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Abstract: Photocatalysis plays a prominent role in the protection of the environment from recalcitrant
pollutants by reducing hazardous wastes. Among the different methods of choice, photocatalysis
mediated through nanomaterials is the most widely used and economical method for removing
pollutants from wastewater. Recently, worldwide researchers focused their research on eco-friendly
and sustainable environmental aspects. Wastewater contamination is one of the major threats coming
from industrial processes, compared to other environmental issues. Much research is concerned with
the advanced development of technology for treating wastewater discharged from various industries.
Water treatment using photocatalysis is prominent because of its degradation capacity to convert
pollutants into non-toxic biodegradable products. Photocatalysts are cheap, and are now emerging
slowly in the research field. This review paper elaborates in detail on the metal oxides used as a
nano photocatalysts in the various type of pollutant degradation. The progress of research into metal
oxide nanoparticles, and their application as photocatalysts in organic pollutant degradation, were
highlighted. As a final consideration, the challenges and future perspectives of photocatalysts were
analyzed. The application of nano-based materials can be a new horizon in the use of photocatalysts
in the near future for organic pollutant degradation.

Keywords: organic contaminants; nanomaterials; wastewater; photocatalyst; degradation; optimizing
parameters

1. Introduction

Massive advancements in nanoscience and technology mean they emerged as promis-
ing solutions for environmental clean-up and the production of energy in recent decades.
Nanomaterials (NMs) have opened up many new possibilities for a variety of manufac-
turing/industrial applications over the years, including wastewater treatment and the
removal of hazardous contaminants from the atmosphere. The advancement in indus-
trialization leads to the release of toxins, with the emission of hazardous chemicals into
the atmosphere. In this regard, methods such as immobilization, biological and chemical
oxidation, and incineration were widely used to treat a variety of organic and toxic in-
dustrial contaminants. Nanomaterials have the peculiarity of changing the characteristics
of materials through their optical, magnetic, and electrical properties, and are helpful
in many processes and applications [1]. Nanomaterials are used in many fields, from
electricity to medicine, because of their unique physicochemical and biological proper-
ties [2]. Recently, visible light-induced heterogeneous photocatalysis developed rapidly,
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due to its advantage in the implementation of environmental remediation, particularly
in wastewater treatment [3]. Nowadays, anthropogenic chemicals used in agriculture,
medicine, the military, and industry directly enter the water stream easily, which causes
an adverse effect on the environment, and risks the contamination of both surface and
groundwater [4]. As a result of this water contamination, endocrine disruptors interfere
with the normal hormonal system, which causes adverse health effects such as birth defects
and developmental disorders in children, infertility, and cancerous tumors, and also causes
several water-borne diseases. According to the World Health Organization, half of the
world’s population will suffer due to the water crisis by 2025. Environmental pollution
is one of the most consequential issues currently faced all over the world and could be
resolved by creating the conditions to achieve a clean and healthy environment for a better
life in the world. In recent decades, population and global production growth resulted in
much higher production of chemicals, due to their daily entry into the environment and
resistance to biodegradation, resulting in the generation of hazards for various species. To
prevent water and environmental pollution caused by the arrival of polluted industrial
effluents, appropriate strategies for their treatment and reuse must be developed. Today,
safe and hygienic drinking water is a unique requirement of the global health community.
The clustering of densely populated and industrial areas close to water resources magnified
global issues. The new approach, e.g., via an oxidative pathway, makes a distinguishing
change in the removal of environmental pollutants. Photocatalysis is applicable at room
temperature and pressure consumes less energy and profits from process simplicity. Several
technologies are available in the wastewater treatment process, such as electrodialysis [5],
membrane filtration [6], precipitation adsorption [7], electrochemical reduction [8], and
electrodeionization [9]. They are very expensive and complicated, and by transferring
pollutants between fluids, various wastes and by-products are generated that make it
difficult to treat wastewater. Recently, photocatalysis became a viable technology for the
treatment of various pollutants present in wastewater [10].

Photocatalytic reactors may play an increasingly important role in new technologies
for the filtration of organic-polluted water [11-13]. The degradation of different organic
contaminants with better competence utilizes heterogeneous photocatalyst-based nanopar-
ticles. Photocatalysis gained a lot of interest in recent years, because of green energy and
environmental cleanup. As a result, there are numerous reviews on the subject, focused on
various types of photocatalysts and photocatalyst applications. Furthermore, there were
few basic developments in the concept, and no notable breakthroughs were observed in
photocatalyst plans in the past five years. There is still much work to do, both in terms
of making these materials practical (which is debatable for some applications), and in
terms of improving our understanding of the complex processes, particularly in some of
the more complicated ternary or quaternary photocatalysts proposed. Since key works
by Honda and Fujishima in 1972, and Reiche and Bard in 1979 [14,15], there was a surge
in interest in photocatalysis. Many other photocatalyst materials and uses were studied,
but commercial photocatalysis applications were uncommon. Low photocatalytic activity,
particularly under visible or solar illumination, is usually blamed for the lack of commercial
uses. As a result, significant resources were invested in the development of improved
photocatalyst materials. Material development techniques for different types of photo-
catalysts were focused on maximizing efficiency by targeting one or more phases in the
photocatalytic reaction. Several studies reported on the treatment of wastewater using
different photocatalysts. The photocatalytic degradation of pollutants is mainly focused on
the formation of highly reactive hydroxyl radical ions. These photocatalytic reactions are
triggered by the free radical mechanism initiated by the interaction of photons using the
catalysts. Therefore, in the present review paper, we mainly focused on the recent advances
in photocatalytic pollutant removal from wastewater, and also elaborated in detail on the
factors affecting the performance of the photocatalytic degradation of pollutants to remove
them from wastewater.
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2. Photocatalytic Degradation Mechanism of Dyes

A photocatalytic reaction is primarily determined by the wavelength of light (photon)
energy and the catalyst. Nanomaterials used as catalysts, such as NiO, TiO,, ZnO, ZnS, and
others, are referred to as nanocatalysts. The light can be irradiated directly or indirectly,
as a result of the catalyst reacting with the dye. The photocatalytic mechanism associates
dye degradation with the redox capabilities, or potential, of dyes and the energy level of
the conduction band of the semiconductor, or nanomaterial, used. Photocatalysis degrades
dyes via photosensitization, i.e., direct, or self, dye degradation and photo-oxidation by a
reactive species (catalyst), or indirect dye degradation. Both photocatalytic mechanisms
rely on electronic structures, specifically the band structure of the catalyst and the dye.
Due to their electronic structure, which is described by a filled valence band and an empty
conduction band, nanocatalysts act as chemical activators for the illumination of light-
animated redox processes. The photosensitization mechanism, also known as the direct
mechanism of dye degradation, absorbs visible light. The dye is excited from the ground
state to the triplet excited state, using visible light photons with wavelengths greater than
400 nm. An electron addition into the conduction band of nanocatalysts, transferred from
the valence band, converts this excited state of the original dye species into a semi-oxidized
radical cation (Dye*). The reaction between these trapped e-/h+ pairs and the dissolved
oxygen in the system results in the formation of superoxide radical anions (O, ™), and
the formation of hydroxyl radicals (OH). In nature, this hydroxyl radical is non-reactive,
and is primarily responsible for the oxidation of the organic compounds represented by
Equations (1) and (2) below:

Dye (ground state) + hv (visible light) — dye* (triplet state) 1)

Dye* + nanocatalyst — dye*(cation) + nanocatalyst — (anion) )

According to several researchers, visible light acts as a driving source in photosensi-
tization, which occurs at a very slow rate. In contrast, an indirect mechanism, known as
photo-oxidation/photocatalysis, in which a catalyst sensitizes the chemical reaction for dye
degradation, is found to be more prevalent than a direct mechanism. The mechanism of
dye degradation is based primarily on oxidation and the reduction of the photocatalyst, as
shown in Figure 1. When photons of light strike a material, they excite electrons from the
valance band to the conduction band, which results in the development of electron-hole
pairs. The electrons in the conduction band react with the oxygen molecule to form super-
oxide radical anions; however, the holes in the valance band react with effluent water to
form hydroxyl radicals.

