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ABSTRACT

In our era, water pollution not only poses a serious threat to human, animal, and biotic life but also causes serious
damage to infrastructure and the ecosystem. A set of physical, chemical, and biological technologies have been
exploited to decontaminate and/or disinfect water pollutants, toxins, microbes, and contaminants, but none of
these could be ranked as sustainable and scalable wastewater technology. The photocatalytic process can
harmonize the sunlight to degrade certain toxins, chemicals, microbes, and antibiotics, present in water. For
example, transition metal oxides (ZnO, SnO,, TiO,, etc.), when integrated into an organic framework of graphene
or nitrides, can bring about more than 90% removal of dyes, microbial load, pesticides, and antibiotics. Similarly,
a modified network of graphitic carbon nitride can completely decontaminate petrochemicals. The present re-
view will primarily highlight the mechanistic aspects for the removal and/or degradation of highly concerned
contaminants, factors affecting photocatalysis, engineering designs of photoreactors, and pros and cons of
various wastewater treatment technologies already in practice. The photocatalytic reactor can be a more viable
and sustainable wastewater treatment opportunity. We hope the researcher will find a handful of information
regarding the advanced oxidation process accomplished via photocatalysis and the benefits associated with the
photocatalytic-type degradation of water pollutants and contaminants.

1. Introduction

released by UNESCO in 2023, two billion individuals (26% of the
worldwide population) lack access to clean water for drinking (Immi-

Rapid industrialization, population growth, and protracted droughts
warn of the shortfall of dwindling fresh water resources. To meet our
growing water demands, we need a more sustainable and integrated
water management system. The more alarming situation happens when
wastewater pollutes the underground or freshwater, and unfortunately
due to this dilemma, millions of people die each year solely because of
waterborne infections (Ortiz-Prado et al., 2022). According to statistics
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nent risk of a global water crisis, 2023). Another study says that 4 billion
people on a global scale don’t have access to clean and sanitized water
(Malato et al., 2009), and these statistics will become worse shortly
because of the massive release of contaminants and micropollutants into
the waterbeds. In a nutshell, fresh water has become a vulnerable
resource and to sustain life on this planet, we are in urgent need of
efficient, scalable, and viable water treatment or recycling techniques
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(Ren et al., 2021).

It has been speculated that about 2.01 billion tons of wastewater are
produced annually, and unfortunately, 33 percent of this wastewater
remains unchecked, which can destroy the water quality of a whole
ocean or the underground water bed of a whole community. This simply
means it can further contaminate the freshwater source and become a
constant source of environmental pollution (Kaza et al., 2018). It is
worth mentioning that many less efficient water treatment technologies
like filtration, sedimentation, and flocculation become sources of sec-
ondary pollutants, and treated water when used for irrigation or other
applications causes serious environmental and health issues. For
example, Bagasse and bagasse bentonite, a byproduct of sugarcane
processing (Kuncoro et al., 2018a), have been used as an adsorbent for
the removal of dyes from wastewater (Darmokoesoemol et al., 2016).
Darmokoesoemo et al. (2016) applied the telescope snail and Mangrove
crab as adsorbents for the removal of Pb®" from aqueous solutions.
Neolaka et al. (2023a) applied activated carbon from various agricul-
tural sources as a low-cost adsorbent for the removal of heavy metals
and synthetic dyes. However, these techniques produce an even larger
amount of waste and have been ruled out for many other reasons, like
these adsorbents often do not adsorb all the contaminants. The physical
adsorbents-based technologies are only considered efficient for primary
treatment of wastewater. The AOP, on the other hand, provide a green
and sustainable solution for wastewaters’ treatment (Kuncoro et al.,
2018b).

The effectiveness of a particular wastewater technology also depends
upon the nature of pollutants the water contains, and it has been
observed the composition of wastewater varies in the countries ac-
cording to their income levels and geographical conditions. It is inter-
esting to note that municipal wastewater of high-income countries
contains 32 % of food items and more than 51 % of waste materials like
plastic, clipboard, metal, and paper (Fig. 1). The wastewater of middle-
and low-income countries contains more than 50 % of food items, wood,
and plastic. On a global scale, food and organic matter can be declared as
major constituents of municipal wastewater (Kaza et al., 2018).

The recycling of municipal wastewater for agricultural use needs less
efficient but more economical and scalable technologies. This kind of
recycling involves the removal of suspended particulates, plastics, and
material objects. For this purpose, coagulation and/or sedimentation-
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based technologies are often adopted and these treatment methodolo-
gies involve the accumulation of pollutants which are difficult to
manage. Besides, chemical oxidation/sterilization may lead to the pro-
duction of secondary pollutants and eventually challenge their eco-
friendly nature of process (Fig. 2). Another commonly applied disin-
fection methodology involves the use of chlorine or other oxidizing
agents and many of their by-products are carcinogenic and mutagenic in
nature (Bradley et al., 2002). Researchers are nowadays attracted by
photocatalysts which utilize benign reactive species produced via
ultraviolet-visible light (hv), in particular due to arrangements for the
degradation of organic contaminants. Photocatalytic degradation is
thought to be a green technique that turns photonic energy into useable
chemical energy.

The photo-catalytic process oxidizes the water pollutant in a series of
steps more sustainable and efficient manner. The technique is equally
applicable for the decontamination and sterilization of wastewater or
sanitization of groundwater. The photocatalytic oxidation has the ability
to treat the wastewaters containing heavy metals, drugs, chlorinated
hydrocarbons, pesticides, dioxins, infections, and microbes. In contrast
to conventional oxidation methods, the photo-catalytic process is
chemical-free, more viable, and energy-saving. Further, photocatalytic
degradation works on moderate pressure and temperature conditions
and in the case of heterogeneous photocatalysts utilized, the process
becomes more efficient (photocatalysts are easily separable).

Some photocatalysts capture sunlight energy to produce the elec-
trons and holes from valence bands and/or conduction bands and
initiate oxidation and reduction reactions. The most fascinating oppor-
tunity opens for the designability of the photocatalytic bandgaps.
Several modifications are under consideration to improve the efficiency
of photocatalysts and the majority of these studies focus on the sepa-
ration of holes and photo-electrons (Wang et al., 2021).

Besides the modification of bandgap, photocatalytic immobilization
has attained also a lot of fame for its improved light absorption capacity.
The immobilization of photocatalysts also decreases the mass transfer of
reacting species, and high energy photon backscattering. Table 1 com-
pares the efficiency of various immobilized and free photocatalysts
tested on laboratory scales. It must be kept in mind that several photo-
catalysts after successful laboratory trials require additional research for
their stability, cost-effectiveness, safety, reuse, ease of recovery, and

\
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Fig. 1. Composition of the volume of typical municipal wastewater (Kaza et al., 2018).
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Fig. 2. Wastewater treatment opportunities with key pros (blue) and cons (orange).

upscaling. Likewise, the reduced particle size of the photocatalyst in-
creases its catalytic efficiency but raises the cost (Loeb et al., 2018). The
design of photocatalytic reactors is another crucially imperative factor
in fulfilling the requirements of today’s research and applications
(Mauter et al., 2018; Nelson et al., 2018). The photocatalytic reactors
have been categorized into various groups based on the elements of
design and loading method of the photocatalysts in the reactor (Leb-
lebici et al., 2015) (see Table 2).

The photo-induced chemical events or transformations (the oxida-
tion and reduction reactions) usually proceed on the surface of photo-
catalysts. The widely accepted photocatalysts are heterogeneous
semiconductors and transition metal oxides (MO) (Linsebigler et al.,
1995). The impurities that are added to the photocatalyst to increase its
photocatalytic efficiency are dopants or doping agents. To prevent
charge carrier recombination, dopants modify the photocatalyst’s band
gap. These materials often introduce impurity energy levels, trap elec-
trons, create oxygen-deficient sites, and increase the number of active
sites for the sorption of pollutant molecules. However, once the dopant
concentration was raised even more, there was a noticeable drop in the
photo-catalyst’s degradation capacity (Bingham et al., 2011a). Recently,
some good reviews have been published regarding the synthesis of
photocatalysts, their immobilization, and their application for the
removal of toxic dyes (Haleem et al., 2023; Sarkodie et al., 2023; Tran
et al., 2023; Zango et al., 2023; Zhao et al., 2023; Malhotra et al., 2023).
Malhotra et al. (2023) comprehensively reviewed the immobilization of
photocatalysts and biopolymer (cellulose) and their applications for the
removal of toxic dye. Another group of authors, Sharma et al. (2024),
also reviewed the synthesis strategies and identification techniques
regarding cadmium (Cd) based photocatalysts used for water splitting.
Kumar et al. (2022) reviewed the reaction pathways for Bismuth-based
photocatalysts when applied to reduce the CO5 in fuel cells. There is a
diversity of photocatalysts meant to reduce/oxidize a variety of pollut-
ants. Henceforth, there is an ominous need for a review article that
comprehensively covers the applications of photocatalysts to manage
environmental pollutants.

In this review, we have assembled state-of-the-art information

regarding the mechanism, efficiency, key merits and limitations of
various catalytic systems, and dopants. Moreover, the review article will
provide updated data on factors affecting the efficiency of photocatalytic
systems. The monograph also contains technical records for the use of
the metal-organic framework, graphene oxide-based nanocomposite
nitrides, and copolymers for the oxidation/reduction of metallic,
organic, and biological pollutants.

2. Methodology

Before compiling the present review, we have searched the photo-
catalytic reactions exclusively from ScienceDirect, Google Scholar, and
American Chemical Society Publications (pub.acs.org). The data
regarding the pollutants and their risks was collected from the National
Institute of Health (https://www.nih.gov/) and the National Library of
Medicine (https://pubmed.ncbi.nlm.nih.gov/). In addition to the above
repositories, the research articles on the subject area were also collected
using Endnote online search while using the Pubmed connection filter.
All the chemical structures were drawn using Chemsketch by Advanced
Chemistry Development Inc. (ACD/Lab), Toronto, Canada, and Che-
moffice 2020 b y PerkinElmer Inc. (https://www.perkinelmer.com/
product/chemoffice-chemoffice). All other types of graphs and draw-
ings were made using Microsoft Excel and Microsoft PowerPoint.

3. The production of photocatalytic reactive species

The advanced oxidation processes (AOPs) in a broader sense cover
the set of photocatalyzed chemical reactions that produce highly reac-
tive species. These reactive species can rapidly react or degrade any
organic species (contaminant/pollutant) present in water. The AOP has
been declared the “water treatment process of the 21st century”
(Munter, 2001). In AOP, a pair of electrons (e”) and hole h™h having
energies equal to or greater than the band gap (Eg) are produced as
shown in Fig. 3 (Ortiz-Prado et al., 2022). Either electron or hole pro-
duced as above initiates a variety of chemical reactions in the medium
(equations 1-11) (Imminent risk of a global water crisis, 2023; Malato
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Table 1

A comparison of Efficiencies of various adsorbents when applied for photocatalyzed water treatment.
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Pollutant Classification Impact on Photolysis methodology Annotations Efficiency Ref
Organic Typical Examples ecosystem Adsorbent/ Conditions %)
Compounds Amount (Amax; time
(min))
Dyes MB Toxic, Ag@AgC@MIL100 Vis light Natural dyes are 99.2 Lu et al. (2020)
(Fe)/CC (500 W), 40 ecologically friendly,
MB, Do TiO2/ZnO/RGO Illumination biodegradable, and 99.6 Nguyen et al.
RhB, (300 W), 120 visually appealing, a 99.2 (2020)
MO few of these dyes are 99.4
Do poisonous, 90.4 Senthil et al.
RhB Do BiFeWOg/ Vis light carcinogenic, and can (2019)
Do a-AgVO3 (200 W), 180 induce skin and eye 96.4 Ni et al. (2019)
MB, Do Sn0O,-MoS, Vis light irritation. 93.1
RhB Do (300 W), 240 >95
congo red Phytotoxic ZnO/PALFs f Sunlight, 210
Petroleum Naphthalene Toxic K-doped Vis light Simple to extract, but 82.2 Deebansok et al.
Hydrocarbons g-C3Ny (200 W), 180 it is a non-renewable (2021)
N-tetradecane Harmful to g-CsN4Hx Vis light and finite source of 87.3 Varjani (2017)
Aquatic life (300 W),240 energy.
Phenolic Phenols Teratogen, Au@ Sunlight, 210  Resistant to drying 87.7 Ethiraj et al.
Compounds ecotoxic and heating, but it is (2020)
Phenols Teratogen, Ni/rGO UV-Vis (150 hazardous to tissues 85.7 Cinar et al. (2020)
ecotoxic W), 150 and causes an
- Teratogen, Cu-NiO UV light (96 unpleasant smell. 100 Bui et al. (2020)
ecotoxic CuO-TiOy W), 60
TiOo-x
BPA Teratogen, @ZIF-67 Vis light, 60 95.3 Tang et al. (2020)
ecotoxic
Heavy metals Cr Cr(VD) Ecotoxic, TiOx—ZrO, UV light Although vital 100 Yan et al. (2020)
adversely PW12/CN@ Simulated enzymes are involved
affects xenon, 5 in several oxidation-
aquatic life reduction events, the
Cr(VD) Ecotoxic, Bi,WOg light (1000 creation of reactive 98.7 Yang et al. (2020b)
adversely W), 90 oxygen species leads
affects to oxidative damage
aquatic life and detrimental
Cr(VI) Ecotoxic, Cds Vis light consequences on 94.9 Zhang et al. (2018)
adversely ZnInyS4/ (300 W), 10 health.
affects
aquatic life
Cr(VD) Ecotoxic, Cds Vis light 100.0 Li et al. (2017)
adversely Mn30,4@ (300 W), 30
affects
aquatic life
Cr(VD) Ecotoxic, ZnO/Mn30 Sunlight 94.0
adversely (300 W), 70
affects
aquatic life
Pb Pb(II) Ecotoxic, TiOy/Alg/ 254 nm 99.6 Thomas et al.
causes FeNPs ultraviolet C (2020)
neurological (30 W), 72
disorders
Pb(II) Ecotoxic, Fe;04@ UV-Vis (300 92.0 Kanakaraju et al.
causes C@TiO, W), 180 (2019)
neurological
disorders
Pb(ID) Ecotoxic, TiOy 300-450 nm - Bi et al. (2019a)
causes (15 W), 240
neurological
disorders
Hg Hg(I) Adversely o-FeoO3/ Vis light 90 Kadi et al. (2020a)
affects g-C3Ny (400 W), 60
aquatic life
Hg(ID) Adversely CuO/g-C3N4 Vis light 100.0 Kadi et al. (2020b)
affects (150 W), 60
aquatic life
Hg(I) Adversely CoFe204/g-C3Ny Vis light 100.0 Kadi et al. (2020c¢)
affects (300 W),60
aquatic life
Pharmaceutical ~ Anti-biotics Sulfamethoxazole = Teratogen MgO/ZnO/ UVA (30 Strong biological 94.4 COD Moradi et al.
Graphene W),210 resistance, high (2020)
Tetracycline Cause TiO2/CuO/MCM- UV light polarity, water- 70.5 Khanmohammadi
ecological 41 MoSsy/ (125 W), 60 soluble, et al. (2021)
imbalance hydrophilicity, and

low yet acutely

(continued on next page)
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Table 1 (continued)
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Pollutant Classification Impact on Photolysis methodology Annotations Efficiency Ref
Organic Typical Examples ecosystem Adsorbent/ Conditions %)
Compounds Amount (Amax; time
(min))
Levofloxacin Adversely AgoMo507 Vis light hazardous soil 97.0 Adhikari et al.
affects (150 W),90 absorption coefficient (2019)
aquatic life
Norfloxacin Ecotoxic, Ag3P0,4/GO film Vis light 83.6 Ji et al. (2020)
genotoxic (250 W),100
Anti- Ibuprofen Cytotoxic and  TiO; Simulated 87.0 Khalaf et al.
inflammatory genotoxic solar (2020)
irradiation
(500 W)
Lipid Metformin Long-term TiOx-ZrO, UV light 50.0 Carbuloni et al.
Regulator Amoxicillin exposure can (125W) 90.0 (2020)
cause cancer
metformin Can degrade TiO, V UV lamp 98.0 Chinnaiyan et al.
the aquatic (125W) (2019)
environment
Pesticides - Imazapyr non-toxic, Ag/Ag20-TiO, Vis light Increases the risk of 100 Shawky et al.
causes (1 mW/cm?) impacting human (2020)
ecological health and its effects
imbalance on other life species
Profenofos Toxic, TiOy/Ce Simulated like bees and 98.7 Mkhalid et al.
triazophos harmful xenon butterflies while also (2020)
towards birds assisting in the growth
and bee of more food by
Phenoxyacetic Ecotoxic, Au/TiO, Vis light reducing pests and 87.0 Liu et al. (2019b)
acid genotoxic (300 W) making food more
Atrazine Toxic, Ag/LaTiO3 Vis light affordable and 100 Lannoy et al.
harmful (300 W) accessible. (2017)
towards birds
and bee
Micro - Escherichia coli, Causes Co-BiVO4 - By absorbing oxygen 81.3 Joven-Quintero
Organisms Chlamy-domonas  ecological from organic waste, 65.6 et al. (2020)
pulsatilla imbalance microbes consume it,
Escherichia coli Causes g-C3N4,@ Vis light changing its chemical 6 log Song et al. (2020)
ecological Co-TiOy (300 W) composition into Inactivation
imbalance something less

harmful to the
environment while
Pathogens are
gastrointestinal
disease-causing
agents.

