was determined using ferrioxalate actinometry, which is based
on the principle of the photoreduction of Fe3* to Fe?* [148,149]. This experiment was carried out for the
royal blue LED, UV-A LED, cool white lights (LUZCHEM reactor), and solar simulator (HAL-320W).
The analysis of the Fe** complex photoreduction was carried out using a spectrophotometer (UV-2600

Shimadzu Corp., Kyoto, Japan).

3.6 Results and Discussions

3.6.1 Physical and Chemical Properties of GCN and GCN Composites

The N adsorption—desorption Brunauer—Emmett-Teller (BET) isotherms for the synthesized
photocatalysts and their corresponding Barret—Joyner—Halenda (BJH) average pore size distribution curves
are presented in Figures S3.1 and S3.2. The N, adsorption—desorption for D-GCN, U-GCN, M-GCN, U-
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GCN/0.3Ag2CrO4, U-GCN/0.1Ag2CrO4, U-GCN/0.5Ag2CrO4, U-GCN/0.3Ag, U-GCN/0.3AgBr, and U-
GCN/0.3AgsPO, can be classified as a type IV isotherm with an H3-type hysteresis loop. This is an
indication that those photocatalysts have mesoporous structures [150]. The N, adsorption—desorption for
AQ:CrO, follows the type 111 isotherm. This is due to the non-identifiable monolayer formation, weak
adsorbent-adsorbate interactions, and the presence of macroporous structures that are typical of a type IlI
isotherm [150]. The specific surface area, pore volume, and average pore size for GCN and GCN/silver-
based composites are summarized in Table 3.1. The specific surface area and pore volume of urea-derived
GCN (57.68 m?/g, 0.30 cm®/g) are significantly larger than D-GCN (8.79 m?g, 0.05 cm®/g) and M-GCN
(2.95 m?/g, 0.02 cm®g), which agrees with the published studies [137,138,151]. This can be attributed to
the presence of heteroatoms of oxygen in the urea structure playing an important role in the increased
surface area and enlarged pore volume during the process of condensation polymerization [138]. Oxygen
is reported to be more efficient in increasing surface area and pore volume enlargement due to the increased
formation of CO, and water vapor during polymerization [137,138,152]. U-GCN/silver-based composites
have specific surface areas varying from 41.85 m?/g to 67.38 m?/g and pore volumes between 0.23 cm?®/g
and 0.39 cm®/g. All the U-GCN-based photocatalysts have a relatively large BET surface area (41.85 m?/g
to 67.38 m%g) and pore volume (0.23 cm®/g to 0.39 cm?®/g) compared to M-GCN and D-GCN. This can be
attributed to the heteroatoms of oxygen in the urea structure, which contributed to the large surface area

and pore volume.
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Table 3. 1 BET surface area, BJH pore volume, and BJH average pore size.

BET Surface BJH Pore BJH Average Pore

Photocatalyst Area (m?/g)  Volume (cm®(g) (?1 |rzne)
M-GCN 2.95 0.02 25.92
D-GCN 8.79 0.05 20.76
U-GCN 57.68 0.30 23.78
AgCrO4 1.32 0.01 97.96

U-GCN/0.1Ag>CrO4 60.38 0.35 27.15
U-GCN/0.3Ag.CrO4 42.68 0.23 26.78
U-GCN/0.5Ag.CrO, 44.67 0.25 24.52
U-GCN/0.3Ag 41.85 0.21 23.87
U-GCN/0.3AgBr 48.02 0.24 23.70
U-GCN/0.3AgsPO. 67.38 0.39 30.29

The XRD patterns of GCN are presented in Figure 3.1a. D-GCN, U-GCN, and M-GCN have dominant
diffraction peaks at 27.72°, 27.9°, and 27.78°, respectively. According to Bragg’s equation, the interplanar
distance for D-GCN, U-GCN, and M-GCN was calculated to be 0.322 nm, 0.320 nm, and 0.321 nm,
respectively. The dominant peaks at these degrees are indexed to the 002 plane. This is attributed to the
strong interplanar packing of the aromatic conjugated structure of the GCN [137]. A weak peak at around
13.3° was also observed on the XRD spectrum of D-GCN, U-GCN, and M-GCN, which can be indexed to
the 100 plane. This indicates the characteristics of the in-plane structural packing motif [153,154]. Both the
100 and 002 planes are associated with the hexagonal aromatic structure of GCN (JCPDS card number 87-
1526) [155]. U-GCN has a broader and weaker diffraction peak than D-GCN and M-GCN, indicating its
smaller crystallinity caused by the strong electronegative oxygen atom and strong C—O bond leading to low
polymerization [137]. The Ag.CrOs, as seen in Figures 3.1a and S3.9, showed several characteristic
diffraction peaks, with the dominant peak at 31.68°, indexed at the 220 plane (JCPDS card number 26-
0952) [156]. The shape of the peaks indicates that the prepared Ag.CrO4 was well crystallized and has the
characteristic orthorhombic structure. Figures 3.1a and S3.3 show the peaks of the as-synthesized U-
GCN/silver-based nanocomposites. The main peak of Ag.CrO; was not observed in the U-
GCN/0.1Ag.CrO4 nanocomposite due to the low ratio of Ag.CrO. in the nanocomposite. However, with an

increasing ratio of Ag.CrOs, its main peak and other weak peaks were observed in U-GCN/0.3Ag.CrO4 and

43



U-GCN/0.5Ag,CrOs composites with increasing intensity. This indicates the presence of the GCN
hexagonal and the Ag.CrO, orthorhombic structures. Moreover, the increasing intensity of Ag.CrO4 was
accompanied by a corresponding decrease in the intensity of GCN as the ratio of Ag.CrQO, increased in the
nanocomposites. The AgBr dominant peak at 31.10° was indexed to the 200 diffraction plane (JCPDS card
number 79-0148) and the decreased GCN peak was observed in the U-GCN/0.3AgBr nanocomposite,
indicating that the U-GCN acted as a support to the binding AgBr particles, while the AgsPO4 peak was not
observed in the U-GCN/0.3AgsPO; structure. The non-observable peak of AgsPO, could be due to the low
ratio of AgsPQa in the nanocomposite. Though the dominant peak of Ag nanoparticles was not observed in
the U-GCN/0.3Ag structure, other weak peaks were observed. This could be attributed to the low ratio of

Ag particles in the nanocomposite.
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Figure 3. 1 Characterization of GCN and GCN-based nanocomposites: (a) XRD, (b) SEM for U-

GCN/0.3AgzCrOs, (c) EDS, and (d) DRS.

The SEM images of U-GCN/0.3Ag.CrO, and other as-synthesized photocatalysts are shown in Figures
3.1b, S3.4, and S3.10. In Figure S4a,c, the D-GCN, and the M-GCN show the characteristic stacked sheet-
like morphologies [137,154,157], while in Figure S4b, the U-GCN shows the typical aggregated flake-like
morphology [94]. In Figure S3.4d, the Ag.CrO4 displays a spherical-like morphology which is typical of
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AQ2CrO,4 [158-160]. In Figures 3.1b, S3.4e—i, and S3.10, the U-GCN-based composites show a similar
structure to U-GCN, though with more aggregated flake-like morphologies, indicating the presence of
Ag.CrO4, Ag, AgBr, and AgsPOa4. The aggregated morphology exhibited by U-GCN and U-GCN-based
composites is typical of GCN synthesized by the direct pyrolysis of urea [161]. The EDS in Figure S3.5
confirmed the formation of graphitic carbon nitride (GCN) with the presence of carbon and nitrogen peaks.
For the nanocomposites, as seen in Figures 3.1c and S3.5, the presence of the silver compounds comprising
the elements Ag, Cr, P, Br, and O was observed in the composite structures. The intensity of the energy
peak for Ag increased with the increasing ratio of Ag>CrO4 in the U-GCN/silver chromate composite and

was more pronounced with 0.5 wt% Ag.CrO..

The UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) of the synthesized graphitic carbon nitrides
(GCNSs) and U-GCN/0.3Ag.CrO4 are shown in Figure 3.1d, and other nanocomposites are shown in Figure
S3.6. The pristine GCNs show that the absorption edges shift to longer wavelengths from U-GCN to M-
GCN and then to D-GCN. This indicates increasing light absorption in the visible light region and suggests
that the GCNs can absorb photons with wavelengths lower than their absorption edges [138,146]. The
difference in band gaps for D-GCN, U-GCN, and M-GCN is caused by the different degrees of
condensation during GCN synthesis using different precursors [138]. The observed decrease in the
reflectance (% R) of the composites means an increased absorbance of light, indicating the synergistic effect
of coupling silver-based compounds (AgBr, Ag, AgsPO. and Ag.CrO4) on the property of the light
absorption characteristics of graphitic carbon nitride (GCN). This can be attributed to the silver compounds
functioning as electron traps in the GCN bandgap [162]. The band gaps of those photocatalysts were
estimated using a Tauc plot (Figure S3.7) derived from UV-Vis DRS and summarized in Table 3.2. Two
band gaps appeared for U-GCN/0.3Ag.CrO4 and U-GCN/0.5Ag,CrO4. The first bandgaps (near 2.74 eV
and 2.73 eV) are associated with GCN, while the second bandgaps (near 1.78 eV and 1.75 eV) are associated
with Ag.CrO4. This indicates that the nanocomposites can be activated by photons with energy larger than

second bandgaps (1.78 eV and 1.75 eV). With these two band gaps, enhanced photocatalytic activity and
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performance of U-GCN/0.3Ag,CrO4 and U-GCN/0.5Ag,CrO4 can be expected with the utilization of solar
energy. The solar energy spectrum reaching the earth is between 100 nm and 1,000,000 nm, corresponding
to the photon energy between 12.4 eV and 1.24 eV. This indicates that the as-synthesized photocatalysts
with two band gaps can utilize a huge amount of energy from the sunlight up to the extreme ultraviolet

region (12.4 eV) of the solar radiation spectrum.

Table 3. 2 Band gaps and the corresponding wavelengths of the synthesized photocatalysts.

Bandgap Energy Wavelength

Photocatalyst (&V) (nm)
M-GCN 2.68 462
D-GCN 2.67 464
U-GCN 2.75 450
Ag.CrO, 1.80 689
U-GCN/0.1Ag.CrO, 2.75 450

U-GCN/0.3Ag2CrOq4 2.74,1.78 452, 698

U-GCN/0.5Ag2CrOq4 2.73,1.75 454,708
U-GCN/0.3Ag 2.73 454
U-GCN/0.3AgBr 2.74 452
U-GCN/0.3AgsPO4 2.72 455

3.6.2 Photocatalytic Degradation of 4-CP Using GCNs and GCN-Based Nanocomposites

The photocatalytic degradation of 4-CP using GCNs and GCN-based nanocomposites with royal blue LED
irradiation is summarized in Figure 3.2. The concentration of 4-CP decreased along with irradiation time
in the presence of GCNs or GCN-based nanocomposites. Royal blue LED irradiation only did not cause
the direct photolysis of 4-CP, as 4-CP does not have significant light absorption in these wavelengths. The
60-minute adsorption experiments showed that 4-CP did not adsorb on the surface of GCN or GCN-based
nanocomposites (Figure S3.8). Therefore, the decrease of 4-CP concentration in this study is due to the
photocatalytic reaction initiated by the GCN or GCN composites activated by royal blue LED irradiation.
The bandgap energy for the three pristine GCNs (U-GCN, D-GCN, and M-GCN) varied from 2.68-2.75
eV, which corresponds to 462—-450 nm. The royal blue LED has its maximum emission at 450 nm, with a

full width at half maximum equal to 20 nm. Most photons emitted from the investigated royal blue LED
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have higher energy than the bandgap of the GCNs, which can be absorbed by the GCNs, leading to the
photocatalytic degradation of 4-CP. Among the pristine GCNs, the highest 4-CP degradation rate (0.05 x
102 min') was observed with U-GCN. U-GCN has been reported to have better performance than D-GCN
and M-GCN in hydrogen production from water, nitrogen oxide (NO) removal in the gas phase, and dye
removal in an aqueous medium due to its high surface area, large pore volume, and large pore size

[137,138,151].

Higher 4-CP degradation rates were observed with all GCN nanocomposites, except GCN/0.3Ag. A
negative impact of Ag nanoparticles inclusion in the GCN structure was observed with the k value of 0.02
x 1072 min~!, which is 2.5 times lower than U-GCN. U-GCN/0.3Ag,CrO4 has the highest k value of 2.64 x
1072 min~!, which was 52.8 times more than U-GCN. Further, U-GCN/0.3AgBr and U-GCN/0.3AgsPO,
were 8.6 times and 4.2 times more than U-GCN, respectively. The enhanced photocatalytic performance of
U-GCN/0.3Ag.CrO4, U-GCN/0.3AgsPO4, and U-GCN/0.3AgBr over GCN can be attributed to the
introduction of Ag.CrOa, AgsPO., and AgBr in the GCN structure. The bandgaps of Ag.CrO4 (1.78 eV),
AgsPO; (2.45 eV) [163], and AgBr (2.65 eV) [164] are smaller than GCN (2.75 eV) and therefore are
expected to enhance the photocatalytic activity of U-GCN. A synergistic effect was even observed for U-
GCN/silver chromate nanocomposites. The degradation rates for U-GCN/silver chromate nanocomposites
(2.64 x 102 min~!) were larger than the sum of U-GCN alone (0.05 x 102 min™!) and Ag.CrQO, alone (0.14
x 1072 min~!). This optimal performance by the U-GCN/silver chromate nanocomposite is due to the
synergistic effect of coupling Ag.CrOs with GCN. This resulted in reduced reflectance and, hence,
increased absorption of light, reduced bandgap, and high photocatalytic activity, with the Ag.CrO. serving
as an electron trap by promoting charge carrier separation. Therefore, coupling GCN with silver-based
photocatalysts can create a synergistic effect by inhibiting the e—h pair recombination and improving the

charge separation, thereby increasing the photocatalytic degradation of organic pollutants [143,146,162].
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An optimal mass ratio between Ag.CrO, and U-GCN was observed to be 0.3:1. The 4-CP degradation rate
increased when the mass ratio was increased from 0.1:1 to 0.3:1. However, a further increase from 0.3:1 to
0.5:1 did not enhance the photocatalytic degradation of 4-CP. The excess Ag.CrO. present in the
nanocomposite could block the active sites on GCN, increase electron—hole (e-h) recombination, and
inhibit the rate of transfer of photo-induced charges [165]. Table 3.3 shows the photocatalytic efficiency of
U-GCN/0.3Ag.CrO4 towards 4-CP degradation as compared with the results of other published articles.
The mpg-GCN showed a very good performance at nearly 100% degradation of 4-CP compared to others
on the table because of its very high surface area at 176 m?/g. Up until now, the published articles on the
photocatalytic degradation of organic pollutants, including 4-CP, involved the use of an Xe lamp as the

light source for the solar simulator. The novelty of the royal blue LED as a light source is a potential

application for indoor use in photocatalytic systems.

—e—Rovyal blue LED

—8—M-GCN k=0.02 * 107 mun™*
D-GCN k=003 * 1072 min™*
U-GCN k=0.05 * 107 min™*

—o— Ag:CrOs k=0.14 * 107 min™

—8—U-GCN/0.3Ag k=0.02 * 107 min™*

—8—1U-GCN/0.3Ag:PO- k=0.21*107? min™!

—o—1U-GCN/0.3AgBr k=043% 1072 min!

—o—U-GCN/0.1Ag:Cr0O4 k=0.18 * 107 min™*

—8—U-GCN/0.3Ag:Cr0Oa k=264 * 1072 min™

—o—-GCN/0.5Ag:CrOs k=1.32* 107 min™*

0 T T T T T ]
0 30 60 90 120 150 180
[rradiation time (min)

Figure 3. 2 Photocatalytic degradation of 4-CP using GCNs derived from different precursors and
GCN/silver compounds-based nanocomposites under royal blue LED (450 nm) irradiation.
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Table 3. 3 Comparison of 4-CP photocatalytic degradation with the results of previously published

articles.

S/N Photocatalyst

Conc. of
4-CP in Degradation
Solution Time (min)

Catalyst

Synthesis Light Amount

Method Source

Degradation

Rate

Efficiency Constant Ref

9 in.
() St o)  (min?)
Mesoporous
1 GCN(mpg- Template 0\ WX¢ 40 15.4 60 ~100 526 x 102 [153]
CN) P
> CNJ/APO Precipitation SO?a\r:]Vpxe 50 20 180 965  1.80 x 102 [143]
3 ZrOg-CN, Ultrasonicat 300WXe g, 30 120 ~90  1.73x 107 [166]
ion lamp
Solar
simulator:
ZnO/g- _
300 W lamp 92 1.20x10°
4 Cs)l?lgigaret;on Precipitation Visible 100 10 300 7 051 x 10°2 [94]
g light: 400 W
lamp
5  Vc-GCN  Calcination 30?a\r:]\’pxe 50 10 120 608  0.79x 102 [167]
u- 460 nm Current
6 GCN/0.3Ag.Cr Precipitation Royal blue 40 20 180 98.26 2.64x10°2 q
0, LED study

3.6.3 Photocatalytic Degradation of 4-CP by U-GCN/0.3Ag2CrOg4 in Different Photoreactors

In addition to the royal blue LED reactor, the performance of the U-GCN/0.3Ag.CrO4 nanocomposite in

the photocatalytic degradation of 4-CP was evaluated with three other photoreactors, including a UV-A

LED (365 nm), a cool white lamp (400-700 nm), and a solar simulator (350-1800 nm, HAL-320W). The

normalized concentration vs. irradiation time is presented in Figure 3.3. The light intensities measured

through ferrioxalate actinometry experiments for the solar simulator, cool white lamp, UV-A LED, and

royal blue LED were 0.99 x 10 photons/s, 0.61 x 10" photons/s, 0.71 x 10%" photons/s, and 5.90 x 10%

photons/s, respectively. In order to compare the energy consumption for the different photoreactors, the

photon energy (Epnoton) required to achieve one log 4-CP reduction was estimated based on Equation (3.2)

and is summarized in Table 3.4.
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In(0.1)
Ephoton = - & * Iy (3.2)

where k is the first-order degradation rate constant and I is light intensity in the form of J/s, which was
estimated based on light intensity (photons per second) measured through ferrioxalate actinometry and the

light emission spectrum for each reactor.

The results indicate that U-GCN/0.3Ag.CrQy, as a visible photocatalyst, can degrade organic contaminants
under various lighting conditions. All evaluated photoreactors can emit photons with an energy larger than
the bandgap of U-GCN, Ag.CrO, and U-GCN/0.3Ag.CrO4 nanocomposite, and, therefore, can activate the
photocatalyst to cause a series of photocatalytic reactions. The rate constants estimated for the solar
simulator, cool white lamp, UV-A LED, and royal blue LED are 0.15 x 102 min™!, 0.34 x 102 min%, 1.06
x 1072 min~!, and 2.64 x 1072 min!, respectively. The royal blue LED had the highest k value of 2.64 x
102 min"!, which is 2.5 times that of UV-A LED, 7.8 times that of the cool white lamp, and 17.6 times that

of the solar simulator. This high k value from the royal blue LED is due to its very high light intensity.

As shown in Table 3.4, the photon energy required to degrade 90% of 4-CP was 8960 J, 1366 J, 514 J, and
1364 J for the solar simulator, cool white light, UV-A LED, and royal blue LED, respectively. The lowest
photon energy consumption was observed with the UV-A LED, as most of the photons emitted from the
UV-A LED reactor can contribute to the photocatalytic reaction, while only a fraction of photons emitted
from the royal blue LED reactor, solar simulator, and cool white lamps possess energy larger than the
bandgap of U-GCN/0.3Ag.CrO.. The solar simulator emitted 10.8% of photons with a wavelength of < 452
nm (equivalent to the bandgap of U-GCN), and 35.3% of photons with a wavelength of < 689 nm
(equivalent to the bandgap of Ag.CrQ.). The percentage of photons (< 452 nm) in the emission spectrum
of the cool white lamp and royal blue LED was 16.5% and 52.3%, while the percentage of photons (< 689
nm) emitted by the cool white lamp and royal blue LED was estimated to be 78.4%, and 61.6%,

respectively. The photon energy consumptions are similar for royal blue LED and the cool white lamps,
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although the fraction of photons less than 452 nm for royal blue LED is larger. This is because the cool
white lamps emitted a large number of photons between 452 nm and 698 nm, which can also activate
AQ:CrOs. UV-A LED is efficient in terms of photon energy consumption, but its electricity-to-photon
conversion efficiency is usually lower than visible LEDs and fluorescent lamps [168,169]. Although the
solar simulator is not as effective in photocatalytically degrading the contaminant, the results indicate its
huge potential for applying natural sunlight, free and clean energy in abundance, in photocatalytic treatment

using GCN/Ag.CrO; as a catalyst.
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Figure 3. 3 Photocatalytic degradation of 4-CP using different photoreactors (C, = 20 mg/L, Cu-

Geni.3agzeros = 1000 mg/L).

Table 3. 4 The photo energy (Epnoton) required to achieve a log reduction of 4-CP.

Photoreactor Ephoton (J)
Solar simulator 8960
Cool white light 1366

UV-A LED 514
Royal blue LED 1364

Therefore, the efficiency (or quantum efficiency) is defined as the actual amount electrons that reacted for
every absorbed photons by the photocatalyst as shown in equation (3.3) [170]. The efficiency is determined
based on the amount of H; gas released from the photoreduction of water. This is largely dependent on the
type and physicochemical properties of the photocatalyst (bulk or composite photocatalyst) and
characteristic of the light source (visible or UV and intensity).
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o H, gas production or evolution rate number of moles of electrons
Quantum ef ficiency = ( ) * ( )

(3.3)

number of incident photon or photon flux number of moles of H, gas

3.6.4 Proposed Photocatalytic Mechanism

It was reported that GCN and modified GCN can produce reactive oxidative species (ROS) that can degrade
organic pollutants under visible-light irradiation [143,153,154,162]. The results of the trapping experiments
show that the active species, e, h*, Oz, and OH- were involved in the degradation of 4-CP and other
chlorophenol compounds to the mineralized products CO,, H,O, and HCI. Several by-products have been
identified to have been formed in the course of the photocatalytic degradation of 4-CP to mineralized
products, including hydroquinone, benzoquinone, phenol, and 4-chlorocatecol [88,171-173]. These by-

products, which are hydroxylated intermediates, are formed during the oxidation of 4-CP.

Based on this, a possible photocatalytic degradation mechanism of 4-CP by U-GCN/Ag.CrO; is presented
in Figure 4. The conduction band (CB) and the valence band (VB) potentials of GCN and Ag.CrO4 were

calculated based on Equations (3.4) and (3.5) [158,174,175]:

Ecp = X — E€ — 0.5E, (3.4)

EVB = ECB + Eg (35)

where Ecg and Eyg are conduction and valence band potentials, E® is free electron energy on the hydrogen
scale (~4.50 eV), Eq is the bandgap energy (Table 3.2), and X is the absolute electronegativity of the

semiconductor, which is based on the geometric mean of the constituent atoms, which for GCN and
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AQ:CrOy is 4.72 eV and 5.83 eV, respectively [176]. Therefore, for GCN (based on the U-GCN estimated
bandgap in Table 2) the Ecg and Evg are —1.16 ¢V and 1.59 eV, while for Ag>CrOy4, the Ecg and Evg are 0.43

eV and 2.23 eV, with the Eg of Ag.CrO, as 1.80 eV.