Basic Principles of Z-Scheme Photocatalysis

In photocatalysis, the Z-scheme represents/mimics the natural photosynthesis sys-
tem, which has advantages such as charge separation and delayed recombination, which
increases the light harvest and improves redox ability [16], as shown in Figure 2. The light
absorption and production of photogenerated electron-hole pairs are the first steps. The
carriers of photogenerated electrons then move to the surface, where they recombine or par-
ticipate in surface redox processes. By ensuring effective charge separation, and increasing
surface redox reactions, photocatalytic performance improves to maximize light absorption,
maximize charge transfer at the surface, and minimize recombination. Common techniques
investigated for performance improvement include morphology optimization (which can
affect the surface active sites as well as charge separation), doping (which can reduce the
bandgap, and sometimes has negative effects on recombination losses), using sensitizers
and/or co-catalysts (to increase visible absorption, as well as provide more active sites and
affect carrier dynamics), and using different materials. Photocatalytic reactors can play
an efficient role in novel technologies for the purification of water polluted with organic
chemicals [13]. The degradation of various organic pollutants, using nanoparticle-based
heterogeneous photocatalysts with higher efficiency, is reported, and shown in Table 1.
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Figure 1. Schematic diagram of photocatalytic process.
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Figure 2. Schematic diagram of Z-scheme in photocatalysis.
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Table 1. Degradation of organic pollutants using photocatalyst-based nanomaterial.
Materials Pollutant DE ffgifci;n References
CuO nanosheets Allura Red AC ~96.99% in 6 min [17]
Methyl red 78% in 50 min
MFe,;O4: (M =Co, Ni, Methyl orange 92% %n 50 m%n [18]
Cu, Zn) Methylene blue 89% in 50 min
Bromo green 93% in 50 min
«-Biy Vo011 Rhodamine B 100% in 45 min [19]
m‘g a&i > eHP Igﬁ’;gﬁf:: 96% in 70 min [20]
TiO,—graphene Acid Black 1 dye 96% in 40 min [21]
TiOZ—graphite Paracetamol 100% in 120 min [22]
composite
Mg-ZnO-Al,03 Caffeine 98.9% after 70 min [23]
Zr/Ag-ZnO Acid Black 1 dye 99.3% after 40 min [24]
CeO, Yellow 6G dye 100% within 30 min [25]
Al,O3-NP/SnO, Methyl orange 93.95% in 50 min [26]
TiO, Degussa P25 Rhodamine B 33% in 180 min [27]
CuO-GO/TiO, 2-Chlorophenol 86% in 210 min [28]
Copper nanoparticles Methylene blue 91.53% in 30 min 9]
Copper nanoparticles Congo red 84.89% in 30 min
CuO nanorods Reactive Black Dye 98% in 300 min [30]
Cu/Cu (OH), Rhodamine B 99.99% in 120 min [31]
CuO-Cu,O/GO Tetracycline 90% after 120 min [32]
Copper nanoparticles Phenyl red 99.62% in 15 min [33]
Cds/CuS Methyl orange 93% in 150 min [34]
Bismuth-doped Methylene blue 99.9% in 60 min [35]

copper aluminate

3. Removal of Polybrominated Diphenyl Ethers (PBDEs)

Polybrominated diphenyl ethers (PBDEs) are the second most commonly used BFRs,
and their molecular structure is similar to polychlorinated biphenyls (PCBs). In general,
these BDEs are available commercially as mixtures in three different forms, namely, penta-,
octa-, and deca-mixes. Penta-BDE is used in polyurethane foams and textiles; octa-BDE
is used in styrenes, polycarbonates, and thermosets; and deca-BDE is used in synthetic
textiles and electronics. As a successful replacement for PCBs, these PBDEs are found in all
levels of ecosystems, and are able to redistribute globally among these ecosystems. They
pose a threat to the human population, indigenous peoples, and fish consumers, as they
bio-accumulate in the food chain and are highly lipophilic, similar to dioxins and PCBs [36].
Unfortunately, this accumulation of PBDEs affects motor skills and disturbs the metabolism
of the thyroid hormone; hence, it is classified as a high-risk pollutant that causes serious en-
vironmental pollution. Dietary intake and dust ingestion are the dominant human exposure
pathways. PBDEs were widely detected in human samples, especially in human serum and
human milk. Data shows that PBDEs are generally declining in human samples worldwide,
as a result of their phasing out. Due to the common use of PBDEs, their levels in humans
from the USA are generally higher than that in other countries. High concentrations of
PBDEs were detected in humans from PBDE production regions and e-waste recycling sites.
BDE-47, -153, and -99 were proven to be the primary congeners in humans. Human toxicity



Catalysts 2022, 12, 544

6 of 28

data demonstrates that PBDEs have extensive endocrine disruption effects, developmental
effects, and carcinogenic effects among different populations, as shown in Figure 3. Besides
bio-accumulation, exposure to this toxic chemical during its production, processing, and
recycling causes adverse effects in human beings. In fact, air and dust are proven to show
measurable PBDE concentrations, and inhaling it could account for up to one-quarter of
total exposure. Generally, several remediation techniques are followed for remediating
this harmful chemical; and these include hydrothermal, adsorption, photolysis, advanced
oxidative processes, and photocatalytic degradation, etc. Specifically, photocatalysis and
photocatalytic degradation are regarded as the most common and reported methods for
remediating these PBDEs. The most commonly studied PBDEs include their congeners
BDE-47 and BDE-209, owing to both their toxicity and their intermediate products. To
begin with, Azri et al. (2016) [37] use a tri-metallic catalyst, Cu/Ni/TiO, /PVC, prepared
using sol-gel and a hydrothermal method, and report the rate of degradation of PBDE
as 65.82% [37]. Likewise, Wang et al. (2019) [38] use a metal-doped TiO, photocatalyst
for degrading dibrominated diphenyl ethers under photocatalytic degradation; while,
Li et al. (2014) [39] carry out the photocatalytic debromination of PBDEs using a Pd/TiO,
catalyst, and conclude that TiO, enhances the rate of debromination upon increasing the
loading of palladium. Similarly, Lei et al. (2016) [40] prepare debrominated PBDEs using
Ag-TiO; under the influence of UV light, and note that the debromination is rapid. This
study concludes that the effectiveness of debromination PBDEs using metal-doped TiO; is
enhanced based on the metal additive; but reduces drastically upon using metal-doped
TiO; catalysts exposed to air [39,40]. In addition, replacing Pd with Cu enhances the rate of
electron transfer from the conduction band of TiO, to PBDEs [41]. It is worth mentioning
that the degradation of PBDE is carried out in two different processes, with electrons
sourced from striking photons favoring reduction debromination; holes or ¢OH generated
as a result of photocatalytic reaction favor oxidation debromination. Moreover, the redox
photoreduction of PBDEs using nanomaterial-based catalysts is adversely affected by the
recombination of holes and electrons. However, adding water and irradiation using UV
light simply enhances the rate of oxidative degradation of PBDEs, especially BDE-209 [42].
The degradation of various polybrominated diphenyl ethers, using nanoparticle-based
heterogeneous photocatalysts with higher efficiency, is reported and shown in Table 2.