et al., 2009; Ren et al., 2021; Kaza et al., 2018; Kuncoro et al., 2018a;
Darmokoesoemol et al., 2016; Darmokoesoemo et al., 2016)) (Liu et al.,
2022). The fact that needs to be remembered is that the photocatalyst
having a narrow band gap absorbs more photons of visible light. It is
now equally important how the reactor design separates photogenerated
electrons because the bulk recombination of charge carriers decreases
the catalyst efficiency. Once separated successfully these charge carriers
can directly reduce/oxidize the pollutants or form various reactive
species which will subsequently accelerate the process of pollutant
degradation. For example, the free electrons can directly produce hy-
droxyl radicals or oxygen can absorb free electrons to form superoxide
radicals (Oz) which eventually transform into hydroxyls (Koe et al.,
2020).

The AOPs have the potential to eliminate organic contaminants more
effectively as these pollutants are more susceptible to oxidation/reduc-
tion reactions (Sonu et al., 2023). However, the adsorption of gaseous
pollutants like CO5 is poor onto the photocatalyst surface which means,
a high dissociation energy will be required to break thermodynamically
stable O—C—O0 bond. This scenario challenges the utilization of pho-
tocatalysts for the reduction of gaseous organic contaminants (Kumar
et al., 2022).

Fig. 3 elaborates on the production of various reactive species
(equations (Ortiz-Prado et al., 2022; Imminent risk of a global water
crisis, 2023; Malato et al., 2009; Ren et al., 2021; Kaza et al., 2018;
Kuncoro et al., 2018a; Darmokoesoemol et al., 2016; Darmokoesoemo

et al., 2016)) involved in the photocatalyzed degradation (oxidation or
reduction) of water pollutants (equation (Neolaka et al., 2023a)). Un-
derneath UV-Vis illumination (A < 600 nm), two additional reactions
may take place in the presence of ferrous ions or ferric ions (Equation
(10)) which also leads to the production of production of OH radicals
(Equation (11)).

catalyst+hv - h" +e- (D
e +0, —°0," @
0; +H" — °00H 3)
200H° — 0, + H,0, 4
H,0,+ °0; — OH>+OH™ + 0O, 5)
H,0, +hv -20H° (6a)
h" +H,0 — OH° + H" )
h"+OH —-OH® 8)
Pollutants + ( OH° /e~ / OOH"® / O3) — degradation products 9

Fe(OH)," +hv — Fe*' + 20H° ; . <580 nm (10)
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Table 2
The summary of challenges and opportunities that may arise during the photocatalytic waste water treatment.
Sr Photocatalysis Description Possible opportunities References
No Challenges
1 Catalyst Toxicity e Evidence is there to confirm the catalyst toxicity associated with ~ eMore benign variants are under study. The toxicity of the Xie et al.
photocatalyst especially quantum dots, MOFs, metal oxide, and photocatalyst needs to separately evaluated before their (2020)
nan photocatalysts, application in waste water treatment
eAlthough several harmful effects of nanomaterials have been
identified, there are still many unanswered questions regarding the
nanoparticle’s nature and how they interact with the entire system
of the ecosystem.
2 Photocatalytic eThe photocatalytic stability/efficacy is often challenged for the oThe integrated photocatalytic systems are required which Nolan et al.
Engineering narrow bandgap, which demonstrates an increase in efficiency. may include elements to interplay such as Z-scheme systems,  (2016)
oIn the bulk phase of photocatalysts, photogenerated electrons, and ~ heterojunction, and p-n junctions.
holes unite once more, preventing them from taking part in eModification in reactor design can keep the reactive species
photocatalytic activities. apart.
oThe holes or photogenerated electrons may damage the eSurface fabrication of photocatalysts may improve the
photocatalyst instead of contributing to the intended reaction. catalyst’s turnover number
3 Scavengers eThe interaction of natural scavengers such as antioxidants with eScavengers must be cautiously analyzed and interpreted Schneider
photogenerated reactive oxygen species impairs the photocatalytic =~ when introduced into a heterogeneous photocatalysis process. et al. (2020)
process. eAlthough employing these scavengers can significantly boost
eScavengers such as methanol, lactic acid, triethylamine, photocatalytic efficacy, it also has the undesired side effect of
triethanolamine, tetrachloromethane, and other alcohols are polluting both the products and the surroundings.
introduced into the photocatalytic system.
4 Commercial oThe photocatalysis method is extremely challenging to scale up at ~ eThe creation of affordable, useful, and reliable large-scale Saravanan
application a large scale due to a very complex process. preparation techniques is essential for achieving the industrial et al. (2017)
eAmong laboratory and industry use, there’s a certain gap. interest in photocatalytic equipment.
Laboratory research does not take into account costs, catalyst eThe progress of reactor designs that can effectively maximize
recycling, energy usage, environmental conservation, or other the capacity of a heterogeneous catalyst is critical for the
concerns. manufacturing and utilization of photocatalytic advanced
eUnmanageable elements that are ignored during laboratory technologies.
research but are present in the commercial user’s real
manufacturing process.
H,0, +hv - 20H° ;A< 310 nm (11) TiO, + hv — hVB* 4+ CB 12)
Water pollutants already adsorbed on the surface of the catalytic ) L .
substance are degraded by a series of chemical reactions which are Ti0;+VB" — "OH+H a3
initiated by reactive species produced on the surface of catalytic mate 0y +CB —°0; 14)

rial, and an increase in the partitioning of charge carriers (electrons,
holes, or free radicals) improves the efficiency of applied process (Liu
et al., 2022).

4. Degradation of organic compounds

The water may get contaminated with organic compounds depend-
ing upon its use and contact with other pollutants/surfaces. The organic
contaminants can be further divided into smaller categories like dyes,
surfactants, hydrocarbons, halides, phenolics, plasticizers, insecticides,
plastics, and many more (Ali et al., 2012). The majority of these pol-
lutants are stable, toxic, and carcinogenic (Wang et al., 2014a; Li et al.,
2019). However, the reactive species produced via photocatalyzed re-
actions can decompose many of these pollutants. For example, the cy-
anides present in water decompose by TiO-containing photocatalysts
(Frank et al., 1977). Likewise, Horikoshi and Serpone (Horikoshi et al.,
2020) noted the photocatalytic degradation of polychlorinated biphenyl
by using TiO under ultraviolet light. Schneider et al. (2014) were able
to decompose halogenated hydrocarbons like trichloroethylene and
trichloro methane by applying TiO, based photocatalysts. The authors
found that similar kinds of catalytic efficiencies can be expected by
utilizing photocatalytic substances like ZnO, Fe;O3, C3N4 and Bi
semiconductors.

The photocatalytic reaction becomes the most viable choice when
the organic pollutants degrade (oxidize) into water (H20), carbon di-
oxide (COy), or any other generally regarded as safe inorganic substance
(Huang et al., 2016). Equations (12) and (13) specifically manifest how a
transition metal oxide when applied as a catalyst can be helpful for the
production of conduction band electron (cg), and valence band hole
(VB") which are subsequently engaged in the production of reactive
species.

4.1. Dyes

Dyes are organic compounds frequently applied as colorants in
textile, paper, polymer, and even food industries (Hunger, 2007).
Interestingly, more than 1.0 million dyes are commercially available for
different applications, and only textile industries contribute 17-20 % of

« > Pollutants
p
v
o D H,0
v

6) Degradation product

Fig. 3. The mechanism for the production of various reactive species (Ortiz--
Prado et al., 2022; Imminent risk of a global water crisis, 2023; Malato et al.,
2009; Ren et al., 2021; Kaza et al., 2018; Kuncoro et al., 2018a) involved in the
photocatalyzed degradation (oxidation or reduction) of water pollutants (Liu
et al., 2022).



M. Ahtasham Igbal et al.

industrial wastewater. Most of the existing dyes, like Rhodamine B
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- the TiOy(e) + Oy — TiOy + O a7
(RhB), Methylene blue (MB), indigo red, rose Bengal, thymol blue,
Methyl orange (MO), and many more are water-soluble, non-degrad- 0, + TiOs(e) + 2H" — H,0, a1s)
able, and cause certain known or concealed harmful effects to aquatic
life or ecosystem (Robinson et al., 2001). An azo dye that is utilized to H,0, + TiOs(e) — UOH + OH~ (19)
color textiles is methyl red (Neolaka et al., 2023b). Multiple approaches
like adsorption, coagulation/flocculation, filtration, Ozonation, photo-
Dye' +0, (05~ or OH™ ) — Peroxalate or hydroxylated intermediates —degraded or mineralised products (6b)

catalysis, and biosorption have been used to combat the pollution issues
caused by dyes. A few of these techniques primarily separate or trans-
form the water-soluble dye into another product. The AOP has emerged
as a more viable and eco-friendly solution to degrade a variety of dyes
and/or organic pollutants existing in waters. During the photocatalyzed
AOP process, water transforms into reactive species like radicals (hy-
droxyl) and ions (superoxide) by the reaction of photo-generated elec-
trons and Op. These reactive species can readily oxidize dyes or
colorants, like methylene blue dyes (Lu et al., 2020).

The mass transfer rates, band gap, surface area, and light intensity
control the degradation of water-soluble dyes. The surface area has been
found to play a more significant role in the degradation of dyes by the
process of photocatalysis: it increases the number of dye molecules that
bind to the photocatalyst’s surface and boosts its photocatalytic activity
(Al-Tohamy et al., 2022). Nguyen et al. proposed the degradation
pathway and mechanism under ultraviolet radiation by reporting TiO,,
ZnO, and their GO composites’ impacts on the degradation. Moreover,
the heterojunction of these materials shows good photocatalytic stabil-
ity, applicability, practicality, and recyclability as compared to
single-component catalysts. Such outcomes can be assigned to the good
separating efficiency of charged carriers, high surface areas, narrower
band gaps, and the large absorptive capacities of the dyes. It was
observed that TiO2/ZnO/RGO-based photocatalyst when applied for
120 min at an illumination of 300 W degraded more than 99 % of
organic dyes like MB, RhB, and MO (Nguyen et al., 2020).

Senthil et al. (2019) reported that the BiFWOg and alpha- AgVOs3
composite with 1 wt % of BiFWOg can remove more than 90 % RhB
Dyes. Likewise, SnO2-MoS; mono structure showed enhancement of
RhB and MB degradation with absorption of visible light and the
contribution of high surface area. Deebansok et al. (2021) explained the
catalytic degradation of Congo red under ultraviolet and visible radia-
tions. Absorption of photon energy from sources of irradiation like
sunlight, UV, or light emitting diode (LED) that is greater than the band
gaps may result in the production of holes and electrons because of the
electronic excitation from the valence band to conduction band (Litter,
1999). The electrons once combined with oxygen can form anionic su-
peroxide radicals (Oy ‘U) and valence band holes (Fig. 4) which absorb
water molecules and produce hydroxyl radicals (OH ). These radicals
can cause the oxidation of organic molecules that are adsorbed and in-
termediate compounds are oxidized by the molecular oxygen and OH’
radicals to produce CO5 and Hy0. The utilization of oxygen and elec-
trons in the conduction band produces the anionic superoxide radicals
05-. The protonation of superoxide radicals 03 produces hydroxyl
radicals. The production of hydrogen peroxide and molecular oxygen
occurs by these radicals. Hence, semiconductor photocatalysts enable
both reactions (oxidation & reduction) to occur on the surface. The
following equations provide the broad, in-depth mechanism of the
degradation of dye in response to TiO5 radiation (Natarajan et al., 2018).

Dye + hv —Dye* 15)

Dye” +TiO, — Dye™ + TiO, 1e6)

4.2. Petroleum hydrocarbons

These pollutants contain alkanes, olefins, and polycyclic aromatic
compounds (Douglas et al., 2012). Marine water consists of large
quantities of petroleum hydrocarbon contaminants and they impose
long lasting environmental impacts on human and aquatic life (Varjani,
2017). The municipal wastewater and ground water of certain regions
may contain these pollutants. The biochar-supported k-doped graphitic
carbon nitride (g-C3N4) composite contributes to the good degradation
of naphthalene utilizing photocatalysis by illumination of visible-light,
because of the availability of a great number of functional moieties in
the surfaces which are hydrophilic, enhancement of absorption of visible
light and inhibition of recombination photogenerated species. It was
observed that, even after five cycles, the photocatalytic degradation rate
was not different from that of fresh photocatalysts (Li et al., 2020).
Ghasemi et al. (2016) reported that the use of nano TiO3 and Fe-ZSM-5
led for effective photocatalytic degradation of contaminants in waste-
water. After 4 h of ultraviolet irradiation at a photocatalytic concen-
tration of 2.1 g/L, pH of 4, and 45 °C temperature, the determination of
COD (chemical oxygen demand) showed 80% efficiency in degradation
process. Ultrathin graphitic carbon nitride (g-C3N4) nanosheets with
two-dimensions exhibit high surface area, short migrations distance of
carrier, and controllability of electronic structures and bestow a desir-
able photocatalytic oxidation degradation capability for the petroleum
hydrocarbon pollutants (Ghasemi et al., 2016). Yang et al. (2020a)
suggested decatungstate charge transfer salt hybrid material, which was
Visible/NIR Light — responsive, by the assemblyg-C3N4Hx + cation and
decatungstate anion which exhibited distinctive isolation of charge
carriers utilizing local surface plasmon resonance. It shows good per-
formance of photocatalysis and is reusable for the removal of petroleum
hydrocarbons.
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Fig. 4. The photocatalytic breakdown process for dyes in the presence of a
Light-emitting diode (LED), ultraviolet (UV), and light (hv) (Natarajan
et al., 2018).
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4.3. Phenolic compound

Phenols are toxic, biologically reluctant, and highly soluble in water.
The phenolics are produced by many industrial operations like re-
fineries, paints, pharmaceuticals, and petroleum production facilities
(Maszenan et al., 2011). Many scientists have explained the improve-
ment of photocatalytic performance via preparing and modifying pho-
tocatalytic substances. The phenols, chlorophenols, and nitrophenols
derivatives are broken into the bulk liquid in the photocatalytic reac-
tion. A variety of intermediates are produced in the oxidation process by
attacking OH radicals on the cyclic carbon (Fig. 5). The three major
primary intermediates that are produced in the photocatalytic process
are catechol, p-benzoquinone, and hydroquinone.
Chloro-hydroquinone, 4- chlorocatechol, and resorcinol are the in-
termediates of the reaction that are transformed into acetylene, maleic
acid, carbon dioxide, and carbon monoxide. Chlorophenols are mildly
harmful and suspected to cause cancer. Its photocatalytic degradation
results in the production of 4-nitrocatechol, hydroquinone, benzoqui-
none, and certain organic acids (Ahmed et al., 2010).

