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Abstract Photo-active metal oxides (PMOs) have outstanding physical and chem-
ical properties which are ideal to disintegrate wastewater pollutants. Titanium oxide
(TiO,) initially found popularity in wastewater treatment. TiO, utilization on wastew-
ater degradation was attributed particularly to its wider bandgap. Nonetheless, TiO,
retains antibacterial activity during the application and that renders it to rapid recom-
bination of photogenerated electron—hole pairs. In a subsequent search of alternative
PMO, zinc oxide (ZnO) was obtained, and it was found to have a wider bandgap equiv-
alent to that of TiO,. However, ZnO suffers from photo-corrosion and poor response
to visible light. This rigorously proved that an application of a single PMO leads
to both inefficiency and ineffectiveness in wastewater treatment. This phenomenon
necessitates the hybridization of photocatalysts and improvement of their surface
properties.

The present chapter details organic pollutants which are found in wastewater and
the methods which are used to remove them from the wastewater. Further discussions
are made intensively on photocatalysis and advance oxidation methods. Furthermore,
photocatalysts and their advancements are clearly stated and elaborated. Finally,
surface-modified photoanodes and their applications using the photoelectrochemical
technique have been thoroughly explained. From overall analyses, several deductions
have been documented:

e POMs on their singular existence are packed with pros and cons, and that makes
wastewater treatment dynamic.

e AOMs, particularly the photoelectrochemical technique, are worthwhile for the
degradation of wastewater pollutants.
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e Factors that affect degradation processes on wastewater pollutants include light
captivation properties, reduction and oxidation rates on the surface by the
photogenerated electrons and holes and a recombination rate of such charges.

e Surface modification of photoanodes is carried through nanostructured materials,
the addition of metals particularly noble ones such as gold (Au), silver (Ag),
platinum (Pt), and through the use of novel titanium alloys and cubic double-
perovskite.

6.1 Introduction

The rapid increase of organic pollutants (OPs) in wastewater is linked to various
health hazards and environmental pollution. Major OPs found in wastewater are
from azo dyes, and 15% of their annual production goes into the wastewater [1-5].
Hazardous minerals from organic pollutants such as sodium, potassium, calcium,
chloride, and bromide have been reported to be recalcitrant during wastewater treat-
ment, and their direct contact with living species leads to various chronic illnesses
[6-15]. Hence, it is a matter of urgency to remove organic pollutants from the
wastewater.

Photo-active materials (PMs), particularly in a form of metal oxides, have various
significances [16, 17] which make them able to degrade wastewater pollutants. Some
of the predominantly utilized PMs are ZnO, CU,0, MnO,, Ag,O/Agz;VO4/AgVOs3,
TiO,, Fe,03, NiO, SrZrOs;, BiOl/AgzVO,4, MoS,, ZnS and WS, [18-28]. In
recent applications, PMs are synthesized from nanostructured materials through
rigorous steps. Typically, PMs are fabricated to form a conductive photoanode
that directly oxidizes and degrade wastewater pollutants from the wastewater using
electrochemistry techniques.

Presently, the photoelectrochemical technique (PT) is regarded as a superior elec-
trochemistry method for the degradation of wastewater pollutants. The utilization of
PT on degradation goes along with various photoanodes. Typically, PT is engaged
in wastewater treatment through the aid of bias potential which is supplied from
the potentiostat. Herein, photoanode is immobilized and hydroxyl species form
from occurring reactions. Ultimately, electrons from the photoanode react with
some oxygen, and that consequently develop oxygen reactive radicals (O, ™) which
react with protons to produce H,O™. Both O,~ and H,O™ are then able to degrade
wastewater pollutants [29, 30].

In light of the wastewater pollutants’ nature and their dynamic processes, this
chapter elucidates factors that affect degradation processes on wastewater pollutants.
Three factors that generally affect degradation processes have been discussed. Most
importantly, surface modifications of different photoanodes which make in-roads on
wastewater treatment are detailed.
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Fig. 6.1 Different organic pollutants consisted in wastewater under treatment [32]

6.2 Wastewater and Organic Pollutants

6.2.1 Wastewater

Wastewater comprises organic pollutants from a wide range of applications:
domestic, industrial, commercial, and agricultural activities. Most notably, wastew-
ater consists of about 15% of annually produced organic dyes [31, 32] and some
other pollutants. Figure 6.1 demonstrates the wastewater profile consists of different
organic pollutants.