EDC's

(serum )
Ingestion amn Gy 4
Other )\ _ Milk
= - tissues A 4
Inhalation assy -
PBDE's p— — - @\”;}@\(
Dermal Contact (Placenta, L Q\ -
\ Tissue = _ { Hair ANcer
© Adipese,

Figure 3. Human exposure to PBDEs and their health outcomes.
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Table 2. Degradation of various polybrominated diphenyl ethers using nanoparticle-based heteroge-
neous photocatalysts.

Pollutant Photocatalyst Light Results References

Debromination
BDE-209 TiO, UV lamp efficiency of BDE-209 [43]
achieved, up to 95.6%

Debromination
BDE-209 RGO/TiO, UV lamp efficiency of BDE-209 [44]
achieved, up to 59.4%

Debromination
BDE-47 RGO/TiO, Xe lamp efficiency of BDE-47 [45]
achieved, up to 25%

Debromination of ten
PBDEs was achieved
under
anaerobic conditions

BDE-209 CuO/TiO, Xe lamp [46]

Higher photocatalytic
Visible Xe activity for
lamp debromination of
PBDEs was achieved

BDE-209 FeOCN-x [47]

The addition of silver
iodide to the surface of
BDE-209 Agl-TiO, Xe lamp TiO, increased the [48]
debromination
efficiency of BDE-209

Debromination
efficiency of BDE-47
was achieved,
up to 93.4%

Ag@Ag3PO4/g-

BDE-47 N, /1GO

UV lamp [49]

Debromination of

BDE-47 Nlcke'l Visible lamp BDE-47 was achieved
nanoparticles completely under
visible irradiation

Ag/TiO, addition

accelerates BDE-47

photodegradation
efficiency

[50]

BDE-47 Ag/TiO, UV lamp [51]

4. Removal of Phthalates and Their Derivative

Phthalates, or phthalate esters (PAEs), are di-esters of phthalic acid (1,2-benzene
dicarboxylic acid) and are used as plasticizers for polymers to reduce their glass transition
temperature, in order to induce softness and workability. In terms of classification, low-
molecular-weight phthalates (dimethyl phthalate (DMP), diethyl phthalate (DEP), and
dibutyl phthalate (DBP)) are used in small to medium scale commercial applications (plastic
containers, materials packaging, personal care products, solvents, adhesives, lubricants,
coatings, and varnishes); high-molecular-weight phthalates (such as di-n-octyl phthalate
(DOP) and di-(2-ethylhexyl) phthalate (DEHP)) are used in construction and furniture
industries, as shown in Figure 4. Interestingly, these phthalates are chemically bonded
during polymer manufacturing, and remain inert in leaching out into the environment;
they create physical bonds upon being used as plasticizers, thereby causing them to leak
into the environment. As a result, these phthalates are found all around the globe and are
treated as harmful environmental pollutants, as they disrupt the endocrine glands, causing
severe disturbances in the functioning of hormones inside the human body, in addition to
causing genetic and reproductive abnormalities in different living organisms [52-54]. The
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aforementioned phthalate compounds are deemed as high-risk pollutants and are cited
as the predominant source of phthalate exposure, via inhalation, dermal contacts, and
consuming contaminated foods.

Light
0,
DMP DEP \ Conduction Band

e’ Reduction

o

DINP DPP 0,

PAE's
H20/(0H% Attack

DBP DIBP Products
Y
DIHP DEHP Oxidation h+
OH° Valence Band

Intermediates

Figure 4. Photocatalytic degradation of phthalate-based compounds.

Numerous methods were suggested by different researchers, with the aim of reme-
diating this toxic organic chemical; however, photocatalytic degradation is considered
the optimum, as the catalysts provide alternative charge transfer pathways, instead of
electron-hole pair recombination, and increase the surface area for adsorption. Supporting
this, Kaur et al. (2019) [55] study the photocatalytic degradation of DEP using transition-
metal-doped (Ni, Mn, and Co) TiO, nanoparticles based on their degradation rate; they
recommend Mn-doped TiO; as an ideal catalyst, as it requires minimal excitation energy
(visible light activation), owing to the lowest optical band gap being 2.47 eV. Moreover,
this study concludes that doped TiO, catalysts perform well when compared to their un-
doped counterparts [55]. Likewise, Akbari-Adergani et al. (2018) [56] suggest another
set of transition metals (Fe, Ag, and Co), doped in ZnO, as an effective photocatalyst
for remediating DBP; they perform well (90% degradation) under visible LEDs as a light
source. Similarly, Motlagh et al. (2020) [57] fabricate ZnFe-layered double hydroxides,
using sulfate-intercalated anion (ZnFe-SO4—LDH) modified with graphene oxide (GO) as
a photocatalyst for degrading phenazopyridine hydrochloride (PhP) under visible light
irradiation; they report a maximum rate of degradation as 60.01% [57]. In addition to immo-
bilizing photocatalysts, nanocomposites with magnetic nanoparticles, such as zero-valent
iron (ZVI) were developed, which simplified the post-degradation separation simply by
using magnetic properties [58,59]. Another method suggests the removal of TiO, from the
reaction solution by an electrocoagulation technique using iron electrodes and reports 95%
of TiO, removal under a neutral pH and 100 mA current supply. Here, the electrochemical
sludge is taken as a catalyst for activating peroxymonosulfate (PMS) in order to degrade
emerging contaminants because of the presence of iron species (i.e., Fe304) [60]. The degra-
dation of various phthalates and their derivatives, using nanoparticle-based heterogeneous
photocatalysts with higher efficiency, is reported and shown in Table 3.

Table 3. Degradation of various phthalates and their derivatives using nanoparticle-based heteroge-
neous photocatalysts.

Phthalates Photocatalyst Light Source Key Results References
Bifunctional Nearly 76% of DMP is
DMP TiO, {001} UV light degraded [61]

within 120 min
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Table 3. Cont.