Darabdhara and Das (Darabdhara et al., 2019) explained the working
of nanomaterials to degrade waste water contaminants and found that
Au and Ni core-shell nanoparticles of the size of less than 8.0 nm
composited on reduced graphene oxide (rGO) via solvothermal synthesis
(Au/Ni/rGO nanocomposites) exhibited higher photocatalytic perfor-
mances for the removal of 2-chlorophenol, phenol, and 2- nitrophenol in
the presence of sunlight irradiation having more than 87% degradation
rate. For the measurements of catalytic activity, the nanocomposite
retained its integrity till the end of 6 cycles. The composite also
exhibited distinctive magnetic features. The authors also observed that
Cu-doped nickel oxide nanocatalysts show a phenol degradation in in-
dustrial waste water up to 85.7% during 2 h and 30 min exposure to
sunlight (Darabdhara et al., 2019).

Doping of Cu can lead to the inducement of oxygen vacancy which is
helpful for the NiO surface site for the water treatments. It can be
responsible for the improvement of electron-hole isolation efficiency.
Moreover, captured electrons at the copper ion Cu®" site can lead to the
generation of superoxide radical anion of oxygen 02~ via the oxidative
process with the adsorbed oxygen, and the holes can lead to the pro-
duction of hydroxyl radicals (OH ") (Ethiraj et al., 2020). The synergistic
influence of superoxide and hydroxyl radicals can lead to phenol
degradation. P-N hetrostructure of CuO- TiO3 has been fabricated. The
photocatalyst demonstrated a desirable photocatalytic degradation
performance of methylene blue and 4-Nitrophenol underneath the ra-
diation of visible light, which resulted from the charge separation and
staggering band structure. The nanoparticles of Fe304 having magnetic
properties exhibited a high value of photocatalysis for the phenolics by
the defect engineered on Fe3O4 (Bui et al., 2020). Tang et al. (2020)
found that the cobalt-based zeolitic imidazolate framework (ZIF)
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complex by coordination with the defective TiOs illustrated good pho-
tocatalytic degradation performance against 1,4-bipheny derivatives.
The phenomenon might be attributed to the redox potential of complex
and improvement of charge carriers ‘isolation.

In another study, Minella et al. (2019) prepared iron oxide magnetic
nanoparticles and coated them with different concentrations of humic
acid. The presence of iron on the surface of nanoparticles may lead to the
promotion of Fenton and photo-Fenton-like processes, assessed by the
utilization of a standard substrate, i.e., 4- chlorophenol. The molecular
shape of the phenolics contributes to photocatalytic activity, revealed by
investigating the effect of phenolics substituents positions on the
degradation reaction activities of photocatalytic process. The same
study has revealed that a phenol if substituted with electron donating
and/or electron withdrawing group it declines the reaction rate and vice
versa. In the case of 1,4-benzoquinone, O3 radicals are the principal
species in the photocatalytic degradation of phenolics (Minella et al.,
2019). Likewise, Xiao et al. (2016) presented another rational approach
to degrade phenolic compounds by applying MOF substances as pho-
tocatalysts (Xiao et al., 2016). This group of researchers also observed
that the presence of electron withdrawing group on the surface of pol-
lutants accelerate their degradation by nanocage-like MIL-125-NHjy
whereas the presence of electron-donating reduces the catalytic degra-
dation (Shen et al., 2020).

5. Heavy metals detoxification

Heavy metals are indispensable for certain metabolic reactions tak-
ing place in human body, but their high concentration may elicit
toxicity. The unchecked rise in metallurgy, mining, chemical
manufacturing, and nuclear stations has increased the concentration of
heavy metals in ocean, underground, and surface waters which is
equally dangerous for human, animal, and aquatic life. Heavy metals
tend to bind with proteins, nucleic acid, and other insignificant me-
tabolites in existing organisms, and they destroy the cells of the body
and cause fatal health issues. Because these heavy metals are difficult to
be biodegraded and they can cause enrichment in animals and humans
by the food chain passage or by drinking (Khan et al., 2015).

The food supply is one way that metals from wastewater may get into
and accumulate in human bodies (Neolaka et al., 2023a). Due to their
toxicity, cumulative nature, and incompatibility, heavy metal ions
provide a major and dangerous risk to all living things when exposed
over an extended period of time (Naat et al., 2021). Even at low quan-
tities, the major industrial effluent metals Ni, Cu, and Zn are harmful to
living things (Kheraa et al., 2020).

Wastewater contains a number of dangerous and hazardous pollut-
ants, including heavy metals like mercury. Microalgae are renewable
resources that can cleanse wastewater and create useful goods; they
have thus been used recently as an alternative to conventional

Fig. 5. Schematic illustration of the ligand-to-metal transfer of charge in the Fe;04 nanoparticles to degrade phenolic compounds (Minella et al., 2019).
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techniques for eliminating heavy metals. Furthermore, microalgae are
very selective in their ability to bind metal ions and remove toxic
compounds (Kusuma et al., 2024).

Besides, the majority of heavy metals binds with biomolecules to
causes anemia, mutation, and impairment of human organs. The highly
concerned heavy metals include but not limited to Zn, Hg, Ni, Cr, and Cd
and these heavy metals must be eliminated before their discharge into
environments. The photocatalysts have shown superior metal binding
and detoxification characteristics as manifested in the subsequent
sections.

5.1. Chromium (cr)

The chromium (Cr) exists in variable oxidation states, the most
common states are zero (elemental form), +3, and +6 but it may also
exist in other oxidation states. The toxicity and stability of Cr or its
compounds definitely depend upon its oxidation state. Likewise, Cr
binds with oxygen-containing anions such as CrO%’, CrZO%’, or HCrOg),
and, chromium ions and these compounds when become part of water
bodies affect human skin and other organs. These compounds also
causes mutation and toxicity (Wu et al., 2019; Wang et al., 2020a).
Equation (Wang et al., 2021) describes the overall process of reducing Cr
(VD) in acidic aqueous solutions:

2CrO% +16 HY —4Cr>" + 8H,0 + 30, (20)

2Pb*" +2 H,0 — 2Pb° +4H" + 0, 21)

Likewise, for neutral aqueous media (Equation (13)), chromium in
water has been treated by some workers, using photocatalysis.
TiO2-ZrO4 has been utilized to remove heavy metal ions because of its
good sorption properties and relatively high chemical stability. Ac-
cording to reports, this material has a high rate of removal after 4 cycles
of Cu (II) that is (91%) and Cr(VI) that is (100%) (Yan et al., 2020). It can
also effectively degrade both Cr (VI) and Cu (II) in a single phase.
PW12/CN@Bi,WOg composite, an organic-inorganic hybrid, demon-
strated improved photon absorbance and promoted charges, and Cr (VI)
attained an exclusion rate that is about 98.7% (Yang et al., 2020b).
Zhang et al. employed the nanocomposites that were made of carbon
quantum dots in a freeze-dried state and nanosheets precursors of CdS,
achieving an efficiency of 94% for the photocatalytic deduction of
hexavalent Cr (VI). Fig. 6 describes the photocatalytic reduction of Cr
(VI) accomplished by ZnInyS4/CdS hetro-structure (Zhang et al., 2018,
2020; Li et al., 2017).
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5.2. Lead (pb)

The Lead has be considered as one of highly concerned pollutant of
industrial wastewater (Kuncoro et al., 2018c) for its toxicity, migration,
accumulation, and non-biodegradable nature (Darmokoesoemol-
Magdhalena et al., 2016). The chemical industries like mines and min-
eral, lead-acid batteries, and municipal sewage are the primary sources
of anthropogenic lead (II) pollution. The toxicological consequences of
lead on behavior and human health are numerous, and even the intox-
ication of lead can be lethal. The following are some potential photo-
catalysis reactions. The Pb(II) can be easily removed from aqueous
solutions and can be accomplished using heterogeneous photocatalysis
(Murruni et al., 2008). Alexander’s group has successfully created the
super paramagnetic NiFe;O4-Pdnano-hybrid by NiFe;04-Pd had a 98%
and 97% removal efficiency against Pb%* and Cd?* ions, respectively,
demonstrating better photocatalytic activity than bare NiFe;04 (Thomas
et al., 2020). Kanakaraju et al. explained how the mixed heavy metal
ions can be removed, specifically, Pb (II), Cu (II), and Cr(III) ions were
practically eliminated (>98.40%) after 72 min by multi-functional
TiOo/Alg/Fe NPs beads of the magnet (Kanakaraju et al., 2019). Ac-
cording to Hao et al. the magnetic Fes04@C@TiO, hetrostructure
(Fig. 7) could capture and remove Pb(II) (92% in 3 h). According to a
four-step mechanism, iron oxides and e— can form Fe?*/Fe0, and then
FeO and e— subsequently diminish (eq (21)) the adsorbed Pb (II) and
immobilize PbO. The researchers have extensively investigated the
photocatalytic Pb (II) removal by titanium photocatalysts at different
levels of Pb (II) intercalation. Different quantities of intercalated Pb(II)
are used in the improved removal of photocatalytic Pb(II) (Bi et al.,
2019a). It was observed that 0.10 mM Pb-improved Titanate’s photo-
catalytic can Pb(II) removal efficacy was attributable to its improved
specific surface area, higher adsorption affinity, and additional photo-
generated carriers (Bi et al., 2020). Fig. 7 elaborates on the various type
of reactions taking place during the photocatalytic removal of Pb(II) and
Rhodamine B (Rh B) using a magnetic nanotube-based composite of
Fe304/C/Ti02.

5.3. Mercury (hg)

The principal sources of mercury (II) in industrial wastewater are
discharges of electronics, plastics, chloro-alkali, batteries, and old
medical equipment. It is the inhalation of mercury vapours or intake of
organic mercuries by aquatic organisms, often referred to as Minamata’s
disease, that causes the greatest harm to human health [65]. Equation
illustrates the global response to the deposition of metallic mercury.
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Fig. 6. Mechanism for the photocatalytic reduction of Chromium Cr (V) (Zhang et al., 2018).
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Fig:7. The simultaneous elimination of lead (Pb II) and Rhodamine B (Rh B)
via Fe304/C/TiO, based photocatalyst (Bi et al., 2019b).

Hg(Il) + H,0 -»2H" +1/2 0, + Hg(0) (22)

Mesoporous Fep03/g-C3N4 nanocomposite, which demonstrated 4.6
and 6.8 fold greater photocatalysis activity than pristinea-Fe;O3 NPs and
g-C3N4 nanosheets, can find an intriguing application of Hg(II) photo-
catalysis (Kadi et al., 2020a). Sivasri et al. (2016) attempted dispersion
of Fe304 nanoparticles in liquid crystals. Au-covered TiO, nanotubes
have demonstrated the photocatalytic reduction of Hg(II) in aqueous
media [67]. Mesoporous CuO/g-C3N4 heterostructure demonstrated a
notable photoreduction rate of Hg (II) that is 628.74 pmol g’1 hfl,
which is another outstanding example (Kadi et al., 2020b). Kadi et al.
have created a CoFe;O4 mesopore/g-C3N4 by an outstanding photore-
duction of Hg(II) in visible light and a narrow band (2.05 eV) until this
energy [69].

5.4. Arsenic (as)

Although their concentrations are low, heavy metal ions like arsenic
(As), which are hard to biodegrade, quickly accumulate in organisms,
permeate into the atmosphere and are harmful. Ebrahimi and coworkers
exploited the hydrothermal route to devise a BiVO4/TiO2/LED system. It
was found that, at pH 4.5, approximately 99.97% of the arsenic could be
removed in perfect circumstances. Recently, a photocatalytic nano-
composite of nanoFe304 encapsulated in a carbon sphere has demon-
strated a better ability to oxidize at pH 3.0 of As (III), with over 70%
removal efficiency that is attained at 400 M concentration in 120 min
(Teixeira et al., 2019).

5.5. Miscellaneous heavy metals

Some heavy metal ions, like cadmium (Cd) and uranium (U), are
extremely dangerous despite having low quantities and being difficult to
biodegrade. They also quickly aggregate in the environment and living
things. To safeguard both humans and the environment, it is crucial to
remove these hazardous heavy metal ions effectively (Wu et al., 2019).
The protection of both people and the environment depends on these
harmful heavy metal ions (Liu et al., 2019a). Xu and coworkers used an
Ag-doped SnS;@InVO4 hybrid system to remove arsenic underneath
visible light. The researchers claimed that the ideal InVO4 content (2 wt
%) at pH 6 with 97.6% elimination in under 120 min had produced the
greatest results (He et al., 2020). Chowdhury et al. explained, a sensi-
tized TiOy photocatalyst at pH 7.0 in 3 h that demonstrated 100%
removal of Cd (II) (Chowdhury et al., 2017). Additionally, to guarantee
optimum catalyst function, it is important to look into how environ-
mental conditions may affect performance. For instance, the pH of the
solution alters the heavy metal ions distribution, which in turn in-
fluences the surface charge of the material and causes an electrostatic
interaction with the pollutant (Bhowmick et al., 2014).
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6. Pharmaceutics removal

Due to their detrimental effects on the ecosystem, new pollutants like
pharmaceutical compounds (PCs) have become more of a worry in
recent years, but the ability to treat such chemicals is restricted by
traditional treatment techniques such as air stripping, flocculation,
reverse osmosis, etc. Heterogeneous photocatalysis is determined to be
one of the most effective ways to break down difficult-to-degrade con-
taminants like antibiotics, regulators and other drugs (Verma et al.,
2020). Antibiotic usage has surged to 35 million tons worldwide in the
previous ten years, raising the possibility that wastewater contains
dangerous antibiotics. Recently, Soni et al. (2023) have fabricated
cattle-derived-nitrogen-doped and biochar-supported oxygen-deficient
metal oxide catalytic systems for the mitigation of doxycycline hydro-
chloride (DCHCI) and Cr (IV). The catalytic system offered an oxidation
rate of 68.5 and 63.5 min~! for DCHCI and Cr (IV), respectively, within
first 60 min.