In Figure 3.4, there is an excitation of electrons on the U-GCN and Ag.CrO4 upon irradiation from a visible-
light source and the electrons move from their respective VB to CB. Due to potential differences, electrons
migrate from the CB of GCN, and it is accepted on the CB of Ag.CrOs, where the Ag* is reduced to Ag°,
while holes in the VB of GCN move to the VB of Ag.CrO,4 [143,177,178], leading to efficient charge

separation. Subsequently, the accepted electrons by Ag.CrO4 react with the dissolved oxygen in the aqueous

medium to produce superoxide radicals, while the holes on the surface of the GCN react with water
molecules to produce hydroxyl radicals. The trapping of electrons and holes by the dissolved oxygen and
water molecules will serve to limit the recombination, causing the formation of reactive oxidative species

(O And OH') that will lead to the complete mineralization of 4-CP, producing CO-, H20, and HCI.

NHS vs. E
A
25T CB Mineralized
products
2.0 e—
Oz
-1.51 -1.16 eV
- cB 05"
e—

-1.01— )
051

\ OH
O [ ——

0.43 eV

0.5 1T AF —==

1.0 +—
e—
1.5 4+— Cl
1.59 eV

20 1= OH"
h*
2= VB 2.23 eV
h+
Qv
h+ Hzo =
GCN Ag>CrOy4

Figure 3. 4 Schematic representation of the proposed mechanism for 4-CP photocatalytic degradation

using U-GCN/Ag.CrO4 nanocomposite under royal blue LED irradiation.
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3.7 Conclusions

In this study, GCNs derived from different precursors (dicyandiamide, melamine, and urea) were
successfully synthesized through direct pyrolysis and GCN/silver-based nanocomposites were prepared
through a dark-induced/in-situ deposition method. The prepared GCN and GCN/silver-based
nanocomposites were characterized using UV-vis diffuse spectroscopy, XRD, SEM, and BET and
evaluated for their photocatalytic degradation of 4-CP under royal blue LED irradiation. Among the
different precursors, urea-derived GCN showed the best photocatalytic performance due to its large surface
area and pore volume. The introduction of silver-based compounds such as AgBr, AgsPO4, and Ag>CrO4
into urea-derived GCN enhanced its photocatalytic performance, as they increased visible light absorption,
improved charge separation, enhanced charge transfer, and reduced the electron—hole pair recombination
rate. The 4-CP degradation rate observed with U-GCN/Ag.CrO4 is 52 times higher than GCN alone and 18
times higher than Ag.CrO4 alone. The optimal mass ratio between U-GCN and silver chromate composites
was determined to be 1:0.3. In addition to royal blue LED irradiation, U-GCN/Ag.CrO4 was found to be
effective in degrading 4-CP under UVA-LED irradiation, cool white lamp irradiation, and solar irradiation.
Though U-GCN/0.1Ag.CrO, and U-GCN/0.3Ag.CrO4 have higher surface areas, pore volumes, and
porosity, the possession of dual-band gaps and adsorption ability influenced and enhanced the
photocatalytic performances of U-GCN/0.3Ag.CrO4 and U-GCN/0.5Ag.CrO.. The degradation rate of 4-
CP for the optimal photocatalyst, U-GCN/0.3Ag.CrOa, was 15 times higher than for U-GCN/0.1Ag.CrO4
and 13 times higher than for U-GCN/0.3AgsPO.. Therefore, for the GCN/silver -based composites, it was
the band gap that determined the photocatalytic activity and not the surface area, especially for the

composites with two band gaps.
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Chapter 4: Disinfection and Photocatalytic Degradation of Organic
Contaminants Using Visible Light-activated GCN/Ag2CrOs
Nanocomposites?

4.1 Highlights

o  GCN/Ag:CrO4 nanocomposite is highly photocatalytic and active under visible light irradiation.

e Degradation of commercial herbicide, Killex®? (2,4-D and Mecoprop-P) was achieved.

e Degradation of BSA protein and SARS-CoV-2 spike protein was achieved.

e Over one log reduction of microorganisms’ cellular ATP, coliforms, and E. coli in wastewater was

achieved in 60 minutes.

2 0.0. Akintunde, L. Yu, J. Hu, M.G. Kibria, C.R.J. Hubert, S. Pogosian, G. Achari, Disinfection and

Photocatalytic Degradation of Organic Contaminants Using Visible Light-Activated GCN/Ag2CrO4

Nanocomposites, Catalysts. 12 (2022) 943. https://doi.org/10.3390/catal12090943.
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4.2 Graphical abstract
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4.3 Abstract

Visible-light-driven photocatalysts have gained increasing attention in the past few decades in treating
emerging contaminants in water and wastewater. In this work, the photocatalytic activity of the coupled
graphitic carbon nitride (GCN) and silver chromate (Ag.CrOs), herein denoted as GCN/AQ>CrOs,
nanocomposites were evaluated for degrading organic pollutants and inactivating microorganisms under
visible light irradiation using a royal blue light-emitting diode (LED). The organic pollutants studied were
2,4-dichlorophenoxyacetic acid (2,4-D) and methyl chlorophenoxy propionic acid (MCPP or Mecoprop-P)
present in Killex?, a commercially available herbicide, bovine serum albumin (BSA) protein, and SARS-
CoV-2 spike protein. The disinfection experiments were conducted on wastewater secondary effluent. The

results showed that over 85% degradation was achieved for both 2,4-D and Mecoprop-P in 120 minutes
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while 100% of BSA protein and 77.5% of SARS-CoV-2 protein were degraded in 20 minutes and 30
minutes, respectively. Additionally, GCN/Ag.CrO, nanocomposites led to over one log reduction of
cellular ATP (cATP), total coliforms, and E. coli in wastewater treatment plant (WWTP) secondary effluent
after 60 minutes of royal blue LED irradiation. It was observed that the degradation performance of a
photocatalyst under light irradiation is contaminant-specific. The binding affinity of the released metal ions
from GCN/Ag.CrO4 with protein and ATP functional groups was responsible for the degradation of proteins
and the reduction of cATP, while the generated ROS was responsible for the disinfection of total coliforms
and E. coli. Overall, the results indicate that GCN/Ag.CrO4 nanocomposite is a promising photocatalyst in
degrading organic pollutants and disinfecting microorganisms under visible light irradiation within a

reasonable time.

4.4 Introduction

Semiconductor photocatalysis is fast emerging as the advanced oxidation process to address environmental
pollution and global warming such as organic pollutant removal, disinfection of microorganisms, hydrogen
evolution, and CO; reduction [179-183]. In semiconductor photocatalysis, photoexcited electrons and holes
are generated when the energy absorbed from light is greater than or equal to the bandgap energy of the
photocatalysts. These electrons react with the dissolved oxygen in the solution while the holes react with
water molecules to produce superoxide radicals (O2") and hydroxyl radicals (*OH), respectively. These
radicals are referred to as reaction oxidative species (ROS) and they can oxidize organic pollutants, finally
producing mineralized products such as CO; and H»O. They can also be used for disinfection purposes.
Titanium dioxide (TiO;), a metal-based semiconductor, is the most widely studied photocatalyst, but it
suffers from limited applications such as wide bandgap (3.2 eV), low visible light utilization, and high
recombination rate of electron-hole pair [49-51,184]. Therefore, various semiconductor photocatalysts with
narrow bandgap and visible-light activity were developed such as Bi;WOs [185], CuO [186], and CdS

[187]. To this end, modified and doped TiO- [188], photosensitizers [189], as well as the use of low-energy
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systems such as light-emitting diodes [190,191] and “adsorb and shuttle” wherein adsorbent along with a
photocatalyst [192] have also been investigated.

Graphitic carbon nitride (g-CsN4 or GCN) is a metal-free photocatalyst, with a bandgap of 2.7 eV that has
gained a lot of attention in photocatalytic water splitting [52], photocatalytic degradation of organic
pollutants [53], and disinfection of microorganisms [193] under visible light irradiation [194,195].
However, the major drawback of bulk GCN is its low surface area, high rate of electron-hole pair
recombination, and low utilization of visible light up to only 460 nm (blue region) which limits its

photocatalytic activity [55].

It is well known that silver-based photocatalysts such as silver halides [196,197], AgsPO, [198], and
Ag2CrO4 [199] are potential catalysts because of their excellent light sensitivity and photocatalytic activity
under visible light irradiation. Of note is Ag.CrO4 with its high visible-light absorption efficiency, and
electronic and crystal structure [200]. However, Ag.CrO., like other silver-based photocatalysts, has similar
drawbacks which are aggregated particle size and ease of photocorrosion leading to poor stability and

limited photocatalytic performance.

Coupling of GCN and the silver-based photocatalysts to form heterojunctions can address the individual
shortcomings of GCN and silver-based photocatalysts by improving charge separation, reducing the rate of
recombination of electron-hole pair, improving bandgap optical properties, and enhancing visible light
absorption and utilization of GCN, as well as reducing the aggregation of silver-based photocatalysts. For
example, GCN/Ag [55], GCN/AgBr [105], GCN/AgsPO4 [143], and GCN/Ag.CrO,4 [201] showed higher
degradation of methylene blue (MB), E. coli disinfection, 4-chlorophenol (4-CP) degradation, and methyl

orange (MO) degradation, respectively, under visible light when compared to GCN.

The purpose of this study is to investigate synthesized GCN/Ag.CrO, to photocatalytically degrade organic
pollutants as well as disinfect microorganisms. Killex® (2,4-D and Mecoprop-P), BSA, and SARS-CoV-2
spike protein were selected to study while WWTP secondary effluent was used to assess photocatalytic
disinfection. The addition of Ag.CrO4 to GCN to form the GCN/Ag.CrO4 heterojunction enhances visible
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light activity. Ag.CrOs being a strong oxidizing agent serves as an electron trap by accepting
photogenerated electrons from GCN thereby reducing electron-hole pair recombination rate and improving
charge separation. The narrow band gap of Ag.CrO4 (1.80 eV) indicates strong absorption in the visible-
light region which could enhance its photocatalytic activity. Both 2,4-D and certain microbial constituents
in wastewater such as E. coli have known negative health and environmental impacts [91,202]. Moreover,
2,4-D and Mecoprop-P are common constituents of herbicides that can be found on the surface and in
groundwater because of their use in lawns and agricultural lands [203]. A study in Alberta, Canada showed
that 2,4-D is one of the most common pollutants in water and precipitate samples [204]. Mecoprop-P has
been detected as a minor pollutant in U.S. and European soils, as well as in ground and surface waters, and
it is the most often found herbicide in drinking waters [205,206]. Bovine serum albumin protein (BSA) is
a commonly used standard for protein analysis selected for studying the interaction between proteins and
other chemicals. SARS-CoV-2, the Coronavirus that causes COVID-19, has resulted in a worldwide
pandemic with over 280 million infections and caused over 5 million deaths globally [207]. This viral
disease continues to ravage the world with severe or mild variants. COVID-19 burden in communities has
been monitored by testing wastewater to provide an early warning of a community spread [208]. Sources
of coliforms can be humans, livestock, wildlife, and even pets. E. coli is considered a potential pathogen
and its presence in the water body can indicate the presence of other waterborne pathogens such as bacteria,

viruses, and parasites [209].

Photocatalytic degradation of 2,4-D and Killex using TiO, has been widely reported [148,210,211].
However, only a few studies focused on the photocatalytic degradation of 2,4-D using GCN. The
degradation of 2,4-D using GCN-based composite under natural sunlight showed over 90% removal after
330 minutes [95]. About 100% degradation of a very small concentration (50ug/L) of Mecoprop-P was
achieved in 7 minutes using a GCN-based catalyst under simulated solar irradiation [96]. Heydari et al.
degraded Killex® (2,4-D and Mecoprop-P) using TiO. under natural sunlight exposure with 97%

degradation of 2,4-D after 15 days and 100% degradation of Mecoprop-P after 22 days [92]. The
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enhancement of the photocatalytic activity of GCN in degrading methylene blue (MB) was achieved with
its combination with Co-NiS and sulfur to form 1D/2D Co-NiS/S-g-C3N4 heterojunction with 98%
degradation in 32 minutes [212]. ZnFe,04/S-g-C3N4 heterojunction was synthesized with varying wt% of
S-g-CsN.. The ZnFe204/S-g-CsNa4 (50%) showed maximum MB degradation under solar irradiation in 150
minutes [213]. The interaction between BSA and nanoparticles and the structural change to BSA have been
investigated with nanoparticles such as MnO; [214], CuS [215], and silver nanoparticles (AgNP) [216,217]
at different concentrations and compositions. The results show increasing interactions and structural
changes to BSA with increasing concentration of the nanoparticles. The disinfection of E. coli using GCN-
based composite under a xenon lamp as a solar simulator showed complete inactivation (6.5 log) after 60
minutes [105]. In the published literature, the focus was on either natural sunlight or solar simulator as
broadband light sources for photocatalytic degradation and disinfection. To the best of our knowledge, the
combination of a narrowband low-energy visible light source (in this case royal blue LED with a peak
wavelength of 460 nm) and GCN-based nanocomposites has not been reported on degrading herbicides and
protein and disinfecting WWTP secondary effluent. The benefits of narrowband light are its consistency,
directionality (narrow and focused beam), and narrow frequency range [218]. The photons in narrowband
light move at the same wavelength (consistency) and in the same direction (directionality) resulting in high

light intensity.

This work aims to address the knowledge gaps in evaluating the photocatalytic performance of
GCN/Ag2CrO. nanocomposite under a narrowband low-energy visible light source (royal blue LED) in
degrading different organic pollutants such as Killex? (2,4-D and MCPP), BSA protein, SARS-CoV-2 spike
protein, and disinfecting WWTP secondary effluent. The reaction kinetics of 2,4-D, Mecoprop-P, and BSA
protein were also investigated. The interaction between BSA and the photocatalysts, and the structural
changes to BSA were studied using a UV-Vis spectrophotometer; log reduction of cellular ATP (cATP),
total coliforms, and E. coli in WWTP secondary effluent was used to determine the efficiency of the catalyst

in wastewater disinfection.
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4.5 Materials and Methods

4.5.1 Chemicals

KillexR, a known herbicide was purchased from a local store in Calgary, Alberta. Urea-CH4N20 (>99.5%),
silver nitrate-AgNOs (>99%), potassium chromate-K,CrOs (>99%), 1-10 phenanthroline-Ci,HgN>, iron 111
chloride-FeCls, ammonium iron II sulfate hexahydrate (Mohr’s salt, >98%)—(NHa).Fe(04),(H20)s and
Bovine Serum Albumin (BSA) protein (hydrolyzed powder, crystallized >98.0%) were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Luria broth, potassium trioxalatoferrate Il trihydrate-
KsFe(C204)3.3H20 (98%) was purchased from Alfar Aesar (St. Louis, MO, USA). Sodium acetate-
C2H3NaO; (>99%) was purchased from Brady (Markham, ON, Canada). BSA Bradford assay protein test
kit was purchased from BIORAD (Hercules, CA, USA). SARS-CoV-2 spike protein (SP), S-ECD (>95%)
was purchased from Thermofisher Scientific (Ottawa, ON, Canada). ATP test kit was purchased from
LuminUltra Technologies Ltd. (Fredericton, NB, Canada) while total coliforms/E. coli Colilert test kit was
purchased from IDEXX laboratories Inc. (Westbrook, ME, USA). Secondary treated wastewater effluent
was provided by Advancing Canadian Water Assets — ACWA (Calgary, AB, Canada), a full-scale testing

facility embedded in a wastewater treatment plant in Calgary, Alberta.

4.5.2 Preparation of GCN, Ag2CrO4, and GCN/Ag2CrO4 nanocomposite

The GCN, Ag.CrO4, and GCN/Ag.CrOs were synthesized based on a procedure described in detail
elsewhere [194]. The GCN was synthesized using the direct pyrolysis method by heating urea at 550°C for
4h in a muffle furnace. The GCN/Ag.CrO, composite was synthesized using the dark-induced/In-situ-
deposition method by first sonicating one gram of GCN slurry. A known quantity of AgNOs and 4.83 g/L
K>CrO4 were added to the GCN slurry under magnetic stirring. The mixture was then magnetically stirred
in the dark for 7 h and after that, it was filtered using a 0.45 pum filter and washed about five times with
water and alcohol. The residue was left to dry at room temperature and thereafter labeled as GCN/AQ.CrOs.

The characterizations of these catalysts have been reported elsewhere [194].
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4.5.3 Experimental set-up

4.5.3.1 Photocatalytic degradation of a commercial herbicide

Killex® is a commercially-available herbicide that contains 95 g/L of 2,4-dichlorophenoxyacetic acid (2,4-
D), 52.52 g/L of methyl phenoxy propionic acid (Mecoprop-P or MCPP), and 9 g/L of Dicamba. A quantity
of 0.8 mL of Killex? was dissolved in 79.2 mL of distilled water (DI) which gave an 80 mL solution,
resulting in the solution containing 12.1 mg/L of 2,4-D, 6.7 mg/L of Mecoprop-P, and 1.2 mg/L of Dicamba.
In this experiment, 80 mg of the photocatalyst was dispersed in an 80 mL solution containing Killex® in a
100 mL quartz beaker. The intensity of the royal blue LED (peak wavelength = 460 nm) entering the 80
mL solution was estimated to be 11.80 x 10" photons/s using chemical ferrioxalate actinometry
[148,149,219]. The same photoreactor was used for all experiments mentioned in this study. Before LED
irradiation, the water/catalyst mixture was stirred magnetically in the dark for 30 minutes to attain
adsorption-desorption equilibrium. Quantities of 5 mL of the samples were collected at different irradiation
intervals and filtered using a 0.45 pm syringe filter (PTFE, Chromatographic Specialties Inc., Brockville,
ON, Canada) to remove the photocatalysts. Dark experiments with catalysts and light experiments without
catalysts were also conducted as controls. HPLC was used to evaluate the concentration change of 2,4-D

and Mecoprop-P.

4.5.3.2 Photocatalytic degradation of BSA protein and SARS-CoV-2 spike protein

In each experiment, 80 mg of the photocatalyst was dispersed in 80 mL of 100 mg/L BSA solution. During
royal blue LED irradiation, 6 mL of sample was collected at different irradiation intervals and filtered using
a 0.45 um syringe filter to remove the photocatalysts. The performance of GCN/Ag.CrO4 was also
investigated on SARS-CoV-2 spike protein (SP) under royal blue LED. In the experiment, 40 mg of the
GCN/AQ.CrO. was dispersed in 40 mL of 10 mg/L SARS-CoV-2 SP, and 3 mL of the sample was collected
at a different irradiation interval and filtered using a 0.45 um syringe filter to remove the photocatalysts.

Bradford assay procedure was used to determine the concentration change for the BSA protein and SARS-
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CoV-2 SP [220]. UV-Vis analysis was conducted for visible light and dark experiments to study the binding

interaction between BSA and GCN/Ag.CrO..

4.5.3.3 Photocatalytic disinfection of wastewater secondary effluent

Two sets of disinfection experiments were conducted. The first one was focused on the change of cATP
level in the collected wastewater during the disinfection experiment, while the second one was aimed at
guantifying the log reduction of total coliforms and E. coli by the catalyst under royal blue LED irradiation.
For the cATP experiment, 80 mg of the photocatalyst was dispersed in 80 mL of wastewater secondary
effluent and then irradiated with royal blue LED under continuous magnetic stirring. A total of 2.5 mL of
the sample was taken at a different time interval and its cATP level was quantified using the LuminUIltra
test procedure for assay analysis [221]. Control experiments were carried out in the dark with the
photocatalyst and under the light without the photocatalyst. Before the start of the disinfection experiment,
the initial concentrations of total coliforms and E coli were calculated using the tray count method [222].
A stock solution of 1L secondary treated wastewater effluent containing 50 mg of Luria broth nutrient was
first prepared in a 1L jar and then incubated at 35°C + 0.5°C for 24h. Then 1 mL of the 80 mL collected
from the stock solution was serially diluted 40 times as follows: in the first mixture, 1 mL was added to 3
mL of deionized (DI) water. After mixing, 1 mL from the first mixture was added to 9 mL of DI water to
give 40 times serial dilution, this gives the second mixture. Finally, using the tray count method, 1 mL of
the second mixture was added to the mixture of 100 mL DI water and colilert reagent, giving the final
dilution factor of 4000. The final mixed sample was poured in a quantitray, sealed with an IDEXX sealer,
and incubated at 35°C £ 0.5°C for 24h. The tray, which has 49 large wells and 48 small wells, was used to
estimate the most probable number (MPN) of coliforms and E. coli in a 100 mL wastewater sample. The
actual MPN/100mL of total coliforms or E. coli present in the sample was calculated by multiplying the
MPN by the dilution factor of 4000. The average initial concentrations of total coliforms and E. coli were
calculated to be 5.2 x 105 MPN/100mL and 0.25 x 106 MPN/100mL respectively. Disinfection experiments

were conducted and MPNs of total coliforms and E. coli were estimated and concentrations at different
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time intervals were analyzed and calculated using the tray count method. Control experiments were also

performed in the dark with photocatalysts and under the light without photocatalysts.

4.6 Chemical analysis

4.6.1 Herbicide analysis

The concentrations of 2,4-D and Mecoprop-P were determined using high-performance liquid
chromatography (HPLC; LC-2040C 3D Shimadzu Corporation, Kyoto, Japan) with UV absorbance
detection at A = 280 nm. A kinetex 2.6 um PFP column by Phenomenex (Torrance, CA, USA) was used to
separate the target compounds and other interferences. The mobile phases were 0.1% phosphoric acid in
HPLC-grade water and 0.1% phosphoric acid in acetonitrile at a 50:50 mixture with a flow rate of 1 mL/min.

The measurements were conducted in duplicate, and the detection limit was around 0.1 mg/L.

4.6.2 Protein analysis

The concentration of BSA protein was determined using the Bradford protein assay procedure [220]. This
procedure is based on the binding of Coomassie brilliant blue dye to protein. Briefly, the diluted dye was
prepared by mixing concentrated Coomasie dye (80 mL) and deionized water (DI) of 240 mL and then
filtered with 5 pm using vacuum filtration to remove dye particles. From the BSA stock solution (2000
mg/L), five standard dilute solutions were prepared (100 mg/L, 50 mg/L, 25 mg/L, 12.5 mg/L, and 6.25
mg/L). Then, 0.8 mL of each standard and photocatalytic degraded BSA sample was collected into the vial
using a pipette, and 3.2 mL of diluted dye was added. The mixture was put on a rotary shaker and left to
incubate for at least 5 minutes but not more than 60 minutes at room temperature. This incubation period
allows for the colour change of the Coomassie dye from red to blue. This blue colour is an indication of the
binding of the dye to the protein, which is detected at 595 nm. The spectrophotometer (UV-2600 Shimadzu
Corp., Japan) was set at 595 nm to take the absorbance readings of BSA standards and the degraded samples
using a disposable cuvette. The concentration of the degraded samples was calculated based on the known

concentrations of the BSA standard.
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This Bradford protein assay procedure was also used to determine the concentration of the SARS-CoV-2
SP. Five standard solutions of BSA of known concentrations (10 mg/L, 5 mg/L, 2.5 mg/L, and 0.625 mg/L)
were prepared. Using the microassay plate, 800 uL of each standard and degraded SARS-CoV-2 SP sample
was put in a vial and 200 uL of dye concentrate was added to have the protein-dye mixture. The same
incubation period as described earlier was used for the spike protein and after that, the absorbance of the

SP-dye complex was read at 595 nm using a spectrophotometer (UV-2600 Shimadzu Corp., Kyoto, Japan).