Phthalates

Photocatalyst

Light Source

Key Results

References

DEP

Bifunctional
TiO, {001}

UV light

Nearly 85% of DEP is
degraded
within 120 min

[61]

DEP

TiO, (anatase)

Xenon lamp

Photocatalytic
degradation of DEP was
achieved up to 90%
within 50 min

[62]

DEP

Zinc oxide

Hg lamp

Photocatalytic
degradation of DEP was
achieved up to 80%
within 30 min

[63]

DMP

Hydrothermal
(h-t) and TiO,

UV lamp

DMP removal under h-t
TiO, (62.1%) s—g TiO,
(33.6%)

[64]

DBP

TiO, (P25)

Xe lamp

DBP removal from
wastewater was
achieved up to 90%
within 30 min

[65]

DBP

Oc-FGzOg,
nanoparticles

Mercury lamp

Photocatalytic
degradation of DBP was
achieved up to 90%
within 120 min

[66]

BBP

P25 TiO,

UV lamp

Photocatalytic
degradation of BBP was
achieved up to 80%
within 60 min

[67]

BBP

Cl-doped TiO,

Xe lamp

Up to 92% of BBP was
degraded
within 240 min

[68]

BBP

P-doped TiO,
thin-films

Xe lamp

98% of BBP degradation
efficiency was achieved
within 180 min

[69]

DEHP

Ny-TiOy_«

Xenon

When compared to TiO,
Degussa P25, N-doped
TiO, shows a faster rate
of DEHP degradation
up to 90%

[70]

DEHP

Fe-Ag/ZnO

Visible lamp

About 90% of DEHP
was removed
within 150 min

[71]

DMP

N-doped TiO,
(UN/TiOy)

Visible light

DMP is removed at a
degradation rate of 41%
and 58% using N/TiO,

and UN/TiO,
within 5 h

[72]

DEP

Ni/TiOy;
Mn/TiO»;
Co / T102

Hg lamp

DEP was degraded up
to 92% within
1hr 30 min

[73]
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Table 3. Cont.
Phthalates Photocatalyst Light Source Key Results References
The photodegradation
. . of DEP under visible
DEP WOs3/TiO; UV light light is achieved, up to [74]
90% within 60 min
Nanosized Bi, Cu
Bi, Cu . co-doped SrTiO3
DBP co-doped Metlaal Iﬁtahde showed significant [75]
SrTiO3 P degradation efficiency
than bi-doped SrTiO3
m-TiOy-NTs DBP rer.noval
(mesoporous degradation rate
DBP TiO Mercury lamp constant for [76]
ano tu{)es) m-TiO,-NTs; 7.7 times
greater than that of TiO,
In comparison to
Carboxymethyl3- Fe304-TiO,,
DBP cyclodextrin Mercury lamp CMCD-Fe304-TiO, [77]
Fe304_TiO, shows accelerated DBP
degradation within 1 h
DBP gC3N,4/BiO,CO3; Halogen DBP is removed up to 78]
g-C3N4/BiOCl  tungsten lamp 60% within 3 h
Nanorod .. DEP degradation was
DEP Zn0/SiC UVandvisible =, 1 ieved up to 90% [79]
. lamp o
nanocomposite within 1h

5. Removal of Phenol and Phenolic Compounds

Phenol and phenolic compounds are primary toxic water pollutants; thereby requir-
ing effective remediation techniques to reduce their harmful effects on both humans and
the environment. Numerous studies were carried out in recent times to understand and
optimize the degradation of phenol and phenolic compounds. Accordingly, Hassan et al.
(2020) [80] report an efficiency of 90% upon degrading phenol using acetylacetonate, rather
than graphene nanocomposites, as the photocatalyst, assisted by visible light irradiation.
Likewise, Tang et al. (2021) [81] report 100% removal of phenol from different water sources,
including sewage wastewaters, upon using a bismuth-doped TiO,-based photocatalyst. For
better effectiveness in environmental degradation, the use of the Z-scheme photocatalytic
system is widely encouraged. Supporting this, Xu et al. (2021) [82] note enhanced photocat-
alytic degradation of phenolic compounds carried out using a Z-scheme charge transfer,
with LaFeO3;/WOs as the photocatalyst. In recent times, several researchers focused on
advanced oxidation processes (AOPs) for the complete mineralization of phenols, citing
its rapid rate of degradation with the active participation of the hydroxyl radical, and
phenol degrading into CO, and water, instead of any harmful by-products. The process
associated with heterogeneous photocatalysis is a widely recognized AOP and requires (i) a
semiconductor photocatalyst, (ii) a light energy (UV or visible or solar) source, and (iii) an
electron donor or hole acceptor. In this process, hydroxyl radicals are generated upon
producing sufficient charge carriers (i.e., electron-hole pair) by supplying energy greater
than the bandgap of the semiconductor photocatalyst using the light energy source [83,84].

Specifically, titanium dioxide (TiO,) is the commonly preferred and highly perform-
ing photocatalyst amongst ZnO, CuO, and (3-Gay0O;3, for degrading phenols under the
influence of UV light irradiation, due to its non-toxicity, photo-stability, cost-effectiveness,
inertness towards chemical and biological systems, and insolubility [85]. Moreover, UV
irradiation on a lab-scale can be efficient; however, it is not recommended for commercial
and large-scale degradation of phenol, due to a lack of feasibility and cost-effectiveness [85].
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In addition, identifying an efficient, yet sustainable, source for UV light is very challenging,
as sunlight itself contains only a fraction of UV light (4% of solar spectrum) compared to
visible light (46% of solar spectrum) [86]. Hence, photocatalysts responding to sunlight
and any visible light must be developed for degradation, and this is achieved by modi-
fying existing photocatalysts using simple, known techniques such as doping, composite
semiconductors, dye sensitization, and synthesizing novel, undoped, single-phase mixed
oxide photocatalysts [87].

Furthermore, adding dopants such as iodine, nitrogen, sulfur, praseodymium, and
iron with TiO; photocatalysts improves the photoresponses of the latter into the visible
spectrum, thus, making the degradation of phenol highly viable using visible light [88].
For composite semiconductors, a large bandgap semiconductor is coupled with a small
bandgap semiconductor, with a more negative conduction band level, thereby allowing
the injection of conduction band electrons from the small bandgap semiconductor for
better charge carrier separation, as shown in Figure 5. A few examples of composite
photocatalysts proven effective in degrading p-nitro phenols under visible light include
Co30y4, BigOsly, and BisOyI [89]. Chowdhury et al. [90,91] showcase effective phenol
degradation using an eosin Y-sensitized Pt-loaded TiO, photocatalyst; Qin et al. [92]
report the degradation of 4-chlorophenol using an N719 dye-sensitized TiO, photocatalyst.
Likewise, 4-nitrophenol is degraded upon using two different photocatalysts, namely,
(i) Cu(Il)-porphyrin and (ii) Cu(Il)-phthalocyanine-sensitized TiO,, under visible light
irradiation. It is worth mentioning that dyes are active in visible light by nature, but
become excited upon illumination by any other light source. The degradation of various
phenols and their derivatives, using nanoparticle-based heterogeneous catalysts, is shown
in Table 4.
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Figure 5. Photocatalytic degradation of phenol and its derivatives.
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Table 4. Degradation of various phenols and their derivatives using nanoparticle-based heteroge-
neous catalysts.