6.1. Antibiotics

Antibiotics have received increased focus from PCs since they harm
the aquatic ecosystem and endanger the health of humans. Antibiotics
and their by-products have a significant potential to interfere with the
environment, have high toxicity, and have good stability. Severe issues
with the aquatic environment are brought on by the enormous quantity
of antibiotics that are released into the atmosphere via animal faeces and
sewage. Therefore, it is crucial to research the most efficient processes
for removing these chemicals from wastewater (Meng et al., 2017).

Isari and coworkers triumphally fabricated N-Cu co-doped
TiO2@CNTs to treat sewage effectively and used them in conjunction
with ultrasonic radiography and visible light. COD, Sulfamethoxazole,
and TOC each had 93%, 89%, and 100% elimination efficiencies under
ideal circumstances (Isari et al., 2020a). Moradi and coworkers exploi-
ted MZG (MgO/ZnO/Graphene), in comparison to single and binary
systems, as a ternary nanocomposite to explore the refractory sulfame
thoxazole antibiotics in synthesized wastewater. Using an MZG dose of
0.8 g/L at pH 9.0, the full degradation of the Sulfamethoxazole anti-
biotic (at 55-mg/L level) could be achieved by sono-photocatalytic
treatment at US power of 250 W and LED power of 90 W, after 2 h.
After six successive cycles of recycling, the nanocomposite’s degrading
efficiency dropped by up to 9.8% (Moradi et al., 2020). Tetracycline
(TC) is the single most significant antibiotic and common substance
among chemical substances that are found in ground-waters, soil, and
even drinking waters, and surface waters (Wang et al., 2020b).

It can cause the development of antibiotic-resistant genes and eco-
toxicity in aquatic systems. It is seen as a possible threat to aquatic
ecosystems and human health. Morteza et al. created numerous CuO(x)-
TiO2/MCM-41 nanocomposite by using the hydrothermal/impregna-
tion process, with various CuO contents. Under ultraviolet light, they
degraded TC using these catalysts. It was noted that while h + can
directly oxidize TC, TC was also successfully oxidized by Oz and OH
(Khanmohammadi et al., 2021).

Isari et al. used sono-photocatalysis to prepare WO3/CNT nano-
composite for the elimination of TC. It was suggested that ultrasonic
energy enhanced the splitting of water and dissolved oxygen into free
radicals, like OH and O, and that these oxidation radicals then reacted
with TC molecules to form intermediate intermediates. The pharma-
ceutical sector produces the ubiquitous fluoroquinolone antibiotic lev-
ofloxacin, which has the potential to pollute wastewater (Isari et al.,
2020b). Adhikari et al. created the MoS,/AgaMo,07 photocatalyst under
visible light to oxidize the drug levofloxacin. With 30 wt percent
MoS3/AgaMo207, an increased catalytic performance (97%efficiency)
and good stability were noted. This is due to the heterojunction struc-
ture’s ability to significantly enhance light absorption, electron-hole
separation, and charge transfer efficacy across interfaces to the sorbed
substrate (Adhikari et al., 2019).
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Using the hot water approach, Wang and coworkers prepared the
magnetic NiFe;04/CS composite for the levofloxacin elimination pro-
cess to activate persulfate. Levofloxacin was degraded in 1 h when the
optimal conditions for its degradation were followed: NiFe;O4/CS
composite 0.6 g/L, persulfate 1.8 g/L, and 5, 67% of an initial pH
adjustment (Wang et al., 2019).

Yang’s research team by creating various graphene oxide-loaded
AgsP04/GO film catalysts discovered a solution to the recycling prob-
lem. The Norfloxacin degradation rate was approximately 100 min is
about 83.68%, and the rate constant of reaction (k)for AgsPO4 was 1.9
folds greater than that of pure AgsPO4 (Ji et al., 2020).

6.2. Anti-inflammatories

Vast usage of anti-inflammatory drugs, which have strong hydro-
philicity and high polarity but low absorption coefficient in soil, has
made it simple for them to survive surface water, underground water,
and even resources of drinking water. This results in significant water
resource pollution. In treatment plants of drinking water, the freshwater
supply is frequently treated with anti-inflammatory medications
including ibuprofen, naproxen, diclofenac, ketoprofen, etc. It has a
considerable negative influence on a variety of marine organisms,
including fish, freshwater algae, and daphnia, when it is unrestricted by
the aquatic atmosphere and breaks down by the human body (Giinal
et al., 2020). According to Achilleos et al. diclofenac in an aqueous so-
lution can be destroyed and mineralized constructed on titanium diox-
ide, via semiconductor photocatalysis (Achilleos et al., 2010). One of the
most widely used anti-inflammatory medications that are non-steroidal,
ibuprofen can be used to treat chronic pain and rheumatism (Lu et al.,
2019). Khalaf et al. investigated ibuprofen removal from the aquatic
environment using photocatalysis and titanium dioxide. They verified
that, on glass, the active thin layer of immobilized TiO, can act as a
useful tool to degrade pollutants like ibuprofen and its derivatives
(Khalaf et al., 2020). Zhang et al. employed a magnetic Fe304@MIL-53
(Fe) composite for the photocatalytic elimination of antibiotics and
achieved a removal percentage of 99% in the existence of HoO; during a
60-min visible light irradiation time (Liu et al., 2020).

6.3. Lipid regulators

The most popular hypoglycemic medication for the treatment of non-
insulin-dependent diabetes or type 2 diabetes among lipid regulators is
metformin. After consumption, metformin is eliminated from the body
and is not digested by the body. These substances pollute marine re-
sources by entering aquatic resources through a variety of sources.
Carbuloni et al. demonstrated the efficiency of photocatalysis in the
metformin removal from water using TiOz and a synthetic TiO2-ZrO2
catalyst (Carbuloni et al., 2020). Chinnaiyan et al. investigated a pho-
tocatalyst of Titanium dioxide to degrade metformin and amoxicillin.
The investigational study discovered that amoxicillin (90%) and met-
formin were effective when the pH was 7.6, 10 mg/L was the initial
pollutant concentration, 563 mg/L was the TiO3 concentration, and the
duration of the reaction was 150 min (Chinnaiyan et al., 2019).

7. Removal of pesticides

Pesticides and other chemicals used as fruit thinner, defoliant,
growth regulator, desiccant, and ripening agents, are often become part
of the water steam to cause an unknown number of environmental and
health complications. Pesticides are among the highly concerned
chemicals involved in water pollution (Hamza et al., 2016). These all
have dangerous effects and are carcinogenic. These pesticides have
biological resistance and high toxicity. The small concentration of pes-
ticides can lead to massive human health impacts and also affect the
ecosystem. The semiconductor photocatalytic technology is very helpful
in pesticide degradation since it has anti-biodegradation and chemical
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stability (AbuKhadra et al., 2020; Shawky et al., 2020). For pesticide
degradation, materials of the semiconductor by the photocatalytic pro-
cess are concentrated in the metal oxides of ZnO and TiO2 (Taghizade
Firozjaee et al., 2018). In the presence of visible light, the degradation of
herbicide dimethanamid-p with the help of mesoporous Ag/Ag>0- TiO,
p-n hetero-junction was appraised. The complete removal in the pho-
tocatalytic process showed the destruction of imazapyr after 3 h
(Mkhalid et al., 2020). The photocatalytic degradation of tria-zophos
and profenofos residue in Chinese cabbage was examined by exploit-
ing co-doped TiO; (Liu et al., 2019b). It has resulted in the degradation
percents of triazophos and profenofos reaching 32.1% and 53.3%,
respectively, after 24 h. The Au- modified photocatalytic performances
of TiO, and bare TiO, alone were studied underneath visible light and
UV for the degradation of phenoxy acetic acid (Lannoy et al., 2017).
Shaky examined the photocatalytic degradation of herbicide atrazine by
utilizing Ag/LaTiOs nanowire. It led to complete photo-degradation of
the herbicide with the photocatalytic process by using Ag of 2.5 wt%
under visible light 40 min after loading (Sisi et al., 2020).

The photocatalytic treatments remove a-endosulfan, 3, 4-dichloroa-
niline, 4-isopropylamine, chlorpyrifos, dicofol, and parathion methyl
from pesticides with efficiencies greater than 80%. Likewise, 4,4-
dichloro benzophenone, HCHs, epoxide of heptachlor, and endosulfan-
sulphate, are the least degraded with degradation rates under 30%
(Miguel et al., 2012). A 48% partial elimination of the investigated
pesticides is achieved with photocatalytic treatment using TiOy/r-
adiation. The average percentage rises to 57% when hydrogen peroxide
is applied. Some pesticides under study, primarily aldrin, isodrin, 4,4
dichlorobenzophenone, DDTs certain endosulfan, moline, triazines, and
anilides, and the trifluralin degrade more quickly when hydrogen
peroxide is added (Vaya et al., 2020).

8. Inactivation of microorganisms

Microorganisms pose a significant threat to both the environment
and health of human beings. These tiny organisms, such as fungi, vi-
ruses, bacteria, and parasites, can cause a range of diseases and in-
fections. They are found in various settings, including contaminated
water sources, polluted air, and unsanitary conditions. Hazardous mi-
croorganisms can spread through direct contact, contaminated food or
water, or airborne transmission. Some notorious examples include Sal-
monella, Escherichia coli (E. coli), influenza viruses, and the human im-
munodeficiency virus (HIV). These microorganisms have the potential
to cause widespread outbreaks and epidemics, making it crucial to
implement proper hygiene practices, sanitation measures, and vacci-
nation programs to prevent their proliferation and protect public health.
The common wastewater microorganisms are Salmonella, Escherichia coli
(E. coli), and influenza viruses which are involved in diarrhea, respira-
tory diseases, dysentery, colitis, pneumonia, tracheitis, and meningitis.
Matsunaga et al. put forward that the usage of TiO, photocatalyst could
be helpful in the killing of bacterial water. He was provided with an
innovative pathway by the photocatalytic process for the inactivation of
micrograms. Additionally, many inorganic and organic compounds can
be degraded and can reduce microorganisms by reactive oxygen species
(ROS). Water treatment was one of the recorded effective methods. The
ROS can destroy Coenzyme- An on the cell membrane which disturbs
respiration, and/or even causes cell death by the oxidation of nucleic
acid, proteins, and other macromolecules (Wu et al., 2010).

Moreover, the studies explain that ROS oxidize the cell membranes
in a way that destroys the outer layer and can trigger the proteins,
cations, and nucleic acids leakage which leads to the death of bacterial
cells (Wang et al., 2012). Kim et al. utilized CO- the doped BiVO4 scheme
for the pretreatment of wastewater. The photocatalyst efficiently
absorbed uv visible light (Fig. 8) to cause more than 80 % mortality
Escherichia coli and 65.6 % of Chlamydomonas pulsatilla (Regmi et al.,
2017). Song et al. also appraised the inactivation of Escherichia coli (E.
coli) with the photocatalytic process by using g-CsN4@Co-TiOq
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Nanofibers in the presence of visible light. It was inferred that this
catalyst can reduce 6 logs of bacterial cells within 1.5 h (Song et al.,
2020). Wong et al. currently studied the different effects of physico-
chemical factors which include photocatalytic concentration, tempera-
ture, PH, and inorganic ions of Fe;O3- AgBr by inactivation of
gram-positive and bacteria gram-negative under an LED lamp. More-
over, the oxidative of H,O, from the CB of Fe,O3 and h™ oxidation of
AgBr can lead to the deactivation of bacterial cell wall (Ng et al., 2016).
Abd Elkodous et al. put forward an effective photocatalytic Nano-
composite (CoxNil—xFeyO4; x = 0.9/Si02/TiO2/C-dots) complete
layer-by layer process and the composite showed about 80.47% inhi-
bition of E. coli and 78.54% decline in candida species (Abd Elkodous
et al., 2020).

Bacterial cells are destroyed as a result of a sequence of events in the
mechanism of photocatalysis-induced bacterial inactivation. The sepa-
ration of electron-hole is brought about when a photocatalyst is exposed
to light, which causes the generation of reactive oxygen species (ROS)
such as hydrogen peroxide (H203), superoxide radicals (eO2—), and
hydroxyl radicals (¢OH). The bacterial cells are actually damaged by the
reactive oxygen species (ROS) generated during photocatalysis. Rapidly
increasing intracellular ROS exceed bacteria’s ability to defend them-
selves, which results in the breakdown of proteins, the release of ions,
and the production of protein carbonyl derivatives. The bacterial cell
envelope, which includes the cell wall and membrane, is usually the first
target of the photocatalytic oxidation process, which then moves on to
other internal elements. Studies using transmission electron microscopy
have demonstrated how photocatalytic inactivation gradually weakens
the structure of the cell wall. The main reactive agents engaged in the
photocatalytic bacterial inactivation process may be identified using
various scavengers. Scavengers that can halt the process and assist in
identifying important reactive species include sodium oxalate, iso-
propanol, and Cr (VI). Different bacteria have distinct photo-catalytic
inactivation mechanisms, and conduction band electrons and diffus-
ible Hy0, function as disinfectants (Wang et al., 2015a).

9. Types of photocatalysts used for water treatment

Numerous photocatalysts are used in wastewater treatment to
eliminate impurities, disinfect water, and break down organic pollut-
ants. These photocatalysts fall into a number of classes, such as poly-
mers, metal-free compounds, chalcogenides, sulphides, and halides.
Elements from group 16 of the periodic table, such as sulphur, selenium,
and tellurium, are found in compounds known as chalcogenide photo-
catalysts. Cadmium sulphide (CdS) and copper indium diselenide
(CulnSey) are two examples. It can be useful in breaking down organic
contaminants in water and has strong photocatalytic activity when
exposed to visible light. These substances are more effective in

Live E.coli

Conduction Band

111
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h+h+h+h+

Fig. 8. The suggested Fe,03-AgBr method for pathogen inactivation is shown
schematically (Ng et al., 2016; Wu et al., 2010).
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photocatalytic processes because they have a shorter bandgap than
metal oxides, which enables them to absorb visible light.

AgoS is a sulfide photocatalyst that has shown promise in wastewater
treatment applications. It can be used for the degradation of organic
pollutants and the disinfection of water under light irradiation. These
materials work well for photocatalytic processes because of their low
bandgap and ability to absorb visible light. The photocatalytic qualities
of silver halides have been studied in the context of wastewater treat-
ment. When exposed to light, they can produce reactive species, which
can break down organic pollutants. Materials containing halogen ele-
ments, such as chlorine, bromine, and iodine, are known as halide
photocatalysts. These materials are effective for photocatalytic pro-
cesses because they have a small bandgap and can absorb visible light.
Materials devoid of any metal components are known as metal-free
photocatalysts. Due to its superior photocatalytic activity, g-C3N4, a
metal-free polymer photocatalyst, has drawn a lot of interest (Kumar
et al., 2023). In addition to its strong chemical stability and appropriate
bandgap for visible light absorption, it possesses good photocatalytic
abilities for CO4 reduction, pollutant degradation, and water splitting.