The UV-vis as an analytical technique was used to study the BSA and photocatalyst interaction and the
structural changes to BSA. The UV-vis absorption spectra measurements were carried out for the dark as

well as royal blue irradiation samples.

4.6.3 ATP analysis

The concentration of the microorganisms’ cATP was determined using the LuminUltra test kit and assay
procedure [221]. A total of 5 ml of the water sample was passed through a 0.45 um syringe filter. The
syringe filter containing microorganisms was re-attached to a clean syringe with the plunger removed, and
then 1 mL of UltraLyse 7 was pipette into the syringe. The filtration was done slowly, and the sample was
collected in a 9 mL UltraLute (dilution) tube. The purpose of the filtration using UltraLyse 7 is to be able
to dissolve and remove the bound ATP (ATP in living microorganisms after disinfection) for analysis. A
quantity of 100 pL of UltraLute (dilution) solution was pipette into a clean test tube and then 100 pL
Luminase was added. The mixture was shaken about five times, and then the reading was taken within 10
seconds using a luminometer. The cellular ATP is calculated using equation (4.1) and the log reduction of

the normalized concentration is evaluated using equation (4.2):

ATP RLU, ATP
cATP (pg ) = oTeATP 10,0002 T (4.1)
mlL RL UATP1 Vsample (mL)
Log reduction = —1 (CATPt) 4.2
og reduction = —log CATP, (4.2)
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where RLU is the unit of measurement as it is the relative light unit, pg is picogram, Vsampie is the volume
of the sample collected during the photocatalytic experiment, ATP is the calibrated ATP RLU value for the
wastewater before the photocatalytic experiment, and cATP, and cATP; are the cellular ATP of the
microorganisms at a time, t = 0 and t = t min. Control experiments were conducted in the dark to determine
the adsorption performance of the photocatalysts in disinfecting microorganisms and the corresponding

estimation of ATP levels.

4.6.4 Total coliform/E. coli analysis

One mL sample was collected at different irradiation intervals and serially diluted using deionized water.
This was aimed to (1) reduce the amount of catalysts and other water matrices present in the final tray so
as to minimize their interferences on total coliform and E. coli measurement; (2) to ensure the concentration
of total coliform and E coli fall within the measurement range of the Colilert tray count procedure. The total
coliforms and E. coli concentrations were determined using the tray count method [222] as described in
section 4.5.3.3. The total coliform and E coli disinfection efficiency were expressed in log form as shown

in equation (4.3):
Log reduction = logC, — logC; (4.3)

where C, and C; are the concentrations of total coliforms or E. coli before and after time t min, expressed

as MPN/100 mL.
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4.7 Results and discussions

4.7.1 Photocatalytic degradation of KillexR

The dark adsorption of 2,4-D and Mecoprop-P on the synthesized photocatalyst are presented in Figure 4.1.
It is obvious that GCN alone did not adsorb and thus there was no decrease in the concentration of 2,4-D
or Mecoprop-P during the dark experiment. Equilibrium was reached within 30 minutes for Ag.CrO, and
GCN/AQ.CrO.. A total of 8.06% of 2,4-D was adsorbed on Ag.CrO. while 9.32% of Mecoprop-P was
adsorbed on Ag.CrO.. A total of 6.24% of 2,4-D was adsorbed on GCN/Ag.CrO4 while 15.32% of
Mecoprop-P was adsorbed on GCN/Ag.CrO4. The photocatalytic degradation of GCN/Ag2CrO4 on the 2,4-
D and Mecoprop-P in Killex® was investigated and the results are presented in Figure 4.2. In the control
experiment, 2,4-D and Mecoprop-P did not decrease with irradiation by a royal blue LED, indicating that
the royal blue light (peak wavelength = 460 nm) did not degrade 2,4-D or Mecoprop-P. Using GCN, 16.85%
of 2,4-D and 10.06% of Mecoprop-P degraded after 120 minutes. Ag.CrO. remains largely unchanged
under royal blue LED irradiation when compared to the dark experiment results. It was 7.05% for 2,4-D
and 9.19% for Mecoprop-P. This is because silver-based photocatalysts are prone to photolysis and cannot
stand the long-run duration of photocatalytic degradation [143], and the low surface area of Ag.CrO, (1.32
m?/g) [194] available for the adsorption of 2,4-D and Mecoprop-P and the eventual photocatalytic activity.
Silver-based particles have been reported to aggregate [223] while GCN in the GCN/Ag:CrOs
nanocomposite serves to prevent the aggregation of Ag.CrOs. GCN/Ag.CrO4 showed the highest percent

degradation for both 2,4-D and Mecoprop-P at 86.32% and 86.39% in 120 minutes.

The first-order rate was calculated to evaluate the performance of the different photocatalysts. The rate
constant (k) values are summarized in Table 4.1. For 2,4-D, the k values of GCN and GCN/Ag.CrO. were
0.16 x 102 min? and 1.59 x 102 min? respectively. The highest k value for degradation using
GCN/AQ.CrO, was 9.9 times that with GCN alone. For Mecoprop-P, the k values of GCN and

GCN/Ag,CrOs were 0.11 x 102 mint and 1.79 x 102 min respectively. The highest k value for the
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photocatalyst GCN/Ag,CrO4swas 1.79 x 10 min™ which was 16.3 times that of GCN. This result shows
that the deposition of Ag.CrO4 on GCN enhanced its photocatalytic activity by serving as an electron trap

for photogenerated electrons in GCN.
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Figure 4. 1 The dark experiment of Killex®: (a) 2,4-D and (b) Mecoprop-P.
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Figure 4. 2 Photocatalytic degradation (royal blue LED irradiation) of Killex®: (a) 2,4-D and (b)

Mecoprop-P.
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Table 4. 1 Summary of first-order photocatalytic degradation rate constants.

Experimental Condition GCN Ag:CrOs  GCN/AQ:CrO4
24D Rate constant, k (x10%) min*  0.16 1.20 1.59
’ R? 0.9891 0.6227 0.9959
Mecoprop-P Rate constant, k (x107?) mint  0.11 1.26 1.79
R? 0.8167 0.6377 0.9874

In our previous publication, we reported that the photocatalytic degradation of 4-CP by Ag.CrO, was better
than GCN [194], while in this study (Figure 4.2a and Figure 4.2b) we found a better performance was
observed for GCN than Ag.CrO. in the photocatalytic degradation of 2,4-D and Mecoprop-P. This indicates
that the photocatalytic degradation performance of Ag.CrO, is contaminant-specific. This can be attributed
to the bond energies existing in the contaminants such as C-C, C=C, O-H, C=0, and C-CI. Bond energy or
bond dissociation energy is the measure of bond strength, and it is an indication of the easiness to break a
chemical bond. The bond energies of bonds existing in 4-CP, 2,4-D, and Mecoprop-P are shown in Table

4.2.

There are fewer bonds in 4-CP than in 2,4-D and Mecoprop-P that need to be broken by ROS generated
from Ag.CrO.. In 4-CP, apart from the aromatic ring, there are C-Cl, C-O, and O-H corresponding to 327
KJ/mol, 358 KJ/mol, and 459 KJ/mol, while 2,4-D and Mecoprop-P have all the bonds listed in Table 4.2
in addition to the aromatic ring. This means with 2,4-D and Mecoprop-P having more bonds and higher
bond energies, they will be more difficult to break by the ROS generated from Ag.CrO, and hence the
observed low photocatalytic performance compared to 4-CP. The low surface area of Ag.CrOs, in addition
to the bond energies of the contaminants, also would have contributed to the low performance. With a
specific surface area of 1.32 m?/g [194], it means that less absorption of 2,4-D and Mecoprop-P would take
place for sufficient photocatalytic activity compared to single contaminant absorption of 4-CP. Therefore,
the combination of the low surface area of Ag.CrO, for the absorption of the two contaminants and the
several bonds and higher bond energies of 2,4-D and Mecoprop-P contributed to the observed low

performance of Ag,CrO..
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Table 4. 2 Bond energies at 273K adapted from Ref. [224].

Bond Bond energy (KJ/mol)
C-Cl 327
Cc-C 346
C-0 358
C-H 411
O-H 459
Cc=C 602
C=0 749

In the photocatalytic degradation of pollutants, the molecular structures could determine their susceptibility
to ROS attack [96]. The compounds 2,4-D and Mecoprop-P are both chlorophenoxy herbicides
(phenoxycarboxylic acid herbicides). These similar structures could explain their similar degradation rates
under visible light. In the photocatalytic degradation of 2,4-D, the aromatic ring of 2,4-D is first
hydroxylated to the main by-product, 2,4 dichlorophenol (2,4-DCP), followed by other by-products such
as chlorohydroquinone, 4-chloropyrocatechol, 2,4-dichloropyrocatechol, and chlorobenzoquinone

[225,226] as shown in equations (4.4) to (4.8), where AR is the aromatic ring.

AR — Cl, — OCH, — COOH + ‘OH — AR — Cl, — OH H, — OH — COOH (4.4)

AR —Cl, — OH + OH — AR — Cl — (OH), + CI~ (4.5)
AR — Cl — (OH), + OH - AR — Cl — (OH)}, (4.6)
AR — Cl — (OH), + OH + CI~ - AR — Cl, — (OH), + OH~ (4.7)
AR — Cl, — (OH), + OH — C4H,ClO, (4.8)

In addition, in the photocatalytic degradation of Mecoprop-P, the aromatic ring is hydroxylated to the main
by-product, 4-chloro-o-cresol, followed by other by-products such as 2-methyl hydroquinone, and 2-
methyl-p-benzoquinone [206] as proposed in equations (4.9) to (4.11). The main reactive species involved

in photocatalytic degradation is the *OH radical as reported for 2,4-D [95,227-229] and Mecoprop-P
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[96,230]. Table 4.3 shows the photocatalytic degradation of 2,4-D and Mecoprop-P by different

photocatalysts.

AR — CH5Cl — OC,H, — COOH + OH — AR — CH;Cl — OH + C,H, — OH — COOH (4.9)
AR — CH5Cl — OH + OH — AR — CH; — (OH), + CI- (4.10)
AR — CH; — (OH), + OH — C4H,CICH, (4.11)

Table 4. 3 Comparison of 2,4-D and Mecoprop-P degradation with the results of previously published

articles.
Visible Light . Concentration Degradation Degradation
S/N Photocatalyst Source Organic Pollutant (mg/L) Time (min) Efficiency (%) Ref.
21,600 (15
1 Ti . days) and
10; Natural sunlight 2,4-D and Mecoprop-P 49.4 and 27.3 31,680 (22 97 and 100 [92]
days)
2 Mo0s/g-CsN4 Natural sunlight 2,4-D 50 300 99 [95]
Xenon lamp
3 GCN (200-800 nm, Mecoprop-P 0.05 7 100 [96]
300W)
4 GCN/Ag:Cro, RO}’(?G%“[‘]%ED 2,4-D and Mecoprop-P 12.1and 6.7 120 and 120 865'3%.23%”" Cs‘:lrjr;;t

4.7.2 Photocatalytic degradation of BSA protein and SARS-CoV-2 spike protein

The interaction between the synthesized photocatalysts and BSA in the absence of light (dark experiment)
was investigated and the results are shown in Figure 4.3a. It was observed that the concentration of BSA
did not change when GCN was present in the solution, indicating that the GCN had a negligible impact in
the dark experiment. However, it was observed that the concentration of BSA decreased significantly by
93.1% in 30 minutes in the presence of GCN/Ag.CrOa.. The photocatalytic degradation results of BSA are
presented in Figure 4.3b. It shows that royal blue LED irradiation alone and GCN/royal blue LED

irradiation could not degrade BSA. The royal blue LED with a peak wavelength of 460 nm and low energy
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(2.7 eV) cannot alone degrade BSA with an absorption peak of 280 nm and high energy (4.4 eV) indicating
that BSA requires high energy radiation greater than 4.4 eV for degradation to take place. The GCN/royal
blue LED could not degrade BSA because of the high electron-hole pair recombination rate of GCN owing
to its medium band gap (2.7 eV). However, more than 99.9% of BSA was degraded in 20 minutes in the
presence of GCN/AQ.CrO, under royal blue LED irradiation. The first-order rate constant (k) values of

GCN and GCN/Ag.CrO, were calculated, and they are 0.002 x 10* min* and 3.64 x 10 min* respectively.

[ ] r
(@ d (D) 4
0.8 0.8 W
§0.6 $0.6 1 oo
O o . 9
04 04 ° LM 0 0
o 1§ ~GCN | ~Royal blue LED
1N ~GCN/Ag,CrO 0.2 1\ —~GCN k =0.002 x 10~* min"*
5 b | \~GCN/Ag.CrO, k=3.64x10"" min~*
0
0 30 60 9 120 150 180 0 30 60 9 120 150 180
Time (min) Irradiation time (min)

Figure 4. 3 Change in BSA concentration with time: (a) Dark experiment and (b) Royal blue LED
irradiation.

In a recently published work, the photocatalytic degradation mechanism of protein using silver
nanoparticles (AgNPs) was reported by investigating the effects of the following 3-step phenomenon;
release of silver ions, generation of reactive oxidative species (ROS), and the light-induced protein
oxidation through the bind-and-damage model [231]. It was postulated and concluded by asserting an
alternate mechanism, which is that light-induced protein oxidation is responsible for the degradation rather
than the popular notions that the mechanisms of Ag* release from AgNPs and the generation of ROS are
the driving forces for protein degradation and bacterial death. For the bind-and-damage model of the light-

induced protein oxidation to take place, the AgNPs released the absorbed visible light energy in the form
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of emission. This emission of light is then quenched by a protein which indicates that the absorbed light

energy was transferred to the protein, causing structural damage to the proteins.

The assertions were applied to this work for verification by carrying out UV-vis absorption spectra
measurements of BSA for GCN and GCN/Ag.CrO, with and without royal blue LED irradiation to further
understand the degradation profile and the change in concentration with time. UV-vis, as an analytical
method, can be used in absorption spectra measurement in understanding structural changes in protein and
the interaction between protein and nanoparticles [214,215,232,233]. The observation was that the
phenomena: release of Ag* from the Ag.CrQOs, generation of ROS through photocatalytic reaction, and the
bind-and-damage model of the light-induced protein oxidation, have varying degrees of contribution to the
degradation of protein in the presence of GCN/Ag.CrO, with and without blue LED irradiation. The roles
these phenomena play in either protein degradation or bacterial death will depend on the type of
photocatalyst, light intensity, radiation spectrum, and energy of the light source. In this work, two ions (Ag*
and CrO.%) were released against Ag* of AgNPs since GCN/Ag.CrO, composite was used, indicating the
possibility of the impact of CrO4* in the degradation mechanism as an electron scavenger during
photocatalytic activity. The UV-vis absorption spectrum in Figure 4 shows the effect of GCN and
GCN/Ag2CrO4 on BSA with and without royal blue LED irradiation. At time zero (Figure 4, a-d), BSA
shows the typical absorption peaks at a lower wavelength of 200 nm and a higher wavelength of 280 nm.
The absorption peak at 200 nm is attributed to the BSA’s polypeptide backbone and the absorption peak at
280 nm is due to its aromatic amino acids (tryptophan, tyrosine, and phenylalanine). In Figure 4.4 (a and
c), the GCN without and with royal blue LED irradiation revealed similar absorption spectra. In Figure
4.4a, without light (dark), the BSA peak did not change because the conditions required for protein damage
which are light-induced protein oxidation and ROS generation are not present since photocatalytic activity
did not take place. It also indicates no interaction between the BSA and GCN, hence no structural change
to the protein. In Figure 4.4c, under royal blue LED irradiation, the bind-and-damage model of the light-

induced protein oxidation and the generated ROS did not have an impact on the degradation of the protein.

74



This suggests that the emitted light from the absorbed light energy by the GCN was neither sufficient nor
transferred to the protein for degradation, and the generated ROS was not sufficient to cause degradation
because of the GCN’s poor charge transfer and fast electron-hole recombination rate characteristics. In the
presence of GCN/AQ.CrO4 (Figure 4.4 b and d), an absorption peak at 374 nm was observed. This peak is
attributed to the presence of silver chromate in the BSA slurry. Silver compounds are known to have
absorption peaks between 320 nm and 410 nm [216,217,234]. In Figure 4.4 (b and d), the GCN/Ag2CrO4
without and with royal blue LED irradiation show similar spectral patterns. In Figure 4.4b, without light
(dark), Ag* and CrO4* were released by Ag,CrO4 in the GCN/Ag.CrO, nanocomposite. The interactions of
the Ag*with BSA resulted in higher BSA absorption peaks compared to GCN without light (dark). In Figure
4d, under royal blue LED irradiation the bind-and-damage model light-induced protein oxidation and the
ROS generation did not significantly contribute to the protein degradation since the peaks without light and
with royal blue LED are similar. This is evident in the change in BSA concentration when exposed to
GCN/Ag.CrO. with and without royal blue LED irradiation (Figure 4.3 a and b), where the degradation is
similar at 90% and 99% in 15 minutes respectively. Therefore, we can conclude the following: (1) the Ag*
released from GCN/Ag.CrO,4 was largely responsible for BSA protein degradation with and without royal
blue LED irradiation, and (2) the bind-and-damage model of light-induced protein oxidation and the
generation of ROS did not significantly contribute to photocatalytic degradation of BSA protein, indicating
that the light irradiation had less impact in the photocatalytic process. The less impact of light irradiation is
expressed in the proximities of the degradation kinetics of GCN/Ag.CrO4 with royal blue irradiation (3.64
x 10"t min™) which is less than two times without light, that is dark (1.86 x 10* min‘t). The reason for the
dominance of these silver ions in the degradation of BSA protein could be attributed to their binding
interactions with BSA. Previous studies show that silver ions and silver nanoparticles interact with protein
functional groups, such as carboxylic groups (COOH), thiol groups (SH), and amino groups (NH) of
protein, to form bonds resulting in protein inactivation [216,235-238]. Zaher et al. investigated the
interaction between Ag* and AgNPs with BSA protein and reported that Ag* has stronger binding and
guenching efficiency towards BSA than AgNPs which is evidenced in a higher binding constant of Ag*
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[239]. BSA is a polymer of about 583 amino acids joined together by peptide linkage between two
tryptophan residues. Each amino acid has two pH-sensitive functional groups, COOH and NH. The
proposed binding mechanism was due to the electrostatic attraction between the ionized COO™ and the
positive charge of Ag* at physiological pH (pH = 7.4). This was confirmed in the reported UV-vis spectra
showing the peak intensity increasing with rising Ag*" concentration. This correlates with our UV-vis
spectra results for GCN/Ag.CrO, with and without royal blue LED irradiation where the BSA peak intensity
increases indicating a rise in Ag* concentration with time in the reacting medium and therefore the
increasing interaction between the COO and Ag* electrostatically. This interaction leads to denaturing,
unfolding, aggregation, and the eventual inactivation of the protein. Jaiswar et al. investigated the binding
interaction between protein and chromate ions and reported structural changes to protein, indicating

successful interactions [240].

In Figure 4.5, SARS-CoV-2 (Coronavirus) spike protein result is presented. It shows that GCN/Ag2CrO,
also can degrade the spike protein under royal blue LED. A photocatalytic degradation efficiency of 77.5%
was achieved in 30 minutes. The lower degradation efficiency observed for SARS-CoV-2 spike protein
(SP) can be attributed to its heavier molecular weight and structure. SARS-CoV-2 SP is 135 kDa and 1213

amino residues which is twice the size of BSA protein which is 66 kDa and 583 amino acid residues.
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Figure 4. 4 UV-vis absorption spectra of BSA: Dark experiment (a and b) and Royal blue LED irradiation
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Figure 4. 5 Photocatalytic degradation of SARS-CoV-2 (Coronavirus) spike protein using GCN/Ag2CrOa..
Under royal blue LED irradiation.
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4.7.3 Photocatalytic disinfection of wastewater secondary effluent

Results on the disinfection of secondary effluent from a municipal wastewater treatment plant by
GCN/AQ.CrO; are presented in Figures 4.6 and 4.7. The log reduction of cellular Adenosine Triphosphate
(cATP) is presented in Figure 6, while the log reduction of total coliforms and E. coli is presented in Figure
7. As shown in Figure 4.6, around 0.2 log reduction of cATP was observed after 60 minutes of royal blue
LED irradiation or after 60 minutes of dark (control experiment). The presence of GCN/Ag.CrO;s in the
dark or royal blue LED irradiation both increased the log reduction of cATP in wastewater. Moreover, a
1.2 log reduction was observed for cATP when wastewater was mixed with GCN/Ag2CrO; in the dark for
60 minutes. An even higher log reduction (>1.7) was observed in the presence of GCN/Ag.CrO4 under

royal blue LED irradiation for 60 minutes.
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Figure 4. 6 The change of ATP in wastewater secondary effluent in the presence of GCN/Ag.CrO, with
and without royal blue LED irradiation.

In the control experiments of royal blue LED and GCN (dark experiment), the total coliforms and E. coli

did not decrease during the experimental duration of 60 minutes. This indicates that the royal blue LED
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irradiation and GCN (dark experiment) did not impact the total coliforms and E. coli counts in the
wastewater. The dark control experiment of GCN/Ag.CrO, and the use of GCN under royal blue LED both
led to lower log reduction (<1) in 60 minutes for total coliforms and E. coli. However, the use of
GCN/Ag2CrO4 under royal blue LED irradiation led to a higher log reduction (>1) in 60 minutes with a
2.43 log reduction of total coliforms and a 1.48 log reduction of E. coli. This result indicates that the

disinfection rate of E. coli was slower than that of the total coliforms.

The interaction of silver compounds with the cell membrane of the bacteria is one of the important
mechanisms of silver compound toxicity [223]. This can occur both in the dark and visible light irradiation.
Over one log reduction was observed for ATP, total coliforms, and E. coli in 60 minutes during the
photocatalytic degradation process. This indicates GCN/Ag.CrO4 can potentially photocatalytically
inactivate, under royal blue LED irradiation, over 98% (1.7 log) of the microbial activity (ATP) in 60

minutes which includes inactivation of over 99.6% (2.43 log) of total coliforms.