Phenol and Phenolic Photocatalyst and Degradation References
Compounds Light Source Efficiency
Phenol Ti0;/CMK-3, UV lamps, 74% [93]
150 min
PAN-CNT/TiO-NH,, o
Phenol UV lamp, 7 min 99% [94]
UV/TiO, and Vis/N, o
Phenol C-TiO, 60 min 76% [95]
NIR irradiation, Nd-Er
Phenol co-doped tetragonal 96% [96]
BiVOy, 150 min
Visible light,
Phenol N-BiOBr/NiFe,O4-15 87.5% [97]
nanocomposite, 60 min
. UV-light, o
Bisphenol A BiVO, /CHCOO(BIO), 5h 99% [98]
BiVO,/carbon, o
Phenol Xenon lamp, 5 h 80% [99]
BigV2010/BiVOy, o
Phenol Xenon lamp, 60 min 95% [100]
CdS/TiO, o
Phenol Xenon lamp, 3 h 78% [101]
4-chlorophenol TiO, /Zr, Xenon lamp, 4 h 95% [102]
) AgsPO,/HzPW104 o
4-fluorophenol Xenon lamp,10 min 100% [103]
Au/BiOBr/Grapheme, o
Phenol Xenon lamp, 180 min 64% [104]
a-Fe,O3 nanorod /rGO, o
Phenol visible light, 120 min 67% [105]
Bi70gI3 /I'GO, o
Phenol visible light, 150 min 78:3% [106]
AgBr/BiOBr/graphene, o
Phenol visible light, 120 min 98% [1071
ZnO/TiO,, o
Phenol visible light, 160 min 100% [108]
) RGO/CaFe;04/AgzPOy, o
4-chlorophenol visible light, 160 min 90% [109]
. Graphene/ZnO/Coz0y, o
2,4 dichlorophenol visible light, 150 min 91% [110]

6. Removal of Drugs and Antibiotics and Their Derivatives

In general, drugs are discharged as pollutants into the atmosphere in form of excreta
from individuals and animals, in addition to effluents discharged from pharmaceutical
industries. Specifically, these drug molecules have adverse effects on the ecosystem, affect-
ing aquatic life in terms of their lifecycle, growth retardation, and a reduction in friendly
microbes. Apart from these impacts, excessive consumption of these drugs causes kid-
ney problems in humans, in addition to increasing the immunity of pathogens towards
these drugs. Moreover, these antibiotics form unknown complex compounds with heavy
metals or other organic pollutants. To understand their severity, numerous researchers
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focus on degrading these antibiotics and drugs using photocatalysts; recently, the use of
TiO, and Au-infused TiO, nanoparticles can be used to degrade a total of eight antibi-
otics with higher conversion efficiency [111]. Though many studies report 100% removal
efficiency, Bekkali et al. (2017) [112] report 80% removal efficiency for sulfadiazine, amox-
icillin, and anthramycin, upon using photosensitive TiO, irradiated using UV light. In
another study, the effect of degradation on natural and synthetic antibiotics is studied, and
Mohammad et al. (2020) [94] report the degradation efficiency, upon using immobilized
TiO, under UV light, as 92.81% for synthetic, and 86.57% for natural, ciprofloxacin. An-
other catalyst, ZnO, is also used in UV-irradiated photocatalytic degradation, where better
efficiencies are reported for prolonged reaction durations [113]. They are encouraged for
large and commercial-scale applications and these catalysts were used for degrading sul-
famethazine in different shapes, forming flower-shaped, tetra-needle-shaped, and regular
ZnO nanoparticles, with T-ZnO reporting 100% conversion [113]. Likewise, 20 ppm of
levofloxacin was degraded under visible light irradiation using BiVO,, and reported 85%
efficiency within 90 min of the conversion [114]. Another set of drug pollutants includes
antineoplastic drugs used in anti-cancer treatments, which enter water bodies through
excretion and effluent discharge from pharma industries, thus, increasing the levels of toxi-
city [115]. The schematic representation of photocatalytic degradation of pharmaceutical
pollutants is shown in Figure 6.
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Figure 6. Photocatalytic degradation of pharmaceutical pollutants.

Interestingly, Hank Hui-Hsiang Lin and Angela Yu-Chen Lin (2013) [116] comment
that high conversion efficiency is reported for photocatalysis upon degrading 5-fluorouracil
and cyclophosphamide via a UV /TiO,-irradiated light source. UV-visible light-irradiated
photocatalytic degradation was carried out on a common antibiotic named tetracycline, us-
ing iron oxide nanoparticles as the potential photocatalyst [117]. Similarly, double-shelled
ZnSnO3 hollow cube nanoparticles were then used in degrading ciprofloxacin and sulfa-
monomethoxine [118]. Some of the commonly used photocatalysts for degrading these
antibiotics include AgsPO,/Ag/BiVOy Z-scheme photocatalysts [119], g-C3Ny-doped porous
carbon nitride [120], Ag;/Bi12017Cp, AgoMoyO7/MoS; Z-scheme 1D /2D photocatalysts [121],
WO3/gC3Ny Z-scheme photocatalysts [122], and BiOCl/g-C3Nys/CuyO/Fe304 [123]. It is
worth mentioning that, in some cases, the simultaneous degradation of antibiotic pollu-
tants and generation of hydrogen is noted. In certain cases, non-toxic and less harmful
antibiotics were also remediated; supporting this, naproxen, a common non-steroidal anti-
inflammatory drug, was degraded using photocatalysts such as g-C3Ny, carbon quantum
dots, and single-atom dispersed silver [120]. Similarly, a carbon nitride-based heterojunc-
tion photocatalyst was used to degrade ibuprofen, while TiO, remains highly effective in
degrading carbamazepine, diclofenac, and ibuprofen upon irradiation using a visible light
source [124]. The degradation of various drugs and antibiotics, using nanoparticle-based
heterogeneous catalysts, is shown in Table 5.
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Table 5. Degradation of various drugs and antibiotics using nanoparticle-based heterogeneous catalysts.

Drugs and
. Antibiotics
Pollutant Photocatalyst Light Source . References
Degradation
Efficiency
Acetaminophen CdS sub- - . 85%
Levofloxacin microspheres Visible light, 4 h 70% [125]
Paracetamol T10z—graP hite UV lamp, 60 min 100% [126]
composites
. . Xenon light, o
Doxycycline BiOBr/FeWOQOy, 60 min 90.4% [127]
Tetracycline . Halogen lamp, o
hydrochloride CdTe/TiO, 60 min 78% [128]
Tetracycline Metal-organic Xenon lamp, o
Fe-based frameworks 180 min 96.6% [129]
Tetracycline ZnFe,Oy4 porous Xenon lamp, o
hydrochloride hollow cube 60 min 84.08% [130]
. ZnWO,—x Xenon lamp, o
Tetracycline nanorods 80 min 91% [131]
Ofloxacin TiO, Visible light, 98% [132]
60 min
Norfloxacin TiO, Visible light, 99% [132]
60 min
. . ) Visible light, o
Ciprofloxacin TiO, 120 min 91% [132]
Tungsten
Nitrofurantoin Nd,Mo3z0g incandescent, 99% [133]
45 min