Materials made of organic polymers, such as polythiophene and
polyaniline, are known as polymer photocatalysts. These materials are
effective for photocatalytic processes because they have a small bandgap
and can absorb visible light. The conducting polymer polythiophene has
been investigated for photocatalytic uses because of its capacity to
produce charge carriers and absorb visible light. It is simple to synthesis
and modify to increase its photocatalytic activity for use in the gener-
ation of hydrogen and the breakdown of pollutants. Another conducting
polymer that has been researched for photocatalysis is polyaniline.
Because of its strong stability, electrical conductivity, and redox char-
acteristics, it may be used in processes like water splitting and the
breakdown of organic pollutants when exposed to visible light (Khan
et al., 2020). The subsequent section covers the details of photocatalysts
frequently applied in an aqueous medium or practiced to decontaminate
wastewater.

9.1. Metal oxide photocatalysts

9.1.1. Zinc oxide (ZnO)

Zinc oxide (ZnO) have the characteristics which makes it suitable as
catalysts particularly for the reactions taking place in light. The ZnO
photocatalyst is effective to degrade organic materials as in heteroge-
neous photocatalysis. Zinc oxide photocatalyst has maximum photon
absorption and minimum electron loss during excitation. The improve-
ment of immigration of photon-induced charger carriers in the excita-
tion state resulted in heterogeneous photocatalysis under visible, UV, or
solar light. Further, binary oxide photocatalyst has many unique fea-
tures that gained much attention from researchers. The binary oxide
photocatalyst properties are dependent on the role of the content of the
dopant and the preparation method incorporated in the binary oxide
photocatalyst. ZnO photocatalyst has emerged as one of the efficient
ways in the green environmental management system because of its
exceptional features. It has a wide band gap that is direct and located
near the UV spectral regions, good ability of photocatalysis, strong
capability of oxidation, and great free excitation binding energy. ZnO
exists as a white powder (zinc white), odorless, having a bitter taste with
insolubility in water. There are numerous approaches accepted to
improve the zinc oxide efficiency of photo-degradation. Many strategies
are adopted to synthesize a high active surface area of zinc oxide and
sunlight-driven photocatalytic activity by zinc oxide photocatalyst. The
addition of an electron donor or electron mediator with a zinc oxide
catalyst further improved the photocatalytic ability of the reaction with
the positive holes. The zinc oxide photocatalyst has a lot of industrial
applications due to its non-toxicity, high activity of photocatalysis, and
photostability. Further, there are approaches adopted to increase the
photocatalytic ability under direct sunlight radiation by band gap en-
ergy reduction and minimizing the losses of recombination. The
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approaches are adopted to rise the degradation activity of photocatalysis
in the degradation of dye, removal of phenolic, and persistent organic
pollutants (Lee et al., 2016).

9.1.2. Titanium dioxide (TiO2) photocatalyst

TiO4 photocatalyst (Fig. 9) is the most frequently used metal oxide
for the purification of wastewater because of its great stability, inex-
pensive cost, low toxicity, high oxidizing power, and long-term photo-
stability (Zheng et al., 2010). The degradation of municipal pollutants
by the accumulation of UV/H205 was inspected in this study using a
commercial powder TiO, catalyst (Ali et al., 2022). By using two
non-similar categories of TiO catalysts, the photocatalysis method was
used to investigate the organic chemicals removal and detoxification
from wastewater. The major goal was to determine how much the
catalyst concentration and the length of the procedure affected the
degradation of organic contaminants. According to research, under 6 h
of photocatalytic activity, wastewater treated with 3-4 mm TiO parti-
cles showed little degradation of organic components. TiO nano-
particles have proven to be particularly effective at treating organically
contaminated wastewater by photocatalysis. The use of observable light
illumination and a good system of air contact increases the effectiveness
of the degradation of photocatalytic organic molecules. According to the
findings, using a TiO, nanocatalyst may remove 99% of organic con-
taminants in just 120 min. Removal of organic contaminants from textile
wastewater while applying photocatalyst has significant advantages
from environmental and financial points of view, over conventional
approaches in the application of long-term, notwithstanding certain
costs associated with illumination (Khalilova et al., 2016, 2018). The
following equations show how the TiO, photocatalyst works as a pho-
tocatalyst (Islas Garcia, 2021).

TiOy +hv — (TiO,) +hj, + (TiO5) (23)
TiO (h, ) +Hz0u4s — (TiO2) + HO + H' (24)
TiO (hy, ) +OHyy, — TiO + HOqqs (25)
TiO; (e3,) + Ozags + 2H" — TiO; + HO,—~O0; H* (26)
TiO; (ez) + HO; + H — H,0 27)
H,0, +hv -2 HO (28)
H202+02 —>HO+02 +H07 (29)
H;0, + TiO; ( ey, ) > HO+HO™ + TiO; (30)

Light (ho) Sibleon R, 22

it R Reduction

. lBandGapEnergy
: 3.2eV
i Oxidation
TIOZ ,;\(glg e Ban H,0 H*+OH°
~0,°/OH°

Organic pollutants se———) Degradation products

Fig. 9. Diagram of the TiO, photolysis mechanism adopted from (Schneider
et al., 2014).
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9.1.3. Tin oxide photocatalyst (SnO2)

In the SnO; photocatalytic process, the movement of electrons from
the valence band (VB) to the conduction band (CB), produces both
reductive conduction electrons (e ) and oxidative valence holes (h™) at
the same time (Fig. 10) when the light irradiation energy is equivalent to
or greater than the catalyst band gap energy (Eq. (31)). The conduction
band electrons (ecp) are selected by the molecules of oxygen to create
reactive peroxide radical (O3) (Eq. (32)) that is then transformed into
radicals of hydroxyl by a sequence of electron reduction processes.
Electrons and holes both contribute to the redox reaction in equations
(Li et al., 2019) and (Frank et al., 1977). The hydroxyl radical (OH) is
created when the valence band holes (h" VB) interact with H,O mole-
cules in (Eq. (35)). Under ultrasounds (US), ultrasonic cavitation causes
the molecules of water to pyrolyze into (H) and (OH) radicals, creating
hot spots with high temperatures and pressures in Eq (Schneider et al.,
2014). According to Eq. (Huang et al., 2016), a small number of (OH)
radicals recombine to produce Hy0,, which then dissociates into (OH)
radicals as shown in (Eq. (38)). Lastly, as shown in (Eq. (39)), the
degeneration of the organic contaminants is brought about by the rad-
icals of hydroxyl produced by both sono-catalysis and photocatalysis
processes (Bezzerrouk et al., 2021).

Sn0; +hv — Sn0; ( eg) + Sn02 (hyy) (31)
Sn0;(eg) + 02 = °0; (32)
°0, +e +2H" - H,0, (33)
H,0,+e — °OH+ OH- 34
SnO; (hyy ) +H, O —» °OH+ H* (35)
SnO, + US + H,O0 - °H+° OH (36)
°OH+ °OH — H,0, (37)
SnO, + US+H,0, -2°0H (38)
°OH + Methylene blue — CO + H»0 + Degraded products (39)

9.2. Cadmium sulfide photocatalyst

Cadmium is usually a toxic heavy metal and produces a serious risk
to human beings and the ecosystem. It is similarly very significant for
many industrial applications. To avoid the contamination of the envi-
ronment by cadmium, the strategy is known as the recovery or recycling
of Cd in high-value products. Phytoextraction and hyper accumulators
strategy is adopted for the remediation strategy. The cadmium-enriched

. b

Ultrasound

—HZO — /OH Degraded

*** Reduction O2-mm) (5. \< pollutant

e-e-e-e-e-e-e-e-e-e-e-e-e-e- Organic
pollutant

Recombination
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Fig. 10. Using a thin layer of SnO», a representation of the mechanism of sono-
photocatalytic for the breakdown of the methylene blue dye (Ray et al., 2021).
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hyper accumulators biomass recycling in the formula of CdS@C nano-
composite by the pyrolysis carbonization in addition to the hydrother-
mal reaction. This nanocomposite is represented as the catalyst for the
photodegradation of wastewater treatment. In comparison to pure CdS,
the preparation of nanocomposites of Cds@C showed the enhanced light
capacity of harvesting and good efficiency of photocatalytic because of
the lower energy of band gap and highly effective isolation of electrons
from holes. The Cd enriched into the nanocomposite of CdS supported
with carbon exhibited high performance. It showed good photocatalytic
extraction from the slightly and moderately contaminated wastewater.
The nanocomposite exhibited a good collection of light and quick
separating and transportation ability of photo-generated carriers of
charge because of the nearby connection between mesoporous carbon
and CdS. Further, the construction of free radicals (OH and O, free
radicals) showed great promotion of photo-degradation of organic pol-
lutants by the utilization of CdS@C nanocomposite (Li et al., 2021). The
fact that CdS is visible light sensitive and thermally stable makes it
considered as one of the most attractive transition metal sulfides for use
as a photocatalyst (Sharma et al., 2024).

9.3. Graphene oxide photocatalysts (rGO)

To increase electronic conductivity and enhance the capacity to
separate and transmit the efficacy of the photo-carriers, GO serves as an
electron acceptor or sink in photocatalysis. Moreover, a large surface
area encourages the adsorption of pollutants, increasing the photo-
catalytic activity of the catalysts. Electrons (e) are moved from the
valence band of reduced graphene oxide (rGO) when exposed to visible
photons with equivalent energy or larger than the energy of band gap
(VB). The photocatalyst surface (Fig. 11) or dissolved Og can easily
capture the electrons produced as a result of irradiation to produce su-
peroxide radicals or O3. As an outcome, O3 can be associated with HoO
to form the potent oxidizing radicals, hydroxyl radical (OHe) and
hydroperoxy radical (HyOe), which degrade organic molecules. In
addition, surface hydroxyl groups (H20) on the photocatalyst surface
may trap photo-generated holes to make hydroxyl radicals (OHe).
Organic molecules will eventually undergo oxidation to produce CO,
and HO as described in the given equations (Ikram et al., 2020):

PC+hv — e (CB)+h" (VB) (40)
e +0;, - 05 (41)
0} +H, O - HO, +0 (42)
h*+OH™ - *OH, (43)
h*+H,0 — *OH +H"' 44

Fig. 11. Photocatalytic Reactions of Reduced Graphene Oxide applicable to the
dye degradation (Ikram et al., 2020) as explained in reactions of Egs. (40)-(45.
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OH + organic molecules + O, — Products ( CO, and H, O) (45)

9.4. Ferric oxide photocatalyst (Fe;03)

The distress of environmental pollution and water contamination by
the dyes is one of the major concerns this time. The advancement in
semiconductor and oxide-based magnetic nanomaterial has great po-
tential remediation for water pollution. The production of the nano-
composite was approved by a facile hydrothermal methodology. The
ZnSe and ZnO nanoparticles were designed on alpha-Fe;Og3 layers and
led to the formation of hetero-junction. The alpha-Fe;Os/ZnSe nano-
composite exhibited 98.9 percent degradation for Congo red (100 ppm)
in aqueous media. Nanocomposite of alpha-Fe;O3/Zn0O exhibited 26.0
percent degradation of the 100-ppm solution of dye, showing poor
performance of photocatalytic degradation. This is recognized as the
development of configuration type-1 hetrostructure in recombination.
Further, alpha-Fe;O3/ZnSe nanocomposite exhibited a greater and
increased photocatalytic response. This enhancement of photocatalytic
degradation response is assignable to the formation of free configuration
(type - II hetrostructure) recombination. The alpha-Fe;O3/ZnSe nano-
composite is recognized as one of the best photocatalytic degraders for
the dye synthesized under mild conditions. Synthesis of hematite NPs-
ZnO nanoflakes i. e alpha-Fe;O3/ZnO and hematite NPs- ZnSe nano-
composite by facile hydrothermal method showed altered photo-
catalytic response. The efficiency was investigated by the Congo red dye
degradation. Because of the high recombination charge carrier’s alpha-
Feo03/Zn0, nanocomposite exhibited lower photocatalytic activity to-
ward dye in comparison to the bare photocatalyst. The poor perfor-
mance is due to type-I hetrostructure which is recognized as a
recombination-enhanced configuration. The alpha-Fe;O3/ZnSe is a
robust photocatalyst that exhibited superior photocatalytic activity. This
robustness of nanocomposite is due to its type-II hetrostructure and
recombination-free configuration. New approaches are adopted for the
synthesis of high-performance nanocomposite by the utilization of green
materials which showed tremendous application for the degradation of
wastewater (Khurram et al., 2021).

9.5. Nano-photocatalyst

The term photocatalysis itself has been derived from the Greek words
“photo’ and “catalysis,” both of which mean decomposition under the
presence of light. The term is applied by sunlight/UV/Visible photons to
stimulate the substance (Ong et al., 2018). Photocatalyst changes the
reaction rate without being involved in the transformation process. The
thermal catalyst and photocatalysts have the key difference of activation
by light in the latter (Chen et al., 2019). However, the term
nano-catalyst implies to using nanomaterials as the photocatalyst which
has a shape-dependent feature and a better surface ratio and, recently,
they are commonly utilized for the purification of water. The nano-
materials show many responses as compared to bulk material because
they have distinctive surface properties and quantum effects. It helps to
increase mechanical, chemical, electric, and magnetic reactivity along
with optical properties (Gomez-Pastora et al, 2017). The
nano-photocatalysts increases the rate of oxidation/reduction for larger
area of contact or surface area (Gomes et al., 2019).

Nanoparticles, for instance, zero valence-based metals, semi-
conductors, and bimetallic categories are most frequently used for the
treatment of water and diverse types of pollutants like organochlorine
pesticides, azo dyes, chlorpyrifos and nitroaromatics (Umar et al.,
2015). Various studies have shown that TiO,-based nanotubes are uti-
lized effectively for removing pollutants, for example, azo dyes like
Congo red, phenolic aromatics like dichlorophenols, toluene, chlori-
nated ethene and trichlorobenzene, from the wastewater (Samanta
et al., 2016). SiO,, ZnO, TiOy, AlyO3 etc. Are the most important
nano-photocatalysts. The supreme among them all is Titanium dioxide
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(TiO3), having the excellent photocatalytic ability, toxic-free nature, low
cost, easy availability on earth, and chemical stability. TiOgy exists in
brookite, rutile, and anatase three natural states. Anatase is a good
nanophotocatalyst.3.2 ev is the bandgap and under 387 nm it absorbs
UV light. The photocatalyst ZnO is utilized for degradation having an
effective reusable ability (Sadegh et al., 2017). The composite materials
and reference substances degradation like dimethyl sulfoxide for the
evaluation of wastewater treatments by utilizing nanocomposite of
CdS/TIO; as a photocatalyst underneath the light in visible spectrum has
been inspected. The iron-doped material having ferromagnetism sup-
ports reprocessing and reuse easily (Raliya et al., 2017). The features of
Pd-incorporated zinc oxide nanomaterial, like high photocatalytic re-
activities, are utilized for Escherichia coli (E. coli) removal from waste-
water. Innovative efforts are made on metal oxide to raise its efficacy
underneath visible light by modifying it with metals or metal ions.
Carbonaceous-based substances, sensitizers of dyes, and many more
have been exploited. Nevertheless, there are many methods for addi-
tional modification in the nanophotocatalysts (Ali et al., 2019).