The bind-and-damage model of protein oxidation, release of ions from the photocatalyst, and the ROS
generation processes of protein degradation described in section 3.2 can be adopted for this disinfection
process since it was used for protein degradation and bacterial disinfection by Shi et al. [231]. In Figure
4.6, the GCN/AgQ.CrO, with and without royal blue LED irradiation showed a significant impact on the
reduction of cATP of microorganisms. Without light (GCN/Ag.CrO. + Dark), the release of Ag* and CrO,*
contributed to the reduction of cATP by 1.2 log in 60 minutes. However, with irradiation (GCN/Ag2CrO4
+ Royal blue LED), the ROS generation in addition to Ag* and CrO4> released resulted in a >1.7 log
reduction of cATP in 60 minutes. With the marginal difference of >0.5 log reduction of cATP, it means the
release of the two ions contributed far more than ROS generation in the overall reduction of cCATP. In Figure
4.7a, the GCN/AQ2CrO4 with and without royal blue LED irradiation showed a different response to the
disinfection of total coliforms. Without light (GCN/Ag.CrO, + Dark), the release of Ag* and CrO4? resulted
in a 0.3 log reduction of total coliforms in 60 minutes while the irradiation (GCN/Ag.CrO4 + Royal blue

LED), the ROS generation and the light-induced protein oxidation in addition to the released two ions

79



resulted in 2.4 log reduction of total coliforms in 60 minutes. The log reduction difference >2 log is largely
due to the contributions of the generated ROS and the light-induced protein oxidation. In Figure 4.7b, the
GCN/Ag.CrO., with and without royal blue LED irradiation showed a different response to E. coli
disinfection. Without light (GCN/Ag.CrO, + dark), the Ag* and CrO.* released resulted in a 0.1 log
reduction of E. coli in 60 minutes while with irradiation (GCN/Ag.CrO4 + Royal blue LED), the generated
ROS and light-induced protein oxidation in addition to the released ions resulted in 1.5 log reduction of E.
coli in 60 minutes. The log reduction difference >1 log is largely due to the contributions of the ROS

generated and the light-induced protein oxidation.
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Figure 4. 7 Coliforms in wastewater secondary effluent: (a) total coliforms and (b) E. coli.
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Zhang et al. investigated the impact of light irradiation on the reduction of Ag* to AgNPs by bacteria and
reported that visible lights (monochromatic light at wavelengths 415 nm and 600 nm) accelerated the
reduction of Ag* to AgNPs by bacteria and almost no AgNPs were formed in the dark [104]. Furthermore,
the visible light irradiation reversibly can excite the AgNPs for their surface plasmon resonance (SPR) and
accelerate the electrons from the bacteria to the adjacent Ag*. It reported that the bacteria can reduce Ag*
and the process can be accelerated by light irradiation. Shi et al. focused on the bactericidal effect of AgNPs
and identified a new antibacterial mechanism different from the ROS-induced photocatalyst [231]. AgNPs
can penetrate the cell wall and membrane and gather in the cytosol and bind directly with the cytosol protein
leading to the inducement of protein aggregation, an indication of protein degradation, caused by the bind-
and-damage model of the light-induced protein oxidation. Deng et al. investigated the effects of silver ions,
chromium VI, Cr(VI), and ROS on the photocatalytic disinfection mechanism of E. coli [105]. The results
show that the combined effects of the release of silver ions and the generation of ROS of holes (h*) and
hydroxyl ((OH) radicals played important roles in the photocatalytic disinfection process. The silver ions
interact with the thiol (-SH) functional group causing cell damage and the generated ROS could inactivate
bacterial cells by interacting with the cell wall and destabilizing the membrane causing leakage of potassium
ions (K*). The interaction of Ag* with bacterial cell membranes can also lead to lower ATP readings caused
by the leakage of potassium ions [223]. The addition of hexavalent chromium to the photocatalytic system
enhanced the photocatalytic disinfection kinetics. This is because Cr(VI) can behave as an electron
scavenger, directly reduces electron-hole recombination, enhances the amount of h* available for
disinfection, and ultimately leads to better disinfection performance. Table 4.4 shows the photocatalytic

disinfection of microorganisms by different photocatalysts.
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Table 4. 4 Comparison of microorganism disinfection with the results of previously published articles.

Disinfection

Visible Lich Disinfecti .
S/N Photocatalyst isible Light Contaminant l,sm eCt,l on Concentration Eficciency (Log Ref.
Source Time (min) (CFU/mL) .
Reduction)
Xenon lamp
1 BiOBr (1000 W/m?, E. coli 24 107 7 [115]
300 W)
. Iodide lamp , ,
2 Ag/BiOl (400 W) E. coli 20 10 7 [117]
Xenon lamp ,
Ag/Z E. 12 107 7 11
3 g/ZnO/GCN (300 W) coli 0 0 [118]
Royal blue  Total coliforms o 55 Current
i GCN/Ag:CrOs LED (460 nm) and E. coli 60 and 60 1067 and 10 2.43 and 1.48 study

4.8 Conclusions

A visible-light active photocatalyst, GCN/Ag.CrO4 nanocomposite was synthesized, and its performance

was investigated in the degradation of organic pollutants (2,4-D and Mecoprop-P) in Killex?, BSA protein,

and SARS-CoV-2 spike protein) and the disinfection of WWTP secondary effluent, using a narrowband

low-energy visible light source (royal blue LED at 460 nm). The results from this study highlight the

following:

e Similar degradation rates and percentage removal visible light irradiation were observed for 2,4-D

and Mecoprop-P.

e The degradation performance of a photocatalyst is dependent on the available surface area for

absorption for photocatalytic activity and the bond energies of the chemical bonds that exist in the

contaminant.

e Released Ag* and CrOs* from the GCN/Ag.CrO. nanocomposite were largely responsible for the

BSA degradation and cATP reduction.

o Generated ROS were largely responsible for the disinfection of total coliforms and E. coli.
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The lower percentage degradation (70%) of SARS-CoV-2 spike protein can be attributed to its
large molecular weight and structure compared to BSA protein.

The pathways for the degradation of proteins and the disinfection of microorganisms depend on
any of the following: (1) the binding affinity of the released metal ions from GCN/Ag.CrO. with
the functional groups of proteins and ATP, (2) the amount of ROS generated, and (3) the quantum
of emission light from the photocatalyst that is absorbed and quenched by the proteins because of
the light-induced protein oxidation.

Significant disinfection results observed in the reduction of microorganisms’ cATP, total coliforms,
and E. coli with GCN/Ag.CrO, are also due to the reduction of the released Ag* to AgNPs by
bacteria which was accelerated by light irradiation.

Over one log reduction of microorganisms’ cATP, total coliforms, and E. coli in wastewater
secondary effluent was achieved in 60 minutes.

The combination of GCN/Ag.CrO, and the narrowband low-energy light (royal blue LED at peak
wavelength = 460 nm) holds promise in that it can be used in the wastewater treatment plant to

degrade multiple recalcitrant organic pollutants and inactivate microorganisms.
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Chapter 5: A facile synthesis process of GCN/ZnO-Cu nanocomposite
and the evaluation of the performance for the photocatalytic
degradation of organic pollutants and the disinfection of wastewater
under visible light®

5.1 Highlights

Zn0-Cu3% nanoparticles showed the best photocatalytic degradation activity.

e GCN/0.1Zn0O-Cu3% nanocomposite has the largest BET surface area and the lowest bandgap
energy.

e GCN/0.1Zn0O-Cu3% nanocomposite showed the best degradation of organic contaminant and the
disinfection of wastewater.

e Hydroxyl radical (OH~) was observed to be the dominant reactive oxidation specie (ROS).

30.0. Akintunde, J. Hu, M.G. Kibria, S. Pogosian, G. Achari, A facile synthesis process of GCN/ZnO—Cu
nanocomposite and the evaluation of the performance for the photocatalytic degradation of organic
pollutants and the disinfection of wastewater under visible light, Chemosphere. 344 (2023) 140287.

https://doi.org/10.1016/j.chemosphere.2023.140287.
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5.2 Graphical abstract
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5.3 Abstract

In this research, graphitic carbon nitride/zinc oxide-copper denoted as GCN/ZnO-Cu nanocomposite
photocatalysts were synthesized using a novel facile synthesis process, the co-exfoliation method involving
ultrasonic exfoliation of the mixture of GCN and ZnO-Cu in ethanol and then thermal exfoliation. Different
characterization techniques such as X-ray diffraction (XRD), mean crystallite size (MCS), BET surface
area, transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), particle size distribution (PSD), Fourier transform-infrared spectroscopy (FT-IR),
photoluminescence (PL) spectra, and ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS)

were conducted to study the crystallinity, morphology, elemental composition, chemical structure, and
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optoelectronic properties. The band gap was estimated using the UV-Vis DRS results and Tauc plots. The
photocatalytic activity of the GCN/ZnO-Cu3% nanocomposites was evaluated in the degradation of 4-
chlorophenol (4-CP), and the disinfection of wastewater primary influent under a narrowband visible light
source, royal blue LED (A =450 nm). GCN/0.1ZnO-Cu3% nanocomposite showed the best performance in
the degradation of 4-CP and the disinfection of municipal wastewater primary influent. For 4-CP
degradation, GCN/0.1Zn0O-Cu3% was 2.2 times better than GCN, 9.4 times better than ZnO-Cu3%, and
1.8 times better than the sum of the individual GCN and ZnO-Cu3%. A 5.5 log reduction was achieved for
the disinfection of total coliforms in wastewater primary influent in 360 minutes. This enhanced
photocatalytic activity of GCN/ZnO-Cu3% nanocomposite can be attributed to the synergistic effect of

GCN and the ZnO-Cu3%, resulting in a large surface area and improved bandgap.

5.4 Introduction

Rapid global industrialization has led to environmental challenges such as the release of toxic chemicals
and microorganisms into the environment [241,242]. The wastewater generated after industrial processes
is treated using conventional methods followed by disinfection. Chlorination, ozonation, and ultraviolet
(UV) treatment are some of the disinfection methods. However, these treatment methods have limitations
such as the chlorination of organics (phenolic compounds) to generate carcinogenic chlorophenols [243-
245], and the generation of toxic disinfection by-products [246,247]. Other conventional treatment methods
such as adsorption, membrane filtration, and precipitation are known to have high energy consumption
[248-250]. Photocatalysis has shown to be an effective method of organic contaminant degradation and the
disinfection of microorganisms in wastewater due to its low energy consumption and non-toxicity [251].
Photocatalysis is a process in which a photocatalyst is irradiated by photons with energy greater than or
equal to its bandgap energy, causing the generation of electrons and holes on its surface. These

photogenerated electrons and photogenerated holes react with the dissolved oxygen in the water and the
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water molecules to form reactive oxidation species (ROS) such as superoxide and hydroxyl radicals, which
in turn react with the target organics and microorganisms leading to their degradation and disinfection
[194,251-253]. Semiconductor photocatalysts such as 2D polymeric graphitic carbon nitride (g-CsN4 or
GCN) [254-256] and other various metal oxides (ZnO, TiO,, WO, Bi;WOs, and CuO) [257-260] have

been widely used in wastewater treatment due to their non-toxicity, ease of synthesis, and low cost.

Zn0O, a metal oxide semiconductor photocatalyst has been a choice for degradation and disinfection because
of its stability, high electron mobility, abundance, non-toxicity, antimicrobial properties, and bandgap (3.3
eV) [261,262] similar to TiO; (3.2 eV) [194,263]. However, ZnO has limitations due to its wide bandgap
limiting its application mostly to the UV region of the electromagnetic spectrum as well as the fast
recombination rate of the electron-hole pair [264]. Other drawbacks of ZnO include particle aggregation
due to the strong van der Waals intermolecular forces of attraction between its particles and photocorrosion
[265]. It has been reported that the photocatalytic activity of ZnO can increase by two factors, (a) the
presence of oxygen vacancies in its structure and (b) by addition of carbonaceous materials such as GCN
[266]. The presence of oxygen vacancies in the ZnO structure is a result of the introduction of a dopant.
The dopant creates a sub-energy level below the conduction band thereby narrowing the bandgap. Doping
with a transition metal increases its surface defects, narrows its bandgap, and invariably extends its use in
the visible-light region [267]. ZnO can be doped with transition metals such as chromium, manganese, iron,
and cobalt to enhance its visible light utilization [268]. Das et al. synthesized ZnO-Fe and the result shows
a complete 7-log reduction of E. coli under visible light in 180 minutes [269]. Basu et al reported a complete
6-log reduction of E. coli using ZnO-Al under visible light in 240 minutes [270]. Carbonaceous materials

such as graphene and GCN can act as both photo-sensitizers and stabilizers when added to ZnO.

GCN has been studied for environmental remediation in the degradation of organics and for disinfection

due to its medium bandgap (2.7 eV to 2.8 eV), visible-light activity, non-toxicity, and ease of synthesis
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[271]. However, GCN has limitations due to low photon utilization, fast electron-hole recombination, and
poor charge separation [272]. Different modification technigques such as exfoliation, heterojunction, doping,
and co-doping have been proposed to improve photocatalytic activity [273-276]. The combination of GCN
with other semiconductor photocatalysts has been studied in the degradation of different organic
contaminants and disinfection of wastewater [194,277]. ZnO is another semiconductor photocatalyst that
has been suggested to enhance the photocatalytic activity of GCN. Jingyu et al. reported 96% degradation
of methylene blue (MB) after 210 minutes using ZnO/GCN under visible light irradiation [278]. Wang et
al. reported improved phenol degradation when GCN/ZnO was synthesized and used as a photoanode under
visible light [279]. Qamar et al. reported the degradation of 60% and 35% of MB in 60 minutes and 90
minutes under visible light irradiation using Mn-ZnO and Fe-MnO respectively [280]. DeSouza et al.
reported the degradation of 70% and 50% of 4-CP, both in 300 minutes under solar and visible light
irradiation respectively when ZnO/GCN was used [281]. Qamar et al. and DeSouza et al. observed further
improved photocatalytic activity of the ternary nanocomposites with the addition of GCN to Mn-doped
ZnO (GCN/Mn-ZnQ), GCN to Fe-doped ZnO (GCN/Fe-Zn0), and GCN to carbon xerogel-doped ZnO
(XC/ZnO/GCN). Qamar et al reported the degradation of 98% and 95% of MB after 60 minutes and 90
minutes under visible light irradiation for GCN/Mn-ZnO and GCN/Fe-MnO respectively [280,282] while
DeSouza et al reported the degradation of 4-CP of about 90% and 70% both in 300 minutes under solar and
visible light irradiation respectively when XC/ZnO/GCN was used [281]. The observed enhanced
photocatalytic activity of the ternary nanocomposites can be attributed to the coupling of the metal-doped
ZnO/GCN and non-metal-doped ZnO/GCN to form heterostructures which inhibit the fast recombination

of the electron-hole pairs and improves charge carrier separation.

In this research, GCN/ZnO-Cu ternary nanocomposites were synthesized using a novel facile synthesis
process, the co-exfoliation method. The synthesized samples were characterized using different techniques.

The photocatalytic activity of the synthesized photocatalysts was evaluated in the degradation of an organic
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contaminant and the disinfection of municipal wastewater primary influent using a narrowband visible light
source, royal blue LED (A = 450 nm). Prior to this, most research reported the use of broadband visible
light sources such as Xenon lamps (400 to 700 nm) or sunlight. The benefits and practical applications of
narrowband light are longer lifetime, directionality, narrow beam width, and high photon flux meaning that
a large number of photons generated can be used to drive the photocatalytic reaction. The contaminant of
the study is 4-chlorophenol (4-CP) because of its frequent use in the synthesis of pharmaceuticals, dyes,
pesticides, and herbicides, and its reported environmental hazards. The practical application of the
synthesized photocatalyst was investigated by conducting reusability test experiments. The reactive
oxidation species (ROS) was conducted to determine the active oxidative species involved in the
photocatalytic reaction and a mechanism was proposed. The purpose of coupling ZnO and Cu with GCN is

to improve the quantum efficiency of the GCN/ZnO-Cu nanocomposite (see section 3.6.3).

5.5 Materials and Methods

5.5.1 Chemicals

4-chlorophenol-CICH.OH  (99%), urea-CHsN2O (> 99.5%), isopropanol-CsHgO (> 99.5%), p-
benzoquinone-CsH4O2 (> 98%), potassium chromate-K>CrOs (> 99%), ammonium oxalate-(NH4)2C20s4,
Methanol-CH3;OH (> 99.9%), acetonitrile-CoHsN (> 99.9%), and high-pressure liquid chromatography
(HPLC) grade water were purchased from Sigma-Aldrich Co. (St. Louis MO, USA). Copper Il nitrate hemi
(pentahydrate)-Cu(NQ3)2.2.5H20 (> 98%) was purchased from Alfar-Aesar (Ward Hill, MA, USA). Zinc
sulfate heptahydrate-ZnSQO,.7H20 was purchased from EM Science (Gibbstown, NJ, USA). Ethanol
(absolute) was purchased from EMD Millipore Corp. (Burlington, MA, USA). Total coliforms/E.coli test
kit was purchased from IDEXX laboratories Inc. (Westbrook, ME, USA). Sodium citrate tribasic-
NasCsHsO7 was purchased from CHEMCO (Port Louis, Mauritius). Municipal wastewater primary influent
was obtained from Advanced Canadian Water Assets-ACWA (Calgary, AB, Canada), a full-scale testing

facility embedded in a wastewater treatment plant in Calgary, Alberta.
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5.5.2 Synthesis of GCN

Bulk graphitic carbon nitride (GCN) was synthesized from urea by direct pyrolysis [194], as shown in
Scheme 5.1a. Briefly, 70 g of urea was placed in a partially closed alumina crucible and then calcined in a
muffle furnace (550-58, Fisher Scientific, Waltham, MA, USA) at 550 °C for 4 h. The muffle furnace was
turned off after 4 h and the GCN was left to cool down in the muffle furnace to room temperature. The

obtained pale-yellow material was ground to a powder and labeled GCN.

5.5.3 Synthesis of ZnO nanoparticles and ZnO-Cu nanoparticles

The ZnO and ZnO-Cu samples were synthesized using chemical co-precipitation [269,270], as shown in
Scheme 5.1b. ZnO-Cux samples were synthesized with different Cu ratios (x = 1%, 3%, and 5%). 2.8756
g (50 mM) of zinc sulfate heptahydrate (ZnS0..7H,0) was added to 200 mL deionized (DI) water in
different 400 mL beakers. An equivalent concentration of 50 mM (2.5806 g) of sodium tribasic-NazCsHs0~
was added to the mixture as a stabilizing agent. While continuously stirring the solution, copper Il nitrate
hemi pentahydrate, Cu(NOs),.2.5H,0 of different ratios [1% (0.029 g), 3% (0.086 g), and 5% (0.144 g)] as
a function of the mass of ZnSO..7H,0 was added to the beakers. The solutions were heated while stirring
on a hotplate at 70 °C for 15 minutes. This was followed by a dropwise addition of 100 mL of 200 mM
NaOH. The solution was continuously stirred at 70 °C for 2 h as the colour changed from an initial pale
blue to an opaque bluish milky slurry. The solution was allowed to cool down while being continuously
stirred. It was then vacuum filtered using a 0.45 pm filter and washed thoroughly with DI water to remove
excess NaOH. The samples were air-dried overnight and later calcined at 550 °C for 3 h. The calcined
samples were left to cool down, ground, and labeled as ZnO-Cul1%, ZnO-Cu3%, and ZnO-Cu5%. The ZnO
nanoparticles were synthesized using the same process of synthesizing ZnO-Cu nanoparticles except for

the addition of copper Il nitrate hemi pentahydrate, Cu(NO3),.2.5H,0.
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5.5.4 Synthesis of GCN/ZnO-Cu nanocomposites

GCN/ZnO-Cu samples were synthesized using the novel facile co-exfoliation method as shown in Scheme
5.1c. GCN/xZnO-Cu3% samples were synthesized with different mass (g) of x = 0.1, 0.3, and 0.5, based
on the optimal ratio ZnO-Cu3% observed for the photocatalytic degradation of 4-chlorophenol (4-CP). 1 ¢
of GCN was added to 50 mL of ethanol (absolute) in different quartz petri dishes and the mixtures were
sonicated for 1 h to achieve uniform dispersion. With continuous stirring on a magnetic stirrer, different
amounts of ZnO-Cu3% (0.1 g, 0.3 g, and 0.5 g) were added to the mixtures and afterward sonicated for
another 0.5 h. The mixtures were continuously stirred for 2 h and then dried in the oven at 70 °C overnight.
The dried samples were calcined in the muffle furnace at 550 °C for 4 h and left to cool down in the furnace
to room temperature. The samples were then ground and labeled GCN/0.1ZnO-Cu3%, GCN/0.3ZnO-

Cu3%, GCN/0.5Zn0O-Cu3%, and stored for usage.

5.5.5 Characterization

The crystal and phase structures and the crystallite size of the samples were studied using X-ray diffraction
(XRD; Rigaku multiflex X-ray diffractometer) with Cu Ko X-ray radiation, A = 1.5406 A°. Particle size
distribution (PSD) of the samples was measured using the dynamic light scattering (DLS) method (PSD;
Malvern Zetasizer Nano ZS). The chemical and bonding structures of the samples were studied using
Fourier transform-infrared spectroscopy (FT-IR; Bruker Vertex 70). The inner morphology of the samples
was examined by transmission electron microscope (TEM; Tecnai F20). The outer morphology of the
samples was examined by scanning electron microscope (SEM; Quanta FEG 250 FESEM). The elemental
analysis of the samples was conducted using energy-dispersive X-ray spectroscopy (EDS; Bruker Quantum
5030 SDD X-ray spectrometer) with SVE 11l pulse processing electronics. The surface areas and pore
volumes were obtained from N sorption isotherm at 77K using automatic adsorption equipment (Tristar

Il; Micrometrics). The photoluminescence spectra of the samples were investigated using a
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Spectrofluorimeter (PL spectra; Horiba FluoroMax-4). The UV-Visible (UV-VIS) diffuse reflectance
spectroscopy (DRS) of the dry-pressed disk samples was measured using a spectrophotometer (UV-VIS
DRS; UV-2600 Shimadzu spectrophotometer) with BaSOs as the reference sample. The UV-VIS DRS
values of the samples were used in estimating the Kubelka-Munk function [F(R)E]? as shown in equation
(5.1) and then the bandgap values of the samples were estimated from the Tauc plot of [F(R)hv]¥* vs hv

[55,194,283]:

s

[F(R)AV]T = <%* hv) (5.1)

K=(1-R? S=2R; Y=7or2 hv=eV.

Where K is the molar absorption coefficient, S is the scattering factor; h is the Planck constant, v is the
photon’s frequency and Y is a factor dependent on the nature of the electron transition and it is either % or

2 for the direct and indirect band gaps respectively.
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Scheme 5. 1 Synthesis process for GCN, ZnO-Cu nanoparticles, and GCN/ZnO-Cu nanocomposites.

5.5.6 Photoreactor

The royal blue LED photoreactor is fitted with LED lights in the blue region of the visible light as shown
in Scheme 5.2a. The LED lights are narrowband wavelength (A =450 nm) with a full-width half-maximum

of 20 nm [194]. The outer casing is made of polyvinyl chloride (PVC) material while the inner casing is
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made of reflective material that serves to minimize loss of light. A fan is fitted to the wall of the photoreactor
in order to minimize temperature rise. There is a total of 9 LED lights that are arranged in groups of three
vertically. The vertically arranged LED lights are of equal distance giving rise to a triangular pattern
(Scheme 5.2b). This arrangement of the LED lights vertically and horizontally allows for uniform

irradiation of the content in the reaction vessel.

(a) Fan (b)

<—— Quter casing

Inner casing
Reaction vessel ®

LED light

Magnetic bar

Magnetic stirrer

Scheme 5. 2 Royal blue LED photoreactor

5.5.7 Photocatalytic degradation of 4-chlorophenol

The performance of the synthesized photocatalysts (GCN, ZnO, ZnO-Cu, and GCN/ZnO-Cu3%) was
evaluated by testing the degradation of 4-chlorophenol (4-CP) under royal blue LED irradiation (A=
450nm). In each experiment, 80 mg of the photocatalyst was dispersed in an 80 mL solution containing 5
mg/L 4-CP in a 100 mL beaker. Before irradiation, the solution/photocatalyst mixture was stirred
continuously for 30 minutes in the dark to attain adsorption-desorption equilibrium. Immediately after, the
light (royal blue LED) was turned on for the next 120 minutes while continuously stirring the mixture. The
light intensity of royal blue LED entering the 80 mL solution was estimated to be 11.80 x 10" photons/s
using chemical ferrioxalate actinometry [149,194,277]. 3 mL of the mixture was taken at different

irradiation intervals and filtered using a 0.45 pum syringe filter (PTFE, Chromatographic Specialities Inc.,
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Brockville, ON, Canada) to remove the photocatalyst particles. Control experiments were also conducted
for all the synthesized photocatalysts for 120 minutes in the dark to determine the effect of the adsorption
of 4-CP. Reusability experiments were conducted to determine the practical application of the synthesized
photocatalyst using the optimal GCN/ZnO-Cu3% sample. At the end of each repeatability experiment, the
photocatalyst was washed thoroughly with DI water and dried in the oven at 70 °C overnight for subsequent

use.