7. Removal of Dyes and Their Derivative

Dyes are a group of chemicals used as coloring agents in the textile industry, but when
left untreated, these chemicals contaminate the aquatic ecosystem, causing mutation and
sterility in aquatic organisms. Presently, numerous conventional techniques are practiced
in wastewater treatment, but are found to be ineffective; however, the use of nanoparticle-
based heterogeneous photocatalysts reports better degradation efficiency [134]. Confirming
this, the rate of degradation of methylene blue using SnO; as a photocatalyst, assisted with
UV light irradiation, has a maximum efficiency of 80-97%, along with high catalytic stability
and reusability [135]. Another study uses TiO,/WOs-coated magnetic nanoparticles for
degrading sixteen organic dyes, and notes a rapid rate of degradation, with complete
decolorization noted in the case of ten dyes upon irradiation in direct sunlight [136].
Another type of photocatalyst includes copper-based nanoparticles, which exhibit effective
degradability of organic dyes, as proven by Rao et al. (2019), who report 98% efficiency
upon degrading Reactive Black dye using copper oxide nanorods [30]. Furthermore, these
nanoparticles report similar degradation efficiencies upon remediating methyl orange,
methylene blue, and Congo red, simultaneously [137]. Other photocatalytic degradation
of dyes includes the degradation of rhodamine B using Cu/Cu(OH); nanoparticles [137],
the degradation of methyl orange using CdS/CuS nanoparticles [138], the degradation
of methylene blue via Hummers” method using reduced graphene oxide doped with
copper nanoparticles [139], the degradation of methyl red, methyl orange, and phenyl red
using biologically prepared copper nanoparticles [140], and the degradation of methyl
orange using graphene oxide-doped CuO-Cu,0 and CuzN/MoS; [141]. The degradation
of various dyes, using nanoparticle-based heterogeneous catalysts, is shown in Table 6.



Catalysts 2022, 12, 544 15 of 28
Table 6. Degradation of various dyes using nanoparticle-based heterogeneous catalysts.
Dye Photocatalyst Light Source Results References
Methylene blue Zn0O/CuO Visible lamp, 96.57% [142]
25 min
: 95%
Methylene blue . Xenon light, [99]
Carbon/BiVO
Rhodamine B arbon/BiVO, 180 min 80%
Rhociacrirélne B CdS-reduced Xenon light, 97.2% [143]
Chrome blue graphene oxide 60 min 65.7%
Metal halide
Rhodamine B WO3 lamp, 95% [144]
180 min
Rhodamine B rGO/RP-MoS, Xenon light, 99.3% [145]
30 min
. . Visible light, o
Acid Black 1 dye  TiO,—graphene 60 mif 96% [146]

8. Factors Affecting the Degradation of Photocatalysis

The main factors that influence the photocatalytic degradation of organic pollutants
are (i) the load of the catalyst, (ii) doping (iii) pH, (iv) light intensity, and (v) the lifetime
and regeneration of the photocatalyst. The efficiency of the photocatalytic degradation of
pollutants is highly dependent on the number of operational parameters. Several studies
show the enhancement of the efficiency of the photocatalytic degradation of organic pollu-
tants. In this review paper, the major factors influencing the efficiency of the photocatalytic
degradation of pollutants are discussed below.

8.1. Catalyst Loading

The load of the catalysts is one of the key factors that influence the photocatalytic
degradation of pollutants. Due to the increase in the active sites, the rate of the photocat-
alytic degradation of organic pollutants increases with photocatalysts dosage [147-151].
This is because when the photocatalysts are irradiated in the presence of light, it results in
the formation of hydroxyl radical ions. When the concentration of the photocatalyst is low,
it affects the efficiency of the photocatalytic degradation of pollutants, since more light is
transmitted into the photocatalytic reactor, and less transmitted radiation is utilized in the
degradation of pollutants [152,153]. The optimization process of the catalyst load is one
of the major parameters that impact the whole catalytic process and its efficiency. Most of
the researchers concentrated on the process optimization parameters of the photocatalytic
degradation of pollutants. Based on the extensive literature survey, it is found that increas-
ing the catalyst load increases the degradation of pollutants, which proportionally produces
more hydroxyl ions and positive holes, and absorbs more photons, due to the availability
of a large number of catalyst surfaces. As a result, this increases the degradation rate at
a higher concentration, causing interference of the light to penetrate the solution, which
restricts the light in passing through the solution [154,155]. This reduces the degradation
percentage, and the phenomenon is known as the scattering of light [156]. In some cases, a
certain amount of catalyst loading results in solution turbidity and, thus, blocks the UV
radiation for the reaction to proceed, and finally decreases the degradation rate of the
pollutants [157-160]. Beyond the optimum amount of catalysts, loading may affect the
pollutant degradation rate, which is due to the increase in the opacity of the photocatalyst
suspension. Increasing the light scattering and infiltration depth of the photons results
in diminishing, meaning fewer photocatalysts may be activated, and also results in the
agglomeration of nanoparticles at a higher concentration of photocatalysts. The agglom-
eration of nanoparticles occurs due to the activation of a lower number of surface-active
sites during the photocatalytic degradation process, and also results in the deactivation of
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the activated molecules, leading to the collision of the activated molecules in the ground
state [161]. Table 7 describes the dependency of the photocatalytic activity on the catalysts
loading and their conversion efficiency.

Table 7. Dependency of the photocatalytic activity on the catalysts loading and their conversion efficiency.

Pollutant Photocatalyst Catalyst Load Efficiency Reference
Sulfamethoxazole BiVO,/CHCOO(BiO) 1g/L 85% [98]

Methylene blue CuO/ZnO 1g/L 96.57% [142]

Methylene blue BiVQ,/carbon 1.0g/L 95% [99]
Rhodamine B CdS-reduced 04g/L 97.2% [143]

graphene oxide
Rhodamine B Bi,V,040/BiVO, 1g/L 100% [100]

4-fluorophenol 3g/L 100%

Methyl orange AgsPO4/H3PW12040 3g/L 100% [103]
Rhodamine B WO;3 1g/L 95% [144]
Rhodamine B RP-MoS, /rGO 04¢g/L 99.3% [145]