Nanophotocatalysts occur in both heterogeneous and homogeneous
form, however the formers are preferred nowadays to decompose pol-
lutants and be used in other environment-related applications (Bhanvase
etal., 2017). The interface between fluid is applied in prior development
and solid photocatalysts like metal or semiconductor. The heteroge-
neous photocatalysts are working where semiconductor photocatalysts
that are light-based utilized an interaction with liquid and gas phases
(Yamakata et al., 2019). The heterogeneous photocatalyst is dependent
on the scaled-up reactor constructed on the advanced designs with the
improvement of performance (Di Mauro et al., 2017). The critical task is
to design effective nano-catalyst illumination and mass-transferring
optimization, especially in the liquid phase. The photons transferring
are upgraded by recruiting light remittent diode and optical fibers but
there is lacking productive revolution. Extensive efforts are made for the
progress of solar photoreactor (Hassan et al., 2019). The optimistic role
of nano-photocatalyst is recognized in the research laboratory for water
treatment. Minimizing the problem at the commercial level is not an
acceptable approach. The absence of influential photoreactor configu-
ration and lesser photocatalytic competence causes the potential lack in
commercial applications. Despite this, heterogeneous photocatalyst has
fascinating advantages because they are inexpensive, additive-free, have
low concentration work efficiency, and have chemical stability (TiO5 is
stable in aqueous media) (Serra et al., 2020). The heterogeneous pho-
tocatalyst is currently achieving pre-industrial scale (Lekshmi et al.,
2020).

9.5.1. Pros and cons of nano photocatalyst

Nano photocatalyst has a vital part in the mineralization of hazard-
ous substances of organic nature at a temperature of 25 °C and is proven
very effective for the detoxification of water. The pros of photocatalyst
involve less toxicity, low cost, chemical stability, easy accessibility, and
excellent photoactive properties with a range of 1-100 nm (Tahir et al.,
2019). The Nano photocatalyst exhibit various advantages like chemical
and physical stability, low price, and eco-friendly nature. Amongst all,
TiO3 has good photo stability, and numerous photocatalysts like metal
sulphide, zinc oxide, and copper-based materials display comparatively
low stability because of photo-corrosion (Ciambelli et al., 2020). The
shining of light on them causes oxidation or reduction depending on the
materials and their oxidation state is changed by the generation of
electrons or holes which can lead to the decomposition of the photo-
catalysts and decrease the photocatalytic process performance (Weng
et al., 2019). There needs synthesis of nanocomposites for getting stable
photocatalysts for elongated-term performances.

The main pros of nano-sized particles are the quantum size effect,
which is helpful to improve the bandgap energy and reduction of par-
ticle size. Further, the photodegradation process has many advantages
like low cost, reusability, and complete degradation of values. Despite
this, the nanophotocatalysts are facing some problems of toxicity and
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recovery of catalyst from the mixture. These problems limit the appli-
cation and possibility of photocatalysts at a higher level (Rajabi et al.,
2016). The scientific community is concentrating on the nanocomposite
of diverse materials to decrease the toxicity of waste water. So, it is
important to be aware the scientific community synthesizes novel pho-
tocatalyst which are workable in the visible span for the sustainability
and promotion of doped photocatalysts with different materials like
graphene and derivatives of it to decrease toxicity. The drawback can be
overcome by catalyst recovery; a major method could be utilized like
magnetic nanophotocatalysts in the treatment of wastewater. When
these magnetic photocatalysts are exploited, the catalyst recovery is
achieved through the external magnetic field to permit the recycling of
the nano-catalyst and to achieve the effective and naturally responsive
decontamination of wastewater (Mahmoodi et al., 2009).

A wide range of investigations are going on in the nano-
photocatalysts field which is resulted in progress in designing a
reactor and development regarding the nano-photocatalysts. Many de-
velopments in the nano-photocatalysts materials occurred but there are
still many inquiries relevant to the nano-photocatalysts substances. The
principal challenge in intensification is existing limitations in mass
transferring and the high consumption of photons. The nano-composite
concept is ideal for resolving the problem of recombination ability of
electron pair, which can be advanced by nanocomposites combination
with nano-photocatalytic reactors constructions (Van Gerven et al.,
2007). The most recent and advanced reactors are microfluidic reactors,
which allow for intensive research into the reaction and synthesis pha-
ses. The microfluidic reactors interact with the reactants on a
micro-scale (Lin et al., 2009). The important features are a large
surface-to-volume ratio, improvement in the diffusions, the greatness of
mass transfer coefficients factor, less Reynold’s flow, high stability in
hydrodynamics, and informal handling which help to make them ideal
more than conventional reactors. Moreover, it is still problematic to
apply photocatalysts on the large scale in actual waste-water.

Furthermore, significant structure syntheses like nanorods, nano-
sphere, nanoflakes, nanoflowers, and nanocones having greater struc-
tural and functional properties could open extensive study areas. Several
nanomaterials structures with many potential features can be synthe-
sized through a measured synthesis approach (Wang et al., 2014b).
Future research should need exploration of new nanophotocatalysts.
Preparation of the innovative photocatalyst materials with good per-
formance, inexpensiveness, eco-friendliness, and good stability is
needed significantly. Furthermore, for the exploitation of pollutants
treatment, several approaches, such as thermodynamics, photocatalysis,
electrocatalysis, and adsorption, should be combined with careful
matching. In the early decade, the fabrication of nanocomposites in the
presence of TiO5 and ZnO was well explained for water treatment. The
preparation methods of nanocomposite by utilizing carbonaceous ma-
terial, ceramic and polymer materials are still in the early stage. It helps
to produce nanocomposite with the improvement of properties. The
heterogeneous photocatalyst is prohibited by several technical problems
that are required to investigate successfully. Finally, in the future, the
significant photocatalytic treatments with the betterment of
solar-driven, excellence in efficiency, and lesser site area needs can be
comprehended and should be of concern (Umar et al., 2012).

10. Factors affecting photocatalytic performance in wastewater
treatment

10.1. pH

The pH value of water/medium defines the fate and chemistry of
organic compounds as it affects charge, ionization, solubility, and par-
titioning coefficient and (Sacco et al., 2012). The pH also control of
surface charge of the photocatalysts and the isoelectric point (Chong
et al., 2009). Numerous approaches have been utilized to calculate the
zero point charges for studies of photocatalytic oxidation performance
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(Chanu et al., 2019). The zero point charge denotes a point where the
surface charge of the photocatalyst becomes zero and it usually happens
in the 4.5-7.0 pH range (Gnanaprakasam et al., 2015; Ochuma et al.,
2007). The photodegradation of organic pollutants significantly (p <
0.05) affected by the pH of the reaction medium. The pH of the solution
also controls the oxidizing potential of the valence band of photocatalyst
(Reza et al., 2017). The exact mechanism for how the pH can control
photodegradation is complex but as a whole photodegradation depends
on (i) rate of oxidation of pollutants, (ii) attack of hydroxyl radicals, and
(iii) the pollutant reduction by the conduction band electrons [152]. The
increase in pH beyond the isoelectric point of the photocatalysts leads to
the incorporation of the negative charges onto the surface of the pho-
tocatalysts (Venkatachalam et al., 2007). The electrostatic interaction
may take place as the negatively charged photocatalyst attracts/absorbs
the cationic pollutants and adsorb which eventually leads to electron
transferring between the pollutants and photocatalysts for photo-
degradation (Li et al., 2008). As pH shifts below the isoelectric point of
the photocatalyst, the functional group in the protonated photocatalyst
and on the surface induces the positive charge which helps to attract the
anionic pollutants (Karunakaran et al., 2008). Thu et al. found that
methyl orange at or below pH 3 get adsorbed on TiO3 in the presence of
doped by Cu only under acidic conditions while at or above pH 9 it
adsorbs in alkaline conditions. Adsorption is primarily responsible for
efficient photocatalyst degradation. In the alkaline condition, hydroxyl
radicals are majorly involved, while in the acidic environment, the holes
having larger oxidation potential are majorly involved in the
photo-degradation (Nguyen Thi Thu et al., 2016).

With the increase of pH values, the OH radicals increase in the so-
lution and the reaction betwixt hydroxyl ions and positive holes en-
hances degradation efficiency. The high basic pH value (pH > 11)
produces additional hydroxyl ions which initiate free radical reactions
to neutralize contaminants (Konstantinou et al., 2004). The lowering in
media pH value a is essential for the anionic pollutants to be photo-
degraded (Pouretedal et al., 2009). At lower pH, owing to the photo-
catalyst surface protonation, the sorption of the cation species decreases
which can lead to photodegradation decline. At the too-low value of pH,
the anionic species cause protonation which can lead to avoiding the
sorption by electrostatic repulsion on the photocatalyst surface (Rajabi
et al., 2013). The unavailable OH ions at low pH suppress the degra-
dation ability. So, because of the change in the form of many pollutants
at different pH, and the effect point zero charges of the adsorption
abilities of sorbents, optimization of pH is a major step (Prado et al.,
2009). For instance, the photodegradation of malachite green is very
favorable at a low value of pH and that of methyl blue is favorable at a
high value of pH with TiOs-based photocatalyst (Ling et al., 2004).

10.2. Catalytic loading

The catalyst amount utilized also has significant effects on photo-
catalytic degradation. The rise in the quantity of the catalyst increases
the quantity of OH radicals’ formation which can lead to the partici-
pation in the organic compounds ‘degradation. Beyond the limited
catalyst quantity, the turbidity of solution also shows increases and the
prevention of UV rays continues, that is resulting in are reduction in the
degradation percentage (Coleman et al., 2007). The rate of degradation
up rises with the rise of catalyst loading until 0.7 g/L after that occurs on
reduction in the degradation. The decrease in the activity of photo-
catalysis is ascribed to the effect of scattering of light and shielding by
the suspended photocatalyst (Jamali et al., 2013).

With the increased amount of the photocatalytic dosage, the amount
of photo-mineralization of water pollutants also rises. This is because of
greater numbers of the active site on the photocatalysts which results in
the adsorption of more photons and the manufacture of OH radicals and
positive holes in the existence of radiation. These hydroxyl radicals and
positive holes take part in the photocatalytic reaction and boost the
percentage of pollutants ‘degradation. At a low dose of catalysts, solar
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light in a maximum value is involved in transmission from the solutions
directly, and consumption of a part occurs for the performance of the
catalysts. Beyond a certain limit, the high dose of catalyst can be a
reason for a decline in the photo degradation rate for the pollutants. The
major reason is the solution turbidity which increases catalyst amount
and block UV/Vis illumination from entering solutions and, helps to
enhance the scattering of light. This causes a smaller quantity of pho-
toactive species and results in the reduction of the percentage of deg-
radations. Moreover, high dosage causes nanoparticles’ agglomeration
which involves in reduction of active sites numbering that are accessible
for exposure (Sohrabnezhad et al., 2009).

10.3. Light wavelength

Based on the photocatalyst used for the reaction, the light source
with different ranges of wavelength emission has an important influence
on the photocatalytic method. The ultraviolet light utilized in the pro-
cedure must have enough energy to promote the formation of an elec-
tron hole. There are various categories of the electromagnetic spectrum
of UV irradiation, like UV- A, UV-B, and UV- C, depending upon the
emission of the wavelength of light. UV- A has wavelength (315-400
nm),UV- B (280-315 nm), and UV- C (100-280 nm). The investigation
has shown that UV ranges from 254 nm to 315 nm provide sufficient
photons for the photonic activation of photocatalysts like ZnO and TiO2.
The band gap energy of TiO, is 310-400 wavelength region. Moreover,
CeO;, consists of wavelength of 388 nm.ZnO has a wavelength of 387 nm
with unique optical properties and efficiency of UV absorption (Janssens
et al., 2019; Ghamsari et al., 2017).

10.4. Concentration of pollutants

The different concentrations of pollutants result in the variation in
the irradiation period to accomplish the mineralization fully. The rise in
the early concentration of organic compounds affects the degradation
performance of photocatalysis. The increase in the initial concentrations
of the organic pollutants will result in adsorption on the photocatalyst
surface. This can be attributed to the deficiency of the surface of pho-
tocatalyst for the formation of hydroxyl radicals and the lowering of the
activity of photocatalysis of the catalyst. Further, the increase in the
early concentration of organic pollutants will lower the number of
photons arriving at the photocatalytic surface. It results in a decrease in
the electrons ‘excitation from the valence band to the conduction band.
Resultantly, the photocatalytic activity of the photocatalyst is reduced
(Gaya et al., 2008).

The degradation percentage in the process of photocatalysis princi-
pally depends upon the quantity of the organic contaminants sorbed on
the photocatalyst surface. It is independent of the quantity existing in
bulk aqueous media. Moreover, it is dependent on the reaction and
formation of OH radicals with the pollutants’ molecules to contribute to
the degradation rate. The adsorption of photocatalysts is dependent on
the initial concentration of the pollutants and it rises with a growth in
the pollutants concentrations (Kiriakidou et al., 1999). The high
adsorption value of pollutants with the more initiated concentration of
pollutants contributes to the pollutants getting excited upon light illu-
mination. This is ascribed to the increase in the efficiency of photo
degradation. Beyond the concentration limit, photo degradation is
declined by raising the early concentration of pollutants. This is because
of the covering of the photocatalytic surface with pollutants. There oc-
curs reduction in the number of photons which approach the surface of
catalyst and a reduction in the positive holes and hydroxyl ions radicals
because the pollutants molecules occupy the active sites (Daneshvar
et al., 2004).

10.5. Temperature

The increase in the photocatalytic reaction temperature by more
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than 80 °C caused the promotion of the recombination of electron-hole
charges. The temperature below 80 °C contributes to the sorption of the
impurities on the surface of TiO, and operation at this temperature can
help to decrease the heating capacity of water. It has been described that
a temperature range of 20-80 °C is very effective for the organic reaction
under UV light (Herrmann, 2005; Li Puma et al., 2002).

10.6. Light intensity

The rise in light intensity leads to a much larger waste of energy
during the degradation. The light intensity rise leads to a rise in the cost
(Guozheng et al., 2010). When the light intensity is not controlled then a
high amount of light intensity is lost. Light energy loss happens when the
photon having lesser energy than the threshold photon energy is inca-
pable to ignite the electron-hole pair and results in loss of energy (Yang
et al., 2007). The larger light intensities can result in much more waste
of energy instead of the degradation of organic pollutants. It is very
serious to develop desirable light intensities to deduce the energy loss
which can be caused by electron-hole recombination (Dillert et al.,
2013).

10.7. Effect of oxidants

Delaying the generation of produced electrons and holes under solar
light irradiation can enhance photocatalytic activity (Mukwevho et al.,
2019). To increase the photocatalytic oxidation of organic pollutants,
oxidants—irreversible electron acceptors such as HyO5, KBrOs3, NOg,
(NH4)2S20s, NasS20s, and K2S20g—are added to the reactions as foreign
agents to quench the conduction band electrons and form intermediate
radicals. To increase the photocatalytic efficiency, each of these electron
acceptors acts as a powerful oxidizing agent and electron scavenger in
the following ways: (a) decreasing the time needed for recombination of
electron-hole pair; (b) producing higher ¢OH amounts for degradation;
and (c) production oxidant species to increase the oxidation rate (Wang
et al.,, 1999). However, based on the experimental circumstances, the
result of adding oxidizing agents must be carefully studied since they
might also have a detrimental influence on the photocatalytic oxidizing
of pollutants (Weavers et al., 1997).