The concentration of 4-CP was analyzed using high-performance liquid chromatography (HPLC; LC-
2040C 3D Shimadzu Corporation, Japan) with UV absorbance detection at A = 280 nm. The mobile phases
were 0.1% phosphoric acid in HPLC-grade water and 0.1% phosphoric acid in acetonitrile at a 50:50
mixture with a flow rate of 1 mL/min. The measurements were conducted in duplicates and the detection
limit was around 0.1 mg/L. The degradation efficiency and the rate constant using a pseudo-first-order

equation were calculated as shown in equations (5.2) and (5.3) respectively:

C,—C
Degradation efficiency (%) = ( 2 t) * 100 (5.2)
(o]
! (Ct) = —kt 5.3
n )= (5.3)

Where Co and Ct are the concentrations (mg/L) at time 0 and time t, k is the pseudo-first-order rate constant

(min?) and t is time (min).

5.5.8 Photocatalytic disinfection of total coliforms in wastewater primary influent

Before conducting the disinfection experiment for total coliforms, the wastewater was first cultured. 50 mg
of Luria broth was added to 1 L of wastewater sample in a 1 L jar. After inoculation, the jar was placed in
an incubator at 35 °C + 0.5 °C for 24 h. The total coliforms cell density was determined by using the tray

count procedure from IDEXX laboratories [284]. Briefly described, 0.5 mL of the incubated sample was
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collected and added to 100 mL DI water in the 100 mL conical flask. 1 mL of the mixture in the conical
flask was added to the mixture of DI water and colilert reagent in the colilert bottle. The mixture in the
colilert bottle was poured in Quanti-tray/2000, sealed with IDEXX Quanti-tray sealer, and then placed in
the incubator at 35 °C £ 0.5 °C for 24 h. After 24 h, the result was read using the Most Probable Number
(MPN) table. The total number of cells that turned yellow in the quanti-tray was counted which indicates
the total coliforms in the wastewater. The initial cell density, that is average initial concentration, for total

coliforms in the wastewater primary influent was calculated to be 2.8 x 10° MPN/100 mL.

For the disinfection experiment, 80 mg of the photocatalyst was added to 80 mL of wastewater and stirred
with a magnetic stirrer while irradiating with royal blue LED. The light intensity of the royal blue LED
entering 80 mL solution is the same as stated in section 2.7. 0.5 mL of the sample was collected at different
time intervals and added to 100 mL DI water in the 100 mL conical flask. 1 mL was pipette from the mixture
and added to the mixture of DI water and colilert reagent in the colilert bottle. The mixture in the colilert
bottle was poured in Quanti-tray/2000, sealed with IDEXX Quanti-tray sealer, and then placed in the
incubator at 35 °C = 0.5 °C for 24 h. After 24 h, the number of cells that turned yellow in the quantitray was

counted and read using the MPN table indicating the viable number of total coliforms in the wastewater.

Two types of control experiments were also conducted to estimate the concentration of the total coliforms,
(a) in the dark using only photocatalysts, and (b) using royal blue LED only. For the total coliforms’

experiments, the disinfection efficiency is expressed in log form was calculated from equation (5.4) as:

Log reduction = log C, — log C; (5.4)

Where C, and C; are the concentrations of total coliforms at time 0 and time t, expressed as MPN/1000mL.

97



5.5.9 ROS identification

Radical trapping experiments were conducted to determine the active radicals involved in the photocatalytic
degradation of 4-chlorophenol (4-CP). In the photocatalytic experiment, photogenerated electrons (e),
photogenerated holes (h™), superoxide radicals (Oz-), and hydroxyl radicals (OH) are generally believed to
be generated and involved in a photocatalytic reaction. Four radical scavengers, potassium chromate
(CrVI), ammonium oxalate (AO), p-benzoquinone (BQ), and isopropanol (IPA) were used as scavengers
to quench e, h*, Ox-, and OH-, respectively. During each experiment, 0.5 mM of the scavenger was added
to the 80 mL solution containing 5 mg/L 4-CP before adding the photocatalyst and then the sample was
collected as time t = 0. After the addition of the photocatalyst, the royal blue LED was turned on and
samples were collected at different irradiation intervals. The concentrations of 4-CP in the samples were

analyzed using HPLC to determine the effect of the reactive oxidation species (ROS) on 4-CP degradation.

5.5.10 Particle size distribution

Particle size analysis of the synthesized samples was determined by dispersing the samples in methanol. 10
mg of the sample was dispersed in 10 mL of methanol. The mixture was sonicated in an ultrasonic bath for
60 minutes and left to age by stabilizing for a day. The clear to opaque supernatant was collected using a

pipette into a cuvette for particle size distribution analysis using Zetasizer ZS.

5.6 Results and discussions

5.6.1 XRD and Mean Crystallize Size (MCS)

The atomic and molecular structures of a crystal are determined using X-ray diffraction (XRD) analysis.
The XRD patterns of the synthesized samples GCN, ZnO, Zn0O-Cu3%, and GCN/0.1Zn0O-Cu3% are

presented in Figure 5.1. Two typical peaks were observed for GCN. A dominant diffraction peak at 27.5°
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corresponds to the 002 crystal plane and a weak diffraction peak at 13.3° corresponds to the 100 crystal
plane. The presence of these two peaks indicates GCN nanosheet structure [285] while the 002 and 100
planes are associated with the interplanar stacking peak and the interlayer stacking of the conjugated
hexagonal aromatic structure of GCN (JCPDS card number: 87-1526) [286]. The broad peaks observed on
the 002 and 100 planes are due to the presence of strong electronegative heteroatom oxygen in the GCN
structure caused by low polymerization [254]. The characteristic peaks of ZnO were observed at 32.2°,
34.8°, 36.6° 48.0° 57.0°, 63.4° 68.4° and 69.5° which correspond to 100, 002, 101, 102, 110, 103, 112,
and 201 crystal planes. These diffraction peaks and planes are characteristic of the hexagonal wurtzite
structure of ZnO (JCPDS card number: 36-1451) [287,288]. Slightly wide and shorter intensity peaks were
observed for the ZnO-Cu3% XRD pattern compared to the ZnO peaks which can be attributed to the
presence of Cu?* in the ZnO structure. The presence of Cu as a dopant did not affect the ZnO crystalline
structure because the ionic radius of Cu?* which is 0.73 A° is similar to the ionic radius of Zn®" which is
0.74 A°. Therefore, the peaks of ZnO and ZnO-Cu3% align as depicted by the dashed lines. In
GCN/0.1Zn0O-Cu3% XRD patterns, the ZnO-Cu3% peaks were observed but were greatly reduced and
continued to reduce and eventually disappear at higher 2-Theta (degree). This shows the successful
incorporation of the ZnO-Cu3% in the GCN structure and shows the significant quantity of GCN as opposed
to ZnO-Cu3% in the GCN/0.1ZnO-Cu3% structure. The mean crystallite size of GCN, ZnO, Zn0O-Cu3%,
and GCN/0.1Zn0-Cu3% shown in Table 5.1 was calculated using the XRD patterns of the peaks and
Scherrer’s equation in equation (5.5). The crystallite size range for GCN/0.1ZnO-Cu3% nanocomposite is
attributed to the presence of both GCN and ZnO-Cu3%. However, the reduced size of ZnO-Cu3% in the
nanocomposite indicates that the ZnO-Cu3% is less agglomerated, indicating that the GCN provided

stability to the ZnO-Cu3%. All the synthesized samples show that they are nanocrystals.

K2
= BcosO

(5.5)
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Where 7 is the mean crystallite size (nm), K is a dimensionless shape factor which is typically 0.9, A is the

X-ray wavelength (nm), f is the broadening at half the maximum intensity also known as the full width at

half maximum (FWHM), and © is the Bragg angle.

| GCN/0.1Zn0-Cu3%

= " i {1 Zno-Cu3%
E o | e
= (op) 1(101) : L g 20O
G 1(002)} ! (10)  (1bsy) 2
§ B Y G i ()
£ o ! o

(o) o) | i eeN

10 20 30 40 50 60 70 80

2-Theta (degree)

Figure 5. 1 XRD spectra patterns of GCN nanosheet, ZnO and ZnO-Cu3% nanoparticles, and

GCN/0.1Zn0-Cu3% nanocomposite

Table 5. 1 Mean Crystallite Size (MCS) of GCN, ZnO and ZnO-Cu3% nanoparticles, and GCN/0.1ZnO-

Cu3% nanocomposite.

Photocatalyst Mean Crystallite Size (hm)
GCN 3.33

Zn0O 34.23

Zn0-Cu3% 39.30

GCN/0.1Zn0-Cu3% 3.95-17.44

100



5.6.2 Average Particle Size (APS)

Particles are the result of the agglomeration of crystals. Particle size distribution and the average particle
size were determined for GCN, ZnO, ZnO-Cu3%, and GCN/0.1Zn0-Cu3% as shown in Figure 5.2 and
Table 5.2. All samples are observed to be in a nanoscale of less than 500 nm. GCN particles were distributed
between 50 — 100 nm with 50% of the particles having a size of 68.43 nm. This confirms the widely reported
2D structure of GCN with one of its 3 dimensions in the X, y, and z planes less than 100 nm. The observed
particle size distribution of ZnO is 150 — 400 nm with most of the particles (30%) having a size of 237.40
nm. This can be attributed to the aggregation of the ZnO particles due to the strong van der Waals
intermolecular force of attraction usually exhibited by metal oxides [266]. The doping of ZnO with Cu in
the ZnO-Cu showed a slight increase in the particle size with most particles (40%) at 263.50 nm. This
increase in particle size is also reflected in the increase of the lower limit of particle size distribution
between 200 — 400 nm. The incorporation of ZnO-Cu3% in the GCN/0.1ZnO-Cu3% resulted in the particle
size distribution falling between that of GCN and ZnO-Cu3% at 125 — 225 nm with most particles (50%)
being at 165.10 nm. The GCN stabilized the ZnO-Cu by inhibiting its aggregation and the formation of big

particle sizes [266].
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Figure 5. 2 Particle Size Distribution (PSD) of GCN nanosheet, ZnO and ZnO-Cu3% nanoparticles, and

GCN/0.1Zn0-Cu3% nanocomposite.

101



Table 5. 2 Average Particle Size (APS) of GCN, ZnO and ZnO-Cu3% nanoparticles, and GCN/0.1ZnO-
Cu3% nanocomposite

Photocatalyst Average Particle Size (nm)
GCN 68.43
Zn0O 237.40
Zn0O-Cu3% 263.50
GCN/0.1ZnO-Cu3% 165.10
5.6.3FT-IR

Fourier transform-infrared spectroscopy (FT-IR) was used as a technique to examine the functional groups
and the chemical structure of the synthesized photocatalyst samples of GCN, ZnO, ZnO-Cu3%, and
GCN/0.1Zn0O-Cu3% as shown in Figure 5.3. GCN shows three characteristic peaks at 3230 cm™, 1630 —
1230 cm?, and 810 cm™. These peaks are indicative of the amine group (NH) stretching mode, C-N
heterocycles stretching vibrational frequency, and triazine heterocycles vibrational mode, respectively
[289,290]. Two distinctive peaks were observed for ZnO nanoparticles at 1034 cm* and 500 cm™ which
correspond to the stretching mode and the vibrational frequency respectively [289]. The doping of ZnO
with Cu neither decreased the intensity nor altered the ZnO peaks in the ZnO-Cu3% nanoparticle. This is
attributed to a very small fraction of Cu in the ZnO-Cu3% nanoparticles. All the peaks present in GCN
were observed in the GCN/0.1ZnO-Cu3% nanocomposite. The peaks of ZnO-Cu3% were also observed in
the nanocomposites but with reduced intensities which can be attributed to the small fraction in the
GCN/0.1ZnO-Cu3% structure. The broadening and higher intensity of the peak at 3230 cm™ of the
nanocomposite as compared to GCN indicates a strong interaction between the GCN and the ZnO-Cu3%

components of the nanocomposites [291].
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Figure 5. 3 FT-IR spectra patterns of GCN nanosheet, ZnO and ZnO-Cu3% nanoparticles, and

GCN/0.1Zn0-Cu3% nanocomposite

5.6.4 SEM, TEM, and EDS

Scanning electron microscopy (SEM) is a morphology characterization technique that captures the surface
image of a material. The SEM image of GCN, ZnO, ZnO-Cu3%, and GCN/0.1ZnO-Cu3% are given in
Figure 5.4. GCN displays sheet-like and flake-like structures rather than a particle. ZnO shows spherical-
like structures of different sizes. The structure of the ZnO-Cu3% nanoparticle remained similar to ZnO due
to the small amount of Cu in the nanoparticle. The GCN/0.1ZnO-Cu3% nanocomposite shows the presence
of the sheet-like and flake-like structures of GCN and the sphere-like structure of the ZnO-Cu3% which is
indicative of the successful interaction between GCN and ZnO-Cu3% components of the nanocomposite.
Transmission electron microscopy (TEM) which is a technique used to probe the inside of a material was
further used to validate the SEM morphology of the synthesized photocatalysts as shown in Figure 5.5.
GCN shows a thin-layered sheet-like structure. The ZnO and the ZnO-Cu3% nanoparticles show sphere-
like shapes confirming what was observed in the SEM images. In the GCN/0.1Zn0O-Cu3% nanocomposites,
the sphere-like structure of the ZnO-Cu3% can be seen to be embedded in the thin-layered sheet-like

structure of the GCN, indicating that the GCN served as a base for the ZnO-Cu3% and therefore a successful
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formation of a nanocomposite. The elemental composition of the samples using electron dispersive x-ray
spectroscopy (EDS) was conducted and the results are shown in Figure 5.6. The EDS of GCN shows the
presence of C, N, and O peaks which are indicative of a typical GCN derived from urea. The presence of
strongly electronegative heteroatom oxygen in the GCN structure can serve to trap photogenerated electrons
as a dopant thereby enhancing its photocatalytic activity when compared to other GCN derived from
melamine and dicyandiamide [194,254,292]. The presence of Zn and O was confirmed for ZnO while for
Zn0-Cu3% the elements of Zn, O, and Cu were confirmed. The C, N, O, Zn, and O peaks were confirmed
for GCN/0.1Zn0-Cu3% nanocomposites. However, the peaks of C, N, and O in the nanocomposite were
significantly reduced when compared to the bulk GCN. This is attributed to the presence of ZnO and Cu in

the nanocomposite.

Figure 5. 4 SEM images: (a) GCN nanosheet, (b) ZnO nanoparticles, (c) ZnO-Cu3% nanoparticles, and (d)

GCN/0.1Zn0-Cu3% nanocomposite

104



Figure 5. 5 TEM images: (a) GCN nanosheet, (b) ZnO nanoparticles, (¢c) ZnO-Cu3% nanoparticles, and (d)

GCN/0.1Zn0-Cu3% nanocomposite
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Figure 5. 6 EDS images: (a) GCN nanosheet, (b) ZnO nanoparticle, (c) ZnO-Cu3% nanoparticle, and (d)

GCN/0.1Zn0-Cu3% nanocomposite.
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5.6.5 BET surface area, BJH pore volume, and BJH average pore size

The Nz-adsorption analysis was carried out to determine the Brunauer-Emmett-Teller (BET) surface area,
and the Barret-Joyner-Halenda (BJH) for pore volume and average pore size of the synthesized
photocatalyst. The N adsorption results of GCN, ZnO, ZnO-Cu3%, and GCN/0.1ZnO-Cu3% are shown in
Figure 5.7 and Table 5.3. In Figure 5.7a, all the photocatalysts display a type IV isotherm with an H3
hysteresis loop indicating a mesoporous structure according to the IUPAC classification [293,294]. In
Figure 5.7b, the mesoporous structure of the photocatalysts is confirmed with all of them having pore sizes
less than 10 nm. The average pore size of the photocatalysts is shown in Table 3. From Table 5.3, the GCN
has a surface area of 57.17 m?/g as compared to the surface area of ZnO of 5.18 m?%/g. This indicates that
the GCN should be significantly more photocatalytically active than ZnO since the high surface area is an
important component of photocatalytic reaction. The surface area of ZnO-Cu3% of 4.26 m?/g is slightly
smaller than that of ZnO. This can be attributed to the incorporation of Cu in the ZnO lattice structure. The
surface area of the GCN/0.1ZnO-Cu3% nanocomposite is the highest at 121.00 m?/g. This is attributed to
the synthesis process involving calcination. With regards to the pore volume, the pore volumes of ZnO and
Zn0O-Cu3% are the same and this is attributed to the low fraction of Cu in the ZnO-Cu3% nanoparticles.
The pore volume of GCN/0.1Zn0O-Cu3% is 0.12 cm?/g as compared to GCN’s 0.06 cm®g showing that it
doubled. The high surface area and high pore volume of GCN/0.1Zn0O-Cu3% are expected to lead to greater

photocatalytic catalytic activity than other photocatalysts.
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Figure 5. 7 (a) BET surface area and (b) BJH pore size distribution, of GCN nanosheet, ZnO and ZnO-
Cu3% nanoparticles, and GCN/0.1Zn0-Cu3% nanocomposites

Table 5. 3 BET surface area, BJH pore volume, and BJH average pore size.

Photocatalyst BET Surface Area BJH Pore Volume BJH Average Pore Size
(m0) (em¥g) (nm)

GCN 57.17 0.06 4.15

Zn0O 5.18 0.01 441

Zn0O-Cu3% 4.26 0.01 5.80

GCN/0.1Zn0-Cu3% 121.00 0.12 4.02

5.6.6 PL spectra

Photoluminescence (PL) spectral analysis is a technique used to determine the recombination intensity of
the photogenerated electron-hole pair in a photocatalyst [295-297]. The PL spectra of GCN, ZnO, ZnO-
Cu3%, and GCN/0.1Zn0O-Cu3% were determined at an excitation wavelength of 360 nm and emission
wavelengths in the visible region of the electromagnetic spectrum (400 — 650 nm) (see Figure 5.8). It is
observed that ZnO nanoparticles did not show significant emission in the visible region. This is because
Zn0O is essentially a UV-sensitive photocatalyst [264]. The emission intensity of ZnO-Cu3% nanoparticles
reduced slightly when compared to ZnO. This is attributed to the defects created by the incorporation of Cu

in the ZnO lattice structure which serves as an electron-trapping agent by inhibiting the rate of electron-
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hole pair recombination and promoting photocatalytic activity. The GCN was observed to show the highest
emission intensity indicating a high rate of recombination of electron-hole pair. The heterostructure
GCN/0.1Zn0-Cu3% nanocomposite showed a reduction in the emission intensity when compared to GCN.
This can be attributed to the presence of ZnO-Cu3% in the nanocomposite structure which serves as a
trapping agent to the photogenerated electrons from GCN. This reduced emission intensity means inhibition
of the recombination of the electron-hole pair and therefore the nanocomposite is expected to have a better

photocatalytic performance than GCN.
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Figure 5. 8 PL spectra patterns of GCN nanosheets, ZnO and ZnO-Cu3% nanoparticles, and GCN/0.1ZnO-

Cu3% nanocomposite.

5.6.7 UV-Vis DRS and Bandgap estimation

The ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) was used to understand the optical
behaviour of the photocatalyst. The bandgap was estimated using the UV-Vis DRS data and Tauc plot
[283,298,299]. The results of UV-Vis DRS and bandgap estimation using Tauc plot for GCN, ZnO, ZnO-
Cu3%, and GCN/0.1Zn0O-Cu3% are presented in Figure 5.9 and Table 5.4. In Figure 5.9a and Table 5.4,

all the photocatalysts have their absorption edge below 480 nm which indicates that they can absorb light
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in the visible region. ZnO and ZnO-Cu3% have absorptions at 428 nm and 435 nm as compared to GCN
and GCN/0.1ZnO-Cu3% which have higher absorptions at 459 nm and 478 nm. This means that ZnO and
Zn0-Cu3% can absorb lesser visible light energy. It was observed that the incorporation of ZnO-Cu3% into
GCN to form the heterostructure GCN/0.1ZnO-Cu3% nanocomposites improved its visible light absorption
capacity from 458 nm to 478 nm. Overall, this means that all the photocatalysts can absorb light energy
(UV and visible) with a wavelength lower than their wavelength absorption edges. The proposed order of
optical activity of the photocatalysts is GCN/0.1ZnO-Cu3% > GCN > ZnO-Cu3% > ZnO. The
corresponding bandgaps of the wavelength adsorption edges estimated in Figure 5.9b are given in Table
5.4. The ZnO with the highest bandgap of 2.90 eV indicates poor visible light utilization capacity. This is
because the higher the bandgap the poorer the visible light sensitivity of the photocatalyst. The bandgap of
Zn0O-Cu3% improved slightly by reducing to 2.85 eV. The presence of Cu in the ZnO-Cu3% nanoparticles
serves as a trapping agent for the photogenerated electrons from the ZnO. The bandgap of 2.70 eV recorded
for GCN is typical as the bandgap of GCN is also reported by others to be between 2.70 eV — 2.80 eV
[194,254,292]. The bandgap range of GCN indicates that it is visible light-sensitive. The heterostructure
GCN/0.1Zn0-Cu3% showed even a smaller bandgap of 2.60 eV when compared to that of GCN. This
indicates improved visible light energy utilization perhaps due to the synergistic effects of GCN and ZnO-
Cu3%. Overall, it means that the photocatalysts can absorb energy from light (UV and visible) higher than
their bandgap energy. The proposed order of optimal activity of the photocatalysts in terms of bandgap

energy is GCN/0.1Zn0O-Cu3% > GCN > ZnO-Cu3% > ZnO.
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Figure 5.9 (a) UV-Vis DRS and (b) Band gap, of GCN nanosheet, ZnO and ZnO-Cu3% nanoparticles, and

GCN/0.1Zn0-Cu3% nanocomposite

Table 5. 4 Bandgaps and the corresponding wavelengths of GCN nanosheets, ZnO and ZnO-Cu3%
nanoparticles, and GCN/0.1Zn0O-Cu3% nanocomposite

Photocatalyst Bandgap Energy Wavelength
(eV) (nm)

GCN 2.70 459

Zn0 2.90 428

Zn0O-Cu3% 2.85 435

GCN/0.1Zn0O-Cu3% 2.60 478
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5.6.8 Photocatalytic degradation of 4-Chlorophenol

Zn0O and ZnO-Cu nanoparticles were first synthesized, and their photocatalytic performance was evaluated
against 4-chlorophenol (4-CP) under royal blue LED (A = 450 nm) for 120 minutes as shown in Figure
5.10a. The ZnO shows the least amount of 4-CP (2.06%) was photocatalytically degraded. The degradation
of 4-CP was observed to increase and then decrease with the incorporation of Cu into the ZnO structure as
follows: ZnO-Cul% (6.99%), ZnO-Cu3% (9.13%), and ZnO-Cu5% (5.41%). The initial increase and
subsequent decrease in 4-CP degradation as the Cu fraction increased can be attributed to the reduction of
active sites available for photocatalytic activity beyond ZnO-Cu3% [300]. Another factor that contributed
to the poor photocatalytic performance of ZnO and ZnO-Cu nanoparticles is the poor visible light sensitivity
because of the wider bandgap (Table 5.4) [301]. To enhance the photocatalytic activity of ZnO-Cu
nanoparticles such as surface area, active sites, and bandgap, the optimally performing ZnO-Cu3% was
then coupled with a narrow bandgap, visible-light sensitive photocatalyst, GCN to form heterojunction

GCN/Zn0O-Cu3% nanocomposites.