6.2.2 Organic Pollutants and Their Impact

Dyes are used mainly in the production of food, textiles, leather, fabrics, paper,
cosmetic, electroplating, distillation, and pharmaceutical products [33—40]. With
global industrialization, the uses of dyes increase at an alarming rate. The presence of
pollutants in wastewater causes major problems on wastewater treatment and leads
to environmental pollution and hazardous to living species [41—44]. In particular,
hazardous minerals from organic pollutants such as sodium, potassium, calcium,
chloride, and bromide are recalcitrant to wastewater treatment, and their direct contact
with living species could lead to chronic diseases [45].
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6.3 Photocatalysists and Their Applications

6.3.1 Photocatalysts

PMs are capable of captivating light under either direct sunlight or a solar application.
Due to their nature, PMs are commonly known as photocatalysts. There are quite a
several photocatalysts, and some of the heavily engaged photocatalysts include ZnO,
CUQO, MHOZ, AgQO/Ag3VO4/AgVO3, TiOQ, F6203, NiO, SI‘ZI‘O3, BiOI/Ag3VO4,
MoS,, ZnS and WS, [18-28]. Among other significant characteristics listed photo-
catalysts and the likes, photocatalysts generally possess bandgaps which enable them
to possess a high level of photodegradation to remove pollutants from the wastewater.

6.3.2 Nanostructured Materials and Photoanodes

6.3.2.1 Nanostructured Materials

Nanotechnology has recently found vast application across the world. Among the
most prominent applications, nanotechnology is used on medical equipment, car
paintings, chronic illness treatment, etc. In wastewater treatment, nanotechnology is
applied in a form of nanostructured materials. Nanostructured materials are commer-
cially purchased as nanoparticles (powders less than 100 nm). From their purchases
to laboratories, they are molded into conductive semiconductors which are popularly
termed photoanodes.

6.3.2.2 Photoanodes

Photoanodes are fabricated from well-mixed nanostructured materials [37] in five
major steps which are shown in Fig. 6.2. Firstly, nanostructured composite is taken to
ahydraulic press, and itis subjected to higher temperatures. Secondly, the compressed
pellet of about 1.3 cm diameters is obtained as a photoanode [38]. Thirdly, a copper
wire is inserted and passed out through a glass tube with an opening at both ends
and coiled onto the fabricated nanocomposite pellet. Fourthly, conduction between
the Cu wire and the pellet is created with the use of conductive silver paste. Finally,
epoxy resin is applied to the glass tube to cover up all the ends.

6.3.2.3 Coupling of Photoanode to an Electrochemical Cell
for Wastewater Pollutants Degradation

Besides an electrolyte which simulates wastewater pollutant, an electrochemical cell
is comprised of three conductive electrodes. The simulated electrolyte is mostly made
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up of potassium ferricyanide, ferrocyanide, and potassium chloride. The incomplete-
ness of wastewater pollutant, sodium sulfate, sodium hydroxide, and hydrochloric
acid are added as complementary solutions to make wastewater pollutant conductive
[45]. The photoanodes is popularly known as the working electrode (WE) as it is
the one degrading organic pollutants from the wastewater. Then, there is a refer-
ence electrode (RE), and it is specifically used to measure the potential difference
produced from the electrochemical cell. Lastly, the counter electrode (CE) is used to
count a current that is produced as the photoanode is applied to wastewater pollutant
(electrolyte).

6.4 Photocatalysis and Advance Oxidation Measurements

Photocatalysis is a fundamental technique in both wastewater treatment and renew-
able energy systems. Photocatalysis is carried out both spontaneously and synthet-
ically. Naturally, direct sunlight is exposed to the photoanode, and consequently,
hydrogen and oxygen are produced, and they are used to degrade wastewater pollu-
tants [46]. Synthetically, however, the light from solar light is directed to the PMs,
and that produces electrical energy. Relative to sunlight utilization, this method is
comprised of insufficient energy, difficult storage and transportation [46].