10.8. Influence of Hy02

The most researched oxidizing agent to improve the photocatalytic
breakdown of organic pollutants in water is HyO,. The addition of HyO2
boosts the activity of the photocatalyst by raising the concentration of
radicals and radical anions. As exposed in equations (Douglas et al.,
2012) through (Varjani, 2017), the mechanistic way of radical and
radical anion formation by H>0, addition is as follows. HoO5 can pro-
duce hydroxyl radicals and anions by either directly photolyzing it (Eq.
(48)) or reacting with photo-electrons from the conduction band (Eq.
(49)). As soon as oxygen is present in the medium, it combines with the
conduction band photo-electrons to create oxygen radical anions, which
then interact with HyO5 to create hydroxyl radicals, anions, and oxygen
molecules (Eq. (50)) (Muruganandham et al., 2004). Furthermore, hy-
droxyl anion and positive hole can interact to form hydroxyl radicals.
The photo degradation of the organic contaminants existing in waters is
considerably aided by these photogenerated hydroxyl radicals. As a
result, as HyO2 concentration rises, HoOzmolecules trap electrons and
generate more hydroxyl radicals, which accelerate the degradation of
pollutants in waters when illuminated by sunlight and inhibit the
recombining of charge carriers. Nevertheless, if the HoOzamount is
increased above the optimal concentration, it begins to function as a
scavenger for hydroxyl radicals and hyg, which can be stated as equa-
tions (Ghasemi et al., 2016)—(53), which reduce the effectiveness of
photocatalysis (Poulios et al., 1999).

H,0, +hv —» *OH + °*OH (46)
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H,0,+ey — "OH +OH- 47)
H,0,+05 — °OH +OH +0, (48)
H,0,+2hj, — O, +2H" (49)
H,0,+°0OH —HO,+H,0 (50)
HOj +°0OH — H,0 + 0, (51)

At high Hy02 concentrations, the amounts of hydroxyl radical and
positive hole, which are respectively responsible for the oxidation and
breakdown of contaminants, start to decline, which inhibits photo-
catalytic degradation. Consequently, tuning of the HyO5 concentration
must be carried out before large-scale applications to ensure an efficient
photo-degradation rate (Sobana et al., 2008).

10.9. Effect of KBrOs

Moreover, KBrOs is frequently utilized as an oxidizing agent to boost
a photocatalyst is reaction’s ability to degrade materials by acting as an
effective electron acceptor. For the prevention of photoelectrons and
holes from recombination, BrO3 reacts with conduction band electrons
to form water molecules and bromide anion. Making photo-generated
holes accessible for the oxidizing organic pollutants in the aqueous
medium extends their lifetime.

BrO; +6eg, +6H' — Br~ + 3H,0 (52)

On adding more BrOsthan the optimal concentration, a reduction in
the breakdown of organic pollutants was seen. Due to competition to
adsorb onto the photo catalyst’s surface caused by the formation of
additional Br anion, the photocatalytic destruction of organic materials
is impacted (San et al., 2001).

10.10. Ejj‘ect Of K5S,05 and (NH4) 25208

The production of the sulphate radical anion SOz * is what causes the
photo degradation of pollutants in dirty water to improve when S,03~ is
added. From 52052;’, SOz° can be created as shown below (equation
(55)). To form sulphate anion and hydroxyl radical, SO;° may either
interact with the water or trap electrons (equations (Ethiraj et al., 2020)
and (Bui et al., 2020)). Furthermore, SOz * and organic contaminants can
directly interact to form intermediates and sulphate anions, which can
then interact with SO4° to form mineralized products that have been
degraded.

Reduction in the photocatalytic degradation of contaminants was
seen as S»03~ concentration increased. The excess SOF~ produced
combines with the hydroxyl radicals and positive holes to form SOz°,
which has a lower degradation potential than hydroxyl radicals. As a
result, the degradation of pollutants also reduces with arise in
SgO%’concentration along with a decrease in the concentration of the
hydroxyl radical and positive holes (equations (Ethiraj et al., 2020) and
(Bui et al., 2020)). Thus, for effective degradation of organic pollutants,
oxidant concentration must be optimized (Sobana et al., 2007).

$,03” +hv —» 2S0;° (53)
SO,* +H, O — °OH +SO¥ +H" (54
SO;* +ez; — SOF” (55)
SO +hv — SO;* (56)
SO> + eOH — SO;* +OH~ (57)
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10.11. Effect of doping

The doping refers to the manipulation or modification of the valence
states of atoms or ions in a material and alters the number of electrons
that an atom can donate or accept in chemical reactions, which can have
significant effects on the material’s properties and reactivity. In the
context of photocatalytic efficiencies, doping can be used to enhance the
efficiency of the process by optimizing the redox potentials involved in
the reduction reactions. By adjusting the valence states of the catalyst
material, it is possible to achieve a better match between the redox
potentials required for the reduction of pollutants. This can help over-
come the limitations posed by the high redox potential required for
certain organic compounds like bisphenol and improve the overall
photocatalytic efficacy (Kumar et al., 2022).

The impurities that are added to the photocatalyst to increase its
photocatalytic efficiency are known as dopants or doping agents. To
prevent charge carrier recombination, dopants modify the photo-
catalyst’s band gap. These materials often introduce impurity energy
levels, trap electrons, create oxygen-deficient sites, and increase the
number of active sites for the sorption of pollutant molecules (Bingham
et al., 2011b). By capturing photo induced electrons or holes, the
addition of extra energy levels aids in delaying the separation of charge
carriers and changes the semiconductor material’s band gaps. The
sorption of photons underneath the visible area is encouraged by higher
energy levels, narrow bandgap, and oxygen vacancies, which increase
the rate of photocatalytic events by increasing the space charge region’s
narrowing to promote photo-induced charge carrier recombination
(Eustis et al., 2006; Tong et al., 2018). For the photocatalytic degrada-
tion of antibiotics, Eswar and coworkers adjusted the levels of nitrogen
and vanadium as dopants in titania catalysts. They found that by
reducing the bandgaps and serving as charge trapping center, raising
dopant concentrations of 0.1-2 atom% in the titania increased its
degrading performance compared to un-doped titania. However, a
considerable decrease in the photocatalyst’s ability to degrade was seen
as the dopant concentration was increased further.

10.11.1. Noble metal doping

A group of metals known with inert nature, anti-corrosive, and anti-
oxidizing character includes gold (Au), silver (Ag), mercury (Hg),
ruthenium (Ru), platinum (Pt), etc. (Wu et al., 2017). These metals are
usually incorporated into the photocatalysts to decrease corrosion on the
photocatalyst surface, improve efficiency, and extending the lifetime of
the photocatalysts. Noble metals function as effective dopants for a
photocatalyst because (a) they increase the photocatalyst’s activity un-
derneath visible light, (b) they introduce fermi levels below the con-
duction band, (c) they rise the active sites number for organic pollutants
‘sorption, and (d) they trap photoelectrons to lessen carrier charge pair
recombination (Eustis et al, 2006; Tong et al., 2018). The
photo-degradation Congo red (CR) and Acid orange (AO) were
compared, by Yu et al. and Ozacar et al. respectively, doping of several
noble metals on ZnO nanoparticles, and they discovered that Pd-doped
ZnO exhibits perfect efficiency amongst all (Giiy et al., 2016; Yu et al.,
2013). According to Yu et al. Pd performs the best at degrading pollut-
ants out of all the noble metals doped on ZnO because it effectively fa-
cilitates electron-hole charge pair dissociation. A higher charge pair
separation rate promotes the interaction between hydroxyl groups,
which produces more positive holes and hydroxyl radicals, which aid in
the mineralization of the dye. When employing a diverse noble metal
doped on ZnO, the reducing order of electron-hole pair separation was
thought to be Rh <Pt< Ag <Pd, which was also the order of dye degra-
dation when exploiting various noble metal doped photocatalysts. The
cost of utilizing noble metal dopants is a drawback because they are
pretty expensive (Liu et al., 2011).

10.11.2. Metal doping
Transitional metals dopants, like Mn, Ni, Cr, Fe, and Zn, among
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others, decrease the band gap of photocatalysts similar to noble metal
doping by adding intra-bandgap phases and activating the catalyst in the
presence of visible light irradiation and expanding the time of recom-
bination created electron-hole charge pairs (Liu et al., 2011). Doping
with transitional metals (Fig. 12) is also advantageous, especially
because these metals are less expensive than noble metals; nevertheless,
they are not corrosion-resistant. The shape, size, photocatalyst active
surface area, and crystal structure could potentially be altered by the
doping of metal ions, which influences greatly on the photocatalytic
properties (Ma et al, 2010). Ghasemi et al. investigated the
photo-mineralization of Acid blue 92 (AB92) dye contained water
appraising the effect of several transition metal dopants (Fe, Cr, Co, Mn,
Zn Cu, and Ni) on TiO». In comparison to pure titania, metal-doped TiO5
nanocomposites offer reduced crystalline sizes and greater specific sur-
face areas. Moreover, adding a small number of dopants are involved in
the absorption edge movement toward the visible spectrum by intro-
ducing an energy level between the conduction bands and the valence of
TiOg (Ghasemi et al., 2009). Order in which dyes degrade when various
metal dopants are used in TiOj. In comparison to pure titania,
metal-doped TiO» nanocomposite displays reduction in crystalline size
and involves in upraise in specific surface area. Moreover, adding a
small number of dopants causes the absorption edge to move toward the
visible spectrum by introducing an energy level between the valence and
conduction bands of TiO. Also, because it brings oxygen vacancies into
the lattice spaces and onto the surface of the photocatalysts, Fe is one of
the most advantageous transitional metals which are used as dopant
agents. This stimulates the production of eOH radicals, which rises the
photocatalytic efficiency (Wu et al., 2012).

10.11.3. Rare earth metal doping

The earth’s crust is rich in rare-earth metals, which are also preferred
for doping because they are less expensive than noble metals. F-orbital
can form complexes with semiconductor materials since it is present in
rare earth metals, which increases the photocatalytic effectiveness of
photocatalysis (Bingham et al., 2011b). Because of the partly filled 4f-or-
bitals, the incorporation of rare-earth metals, particularly lanthanides,
produces infra-4f optical transitions (Myilsamy et al., 2016). Likewise,
the addition of rare-earth metals to photocatalysts up to a certain limit
inhibits charge carriers from recombining and makes them accessible to
take part in photocatalysis (Sarkar et al., 2015). Rare-earth elements
typically display more radii than photocatalysts and are more readily
disseminated on the surface than interstitial lattice dopants (Ravichan-
dran et al., 2017). Such an element is responsible for the upraise in the
active surface area and are involve in the limitation of the photo-
catalyst’s Nano crystalline size (Ahmad, 2019). Moreover, Zhang et al.
showed that the usage of TiO, nanocomposite as photocatalysts for the
degradation of RhB reduced the anatase to rutile phase transformation
about Ln ion radius (La®*> Gd®™> Yb®") (Shi et al., 2009). TiOo

¢ Reduction

Doped photocatalyst

Doped photocatalyst

Fig. 12. For photocatalytic improvement, doping has two effects: (a) electron
trapping in CB and (b) hole trapping in VB (Ray et al., 2021).
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nanoparticles were produced by Xu et al. and doped with various rare
earth elements (Ce®*, La®*, Nd®*, Pr®*, Gd®*, Sm®*, and Er®"), and
their photocatalytic properties were assessed. Using lanthanide-doped
TiOy nanocomposite, a noticeable red shift was seen towards the
longer wavelength (Zhang et al., 2004).

10.11.4. Non-metallic doping

Due to their superior stability, high photocatalytic effectiveness, and
simplicity of the doping method, non-metallic doping and anionic
doping are reportedly superior to transition metal doping and cationic
doping in photocatalysts (Alam et al., 2018). Several non-metallic
doping agents, including phosphorus, nitrogen, sulphur, fluorine, and
carbon, have been examined and found to increase photode gradation
efficiency by adding additional impurity energy levels show proximity
to the valence band and facilitating the absorption of light in visible
range (Zhou et al., 2016). One of the maximum effective non-metallic
dopants for boosting photocatalyst activity in the visible light spec-
trum is nitrogen (N). It is simple to incorporate such non-metallic dop-
ants into the structure of the photocatalysts, either at interstitial sites
(where N-O bonds form) or substitutional sites (where N atoms take the
place of O). Under visible light, interstitial N-doped photocatalysts are
found to have greater activity of photocatalysis than substitutional
N-doped ones (Devi et al., 2013). By boosting the absorption of visible
light and increasing the generation of photoelectrons and holes for
photocatalysis, nitrogen can readily lower the band energy gaps of the
photocatalysts on the shifting of the valence bands in upward direction.
Valentin et al. has investigated, in theoretical research, the influence of
doping non-metals (N, B, F, and C) on the electronic structure of anatase
TiO3 in interstitial and substitutional sites. Except for F, one energy level
is generated above the valence band. The electronegativity of the dop-
ants, which declines as the dopant concentration rises, determines these
energy levels (Atchudan et al., 2018). These energy levels are stimulated
by the dopants’ electronegativity, which decreases as electronegativity
increases. Although fluorine, which has the maximum electronegativity,
is involved in states introduction below the O 2p valence band, boron,
which is less electronegative, introduced states at 2.18 eV above the
valence band. In contrast, it supplies electrons and energy levels below
and above the valence band of O 2p for B and C interstitial doping
(Varley et al., 2011). Nevertheless, nitrogen atoms join lattice O and
produce NO-like species as a result. Non-metal dopants alter the
bandgap in order to boost the photo degradations of pollutants in
aqueous media and to upraise the stability of the photocatalysts (Peng
et al., 2008).

10.11.5. Co-doping

Non-metallic/mono-metallic doping has the potential to dramati-
cally increase the photocatalytic effectiveness of the photocatalysts, but
it is responsible for the recombination of charge carriers produced by the
photo process. By reducing the solubility of the doping agents, which
lowers the production of recombination centers, the inclusion of over-
seas atoms as co-dopant can make these impurity bands passive (Zhu
etal., 2009). Co-doping or incorporation of compensating dopants elicits
strong interactions with defect of charge and aids in charge transferring
between the donor and acceptor, which upsurge the dopant solubility
and aids in lowering of the bandgap energy level. Additionally, the
co-doping procedure is utilized to broaden the absorption light spectrum
and quicken carrier mobility, decrease the ionization energy of accep-
tors and donors, and boost activation energy. Co-doped nanocomposite
materials have smaller crystallite diameters than doped nanocomposite
materials (Avilés-Garcia et al., 2018).

Moreover, compared to doped nanomaterials, co-doped nano-
composite materials have smaller crystallite sizes, providing more
adsorption sites and promoting improved photocatalytic efficacy. The
synergetic effect of two or more than two elements, like metal-non-metal
atoms (Mo and C doped, Mo and N doped), non-metal-non-metal atoms
(N and S doped, C and N doped), and metal-metal atoms (V and Zn
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doped, Sn and Fe doped) on the optical and electrical structures, were
merged into the photocatalyst lattice. By lowering the recombining of
charges (electron-hole pairs), such co-dopants augment the photo
degradation efficiency. For instance, co-doping N (non-metal) and C
(non-metal) on TiO, enhances TiO5’s photo-degradation capacity when
illuminated by visible light. The introduction of impurity levels near
TiO; is caused by the co-doping of C (Wang et al., 2015b).

For instance, co-doping N (non-metal) and C (non-metal) on TiO,
enhances TiO’s photo-degrading capacity when illuminated by visible
light. Co-doping of C introduces impurity levels close to the valence
band of TiO,. Electrons energy level from the co-dopants surface state
were also involved in the TiO5 conduction band and also the electrons
from the valence band, making them available for the capture and
photo-degradation process. Further contributing to the oxidation of the
organic component or being consumed to produce hydroxyl radicals are
photogenerated holes at the surface states and impurity level. TiO2’s
photo-degradation activity is therefore enhanced by co-doping (Kana-
karaju et al., 2022).