The photocatalytic performance of the GCN/ZnO-Cu nanocomposites was evaluated (see Figure 10b). The
GCN/ZnO-Cu3% nanocomposites showed better photocatalytic performance than ZnO, ZnO-Cu3%, and
GCN. 36.88% of 4-CP was photocatalytically degraded by GCN and GCN performed better than ZnO and
ZnO-Cu nanoparticles. The high photocatalytic performance of GCN compared to ZnO and ZnO-Cu
nanoparticles is due to its high surface area and visible-light responsive bandgap (Tables 5.3 and 5.4) [302].
The photocatalytic performance of the GCN/ZnO-Cu3% nanocomposites was observed to decrease with an
increasing fraction of ZnO-Cu3%. The amount of 4-CP photocatalytically degraded by these
nanocomposites are GCN/0.1ZnO-Cu3% (65.1%), GCN/0.3ZnO-Cu3% (42.85%), and GCN/0.5Zn0O-
Cu3% (38.59%). This decrease in photocatalytic activity by the composites can be attributed to an increased

fraction of ZnO-Cu3% and the agglomeration in the composite resulting in reduced surface area and active
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sites [303,304]. The pseudo-first-order rate constants of all photocatalysts were calculated and included in
Figure 5.10c. The highest rate constant was observed for GCN/0.1ZnO-Cu3% among all photocatalysts and
GCN/ZnO-Cu3% nanocomposites which is 0.85x102 min* while the lowest was ZnO which is 0.007x10-
2 mint. The ZnO-Cu3% has the highest rate constant of all the ZnO-Cu3% nanoparticles which is 0.09x10-
2 min™. The GCN also exhibited a high rate constant at 0.38x102 mint. This infers that GCN/0.1ZnO-
Cu3% is 2.2 times better than GCN, 9.4 times better than ZnO-Cu3%, 121 times better than ZnO, and 1.8
times better than the sum of the individual GCN and ZnO-Cu3%. Therefore, this indicates the synergistic
effect of GCN/0.1ZnO-Cu3% nanocomposites as shown by the surface area and bandgap (Tables 5.3 and
5.4). The adsorption experiments for all photocatalysts were also conducted for 120 minutes in the dark and
the results compared to that photocatalytic performance as shown in Figure 5.10d. It shows that none of the

photocatalysts adsorb 4-CP, indicating that the degradation of 4-CP was only due to photocatalysis [194].
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Figure 5. 10 (a) Photocatalytic degradation performance of ZnO and ZnO-Cu composites, (b) Photocatalytic
degradation performance of GCN nanosheet, ZnO and ZnO-Cu nanoparticles, and GCN/ZnO-Cu
nanocomposite, (¢) Rate constant of all the synthesized photocatalysts, and (d) Comparison between

photocatalytic degradation and adsorption (in the dark) performances of the synthesized photocatalysts.
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5.6.9 Reactive Oxidation Species (ROS) trapping experiment

ROS experiments were to determine the active radicals that are responsible for the photocatalytic process.
The ROS experiments for the commonly known radicals, e, h*, Oy, and OH~ responsible for 4-CP
degradation were conducted using the optimally performing photocatalyst GCN/0.1ZnO-Cu3% under royal
blue LED irradiation. The results are presented in Figure 5.11. To determine these active radicals, the
following scavengers were employed potassium chromate (Cr (VI)), ammonium oxalate (AO), p-
benzoquinone (BQ), and isopropanol (IPA) for the following radicals, e, h*, O>", and OH-, respectively.
Scavengers are trapping agents used to remove the radicals (e-, h*, O2", and OH") [305-308]. After 120
minutes, the IPA had the highest inhibition to the degradation of 4-CP giving a degradation of 24.48%. The
lowest inhibition to 4-CP degradation was Cr (V) with the most degradation of 45.78%. This indicates that
the hydroxyl radical (OH-) which is scavenged by IPA is the dominant radical responsible for most of the
photocatalytic degradation while e~ which is scavenged by Cr (V1) is the least involved. The order of

reactivity from the most involved to the least involved in the photocatalytic degradation is OH~ > h* > Oy~
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Figure 5. 11 ROS Experiment for the active species for the photocatalytic degradation of 4-CP by

GCN/0.1ZnO-Cu nanocomposite.
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5.6.10 Reusability experiment and stability test

The reusability experiment and stability test were conducted to determine the practical application of the
synthesized photocatalyst. The optimally performing photocatalyst, GCN/0.1ZnO-Cu3% was used for these
experiments on 4-chlorophenol (4-CP) degradation under royal blue LED irradiation, and 4 cycles were
carried out as presented in Figure 5.12. In Figure 5.12a, the result shows a slight decline in 4-CP degradation
between the 1%t and 2" cycles which is from 65.18% to 60.17%. However, no significant decline was
observed for 4-CP degradation after the 2" cycle. In the 3" and the 4™ cycles, 4-CP degradation was 60.03%
and 59.09%. This decline between the 1% and the 4™ cycles is because of the loss of photocatalyst mass
during the process of washing several times with DI water and drying in the oven overnight at 70 °C between
cycles. Further characterization of the used GCN/0.1ZnO-Cu3% was examined after the 4™ cycle using
XRD analysis to determine its stability (see Figure 5.12b). The XRD of the used and fresh GCN/0.1ZnO-
Cu3% nanocomposites were compared. All peaks present in the fresh sample were observed in the used
sample. No obvious shifts in peaks were observed. However, the peak intensities in the used samples appear
stronger than in the fresh sample. This is indicative of higher crystallinity and more ordered structure which
could be due to the washing and drying of the nanocomposite between each cycle of the experiment.
Therefore, the GCN/0.1Zn0O-Cu3% can be said to be stable and fit for practical application.
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Figure 5. 12 (a) Reusability experiment and (b) Stability test (XRD analysis), of GCN/0.1ZnO-Cu3% after

the 4" cycle.
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5.6.11 Photocatalytic disinfection of wastewater primary influent

The antibacterial performance of GCN, ZnO, ZnO-Cu3%, and GCN/0.1Zn0O-Cu3% in the dark and under
royal blue LED irradiation were examined on wastewater primary influent for 360 minutes as shown in
Figure 5.13. In Figure 5.13a, it was observed that the photocatalysts showed negligible disinfection in the
dark during the adsorption experiments. This suggests that the synthesized photocatalysts show low
cytotoxicity towards total coliforms present in the wastewater primary influent in the absence of visible
light. ZnO, ZnO-Cu3%, and GCN/ZnO-Cu3% resulted in 0.19, 0.28, and 0.29 log reduction of total
coliforms in the dark. This was expected because ZnO and Cu are known to have antimicrobial activity
even without illumination [309,310]. GCN exhibited negligible disinfection in the dark. GCN is not known
to have a cytotoxicity effect on bacteria in the dark as demonstrated in several publications including our
previous work [277,311]. In Figure 5.13b, the royal blue LED had a negligible effect in disinfecting total
coliforms. In our previous work, it was demonstrated that royal blue LED showed negligible disinfection
effect on coliforms in the wastewater secondary effluent [277]. This is because royal blue LED, a
narrowband visible light source (A = 450 nm) does not possess sufficient energy that could significantly
inactivate the coliforms. It is known that bacteria are largely disinfected in the UV region of the
electromagnetic spectrum especially UV-C which is at a lower wavelength and very high photon energy
[312,313]. GCN showed a slight log reduction of about 0.14 log which can be attributed to the
photogenerated electrons and holes, and radical species thereby causing oxidative stress to the coliforms
and loss of metabolic activity. As expected, ZnO showed a higher log reduction than GCN with a 0.45 log
reduction of total coliforms under royal blue LED irradiation. This is attributed to the combined effects of
ZnO cytotoxicity and the generation of radicals and photogenerated electrons and holes under royal blue
LED irradiation that induced oxidative stress and loss of metabolic activity in the coliforms. The doping of
ZnO with Cu in the ZnO-Cu3% nanoparticles slightly increased the disinfection of the total coliforms to a
0.49 log reduction. This slight increase even though small is attributed to the very small fraction of Cu in

the nanoparticle. A complete 5.5 log reduction of total coliforms in the wastewater primary influent was
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observed for GCN/0.1ZnO-Cu3% after 360 minutes. This significant response of total coliforms to
disinfection can be attributed to the synergistic effect of the nhanocomposite and the antimicrobial activity
of ZnO and Cu. This synergistic effect is evident in the significant increase of the surface area, reduced
bandgap of the nanocomposite, and improved visible light utilization. In the nanocomposite, more oxidative
stress, and perturbation of the metabolic process of the coliforms developed because of the generation of
more radicals, photoexcited electrons and holes, and the presence of cytotoxic ZnO and Cu. Radicals such
as superoxide radicals (O27) and hydroxyl radicals (OH-) are known to inhibit the metabolic process of
microorganisms which eventually leads to the cause of inactivation [314]. Therefore, it indicates that the
heterojunction structure of GCN/0.1Zn0O-Cu3% under visible light irradiation can disinfect total coliforms

in wastewater.
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Figure 5. 13 (a) Disinfection of wastewater primary influent by the synthesized photocatalysts in the dark,
(b) Photocatalytic disinfection of wastewater primary influent by the synthesized photocatalysts under

visible light irradiation (Royal blue LED).
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5.6.12 Proposed photocatalytic mechanism

The actives species, e, h*, Oz7, and OH~ have been identified to be involved in the photocatalytic
degradation of 4-chlorophenol (4-CP) as described in section 3.9. Scheme 5.3 depicts the proposed
photocatalytic degradation mechanism of 4-CP using the optimally performing heterojunction
GCN/0.1Zn0-Cu3% nanocomposite under royal blue LED irradiation based on the identified active
species. It was observed that the mechanism is of type Il heterojunction structure photocatalyst [315]. The
sequence of the photocatalytic redox reactions involved in the mechanism is given in equations (5.8) to
(5.14). The conduction band (CB) and the valence band (VB) potentials of GCN and ZnO were calculated

based on equations (5.6) and (5.7) [194,316-318]:

ECB =X- Ee - OSEg (56)

Evg = Ecg + Eg (5.7)

Where Ecg and Evg are conduction band and valence band potentials, E® is free electron energy on a
hydrogen scale (~ 4.50 eV), Eq is the bandgap energy (Table 5.4), and X is the absolute electronegativity
of the semiconductor, which is based on the geometric mean of the constituent atoms, which for GCN is
4.72 eV [194,319] and for ZnO is 5.75 eV [320]. Therefore, the calculated CB and VB for GCN are -1.13

eV and 1.57 eV while the calculated CB and VB of ZnO are -0.20 eV and 2.70 eV.

In the observed type 11 heterojunction structure photocatalytic mechanism, the irradiation of GCN/0.1ZnO-
Cu3% generates photoexcited electron-hole (e-h) pairs on the GCN and ZnO-Cu3% components. The
photogenerated electrons migrate from the valence band (VB) to the surface of the conduction band (CB)

and thereby creating photogenerated holes in the VB. The electrons from the CB of GCN migrate toward
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the CB of ZnO. This is because the CB of GCN has a higher negative potential (-1.13 eV) than the CB of
Zn0-Cu3% (-0.20 eV). Similarly, the holes from the VB of ZnO migrate towards the VB of GCN because
the VB of ZnO has a higher positive potential (2.70 eV) than the VB of GCN (1.57 eV). The Cu dopant in
the ZnO acts as an interface and helps to facilitate electron transfer from GCN to ZnO thereby inhibiting
the recombination rate of the electron-hole (e-h) pairs in the GCN. The electrons on the surface of the ZnO-
Cu3% react and reduce the dissolved oxygen (O-) in the mixture absorbed on its surface to generate a
superoxide radical (O2"). This is because the CB level of ZnO (-0.20 eV vs. NHS) is more negative than
0,/0," (-0.18 eV vs. NHS) [162,321]. Likewise, the holes on the surface of ZnO that migrate to the surface
of GCN oxidize the absorbed water molecule on the GCN to generate hydroxyl radical (OH~). The reason
is that the VB level of ZnO (2.70 eV vs. NHS) is more positive than the H,O/OH~ (2.40 eV vs. NHS) [162].
The photogenerated electrons and holes and the superoxide and the hydroxy radicals can react, oxidize, and
degrade the 4-CP to mineralized products such as CO., H,O, and HCI [194]. Various intermediates have
been identified in the photocatalytic degradation of 4-CP to mineralized products using LC-MS analysis
and they include hydroquinone, benzoquinone, phenol, and 4-chlorocatechol [88,171-173]. These by-

products, which are hydroxylated intermediates, are formed during the oxidation of 4-CP.

A similar mechanism can be assumed and proposed for the photocatalytic disinfection of total coliforms in
wastewater as also depicted in Scheme 5.3. This is because the same light source and photocatalyst were
used. The generated reactive oxygen species (ROS) and the cytotoxicity of ZnO-Cu in the nanocomposite
can lead to oxidative stress by attaching and breaking up to the cell wall, reacting with and denaturing

proteins, inhibiting metabolic processes and causing eventual bacterial death [309].

GCN/ZnO—Cu + hv - e~ +h* (5.8)
ZIn0—Cu(e™)+0, - Oy (5.9)
GCN(h*) + H,0 — OH~ (5.10)
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Scheme 5. 3 Schematic representation of the proposed mechanism for the photocatalytic degradation of 4-
CP and the photocatalytic disinfection of total coliforms in wastewater primary influent.

5.7 Conclusions

GCN/ZnO-Cu nanocomposite was synthesized using a novel and facile synthesis process, the co-exfoliation

method. The nanocomposite was characterized using different techniques such as XRD, FT-IR, BET, PL

spectra, TEM, SEM, EDS, and UV-Vis DRS. The bandgap was calculated from the UV-Vis DRS data and

estimated using the Tauc plot. The coupling of ZnO-Cu with GCN enhanced the performance of the
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nanocomposite in the photocatalytic degradation of 4-CP and the photocatalytic disinfection of total
coliforms. Of all the synthesized GCN/ZnO-Cu nanocomposites, the optimum ratio was achieved with
GCN/0.1Zn0-Cu3%. The optimally performing photocatalyst, GCN/0.1ZnO-Cu3% was able to degrade
65.18% of 4-CP in 120 minutes when compared to GCN (36.88%), ZnO-Cu3% (9.13%), and ZnO (2.06%).
The result shows that the doping of ZnO with Cu enhanced its photocatalytic activity in the ZnO-Cu3%
nanoparticle. A complete 5.5 log reduction was achieved with GCN/0.1ZnO-Cu3% when compared to < 1
log reduction for GCN, Zn0O, and ZnO-Cu3%. The characterization results validate these experimental
results. The BET surface, Bandgap and PL spectra of the nanocomposite improved drastically which
explains the improved photocatalytic activity. The BET surface area of the nanocomposite was 120 m?/g
compared to GCN (57.17 m?/g) and ZnO-Cu3% (4.26 m?/g). The bandgap of the nanocomposite was (2.60
eV) compared to GCN (2.70 eV) and ZnO-Cu3% (2.85 eV). The PL spectra showed reduced emission
intensity when compared to GCN. All these experimental and characterization observations and results
indicate that the nanocomposite inhibited the rate of recombination of e-h pairs, improved charge
separation, and ultimately enhanced its visible light response and utilization for the degradation of 4-CP
and the disinfection of total coliforms in wastewater primary influent. The ROS experiment of the reactive
species indicates that the hydroxyl radical (OH~) was the dominant species. The nanocomposite displayed
stability in its practical application after the 4™ cycle. Therefore, the GCN/ZnO-Cu nanocomposite can be
used for practical applications in the disinfection of wastewater and the degradation of organic pollutants

under sunlight, UV, and visible light.
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Chapter 6: Evaluation of the performance of self-disinfecting coated
surface with GCN/ZnO-Cu nanocomposite under 5000K LED visible
light

6.1 Highlights

e Synthesis of GCN/ZnO-Cu nanocomposite by a novel facile synthesis method, co-exfoliation.

e Dip coating of PVC substrate using a novel facile mixture of nanocomposite, binder, and solvent.

e Use of 5000K LED visible light source used in commercial and industrial settings for
photocatalysis experiments.

o Hydroxyl radical was determined to be the dominant reactive oxygen species (ROS) responsible
for self-disinfecting photocatalysis.

o Reusability experiments showed that the coating was stable, and the efficiency of the disinfection

depends on the light intensity and thickness of the coating layer.
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6.2 Graphical abstract
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6.3 Abstract

The search for low-cost and less labour-intensive self-disinfecting coated surfaces with minimal
environmental impact is increasingly gaining attention. In this work, the GCN/ZnO-Cu3% nanocomposite
was synthesized by a novel facile co-exfoliation method. The coatings of the polyvinyl chloride (PVC)
plastics were prepared by dipping the cleaned PVC substrate into a simple slurry mixture of the
nanocomposite, ethanol, and adopted readily-available, cheap, environmentally friendly water-based
polyurethane (PU) wood lacquer. Different characterization techniques such as XRD, SEM, EDS, FTIR,
AFM, PL spectra, and UV-Vis DRS were conducted for the coated and uncoated PVVC substrates to study
the crystallinity, morphology, elemental composition, chemical structure, roughness, and optoelectronic
properties. The band gap of the coated and uncoated PVC substrates was estimated from the UV-Vis DRS
values and Tauc plots. The surface area of powered samples was also estimated. Under the visible light,
5000K LED (400 — 700 nm), the coated PVC denoted Coated PVC (GCN/ZnO-Cu3%) showed excellent

self-disinfecting performance of 2-log reduction (99% disinfection) of coliforms-containing wastewater
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primary influent in 120 minutes. The ROS experiment showed that all the radicals (e, h*, O, and OH")
were strongly involved in the disinfection by the coated PVC surface but the OH radical was observed to
be the dominant species and a plausible antibacterial mechanism was proposed on this basis. Reusability
experiments were conducted and minimal loss in photocatalytic and antimicrobial activity of the coated

surface was observed indicating the suitability of the coated surface for practical application.

6.4 Introduction

Pathogen infections have been identified to occur through the following transmission pathways namely,
hands of health care practitioners (HCP), water, and air [322,323]. Dr. Weinstein, over 20 years ago,
observed and estimated that the source of pathogens of health-care-related pathogens was cross infection
via HCP is between 20% to 40% and the environment is 20% [324]. In the succeeding years, significant
scientific evidence shows that contamination of environmental surfaces in the hospital now plays an
important role in the transmission of health-care-related pathogens such as Staphylococcus aureus (S.

aureus) and Escherichia coli (E. coli) [323,325].

The frequently used methods of decreasing the frequency and level of contamination of surfaces include
the application of germicide (e.g., chitosan) [326] and the no-touch method (UV-C light, vaporized
hydrogen peroxide) [327]. The limitation of chemical germicide is that it is labour intensive since it requires
routine cleaning and disinfection of surfaces and less than 50% of the surfaces are adequately cleaned and
disinfected [328,329]. The limitation of the no-touch method is that it can only be applied in rooms or places

with no people and high room turnover [327].

Recently, self-disinfecting coated surfaces is increasingly gaining attention as an alternative method of

decreasing the frequency of contaminated surfaces. The self-disinfecting coated surfaces are also referred
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to as “contact killing” since microbial killing requires contact with the coated surface. Surfaces can either
be impregnated or coated with heavy metals (specific gravity greater than 5) [330]. Since antiquity, some
heavy metals are known to possess antimicrobial activity. Some of these heavy metals with antimicrobial
activity are silver (Ag), gold (Au), Bismuth (Bi), Copper (Cu), Titanium (Ti), and Zinc (Zn).
Semiconductors such as TiO,, ZnO, and MgO have been reported to have antimicrobial activity [331-333].
However, the drawback of these semiconductor photocatalysts is that it is essentially UV active due to their
very wide bandgap ranging between 3.2 — 3.5 eV [194,253,261-263,334]. To overcome this drawback,
these semiconductors can be doped with heavy metals to make them visible-light active and thus used as
self-disinfecting coatings. Lin et al. coated TiO2 on a polyvinyl chloride (PVC) substrate and the E. coli
was completely disinfected under UV irradiation for 90 minutes [335]. Khan et al. coated Venetian blinds
and glass substrates with Ag-TiO; to disinfect P. aeruginosa and B. subtilis under fluorescent light tubes
and reported almost complete disinfection for both bacteria on the coated substrates in 120 minutes [336].
Liu et al. coated Cu-TiO; on a glass substrate and reported the 6.5-log reduction of a virus, bacteriophage

under white light bulbs in 120 minutes [337].

Graphitic carbon nitride (GCN or g-CsN.), a 2D polymeric semiconductor photocatalyst is increasingly
being used for research primarily due to its visible-light activity owing to its moderate bandgap of 2.7 — 2.8
eV [271]. GCN can be coupled with semiconductors such as ZnO and silver compounds to form GCN
heterojunctions to enhance their visible light activity. While a lot of research has reported on the
photocatalytic activity of GCN heterojunctions in disinfecting wastewater and microorganisms in synthetic
water under visible light irradiation [277,338-341], few works have been done on coating surfaces with
GCN or GCN heterojunctions for self-disinfecting purposes under the action of visible light irradiation.
Hou et al. immersed coated stainless-steel substrate with PANI/GCN heterojunction in synthetic water
containing E. coli and S. aureus under a Xenon lamp and reported 96.5% and 95.3% disinfection

respectively in 30 minutes [342].

126



In this work, PVC coating with GCN/ZnO-Cu nanocomposite was developed by dip coating into a novel
and simple mixture of GCN/ZnO-Cu nanocomposite, ethanol, and adopted, cheap, readily-available,
environmentally-friendly, water-based polyurethane (PU) lacquer. The coated PVC substrates were
characterized using different techniques to determine the structure and optoelectronic properties. The
antimicrobial performance of the coated PVC substrates was evaluated under a visible light source, 5000K
light-emitting diode (LED) (400 — 700 nm) for practical application and dropping a small quantity of
coliforms-containing wastewater primary influent on the coated PVC substrate. 5000K LED, one of the
LEDs, is expressed in Kelvin (K) which is a measure of colour temperature. It is used indoors such as in
industrial spaces, factories, surgery, and exam rooms due to its brightness, compact size, low energy
consumption, directionality, and extended lifetime. Reactive Oxygen Species (ROS) experiments were
conducted to determine the dominant reactive species. For practical application, reusability experiments

were also conducted.

6.5 Materials and Methods

6.5.1 Chemicals

Polyvinyl chloride (PVC)-(C,HsCl), was purchased from Grainger Canada (Calgary, AB, Canada).
Polyurethane (water-based brand, Varathane) was purchased from Home Depot (Calgary, AB, Canada).
Urea-CH4N20 (> 99.5%), isopropanol-CsHgO (> 99.5%), p-benzoquinone-CsHsO2 (> 98%), potassium
chromate-K2CrO4 (> 99%), and ammonium oxalate-(NH.).C20a, were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). Copper Il nitrate hemi (pentahydrate)-Cu(NOz3)2.2.5H.0 (> 98%) was purchased
from Alfar-Aesar (Ward Hill, MA, USA). Zinc sulfate heptahydrate-ZnS0..7H20 was purchased from EM
Science (Gibbstown, NJ, USA). Ethanol (absolute) was purchased from EMD Millipore Corp. (Burlington,
MA, USA). Total coliforms/E.coli test kit was purchased from IDEXX laboratories Inc. (Westbrook, ME,

USA). Sodium citrate tribasic-NasCsHsO; was purchased from CHEMCO (Port Louis, Mauritius).
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Municipal wastewater primary influent was obtained from Advanced Canadian Water Assets-ACWA
(Calgary, AB, Canada), a full-scale testing facility embedded in a wastewater treatment plant in Calgary,

Alberta. Visible light (5000K LED) was provided by Nemalux Industrial (Calgary, AB, Canada).