Although all photo-active materials ideal for wastewater degradation, their
singular existence is packed with distinctive limitations and that makes their uses
on wastewater treatment to be dynamic. For instance, TiO, has a wider bandgap
and that makes it provide inefficient degradation processes. On the other hand, ZnO
suffers from photo-corrosion, has a poor response to visible light, and has higher
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recombination of electron—hole pairs. Photocatalysis has been a standard method
for the degradation of wastewater. However, photocatalysis has been reported to
inefficient due to an occurrence of higher recombination of electron—hole pairs and
inferior solar light absorption. In light of limitations, singular photocatalysts have
and photocatalysis as a technique, alternative methods which work on hybridization
of photoanodes had to be sought out.

Advance oxidation measurements (AOMs) have so far been worthwhile on
wastewater treatment. There are about three distinct AOMs for wastewater treat-
ment: electrochemical, chemical, and photoelectrochemical technique. Nonetheless,
the photoelectrochemical technique (PT) has been proven to be superior in the degra-
dation of organic pollutants [47]. PT is engaged in wastewater treatment with the
aid of bias potential which is supplied by the potentiostat. As the potential on a full
set of electrochemical cell components discussed in Sect. 3.2.3, a nanocomposite
from the working electrode becomes immobilized and that results in a formation
of hydroxyl species. Furthermore, electrons from the photoanode react with some
oxygen and that consequently develop (oxygen reactive radicals) which react with
protons to produce H,O~. Both O,~ and H,O™ are then able to degrade wastewater
pollutants [31].

6.5 Factors that Affect Degradation Processes
on Wastewater Pollutants Using a Photoelectrochemical
Technique

There are about three factors that affect degradation processes on wastewater pollu-
tants, and they are light captivation properties, reduction and oxidation rates on the
surface by the photogenerated species, and a recombination rate of such charges.

6.5.1 Light Captivation Properties

PMs absorb and transmit light differently, and they are normally characterized using
UV measurements to dictate light absorption of a certain photo-active material within
a specific wavelength range. As can be seen in Fig. 6.3, three photoanodes exhibit
different curves on the absorption of light. Cautiously, photo-active materials have
different significances and limitations. In the hybridization of photoanodes, improved
light captivation is obtained. Significantly, faster degradation processes are also
reached under the hybridization of photoanodes [48].
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Fig. 6.3 UV-Vis spectra
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6.5.2 The Reduction and Oxidation Rates on the Surface
by the Photo-generated Electrons and Holes

In applications of PET, a composite from the photoanode is oxidized (electrons are
emitted from it), and then, the wastewater pollutant, in a form of liquid, is degraded.
The faster the electrons emission from the photoanode, the higher the wastewater
pollutant is being degraded (reduced). This is the most important factor which is
particularly examined from the photoanode material [49].

6.5.3 Recombination Rate of Electron Charges

As mentioned earlier that an extreme recombination rate of electrons occurs particu-
larly from TiO,, most surface modification has been carried on TiO, [15, 24, 29, 39,
41, 42]. With such modifications, better degradation efficiencies have been reached.

6.6 Surface-Modified Photoanodes

Surface modification of photoanodes is mainly carried out in three ways. The first step
is on morphological adjustments. Herein, nanostructured materials are added partic-
ularly in the form of noble metals such as Au, Ag, and Pt. Furthermore, novel titanium
alloys and cubic double-perovskite are sometimes used. In the second step, synthetic
techniques are varied on different novel materials. Finally, nanostructured materials
in the forms of nanotubes, nanorods, nanowire, and nanoclusters are applied in a
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variety of parameters such as growth time, temperature, initial reactant concentration,
acidity, and additives [61].

6.7 Morphological Adjustments

With the hybridization of photoanodes, there is a particular form of structure in
terms of morphologies and phases. This phenomenon leads to a new character-
istic of the fabricated photoanode. The surface characteristics on newly fabricated
photoanode are normally verified with surface characterization techniques such as
scanning electron microscopy (SEM) and X-ray diffraction (XRD).