4-chloro Phenol ZrTiO, 01g/L 95% [102]
8.2. Doping

The efficiency of the photocatalyst can be increased by doping in the following ways:
bad gap narrowing; oxygen vacancies; formation of impurity energy levels; unique surface
area; electron trapping, etc. [162]. Generally, a catalyst with smaller bandgap energy is an
effective photocatalyst to produce more electron-hole pairs. The doping process prevents
the recombination of electrons and holes, and enhances photocatalytic activity by trapping
the photoinduced electrons [163]. The incorporation of dopant ions in the catalysts reduces
the radius of lattice ions and lattice space. Similarly, dopant ions are incorporated into
the catalyst crystal lattice to enhance the electronic property of the photocatalysts, and
also to improve the light absorption ability in the visible light region [164]. Increasing
the optimum level by adding a dopant to the catalyst reduces the photocatalytic activity.
Narrowing the charge space area increases the recombination of higher dopants than the
optimum level, reducing the surface area. The dopant then turns to the recombination
center, which ultimately decreases the activity of the photocatalyst [165]. In the case of
TiO,, adding too much dopant reduces the thermal stability of TiO,, which causes phase
transformation of TiO, anatase to turn to rutile. A higher level of doping forms clusters in
the surface of the photocatalyst, which decreases the photocatalytic activity by reducing
the light penetration into the actual photocatalyst surface, and shields the surface area,
which causes agglomeration [162]. However, some reports suggest that adding a dopant
to the surface increases the mesoporous structure of the catalyst. In the case of using a
noble metal as a dopant, which separates the electron and hole pair by the phenomenon
of surface plasmon resonance under visible light, and also increases the adsorption of the
pollutant onto the surface of the catalyst, the traps are formed by the noble metal when it
acts as a dopant, which reduces the recombination by trapping. In metals, it increases the
lifetime of the catalyst by preventing corrosion, due to the organic metal reaction with the
surface of the photocatalyst [166]. Doping controls the specific surface area, morphology,
crystallinity of the photocatalyst, and particle size. There are different types of dopants,
such as anionic and cationic dopants; adding anionic dopants makes the process simple
by working under visible light with better stability, and gives a better yield under the
visible region compared to UV radiation [166]. Nitrogen, sulfur, phosphorous, carbon, and
fluorine are the anionic species that form impurity energy levels near the valence band, and
give greater efficiency. In both substitution and interstitial mode, nitrogen is incorporated
into the lattice of the photocatalyst. By adding activated carbon, the surface area of the
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catalyst increases and its efficiency increases. The crystalline property of the semiconductor
photocatalyst is reduced when adding a dopant to the surface; adding large amounts of
cerium and nitrogen decreases the crystallinity. Consequently, Chen et al. [167] study
the composition of rutile, increasing the doping concentration by reducing the thermal
stability of anatase. This results in the phase transformation of anatase into rutile. In the
case of mesoporous nanoparticles, doping materials decrease the photocatalytic activities,
due to the surface site being blocked by doping material. Under visible light irradiation,
higher photocatalyst efficiency is achieved by introducing impurity energy levels, which
narrow the bandgap and form oxygen-deficient sites and more electron-hole pairs [168].
The photocatalytic activity of the prepared catalyst depends on how well the recombination
of the photoinduced hole-electron pairs is prevented. Doping prevents the recombination
of electrons and holes and improves photocatalytic activity by trapping the photoinduced
electrons. By adding the dopant substitutionally and interstitially to the photocatalyst,
degradation of organic pollutants is enhanced [169]. Table 8 describes the removal of
various pollutants using different types of doped photocatalysts.

Table 8. Removal of various pollutants using different types of doped photocatalysts.

Dopant Removal

Pollutant Light Source Material Efficiency Reference
Methylene blue Visible light Ag-TiO; 96% [170]
Rhodamine B Solar light CeO%i-g;)ped 99.8% [171]
POME Visible light Ag-TiO; 26.77% [172]
Phenol UV-Visible light Ag-TiO; Up to 50% [173]
Malachite green UV-Visible light Fe-TiO, 75.81% [174]
Nitrobenzene UV light Fe-TiO, 99.7% [175]
Reactive red-198 Visible light Cu-TiO, 13% [176]
Bisphenol A Visible light Cu-TiO, 77% [177]
Methylene blue Visible light Ni-TiO, 63% [178]
Phenol Visible light Co-TiO, 81.72% [179]
Rhodamine B Solar light Bi-TiO, 97% [180]
4'C2i(giocpahcei2°xy Visible light N-TiO, 73% [181]
Phenol Visible light N-TiO, Up to 25% [182]
Phenol Visible light B-TiO, 12.33% [183]
Phenol UV light F-TiO, 78% [184]

8.3. pH of the Solution

In the photocatalytic degradation of pollutants in wastewater, the pH of the wastewater
significantly influences the photocatalytic efficiency process. Several studies report on the
effect of pH on the photocatalytic reaction. In the photocatalytic degradation process, the
pH of the reaction mixture mainly depends on the catalyst surface charge and the chemical-
charged particle present in the samples. In the case of wastewater treatment, the pH is
mainly dependent on the charge of the photocatalyst, the size of the aggregates, and the
position of the conductance and valence bands [185]. If the surface charge and adsorbate
have similar charges, resulting in a decrease in the rate of the photodegradation process,
the pH of the solution should be maintained to stabilize the photocatalytic degradation
of the pollutant [186,187]. It is reported that ZnO with SnO; nanoparticles shows better
catalytic properties at a neutral pH than at acidic (pH = 4) or alkaline (pH = 10) pH
levels [188]. Similarly, if the material’s surface charge opposes the adsorption process
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because the adsorbate contains the same charge, the pH conditions reveal the optimal
adsorption [189]. The photocatalyst Mg-ZnO-Al,O3; was observed to degrade 20 mg/L
caffeine solution at pH 9.5 [23] . According to the researchers, changes in the surface charge,
and the ionization of caffeine molecules, increase the generation of hydroxyl radicals
and enhance the photocatalytic degradation of pollutants under varied pH conditions
of the reaction substrate [190]. Generally, pH parameters include many factors, such as
decomposition, and the non-favorable adsorption dissolution of the photocatalyst [191].
However, the pH of the solution is 9 in the optimal condition for the photodegradation
of the Acid Black 1 dye solution with a photodegradation efficiency of up to 90.1% using
a ZnO photocatalyst [24]. The removal effectiveness is lower at acidic pH levels, due to
photocatalyst dissolution. As the photocatalyst surface charge is inversely proportional to
the solution charge, the pH solution must be evaluated [191]. It was recently reported that at
a lower pH level, the maximum oxidizing capacity of titanium-based photocatalysts lowers
the rate of the reaction, due to the presence of excess H* in the reactant solution. To enhance
the photocatalytic degradation of pollutants, pH optimization is very important, in order
to determine the rate of the reaction [192]. Kiomars Zargoosh et al. (2020) [193] report the
use of a nanocomposite of CaAl,O4:Eu?*:Nd3* photocatalyst for the removal of methylene
blue dye, by varying the pH of the solution from 7 to 10. At a higher concentration of
hydroxyl ions under alkaline conditions, the rate of degradation is faster than in acidic
conditions. At pH values higher than 10, the reduction in the removal efficiency may
be due to the inactivation of the photocatalyst [193]. A. F. Alkaim et al. (2014) [194]
report that photocatalytic dye degradation efficiency is enhanced by varying the pH from
4 to 11. The photodegradation of pollutants is enhanced at pH 6 when using TiO; as a
photocatalyst, as shown in Figure 7a. Generally, dye pollutants are negatively charged in
the base medium, and their adsorption may also be affected by an increase in the density of
the Ti-O group on the surface. This type of mechanism always occurs, due to coulombic
repulsion of the dye pollutant. Similarly, changing the pH from 6 to 7 demonstrates a
decrease in the photocatalytic degradation of dye in both acidic and alkaline pH, whereas
at high pH values the hydroxyl radicals are rapidly scavenged, and they do not have
the opportunity to react with dye pollutants [195]. Using zinc oxide as a photocatalyst
significantly enhances the photodegradation of dye at the high pH of 11, whereas at a low
pH, the photodecomposition of ZnO into Zn?* in acidic, neutral, and alkaline conditions
results in the formation of hydroxyl radical ions, as shown in Figure 7b. In the case of
Co30y, the photocatalytic dye degradation efficiency is reduced at a high pH of 11. The
same trend is observed in a CdS photocatalyst, as shown in Figure 7c,d. Based on the above
results, it is concluded that the pH of the reactant solution plays an important role in the
degradation of pollutants [196].