6.5.2 Synthesis of GCN

Graphitic carbon nitride (GCN) was synthesized from urea by direct pyrolysis as described in our previous
work [194]. In brief, 50 g of urea was placed in a crucible and calcined in a muffle furnace (550-58, Fisher

Scientific, Waltham, MA, USA) for 4 h at 550 °C. The obtained pale-yellow material was labeled GCN.

6.5.3 Synthesis of GCN/ZnO-Cu nanocomposites

ZnO-Cu sample was synthesized using chemical co-precipitation [269,270]. 2.8756 g (50 mM) of zinc
sulfate heptahydrate (ZnSO4.7H,0) was added to 200 mL deionized (DI) water in different 400 mL beakers.
An equivalent concentration of 50 mM (2.5806 g) of sodium tribasic-Nas;CsHsO7 was added to the mixture
as a stabilizing agent. While continuously stirring the solution, copper Il nitrate hemi pentahydrate,
Cu(NOs)..2.5H,0 of 3% as a function of the mass of ZnSO4.7H,0 was added to the beakers. The solution
was heated while stirring on a hotplate at 70 °C for 15 minutes. This was followed by a dropwise addition
of 100 mL of 200 mM NaOH. The solution was continuously stirred at 70 °C for 2 h as the colour changed
from an initial pale blue to an opaque bluish milky slurry. The solution was allowed to cool down while
being continuously stirred. It was then vacuum filtered using a 0.45 um filter and washed thoroughly with
DI water to remove excess NaOH. The sample was air-dried overnight and later calcined at 550 °C for 3 h.

The calcined sample was left to cool down, ground, and labeled as ZnO-Cu3%.

The GCN/ZnO-Cu sample was synthesized using the novel facile co-exfoliation method as described in our
previous work. Briefly, 1 g of GCN was added to 50 mL of ethanol (absolute) in a petri dish and then
sonicated for 1 h to achieve uniform dispersion. While continuously stirring on a magnetic stirrer, 0.1 g of

Zn0O-Cu3% was added to the mixture and sonicated for another 0.5 h. The mixture was dried in the oven at
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70 °C overnight after continuously stirring for 2 h. The dried sample was calcined at 550 °C for 4 h and left
to cool down in the furnace to room temperature. The resulting pale-yellow sample was ground and labeled

GCN/ZnO-Cu3%.

6.5.4 Fabrication of PVC coatings

PVC substrates of 2 x 2 cm? were prepared by cleaning with ethanol and deionized (DI) water for 15 min
each in an ultrasonic bath and then dried in the air at room temperature. To prepare the novel and simple
slurry mixture for the coating, 200 mg of GCN/ZnO-Cu3% nanocomposite photocatalyst was added to the
mixture of 10 mL ethanol (absolute) and 3 mL of polyurethane (PU) water-based lacquer. The mixture was
sonicated for 2 h for uniform dispersion of the photocatalyst in the mixture. The cleaned PVC substrates
were dipped into the mixture 4 times to achieve a thicker and uniform spread, after which the coatings were
allowed to dry in the air at room temperature and labeled Coated PVC (GCN/ZnO-Cu3%) as shown in
Scheme 6.1a. Coatings of PVC using GCN photocatalyst and PU (without photocatalysts) were also carried
out and labeled Coated PVC (GCN) and Coated PVC (PU) respectively. The PU acts as a binding agent of
the photocatalyst to the PVC substrate while the ethanol serves to reduce the thickness of the mixture to

allow for uniform spread and a thin layer of the coat on the PVC substrate.

6.5.5 Characterization

Characterizations were conducted for coated and uncoated PVC substrates. The crystallinity of the coated
and uncoated PVCs was studied using X-ray diffraction (XRD; Rigaku multiflex X-ray diffractometer) with
Cu Ko X-ray radiation, A = 1.5406 A°. The chemical and bonding structures of the coated and uncoated
PVCs were studied using Fourier transform-infrared spectroscopy (FT-IR; Bruker Vertex 70). The outer
morphology of the coated and uncoated PVVCs was examined by scanning electron microscope (SEM;
Quanta FEG 250 FESEM). The elemental analysis of the coated and uncoated PVVCs was conducted using

energy-dispersive X-ray spectroscopy (EDS; Bruker Quantum 5030 SDD X-ray spectrometer) with SVE
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111 pulse processing electronics. The roughness of the coated and uncoated PVCs was examined using
atomic force microscopy (AFM; Bruker Nano wizard 1V). The photoluminescence spectra of the coated
and uncoated PVCs were investigated using Spectrofluorimeter (PL spectra; Horiba FluoroMax-4). The
UV-Visible (UV-VIS) diffuse reflectance spectroscopy (DRS) of coated and uncoated PVVCs was measured
using a spectrophotometer (UV-VIS DRS; UV-2600 Shimadzu spectrophotometer) with BaSO, as the
reference sample. The Kubelka-Munk function was calculated from the UV-VIS DRS values and then the
bandgap values were estimated from the Tauc plot. [194,283,343]. The surface areas (BET) of the powdered
samples of GCN and GCN/ZnO-Cu3% were also conducted and obtained from N sorption isotherm at 77K

using automatic adsorption equipment (Tristar 1l; Micrometrics).

6.5.6 Photocatalytic self-disinfecting experiments of coated PVC

Before conducting experiments, 50 mg of Luria broth was added to 1 L of wastewater sample ina 1 L jar
to culture the wastewater and then placed in an incubator at 35 °C £ 0.5 °C for 24 h. The total coliforms cell
density was determined by using the tray count procedure from IDEXX laboratories [284]. Briefly
described, the wastewater was serially diluted 50 times by taking 1 mL of the wastewater from the 1 L jar
and adding it to 49 mL of deionized (DI) water in a 100 mL quartz beaker and then stirring to attain a
homogenous mixture. 20 pL of the mixture was collected, dropped on a coated PVC, and further dropped
into the mixture of 100 mL DI water and colilert reagent in a colilert bottle. The mixture was shaken to
achieve homogeneity and poured in Quanti-tray/2000 without allowing the coated PVC to drop in the
guantitray, sealed with IDEXX Quanti-tray sealer, and then placed in the incubator at 35 °C + 0.5 °C for 24
h. The result was read using the Most Probable Number (MPN) table. The total number of cells that turned
yellow in the quanti-tray was counted which indicates the total coliforms in the wastewater. The initial cell

density for total coliforms in the wastewater primary influent was calculated to be 2.2 x 108 MPN/100 mL.

For the self-disinfecting experiment, the coliforms-containing primary influent wastewater was serially

diluted 50 times by taking 1 mL from the wastewater stock solution in the 1 L jar and adding it to 49 mL
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of DI water in a 100 mL quartz beaker bottle. For the sample, 20 uL was taken from the mixture and dropped
on the Coated PVC (GCN/ZnO-Cu3%). Scheme 6.1b shows the experimental setup for the self-disinfecting
experiment. The sample was placed between microscopic glass slides to allow for uniform spread and
maximum contact of the coliforms-containing wastewater with the coated surface. The sample with the
glass slides was placed in a stainless steel basin. This basin was placed in another stainless steel basin filled
with water. This allows for uniform temperature throughout the experiment. The 5000K LED light (400 —
700 nm) at 10 cm to the PVC and estimated intensity of 16,800 Lux was turned on. The sample was
collected at different irradiation internal and dropped in a mixture of 100 mL DI water and colilert reagent
in a 100 mL colilert bottle and then shaken for homogeneity. The mixture was poured in a quantitray 2000
without allowing the coated PVC to drop in the quantitray, sealed with IDEXX Quantitray sealer, and then
placed in the incubator at 35 °C + 0.5 °C for 24 h. After 24 h, the total number of cells that turned yellow
in the quanti-tray was counted which indicates the total coliforms in the wastewater remaining. Several
control experiments were also conducted to estimate the disinfection of the total coliforms, (a) in the dark
using Coated PVC (GCN/ZnO-Cu3%), Coated PVC (GCN), Coated PVC (PU), and Uncoated PVC, and
(b) under 5000K LED using Coated PVC (PU), Coated PVC (GCN), and Uncoated PVC. Reusability tests
were conducted to determine the practical application of the coated PVC. The coated PVC was washed with
DI water and allowed to dry in the air at room temperature overnight before reuse. For the self-disinfecting

experiments, the disinfection efficiency is expressed in log form was calculated from equation (6.1) as:

Log reduction = log C, — log C; (6.1)

Where C, and C; are the concentrations of total coliforms at time 0 and time t, expressed as MPN/1000mL.
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Scheme 6. 1 () Uncoated PVC and Coated PVC (GCN/ZnO-Cu) and (b) Schematic representation of the
experimental setup.

6.5.7 ROS identification

Reactive Oxygen Species (ROS) experiments were conducted to determine the active radicals involved in
the self-disinfecting coated PVC substrate. Photogenerated electrons (e’), photogenerated holes (h*),
superoxide radicals (O2-), and hydroxyl radicals (OH?) are generally believed to be involved in a
photocatalytic reaction. Four radical scavengers, potassium chromate (CrVI), ammonium oxalate (AO), p-
benzoquinone (BQ), and isopropanol (IPA) were used as scavengers to quench e, h*, Oy-, and OH",
respectively. During each experiment, 0.5 mM of the scavenger was added to the 50 mL of the wastewater
primary influent and then the mixture was stirred for homogeneity. 20 pL was taken from the mixture and
then dropped on the coated PVC substrate, Coated PVC (GCN/ZnO-Cu3%). The 5000K LED was turned
on and the irradiated coated PVC was collected at different time intervals, treated, and analyzed to
determine the ROS involved in the disinfection of the drop of coliforms-containing wastewater primary

influent on the coated PVC based on the analytical process described in section 6.5.6.
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6.6 Results and discussions

6.6.1 XRD

The X-ray diffraction (XRD) analysis of the uncoated PVC and coated PVC substrates were conducted to
determine the molecular and atomic structures and is presented in Figure 6.1. Uncoated PVC or pure PVC
shows several peaks. Two sharp peaks at 27.5° (200) and 29.3° (210), and two weak peaks at 17.9° (110)
and 47.5° (222) indicate its semi-crystalline or amorphous nature [344-347]. The peaks at 200 and 210
planes observed in Uncoated PVVC were reduced in Coated PVVC (PU) which is due to the coat of PU on the
PVC. However, a weak peak was observed at 24.2° (111) confirming the semi-crystalline or amorphous
structure of the polyurethane (PU) [348]. Two peaks were observed for Coated PVC (GCN). The sharp
peak 27.5° (002) and the broad weak peak at 13.3° (100) correspond to the interplanar stacking and the
interlayer stacking of the conjugated hexagonal aromatic structure of GCN (JCPDS card humber: 87-1526)
[286]. The presence of these two peaks indicates GCN nanosheet structure [285]. The broad peaks observed
on the 002 and 100 planes are due to the presence of strong electronegative heteroatom oxygen in the GCN
structure caused by low polymerization [254]. The ZnO peaks were observed at 32.2° (100), 34.8° (002),
36.6° (101), and 48.0° (102) in the Coated PVC (GCN/ZnO-Cu3%). These diffraction peaks and planes are
characteristic of the hexagonal wurtzite structure of ZnO (JCPDS card number: 36-1451) [287,288], No
peak for Cu was observed in the ZnO-Cu because the ionic radius of Cu?* which is 0.73 A° is similar to the

ionic radius of Zn?* which is 0.74 A°.
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Figure 6. 1 XRD spectra patterns of Uncoated PVC, Coated PVC (PU), Coated PVC (GCN), and Coated

PV/C (GCN/ZnO-Cu3%).

6.6.2 FT-IR

The chemical structure and the functional groups of the Uncoated PVVC and Coated PVCs were investigated
using FTIR as shown in Figure 6.2. The Uncoated PVC shows several peaks at 2971 — 2850 cm, 1428 cm
11254 cm?, 959 cm?, and 875 — 605 cm™. These peaks correspond to C-H stretching band vibration,
angular deformation of the CH,-Cl bond, out-of-plane angular deformation of the CH-CI bond, out-of-plane
trans deformation of the C-H bond, and C-ClI stretching vibration, respectively [347]. Four peaks were
observed for Coated PVC (PU) confirming the presence of the polyurethane (PU) chemical structure and
functional groups at 3430 cm™* — 3230 cm?, 1728 cm™, 1235 — 1139 cm, and 1040 cm™. These peaks
represent the amine (NH) group vibration, CN group, and C-O-C bond vibration, respectively [349]. A peak
was observed in the Coated PVC (GCN) at 810 cm™ which is characteristic of GCN. This peak is the C-N
heterocycles stretching vibrational frequency [289,290]. Coated PVC (GCN/ZnO-Cu3%) shows the 810
cm! peak observed in the Coated PVC (GCN) indicating the overwhelming presence and dominance of

GCN in the GCN/ZnO-Cu3% nanocomposite. The peak at 500 cm™ for the Coated PVVC (GCN/ZnO-Cu3%)
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is the vibrational frequency of ZnO [289]. It is worth noting that all the peaks observed in Uncoated PVC,
Coated PVC (PU), and Coated PVC (GCN) were present in the Coated PVC (GCN/ZnO-Cu3%) in reduced

form, indicating the bonding that exists in the Coated PVC (GCN/ZnO-Cu3%).
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Figure 6. 2 FTIR spectra patterns of Uncoated PVC, Coated PVC (PU), Coated PVC (GCN), and Coated

PVC (GCN/ZnO-Cu3%).

6.6.3 SEM, EDS, and AFM

The scanning electron microscopy (SEM) image of Uncoated PVC and Coated PVCs is shown in Figure
6.3. The Uncoated PVC and Coated PVVC (PU) show smooth surfaces however the surface of Coated PVC
(PU) appeared darker which could be attributed to the presence of the polyurethane (PU) on the surface of
PVC. The Coated PVC (GCN) shows the aggregation of the sheet-like structure of GCN. The Coated PVC
(GCN/Zn0-Cu3%) shows less aggregation of the sheet-like structure of the GCN and spherical-like
structure of the ZnO-Cu3%. The less aggregation observed in the Coated PVC (GCN/ZnO-Cu3%) can be

attributed to the presence of ZnO-Cu3% in the GCN/ZnO-Cu3% coating mixture resulting in weak Van der
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Waal’s force of attraction, finer particles, and better dispersion of GCN and ZnO-Cu3%. This observation
for Coated PVC (GCN/ZnO-Cu3%) is expected to yield a larger surface area and enhance its disinfection

capacity.

The electron dispersive X-ray spectroscopy (EDS) was conducted, and the results are shown in Figure 6.4.
The Uncoated PVC shows the elements of Carbon (C), Oxygen (O), Calcium (Ca), titanium (Ti), and a
huge presence of chlorine (CI). The hydrogen atom which is part of the structure of PVC and PU was not
detected due to its low atomic number. The huge presence of chlorine in the PVC shows that the PVC is
richly chlorinated. The presence of Ti, Ca, and Cl in the PVC confers on it its antimicrobial properties since
these elements are well known to have antimicrobial activity. In Coated PVC (PU), the peak intensity of ClI
reduced drastically while Ti and Ca were no longer detected. This can be attributed to the coating layer of
polyurethane (PU) over the PVC surface. Silicon (Si) and sodium (Na) elements were detected in trace
amounts owing to the small peak intensities. The presence of Na and Cl in the PU can act as antimicrobial
agents since Na and CI are known to have antimicrobial properties. Other elements detected were carbon
(C), Nitrogen, and Oxygen (O) which are part of the chemical structure of PU. All the elements detected in
Coated PVC (PU) were observed in Coated PVC (GCN). In the Coated PVC (GCN/ZnO-Cu3%), Copper
(Cu) and Zinc (Zn) elements were detected in addition to the expected C, N, and O elements of GCN.
However, a very high peak intensity of Zn was observed indicating a huge presence of Zn in the GCN/ZnO-
Cu3% nanocomposite. With the Coated PVC (GCN/ZnO-Cu3%), the presence of Na, Si, and Cl elements
in trace amounts observed in Coated PVC (GCN) was no longer detected and this can be attributed to a
huge amount of Zn in the Coated PVC (ZnO-Cu3%). The Zn and Cu elements are expected to play
important roles in disinfection since they are known to have antimicrobial properties. The presence of strong
electronegative heteroatom oxygen in all the EDS sample images can serve to trap photogenerated electrons

thereby enhancing their photocatalytic activity [194].
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The atomic force microscopy (AFM) topology of the Uncoated PVC and Coated PVCs are shown in Figure
6.5. The average roughness (Ra) decreased from the Uncoated PVC at Ra = 5.54 um, Coated PVC (PU) at
Ra = 5.02 um, to Coated PVC (GCN) at 3.19 um. This indicates that the surface became increasingly
smoother. However, it increased to 5.83 um for Coated PVC (GCN/ZnO-Cu3% which is about two times
higher than Coated PVC (GCN). This means that the Coated PVC (GCN/ZnO-Cu3%) became rougher.
BET surface area of the powdered samples of GCN and GCN/ZnO-Cu3% were also investigated as shown
in Table 6.1. It shows that the surface area of GCN/ZnO-Cu3% is 121.00 m?g which is two times larger
than GCN (57.17 m?/g). A correlation between the Coated PVC (GCN), Coated PVC (GCN/ZnO-Cu3%),
powdered GCN, and powdered GCN/ZnO-Cu3%) shows that the surface roughness increases with
increasing surface area. The surface roughness and the BET surface area are related as shown in equation
(6.2) [350,351]. A rough surface for bonding leads to stronger bonds for the following reasons, (1)
roughness imparts additional surface area with which the adhesive can make contact when bonding and (2)
A rough surface provides additional mechanical interlocking at the surface [352,353]. The rough surface
also promotes wettability [354]. Therefore, the surface roughness and BET surface area properties are
expected to enhance the adhesion, interaction, and disinfection performance of the Coated PVC (GCN/ZnO-

Cu3%).

_ p-D.Sppr

R, c

(6.2)

Where p is the particle density (g/cm?), D is the particle diameter (um), Sger is the BET surface area (m?/g),

and Ra is the surface roughness (dimensionless).

137



Figure 6. 3 SEM: (a) Uncoated PVC, (b) Coated PVVC (PU), (c) Coated PVC (GCN), and (d) Coated PVC

(GCN/ZnO-Cu3%).
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Figure 6. 4 EDS: (a) Uncoated PVC, (b) Coated PVC (PU), (c) Coated PVC (GCN), and (d) Coated PVC

(GCN/ZnO-Cu3%).
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(b) Ra = 5.03 pm

(c) Ra=3.19 pm (d) Ra=5.83pm

Figure 6. 5 AFM: (a) Uncoated PVC, (b) Coated PVC (PU), (c) Coated PVC (GCN), and (d) Coated PVC

(GCN/ZnO-Cu3%).

Table 6. 1 BET surface area of powder GCN and GCN/ZnO-Cu3%

Photocatalyst BET Surface Area (Sger)
(m?/g)

GCN 57.17

GCN/0.1ZnO-Cu3% 121.00
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6.6.4 UV-Vis DRS and Bandgap estimation

The ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) was conducted for the Uncoated
PVC and Coated PVCs and their bandgaps were estimated using the UV-Vis data, Kubelka-Munk function
in equation (6.3) [55,194,283], and the Tauc plot. The UV-Vis DRS, Tauc plots, and bandgaps of the
samples are presented in Figure 6.6 and Table 6.2. The Uncoated PVC and the Coated PVCs have their
absorption edge below 620 nm, indicating that they can absorb light in the UV and visible regions. With
the absorption edges of Uncoated PVVC and Coated PVC (PU) at 620 nm and 428 nm, it means that they
can also absorb IR and UV since they exist at the upper and lower boundaries of visible light. However,
Uncoated PVC with 620 nm indicates that it can absorb more visible light energy than Coated PVC (PU)
with 428 nm which should lead to a better photocatalytic activity. It was observed that the Coated PVC
(GCN/Zn0-Cu3%) at 478 nm had improved visible light absorption capacity compared to Coated PVC
(GCN) at 450 nm which is due to the presence of ZnO-Cu3% in the GCN/Zn0O-Cu3% that serves to trap
photogenerated electrons from the GCN. This also means that at 478 nm it can absorb more visible light
energy thereby suggesting that it should lead to a better photocatalytic activity. The corresponding bandgaps
of the wavelength absorption edges show that Coated PVVC (PU) at 2.90 eV will have the least visible light
utilization capacity while the Uncoated PVC at 2.00 eV will have the highest visible light utilization
capacity. The absorption wavelength and the bandgaps of powdered samples of GCN and GCN/ZnO-Cu3%
were conducted and estimated to be the same as the Coated PVC (GCN) and Coated PVC (GCN/ZnO-
Cu3%), indicating that the presence of PU in the coat did not affect the optical properties of GCN and
GCN/ZnO-Cu3%. The proposed order of visible light activity of the samples in terms of absorption edge
and the bandgap energy is Uncoated PVC > Coated PVC (GCN/ZnO-Cu3%) > Coated PVC (GCN) >
Coated PVC (PU).

[F(R)h]Y = <M x hv>T (6.3)
2R

K= (1-R)? S=2R;Y=%or2; hv = eV.
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Where K is the molar absorption coefficient, S is the scattering factor; h is the Planck constant, v is the
photon’s frequency and Y is a factor dependent on the nature of the electron transition and it is either ¥ or

2 for the direct and indirect band gaps respectively.
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Figure 6. 6 (a) UV-Vis DRS and (b) Bandgap, of Uncoated PVC, Coated PVC (PU), Coated PVC (GCN),

and Coated PVC (GCN/ZnO-Cu3%).

Table 6. 2 Bandgaps and the corresponding wavelengths of Uncoated PVC, Coated PVC (PU), Coated
PVC (GCN), and Coated PVC (GCN/ZnO-Cu3%).

Photocatalyst Bandgap Energy Wavelength
(eV) (nm)

Uncoated PVC 2.00 620

Coated PVC (PU) 2.90 428

Coated PVC (GCN) 2.70 450

Coated PVC (GCN/0.1Zn0O-Cu3%) 2.60 478

6.6.5 PL spectra

Photoluminescence (PL) spectral analysis for Uncoated PVC and Coated PVCs is shown in Figure 6.7. It
was determined at an excitation wavelength of 360 nm and emission wavelengths between 400 — 650 nm.
The intensity of the PL peaks corresponds to the density of defects in the material [355]. These defects

serve as electron trap sites that facilitate the inhibition of electron-hole pair recombination and enhance the
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photocatalytic activity of the material. Therefore, PL spectra are a tool to measure the optical quality of a
material. The figure shows that the Uncoated PVC, Coated PVC (PU), Coated PVC (GCN), and Coated
PVC (GCN/ZnO-Cu3%) emitted between 450 — 500 nm, which is the blue region of the visible light
spectrum. The Uncoated PVC and the Coated PVVC (PU) both show a weak luminescence of around 478
nm, indicating that both emit blue light. The emission of the blue light is due to the recombination of the
charge carriers after the trapping by gaps in defects in the material [355]. The Coated PVC (GCN) and
Coated PVC (GCN/ZnO-Cu3%) show well-defined peaks with emission of blue light around 478 nm. The
addition of GCN in the Coated PVC (GCN) raised the intensity of the peak when compared to the Coated
PVC (PU). This means that the GCN contributed to the recombination rate of the electron-hole pair. GCN
is known to have a high recombination rate due to its moderate bandgap of 2.7 — 2.8 eV [194,271].
However, the peak intensity of the Coated PVC (GCN/ZnO-Cu3%) reduced compared to the Coated PVC
(GCN). This can be attributed to the inclusion of ZnO-Cu3% in the GCN/ZnO-Cu3% nanocomposite which
serves as a site to trap the photogenerated electrons and photogenerated holes, reduce electron-hole pair

recombination rate, and enhance the photocatalytic activity.
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Figure 6. 7 PL spectral of Uncoated PVC, Coated PVC (PU), Coated PVC (GCN), and Coated PVC

(GCN/ZnO-Cu3%).