6.8 Synthetic Technique on Novel Materials

PT being reckoned as the most efficient technique on wastewater treatment, its
outstanding application has been corroborated by a considerable number of studies on
improvement of limitations possessed by major photoanodes (TiO, and ZnO). Firstly,
Chakrabarti et al. [62] combined both TiO, and ZnO to improve degradation effi-
ciency on methylene blue (MB). An enhanced degradation efficiency was recorded
to be 99.41% within 3 h of measurements. With the addition of novel material,
Mirzaei et al. [63] established TiO, nanotube arrays enfolded with g-C3Nj, to degrade
Phenol. Enhanced degradation efficiency of about 90% was obtained from the TiO,/g-
C3Ny4 photoanode. Similarly, Ahmed et al. [64] invented A/RTi02251 photoanode to
degrade orange Il dye, and 96% degradation efficiency was obtained. This, therefore,
proves that the application of PT with an appropriately hybridized photoanode, on
specific wastewater pollutant, provides improved degradation processes.

6.9 Variation of Synthetic Process Parameters

Synthetic parameters could positively or negatively affect degradation processes.
Some of the most crucial synthetic parameters affecting degradation processes are
listed below.

6.9.1 Temperature

Generally, nanostructured materials are affected by temperature treatment [65].
Synthetic processes which form photoanode composites have been reported to
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go with changes in phases and crystalline structures. This has been attributed to
temperature, particularly higher temperatures.

6.9.2 pH Range

An impact of pH on degradation processes was initially profiled on TiO; as the stan-
dard photoanode. From some analyses, a similar temperature range has been realized
to negatively affect degradation processes. For instance, the pH range between 3 and
10 corresponds was found to produce higher degradation efficiency in one study. In
attest from the other study, TiO, has been reported to agglomerates and possesses
reduced surface area under acidic conditions. Therefore, a particular effect on the
surface area of the photoanode is due to the pH range. Pinpointing the effect of
pH range on degradation processes, Baran et al. [66] lowered the pH from 8.0 to
4.5 during their degradation processes. Significantly, magnificent degradation effi-
ciency was attained at the lower pH values. Moreover, from the other similar work
[67], higher degradation efficiency was also attained from lower pH values. This,
therefore, proves that acidic pH is more favorable on most photoanodes for effective
degradation processes.

6.10 Summary

6.10.1 Wastewater Pollutants and Their Impacts

e Wastewater pollutants come mainly from domestic, industrial, commercial, and
agricultural activities.

e Major wastewater pollutant is organic dyes.

e Wastewater pollutants cause environmental pollution and chronic illnesses on
people and animals.

6.10.2 Photocatalysis and Advanced Oxidation Methods

e The photoelectrochemical technique is a state-of-the-art electrochemistry tech-
nique for the degradation of wastewater pollutants and the enhancement of
renewable energy systems.

e Photoelectrochemical technique engages an immobilization of photoanode elec-
trode through an application of bias potential.
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6.10.3 Factors that Affect Degradation Processes
on Wastewater Pollutants Using
a Photoelectrochemical Technique

There are mainly three factors that affect degradation processes on wastewater pollu-
tants, and these are light captivation properties, reduction and oxidation rates on the
surface by the photogenerated species, and a recombination rate of electron charges
during electrochemical measurements.

6.10.4 Methods Modifying Surface Properties
of Photoanodes and Their Applications

Surface modification of photoanodes is mainly carried out through morpholog-
ical adjustments, synthetic technique on novel material, and variation of synthetic
process’s parameters.

6.11 Conclusions

The present chapter has outlined organic pollutants which are found in wastewater
and methods which are used to remove them from the wastewater. Further discussions
have been made on photocatalysis and advance oxidation methods. Photocatalysts
and their advancements have also been clearly stated and elaborated. Most impor-
tantly, surface-modified photoanodes and their applications using the photoelectro-
chemical technique have carefully been explained. Overall, the following conclusions
are drawn up from the main findings:

e Photo-active materials (POMs) in their singular existence are packed with
advantages and limitations and that makes wastewater treatment to be dynamic.

e Advance oxidation methods (AOMs), particularly photoelectrochemical tech-
nique, are worthwhile for the degradation of wastewater pollutants.

e Factors that affect degradation processes on wastewater pollutants include light
captivation properties, reduction and oxidation rates on the surface by the
photogenerated electrons, and holes and a recombination rate of such charges.

e Variation of synthetic process parameters such as temperature and ph can either be
positive or be negative on degradation processes. Higher temperatures and higher
pH ranges are toxic to degradation processes.

e Surface modification of photoanodes is carried through nanostructured materials,
the addition of metals particularly noble ones such as gold (Au), silver (Ag),
platinum (Pt), and using novel titanium alloys and cubic double-perovskite.
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