8.4. Light Intensity

The light intensity affects the efficiency of photocatalysts. When the intensity of the
light source is low, between 0-20 mW/ cm?, the rate of the reaction increases in light inten-
sity. At the middle range of light intensity (25 mW/cm?), the rate of the reaction depends
on the square root of the light intensity, and at high intensities the rate of the reaction is
independent of light intensity. At low light intensity in the photocatalytic reaction, an
electron-hole pair separates and then recombines, which reduces the formation of free
radicals and results in the degradation of organic pollutants. Neppolian et al. (2003) [150]
report the photocatalytic degradation of Reactive Yellow 17, Reactive Red 2, and Reactive
Blue 4 dyes using titanium dioxide photocatalyst, under solar (or) UV radiation as a light
source. Compared with solar radiation, UV radiation is more effective in the degradation
of the selected dyes [150]. The energy of the UV radiation is large compared to the bandgap
energy of the catalysts. The reason behind this is a recombination of the electron-hole pair,
which is completely avoided in the presence of a UV source. Using sunlight as a source of
light energy in the photocatalytic degradation of pollutants means that only 5% of the total
radiation energy is used for the bandgap excitation of electrons. Hence, the percentage
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degradation is found to be less in solar radiation compared with the UV source of photo-
catalytic pollutant degradation [196]. Hung and Yuan (2000) [197] study the effect of light
intensity on the photocatalytic degradation of pollutants. The light intensity ranges from
215 to 586 uW/cm?, increasing the degradation efficiency of the pollutants with the increas-
ing light intensity. In the study of Chanathaworn et al. (2012) [198], the intensity of the black
light lamp is varied between the ranges of 0-114 W/m?, and the impact of light intensity
radiation efficiency on the degradation of the rhodamine B pollutant is analyzed. Based on
the experimental results, when the intensity of the light source increases, it enhances the ef-
ficiency of the pollutant degradation. Under three different light intensities (1.24 mW/cm?,
2.04 mW/m?, and 3.15 mW /m?) the decolorization of acid yellow 17 degradation is studied,
using a photocatalyst to enhance the pollutant efficiency [199]. For the enhancement of the
degradation rate of the pollutant using different types of photocatalyst, the light intensity
may be increased from a lower frequency to a higher frequency [200,201]. Similarly, Rao
etal. (2004) demonstrate that the rate of the photocatalytic degradation of acid orange 7 dye
pollutant is increased 1.5 times in a peak sunlight source compared to the artificial UV light
sources [202]. An overall observation of the stated research results is that the wavelength of
the irradiation affects the efficiency of the photocatalytic degradation process. The scientific
evidence clearly states that a shorter wavelength of irradiation stimulates the electron-hole
generation, and subsequently enhances the efficiency of the catalyst [203].
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Figure 7. Photocatalytic degradation of methylene blue in the presence of different pH levels of the

solution; (a) TiO,, (b) ZnO, (c) CozOy4, and (d) CdS [194].

8.5. Lifetime and Regeneration of Photocatalyst

The lifetime and regeneration of the photocatalyst are important to ensure the effi-
ciency and the quality of the synthesized catalyst. The photocatalytic degradation efficiency
affects the lifetime and regeneration of the photocatalyst. The quality of the photocatalyst is
important for the photocatalytic degradation of the contaminants, as it mainly depends on
the process of the catalyst synthesis, dopants, and selection of the catalyst. Several catalyst
performances reduce after a certain cycle, due to their corrosion properties. Photocatalyst
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must maintain good stability and reusability, which is an essential factor for the pollutant
degradation process. Most photocatalysts are deactivated after several cycles of the reaction
process. Many factors are responsible for the deactivation of the photocatalysts, such as
the loss of photocatalyst mass, especially during the washing/purification process. It has
been reported that some amounts of rod-shaped ZnO stacking occur on Cu,O/AgzPOy
during filtration [204]. Leaching of dopants usually occurs during the reaction due to
photoetching [205]. A synthesized ZnO catalyst undergoes photodecomposition after three
cycles in the degradation of rhodamine B, and the nanosized photocatalyst has a high
porosity surface, because of the deactivation of catalysts. The highly stable, novel photocat-
alyst AgoNb;O11 has 40 times the reusable capacity for the degradation of rhodamine B,
methylene blue, and methyl orange [206]. The researchers discovered that the methylene
blue of organic intermediates is adsorbed on the photocatalyst surface during every cy-
cle [207]. In summary, the strength, durability, and stability of the catalyst are based on the
reaction parameters involved in the photocatalytic degradation process. This is to ensure
that the prepared catalyst has high reusability, and recycling the ability minimizes the cost
of the process.

9. Conclusions

The review mainly focused on photocatalysis technology used to solve environmental
problems. In the present paper, we explained the degradation of pollutants present in
wastewater. The major pollutants present in wastewater are polybrominated diphenyl
ether and its derivatives, phthalates and its derivatives, phenolic compounds, drugs and
antibiotics, and dye compounds, etc. These compounds were effectively removed using
nanomaterials in the presence of light. The study shows that metal oxides of titanium,
barium, copper, zinc, lanthanum, nickel, silver, cerium, iron, and others are effectively
used as photocatalysts in the removal of various pollutants. The removal of pollutants
from wastewater is based on the reaction conditions in the presence of various types of
photocatalysts. A potential photocatalyst is capable of degrading all types of pollutants
with higher efficiency, but using photocatalysts has some disadvantages. The recombination
rate is high and it works efficiently under UV light irradiation, but a catalyst that works
in the visible light to utilize the solar energy without any restraint is needed. This can
be rectified by doping and the Z-scheme effect, as both of these effectively rectify this
in the various types of heterogeneous nanoparticle-based photocatalysts with common
photocatalytic errors such as higher recombination rate, large bandgap, and the inability to
harvest visible light. Generally, titanium, copper, zinc, iron, and all other compounds are
also effective in degradation, with metal-doping enhancing the degradation efficiency. The
efficiency of the photocatalyst is mainly based on fundamental factors such as pH, doping,
catalysts loading, light intensity, and stability. These factors have a significant part in the
degradation of pollutants. The major functions of these parameters, and their impact on
the rate of photocatalytic degradation efficiency, were elaborated in detail in the present
paper. Finally, a photocatalyst is cheap and more stable compared to other conventional
catalysts, as well as being economical and environmentally friendly. With the growth
and extension of the research, photocatalysis technology was extended to many fields,
such as energy, health, environment, pollution control, and the synthesis of value-added
chemicals. As a result, the relevance of photocatalysis to human life is increasing steadily.
The grand challenge of photocatalysis today is to further expand the practical application
of photocatalytic technology in the industrial field.
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