6.6.6 Photocatalytic disinfection of coated PVC

The self-disinfecting performance of the Uncoated PVVC and the Coated PVCs in the dark and under 5000K
LED irradiation were examined on a drop of wastewater primary influent for 180 minutes as shown in
Figures 6.8, 6.9, and 6.10. Figure 6.8 describes the effect of coat layer thickness on the self-disinfecting
performance of coated PVC which was conducted at a 10 cm distance to the substrate with the
corresponding light intensity of 16,800 Lux. PVC was coated with different coat layers of GCN/ZnO-
Cu3%, Coated PVC (GCN/ZnO-Cu3%), as a 1-layer coat, 2-layer coat, and 4-layer coat. The self-
disinfecting experiment of the 4-layer coat showed maximum disinfection of 2 log reduction (99%) while
the 1-layer coat showed the least disinfection of less than 1 log reduction (65.47%) of total coliforms. This
indicates that more disinfection is achieved with several layers of a thick coat. The optimal coat of 4-layer
coat was used for the dark and self-disinfecting experiments (see Figures 6.9 and 6.10). In Figure 6.9a, very
small disinfection was observed in the dark for Uncoated PVVC and Coated PVCs. Uncoated PVC, Coated

PVC (PU), Coated PVC (GCN), and Coated PVC (GCN/ZnO-Cu3%) results of 0.32, 0.22, 0.33, and 0.24

144



log reduction of total coliforms in the dark indicate low cytotoxicity. This was expected because the
presence of Ti, Ca, Cl, Na, Zn, and Cu elements in the samples, as shown in the EDS image (see section
3.3), is known to have antimicrobial properties. In Figure 6.9b, the experiment was conducted at a 10 cm
distance to the substrate with the corresponding intensity of 16,800 Lux. The results for Uncoated PVC,
Coated PVC (PU), and Coated PVC (GCN) of 0.33, 0.49, and 0.68 log reduction of total coliforms indicate
that the visible light irradiation of 5000K LED improved slightly the cytotoxicity of the samples when
compared to the corresponding dark experiments. This is due to the photogenerated electrons and holes,
and ROS species. However, a drastic improvement was observed in the self-disinfecting performance of
Coated PVC (GCN/Zn0O-Cu3%) of 2 log reduction. This can be attributed to the presence of ZnO-Cu3%
in the GCN/ZnO-Cu3% which serves to inhibit the recombination rate of electron-hole pair (see section
3.5), low bandgap (see section 3.4) and high source roughness and large surface area (see section 3.3).
Figure 6.10 describes the effect of light intensity on the disinfection performance of the coated PVC using
the optimally performing Coated PVC (GCN/ZnO-Cu3%) substrate. It was observed that at 10 cm of 5000K
LED to the substrate with an intensity of 16,800 Lux, the highest disinfection of 2 log reduction (99%
disinfection) of total coliforms was achieved but at 30 cm of 5000K LED to the substrate with an intensity
of 3,500 Lux, the least disinfection of 0.72 log reduction (81.3%) of total coliforms was recorded. This

suggests that disinfection efficiency is a function of distance and intensity.
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Figure 6. 8 Effect of coat layer on the self-disinfection performance of Coated PVC (GCN/ZnO-Cu3%)

under 5000K LED (10 cm and 16,800 Lux).
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Figure 6. 9 Self-disinfecting experiments of Uncoated PVC, Coated PVC (PU), Coated PVC (GCN), and

Coated PVC (GCN/ZnO-Cu3%), (a) in the dark and (b) under 5000K LED (10 cm and 16,800 Lux).
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Figure 6. 10 Effect of light intensity on the self-disinfection performance of Coated PVC (GCN/ZnO-

Cu3%) under 5000K LED.

6.6.7 Reactive Oxidation Species (ROS) trapping experiment

The ROS experiments for the commonly known radicals, e, h*, O>", and OH" responsible for disinfection
were conducted using the optimally performing Coated PVC (GCN/ZnO-Cu3%) under 5000K LED
irradiation (10 cm and 16,800 Lux). The results are presented in Figure 6.11. The following scavengers
were employed potassium chromate (Cr (VI1)), ammonium oxalate (AO), p-benzoquinone (BQ), and
isopropanol (IPA) for the following radicals, e, h*, O27, and OH-, respectively. Scavengers are trapping
agents used to remove the radicals (e7, h*, Oz, and OH") [305-308]. All the radicals actively participated
in the self-disinfection process after 180 minutes. However, the IPA, which is the OH~scavenger, had the
highest inhibition to the disinfection which gives the least disinfection of 76.44%. The lowest inhibition to
disinfection was AO, which is the h* scavenger, with the most disinfection of 93.95%. This indicates that

the hydroxyl radical (OH") is the dominant radical responsible for most of the disinfection while h* is the
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least involved. The order of reactivity from the most involved to the least involved in the photocatalytic

self-disinfection is OH~ > e > O,” > h*,
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1000 | 99:00%

93.95%
88.17%
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80% + 76.44%
60%

40%

20% A
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AO BQ

No scavenger Cr(Vl) IPA
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Figure 6. 11 ROS Experiment for the active species for the disinfection of Coated PVC (GCN/ZnO-Cu3%)

under 5000K LED (10 cm and 16,800 Lux).

6.6.8 Reusability experiment and stability test

The reusability experiment and stability test were conducted to determine the practical application of the
Coated PVC (GCN/ZnO-Cu3%) as presented in Figure 6.12. Between each cycle of the self-disinfecting
experiment, the coated PVC was washed with DI water and air-dried overnight at room temperature. In
Figure 6.12a, the result for the 1%, 2", 3, and 4™ cycles is 99.0%, 97.3%, 96.4%, and 94.5% respectively,
indicating less than 5% decline in the self-disinfecting performance of the Coated PVC (GCN/ZnO-Cu3%)
and all cycles having a performance of over one log reduction in disinfecting total coliforms in the
wastewater primary influent. The XRD pattern of the Coated PVC (GCN/ZnO-Cu3%) after the 4™ cycle
was examined and compared to a fresh Coated PVVC (GCN/Zn0O-Cu3%) to determine its stability (see Figure

6.12b). No obvious shift in the 2-theta (degree) of the fresh and used Co/ZnO-Cu3%ated PVC (GCN/ZnO-
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Cu3%) was observed. The SEM images of the fresh and the used Coated PVC (GCN/ZnO-Cu3%) (see
Figure 6.10 c and d) show that the uniform distribution of the spherical-like particles of the ZnO-Cu3% on
the sheet-like structure of the GCN is the same. Therefore, the Coated PVC (GCN/0.1ZnO-Cu3%) can be

said to be stable and fit for practical application.
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Figure 6. 12 Reusability experiment (a) and Stability tests for XRD pattern (b) and SEM image (c and d),

of Coated PVC (GCN/ZnO-Cu3%) after the 4™ cycle under 5000K LED (10 cm and 16,800 Lux).
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6.6.9 Proposed photocatalytic mechanism

The conduction band (CB) and the valence band (VB) potentials of GCN and ZnO were calculated based
on equations (6.4) and (6.5) [194,316-318]. The order of the photocatalytic redox reactions involved in the

mechanism is given in equations (6.6) to (6.10) based on the participation of active radicals as described in

section 6.6.7.
Ecg =X—E¢— 0.5E4 (6.4)
EVB = ECB + Eg (65)

Where Ecg and Evg are conduction band and valence band potentials, E® is free electron energy on a
hydrogen scale (~ 4.50 eV), Eq is the bandgap energy and X is the absolute electronegativity of the
semiconductor, which is based on the geometric mean of the constituent atoms, which for GCN is 4.72 eV
[194,319] and for ZnO is 5.75 eV [320]. Therefore, the calculated CB and VB for GCN are -1.13 eV and
1.57 eV while the calculated CB and VB of ZnO are -0.20 eV and 2.70 eV.

Scheme 6.2 depicts the proposed self-disinfecting mechanism of the microorganisms using the optimally
performing Coated PVC (GCN/ZnO-Cu3%) under the irradiation of the visible light source, 5000K LED.
The Photoexcited electron-hole (e-h) pairs on the GCN and ZnO-Cu3% components were generated upon
irradiation of Coated PVC (GCN/ZnO-Cu3%). The photogenerated electrons move from the valence band
(VB) to the surface of the conduction band (CB), creating photogenerated holes in the VB. The electrons
from the CB of GCN move to the CB of ZnO. This is because the CB of GCN has a higher negative potential
(-1.13 eV) than the CB of ZnO-Cu3% (-0.20 eV). Likewise, the holes from the VB of ZnO migrate towards
the VB of GCN because the VB of ZnO has a higher positive potential (2.70 eV) than the VB of GCN (1.57
eV). The Cu dopant in the ZnO acts as an electron-trapping agent and inhibitor of the electron-hole pair
recombination rate. The electrons on the surface of the ZnO-Cu3% react with the surrounding oxygen (O,)
on the surface of the coated PVVC generating a superoxide radical (O2"). Likewise, the holes on the surface

of GCN react with the wastewater molecule and moisture on the surface of the coated PVC to generate
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hydroxyl radical (OH~). The photogenerated electrons and holes and the radicals (OH~, O>") can react,
oxidize, and disinfect the wastewater leading to the cell death of the total coliforms by disrupting the

metabolic cellular activities such as reproduction and respiratory functions as a result of oxidative stress

[309].
Coated PVC (GCN/ZnO — Cu) + hv —» e~ + h* (6.6)
e 40, - 0F 6.7)
h* +H,0 — OH~ 6.8)
OH~/e™ + total coliforms — cell death (6.9)
05 /h* + total coliforms — cell death (6.10)
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Scheme 6. 2 Schematic representation of the proposed self-disinfecting mechanism of coliforms by
Coated PVC (GCN/ZnO-Cu3%) under 5000K LED.
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6.7 Conclusions

In this work, a novel facile mixing composition of GCN/ZnO-Cu nanocomposite, GCN, and polyurethane
(PU) as a binding agent was prepared and used as a coat on polyvinyl chloride (PVC) substrates. Different
characterization techniques were employed to understand the morphology, chemical structure, crystallinity,
elemental composition, and optoelectronic properties of the coated materials. The PVC substrate coated
with GCN/ZnO-Cu3% herein denoted as Coated PVC (GCN/ZnO-Cu3%) offered the optimum self-
disinfecting performance. Two-log reduction of coliforms-containing wastewater primary influent was
achieved in 180 minutes under the visible light source, 5000K LED (400 — 700 nm). The effects of coat
layer thickness and light intensity of 5000K LED were also investigated for Coated PVC (GCN/ZnO-
Cu3%) under 5000K LED. It was observed that the coat with the thickest layer achieved the optimum self-
disinfecting performance of two log reduction of coliforms in 180 minutes. Similarly, the light intensity of
16,800 Lux at 10 cm to the coated PVC resulted in an optimal self-disinfection of 2 log reduction in 180
minutes. The ROS experiments of the reactive species for the optimally performing coated PVC, Coated
PVC (GCN/ZnO-Cu3%), indicate that the hydroxyl radical (OH~) was the dominant species. The Coated
PVC (GCN/ZnO-Cu3%) displayed stability in its practical application after the 4" cycle. Therefore, it is
suggested that the Coated PVC (GCN/ZnO-Cu3%) can be used for practical applications in the self-
disinfection of microorganisms under sunlight, UV, and visible light. The success of this coating shows
that it can be further applied in cleaning ponds under natural sunlight irradiation by the dispersion of coated

glass beads or coated plastic beads.
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Chapter 7: Conclusions and Recommendations

7.1 Conclusions

The goal of this research was to develop practical visible light photocatalysts that can not only be used for

treating organics but also for disinfection. To this end, the research focused on the following:

(1) the synthesis of visible-light-driven photocatalysts and the evaluation of their photocatalytic
performance in degrading organic contaminants and disinfection of wastewater,

(2) the coating of the plastic substrate with the synthesized visible-light-driven photocatalyst to act as
a self-disinfecting coated surface,

(3) the ability to reuse the synthesized photocatalysts and self-disinfecting coated surface without
losing their photocatalytic activity and structural stability after several cycles of experiments,

(4) the effect of different light sources in degrading organic contaminants,

(5) the effect of varying thickness (different coating layers) on disinfection performance of the coated
surface,

(6) the effect of light intensity on disinfection as a function of the distance of the light source from the
coated surface,

(7) the determination of the reactive oxygen species (ROS) involved in and the dominant ROS
responsible for the photocatalytic activity of the photocatalysts and the self-disinfecting surface,
and

(8) Photocatalytic mechanisms for the visible-light photocatalysts and self-disinfecting coated surface.

The excerpts of the conclusions from each chapter of the research in this thesis are listed below.

1. Among different precursors of graphitic carbon nitride (GCN) which are melamine, dicyandiamide,

and urea, the urea-derived GCN (U-GCN) showed the best photocatalytic performance due to its

large surface area and pore volume.
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10.

11.

12.

The introduction of silver-based compounds such as AgBr, AgsPO4, and Ag2CrO4 to the (U-GCN)
to give U-GCN/AgBr, U-GCN/AgsPO,, and U-GCN/Ag.CrO. nanocomposites, enhanced the
photocatalytic performance of U-GCN as they reduced U-GCN’s recombination rate of the
electron-hole pair and improved its charge separation.

The U-GCN/Ag.CrO4 nanocomposite showed the highest photocatalytic performance among the
nanocomposites due to the very narrow bandgap and excellent visible-light responsiveness of
Ag2CrOa.

The U-GCN/AQ.CrO4 (1:0.3) denoted U-GCN/0.3Ag.CrO4 showed the optimal photocatalytic
performance in degrading an organic contaminant (4-CP) which may be attributed to the small size
and homogeneous spread of Ag.CrO. on U-GCN.

Among different light sources used such as royal blue LED (450 nm), UV-A LED (365 nm), cool
white, fluorescent lamps (400 — 700 nm), and Solar simulator fitted with Xenon lamps (350 — 1800
nm), royal blue LED showed the optimal performance in degrading organic contaminant due to its
very high light intensity.

Over 85% degradation was achieved in removing 2,4-D and MCPP simultaneously using U-
GCN/0.3Ag2CrO; and royal blue LED.

100% and over 70% of BSA protein and SARS-CoV-2 spike protein were degraded by U-
GCN/0.3Ag.CrO; and royal blue LED.

Over one log reduction of microorganisms, total coliforms, and E. coli was achieved in disinfecting
wastewater secondary effluent using U-GCN/0.3Ag.CrO, and royal blue LED.

Novel facile synthesis of GCN/ZnO-Cu nhanocomposite was proposed and conducted.

Over 65% of 4-CP was degraded and a complete 5.5 log reduction of total coliforms in wastewater
primary influent was disinfected by GCN/ZnO-Cu nanocomposite and royal blue LED.

Novel facile mixing of GCN/ZnO-Cu nanocomposite, ethanol, and polyurethane binder for self-
disinfecting surface was proposed and conducted.

The self-disinfecting surface was done using the dip coating method.
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13.

14.

15.

16.

17.

18.

The effect of coat-layer thickness showed that the disinfection of the self-disinfecting coated
surface increases with increasing coat layer.

The effect of light intensity for the self-disinfecting coated surface shows that the disinfection
increases with decreasing light source distance to the coated substrate, that is increasing light
intensity.

The light source 5000K LED used at 16,800 Lux shows that it can simulate sunlight illuminance at
diffused light intensities (3,000 — 18,000 Lux) (see section 2.4 on light sources and intensities) for
outdoor application purposes especially in the dark such as a construction site at night time.

Over 2 log reduction was achieved for the self-disinfecting coated surface under 5000K LED (400
— 700 nm), a commercially and industrially available and widely used light source.

For practical application purposes, the reusability experiments of GCN/ZnO-Cu nanocomposite in
degrading 4-CP and for disinfection surfaces show that the nanocomposite and the coated surface
had a negligible loss in its photocatalytic activity and the structures show that there is stable.
Therefore, they can be used after several cycles of photocatalytic experiments and washing.

The hydroxyl radical (OH ") was the dominant ROS for the GCN/ZnO-Cu nanocomposite and self-
disinfecting coated surface. The photocatalytic mechanisms were proposed based on the dominant

ROS.

7.2 Recommendations

The results from this research show that the synthesized visible-light-driven photocatalysts can degrade

various organic contaminants, disinfection of microorganisms in wastewater, and on self-disinfecting

coated surfaces. However, further research activities are recommended as thus:

Development of versatile visible-light-driven photocatalysts that are low cost, non-toxic, large
surface area, high quantum yield, and highly visible light active composite materials that can

remove all forms of organic contaminants including emerging and forever chemicals such as Per-
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and poly-fluoroalkyl substances (PFAS), and microorganisms in municipal, industrial, and
produced wastewater.

Development of visible-light-driven photocatalysts with reduced synthesis process time, reduced
unit operations, and less energy consumption in terms of ultrasonication and heating time.

The diffused light intensity of the light source and its application for both indoor and outdoor
purposes (see section 2.4 on light sources and intensities).

Investigation of the use of the visible-light-driven photocatalyst as an electrocatalyst or electro-
photocatalyst for wastewater treatment.

Conduct more research in self-disinfecting coated surfaces on plastics and metals to understand the
bonding between the photocatalyst and the substrate.

Investigation of the application of photocatalyst as a dispersed coated glass beads or coated plastic
beads in ponds to degrade contaminants and/or disinfect microorganisms under natural sunlight
irradiation.

Recommend more collaborative efforts between the industries such as material, paints, and lighting
to scale up the successfully produced self-disinfecting coated surface at the laboratory scale to a
pilot and industrial scale for day-to-day operations indoors and outdoors. The material industry
serves to produce different types of plastics and metals, the paints industry incorporates the
synthesized photocatalyst in their paints, and the lighting industry provides visible light sources of

very high intensity for irradiation which Nemalux Industrial is already doing.
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Appendix E: Supplementary materials for Chapter 3 (Paper 1)
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Figure S3. 1 N adsorption-desorption isotherms and their corresponding pore size distribution

curves for the photocatalysts: D-GCN, U-GCN, M-GCN, Ag.CrO4, and U-GCN/0.3Ag2CrO4

208



Quantity Adsorbed (cm/g STP)
- " N
n @ ™ @ h
-] @ (-] (-] e

=]

— 180
=

lo ST
2
<

= 140
120
100
80
60
40
20

Quantity Adsorbed (cm’

__ 160

-

= 140
=120

100
80

Quantity Adsorbed (cm?/

180
160
=L 140
120
100
B0
60
40
20

Quantity Adsorbed (cm'/g STP)

=

13 2]
s n
=

- -
s 0
s =

Quantity Adsorbed (cm3/g STP)
n
-]

=

] U-GON/OIAg,CrO,
1 ——Adsorption
——Desorption
e -
T T v v
(1] 0.2 0.4 0.6 0.8
Relative Pressure (P/P™)
] U-GOUN/D.SAg.CrOy
1 ——Adsorption
1 ——Desorption
) e e e s
T T v T
1] 0.2 0.4 0.6 0.8
Relative Pressure (P/PY)
U-GON/O.3Ag
——Adsorption
1 —=—Desorption
y T T T T
o 0.z 0.4 0.6 0.8
Relative Pressure (P/P)
(m)
4 U-GOCN/O.3AgBr
1 ——Adsorption
4 ——Desorption
‘r..__-.--—--
[1] 0.z 0.4 0.6 0.8
Relative Pressure (P/P)
(n)
U-GON/O3Ag, PO,
—e— Adsorption
1 —=—Desorption
i} 0.2 0.4 0.6 0.8

Relative Pressare (P/P)

()

=
= LOVE-04
=
= 0.00E+00

T.O0E-04

A%)

6.00E-04
5.00E-04
4.00E-04
J.00E-D4
2.00E-04

LODE-D4

dV/dw Pore Volume (cm’/g,

0.00E+DD

1L.60E-03

= L40E-03
; 1.20E-03
LLOOE-03
B.00E-04
6.00E-04

f2.A7)

4.00E-04
2.00E-04
= 0.00E+00

V/dw Pore Volume (cm’

1.40E-03

A9

G 1.2Z0E-03
LOOE-D3

L0 E-04

dV/dw Pore Volume (em*/g.

D.ODE+OD

LAOE-03
1L.20E-03
LOOE-03
R.O00E-04
G.O00E-04
= 4.00E-04
: 2.00E-04

dV/dw Pore Volume (em*/g.A%)

DOOE+OD -

U-GONLIAE,CrO,

10 100 1000 10000
Pore Width (A®)
b U-GONMDSAg, Cri),
10 100 1000 10000
Pore Width (A%)
| U-GUON/O3Ag
10 100 1000 10000
Pore Width (A%)
(r)
1 U-GCN/0.3AgBr
10 100 1000 10000
Pore Width (A”)
(s)
| U-GCN/0.3Ag,PO,
10 100 1000 10000

Pore Width (A”)

®

Figure S3. 2 N adsorption-desorption isotherms and their corresponding pore size distribution

curves for the photocatalysts: U-GCN/0.1Ag.CrO4, U-GCN/0.5Ag.CrO4, U-GCN/0.3Ag,

U-GCN/0.3AgBr, and U-GCN/0.3Ags:PO.
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Figure S3. 3 XRD patterns for the photocatalysts: U-GCN/silver-based composites and U-GCN/silver
chromate composites.
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(2) (h) (i)

Figure S3. 4 SEM images for the photocatalysts: (a) D-GCN, (b) U-GCN, (c) M-GCN, (d) Ag.CrQs., (e) U-
GCN/0.1Ag2CrOq, (f) U-GCN/0.5Ag.CrO4, (g) U-GCN/0.3Ag, (h) U-GCN/0.3AgBr, and
(i) U-GCN/0.3AgsPO,
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Figure S3. 5 EDS images for the photocatalysts: (a) D-GCN, (b) U-GCN, (c) M-GCN, (d) AgzCrOs., (e) U-

()

(1)

GCN/0.1Ag,CrOs, (f) U-GCN/0.5AgCrOs, (g) U-GCN/0.3Ag, (h) U-GCN/0.3AgBr, and

(i) U-GCN/0.3AgsPO,
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Figure S3. 6 UV-Vis DRS for the photocatalysts: U-GCN/silver-based composites and U-GCN/silver
chromate composites
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Figure S3. 7 Bandgap energies of the photocatalysts: (a) GCNs derived from different precursors of
dicyandiamide (D), urea (U), and melamine (M), (b) U-GCN/silver-based compounds, all in the same
ratio of 1:0.3 and (c) U-GCN/xAg.CrO. where x = 0.1, 0.3 and 0.5.
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Figure S3. 8 Adsorption performance of the synthesized photocatalysts on 4-CP in dark condition
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Figure S3. 10 High-resolution SEM image of U-GCN/Ag2CrO4
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