10.11.6. Self-doping

The intriguing methods for changing the band gaps of large value of
semiconductors is self-doping, which broadens the photo response of
substances from the UV area of sunlight spectrum to visible light span
and also maintains the photocatalyst’s redox reaction ability at the
highest level (Liu et al., 2023). Self-doping increases photocatalytic ef-
ficiency by introducing oxygen vacancies into metal oxide semi-
conductors without the addition of any additional impurities.
Self-doping in TiOy produced Ti>" species and oxygen vacancies,
which caused the narrowing of gap and encouraged the photocatalytic
performance of TiO in the presence of visible light, according to both
experimental and theoretical calculations (Li et al., 2015). The photo-
catalytic activities of pristineTiOy and TiO, doped by self-doping treated
at 27 h, 24 h, and 20 h (Ti-27, Ti-24, and Ti-20 respectively) were
compared by Liu et al. Ti-27 with excellent recyclability greatly
increased the photo degradation effectiveness of TiO2 by nine times (Pan
et al., 2022).

10.12. Inorganic ion impact

The existence of inorganic ions dissolved in wastewater, like Zn, Mg,
Cu, Fe, phosphate, nitrate, chloride, etc., can have a big impact on how
well a photocatalyst degrades organic pollutants. Pollutant molecules
may compete with inorganic ions to adsorb on the photocatalyst surface
and involve in the obstruction of the active sites (Temam et al., 2022).
Crittenden et al. (1996) showed that the photocatalytic reaction was
subjected to deactivation by utilizing a photocatalyst for water treat-
ment in the presence of inorganic ions, either in a fixed bed or slurry
configuration. The research concluded that while Ca?*, Zn?*, and Mg?*
exposed minor impacts, a select few inorganic cations, like cu?t, Fe?t,
and, AI** significantly reduced the pollutants photo mineralization
underneath reaction of photocatalysis. This is a result of the maximal
oxidation states that these cations (Ca®", Zn?*, and Mg?") show, which
prevents them from having any inhibitory effects on photocatalysis.
Similar to this, the presence of many kinds of inorganic anions, such as
Cl, ClOg, NOg3, etc., significantly decreases the photocatalyst ability of
photocatalysis, while a small number of inorganic anions, such as ClO3,
BrO3, S;0g, 107, etc., act as oxidizing agent in the medium and increase
photo-mineralization up to a certain concentration limit (Crittenden
et al., 1996).

To better understand how inorganic ions affect heterogeneous pho-
tocatalysis, several mechanisms have been described. These include UV
screening, radical and hole scavenging, competitive sorption on the
active site, competition for photons, precipitation on the surface, and
catalyst reaction (Pabel et al., 2023). Inorganic anions Cl~, SO%‘, HCOs3,
and PO3~ were found to be holes and radical scavengers that slow down
photocatalysis. Equations (Tang et al., 2020) and (Minella et al., 2019)
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can be used to represent of scavenging mechanisms of radicals and holes
when Cl™is present in the medium.

Cl" +°OH - C(CI'+OH (58)

Ccl +h* - cr (59)

The preferred adsorption displacement mechanism, which causes the
chloride ion to have an inhibitory impact, lowers the number of hy-
droxyl anions needed for photocatalysis. Pre-water treatment with ion
exchange resins to remove inorganic ions is one of the best ways to avoid
the inorganic ions drawbacks in wastewater during the photocatalytic
decomposition of organic pollutants (Chen et al., 2022).

10.13. Effects of surface area, size, and morphology

The critical component affecting the rate of degradation for water
pollutants by photocatalysis is the photocatalyst’s surface morphology,
such as size and area of contact. The size and morphology of photo-
catalytic materials significantly affect their efficiency in decontamina-
tion processes. The smaller particle sizes provide a larger surface area,
leading to enhanced photocatalytic activity. The nanoscale photo-
catalysts exhibit higher efficiency due to their increased surface area-to-
volume ratio, which promotes more active sites for pollutant degrada-
tion. The morphology of photocatalytic materials, such as nanoparticles,
nanorods, or nanosheets, also influences their photocatalytic perfor-
mance. Different morphologies offer varying degrees of light absorption,
charge separation, and pollutant adsorption, affecting the overall effi-
ciency of the photocatalytic process. For example, nanorods with a high
aspect ratio have shown improved photocatalytic activity compared to
nanoparticles due to their enhanced light absorption and charge transfer
properties (Zango et al., 2023).

The pollutant’s adsorption onto the surface of the photocatalyst,
which is taken into account for photo mineralization, has a direct rela-
tionship with surface shape (Guillard et al., 2003). For a similar reason,
nano-engineered materials have greater electrical, optical, and photo-
catalytic capabilities than bulk semiconductor materials, they are al-
ways regarded as improved photocatalysts. In general, smaller
nanoparticles have greater surface area and are responsible for the
generation of more active sites, which contribute to better mineraliza-
tion through the contaminant’s direct adsorption onto surfaces or by
efficient photon adsorption (Kumar et al., 2018). Ameen et al. explained
the photocatalyst area of contact (PANI/Graphene nanocomposite)
growth and the rate at which Rose bengal dye is photodegraded. How-
ever, due to a higher recombination rate beyond the limit, the photo-
catalytic activity starts to decline for nano-catalysts of the ideal size. The
efficacy of photocatalysts in pollutant degradation can be influenced by
the shape of the nanomaterial (Ameen et al., 2012). For example, Kumar
et al. inspected the photodegradation of the anionic dye MO using
several ZnO morphologies (nanorods, nanoflower, and nano spindle).
The results showed that, because ZnO nanorods generate a significant
number of species of reactions in the direction of the longitudinal sur-
face, structures consisting of rod-like arrangements have better photo-
catalytic performance than flowers and spindle structures (Kumar et al.,
2015).

11. Design of photocatalytic reactors

There have been many improvements in the realm of heterogeneous
photocatalysts. The industrial applications and their success are based
on the rational design of the Photocatalyst. The design of photocatalyst
plays an important role in the degradation of toxins in wastewater. The
selection of a suitable reactor is very important because it speeds up the
rate of reaction and not only help to save energy but also important in
terms of working of photocatalysts. The light energy utilized by the
photocatalytic reactors, the light utilization performance of the source,
and the mass-transferring efficacy of the reactors should be taken into
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consideration. The photocatalyst positioning into the reactors helps to
raise the contact area, and performance of the catalyst, accelerate the
reaction rate, and optimize the photocatalyst reaction procedure (Sacco
et al., 2020).

It is also noteworthy to mention here that the level of toxins/con-
taminants/biological species must be below the tolerable/recommended
levels of recovery of these pollutants. Likewise, it should be kept in
observation that light energy coming from the source reaches the pho-
toreactor/penetrates and is absorbed by the reactor. The mass transfer
rates of wastewater need to be optimized for maximum interaction be-
tween pollutants and photocatalysts. The suitable flow rate/mass
transfer rates also ensure high oxygen uptake at the gas-liquid interface.
The wastewater must be screened for the dissolved oxygen and be
switched to aeration to improve the efficiency of photocatalytic reactors.
The dissolved oxygen works as an electron scavenger and traps the
conduction band electrons which prevents their recombination (Nayak,
2022). Finally, pH of the wastewater should be adjusted to required level
to optimize the efficiency of treatment process and life of reactor com-
partments and photocatalyst. The wastewater should be free from any
substances that may interfere with the photocatalytic process or cause
fouling of the reactors. Proper mineralization, aeration of photocatalyst
chamber, and the maintenance of suitable flow rate can degrade organic
contaminants found in water matrices. With an increase in dissolved
oxygen, dye photodegradation accelerates, because the oxygen-free
radicals produced causes more photodegradation (Pal et al., 2016).

There are various categories of photocatalytic reactors (Figs. 13-19).
The photocatalyst particles that are suspended and reactors consisting of
continuous inert immobilized carriers are utilized. The photocatalytic
reactors can also operate in batches with recirculating or usage of
continuous modes and exploiting adequate geometries can optimize the
light collection from specific source (Cassano et al., 2000). The most
critical parameter is the whole surface area of the photocatalyst that
come under the source of radiation in a unit volume and dispersion of
light inside the reactors (Pareek et al., 2008). If the proper photo-
catalytic design is not utilized, it can significantly increase energy con-
sumption, improper distribution of photons, and poor working of
catalyst (Enesca, 2021). The key challenge in photocatalytic wastewater
treatment is developing an effective photocatalytic reactor design for
large-scale applications like industrial as well as commercial purposes
(Abhang et al., 2011; Chong et al., 2010). The large-scale photocatalytic
degradation processes with higher efficiency can be launched through
the quick evaluation of the diverse kinds of pilot plant configurations. It
is reported that compact photocatalytic reactors will be highly efficient
in the organic pollutants degradation and the incorporation of flexible
and dispersive light capacity (Hossain, 2018).

The photocatalytic reactor can be categorized into fixed bed reactors
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Fig. 13. A parabolic trough-based solar concentrator is depicted in a diagram
(Alpert et al., 1991).
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Fig. 14. The Thin Film Fixed Bed (TFFBR) Reactor’s schematic design (Sundar et al., 2020).
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Fig. 15. Schematic diagram of Compound parabolic collecting reactor (Alpert
et al., 1991).

and fluidized bed reactors. In fluidized bed reactors, the granulated
carriers suspended in the treatment solution are directly loaded with the
catalyst. They have a lot of surface area, little restriction on mass
transfer, and a quick rate of reaction, but the catalyst is hard to recover
and easily clumps together, causing a blockage. It suggests that com-
mercial amplification is difficult (Bello et al., 2017). The fixed bed re-
actors show surface area very small in comparison to the fluidized bed
reactors, so it is a very difficult to separate the catalyst from the aqueous
phase. However, in this type of configuration, recycling of the photo-
catalyst becomes more feasible. Right now, it cannot be claimed with
sufficient evidence that which type of design can work for industrial
amplification of fixed bed catalysts (Phan et al., 2017).

In addition to it, the up scaling of the reactor needs mathematical
model development, inclusive of different sub-models. By utilizing CFD
(computational fluid dynamics) the photocatalytic reactors have been
modeled for liquid phases and gaseous. Different CFD models have been
designed for the up scaling of photoreactors and wastewater treatment
for the pollutants like oxalic acid, polyvinyl alcohol, phenol, Rhodamine
B, methyl blue, tri (2-chloroethyl) phosphate, and tributyl phosphate.
The CFD modeling utilizes the emission of source of light characterized
by the model of linear source which is best for numerous reactors
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Fig. 16. The schematic diagram showing a Double Skin Sheet Reactor (DSSR)
(Malato et al., 2009).
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configuration with some restrictions (Joven-Quintero et al., 2020).
The photons generation that is necessary for wastewater degradation
is a major expense. It is demonstrated that the sun has low cost and
ecological benefits as a light source. These photons when employed in
photocatalytic reactors are beneficial for the degradation of wastewater.
There have been a lot of studies on the creation and testing of various
types of photoreactors for the past 15 years (Fattahi et al., 2021). The
most prevalent reactor designs are described in the following section.

11.1. Parabolic trough reactor

The parabolic trough reactor is also known as plug flow reactor.
These type of detoxification loops had been initially introduced in the
laboratories of United States. As illustrated in Fig. 13, the reactor con-
stitutes a parabolic trough collector (PTC), tank for SO, gas, mass flow
controller (MFC), tank of carrier gas for N3 gas, tank for gas mixing, and
analyzer of flow gas. PTC is made up of a receiver tube, collector sup-
port, and a single stainless steel mirror. This PTC design was made by
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Fig. 18. Rectangular Photoreactor making a thin film of wastewater over Schottky junction catalyst as documented by Bahmani et al. (Bahmani et al., 2020) and

(Feng et al., 2021).

using a parabola. The concentration helps the sun to focus on the
parabola trough reactor (PTR) focal point. It is routed by using Dewar
pipe equal to a parabola travelling by the pipe of solar focusing. From
European nations this PTR was analyzed by various investigation or-
ganizations (Alsarayreh et al., 2022).

11.2. Thin film fixed bed reactor (FFFBR)

Fig. 14 shows the typical diaphragm of film fixed bed reactor. This
reactor is an essential variety utilized without the concentration of
equipment. It utilizes both diffused and direct radiation from the sun. A
slanted plate having a very thin coating of photocatalyst embraces
wastewater (Fig. 14). This design is effective as compared to the PTR in
the elimination of the same pollutants in wastewater received from
various sources. The FFFBR is a sort of pilot-scale solar photocatalytic
reactor having a single pass-through in the entire procedure (Kong et al.,
2019). The preservation of reactor tilt at 20° to horizontal and was held
north to face the offering of a post-potent effect from the light of sun. In
this operation, a model Pyra-monitor (SP1110, Skype instrument, UK)
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was utilized to measure solar radiation in w/m? in full sunlight condi-
tions. The surface area of light was 0.4 min broad (0.47 m?) and 1.17 M
in depth. The volume under irradiation had an irradiation size of 200
mL, a residence time of 2.5 min, and rate of flow of 4.8 L/h. The
experiment did not involve coating the photocatalytic layer, and thee
TiO, photocatalyst showed density of 20.50 g/m? (Sundar et al., 2020).

11.3. Compound parabolic collecting reactor (CPCR)

The solar compound collector (10 L) with an intake tank offers
continuous aeration and stirring. The large area of the light collector
(area of 0.24 m?) as in the design (Fig. 15) improves the catalytic effi-
ciency. The reactor consists of six pipes of borosilicate connected to a
frame of aluminum on a panel at a 30-degree angle. To connect the glass
tube packed with the beads with catalyst coating, pipes, and coupling of
plastic was employed. The pyra-monitor was utilized to quantify the
light intensity. The intensity of light ranged from 800 to 900 w/m?. The
wastewater whirling happens for 30 min at the rate of mixing for the
homogenization of the reaction. The reaction initiates the composite
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Fig. 19. Schematic representation of slurry flat plate photo reactor (Neolaka
et al., 2019).

beads of CPC using the radiations of sun. The reflecting mirror curvature
on the PTR and CPCR is very dissimilar. The pipe in the PTR reflector is
parallel to the focal line and has a shape of parabolic. As a result, the
pipe receives a sharp focus from parallel light that enters the parabolic
trough. Two half-cycle profiles that are placed next to one another make
up the CPCR’s reflector, which helps to direct light directly above the
two circle’s linkages. Focusing on the angle at which striking of the sun’s
rays occurs at the surface, the compound parabolic contractors might
assist in collecting the radiation at different angles. The light beam of
angles that take entry in the aperture will be absorbed by the surface of
absorber at the collector bottom area. The surface’s low reflection value
will help prevent optical loss (Blanco et al., 2017).

11.4. Double skin sheet reactor (DSSR)

Fig. 16 illustrates the design of a Double skin sheet reactor (DSSR)
which comprises a transparent structural and flat box made of PLEXI-
GLAS®. The PLEXIGLAS® transmission starts below 400 nm that is in
solar spectrum part which is the wavelength of Ultraviolet-A. The inte-
rior construction of the reactor displays the channels that allow the flow
of suspension and pollutants. The reactor of this double skin sheet can
benefit from both direct and diffused sun lights. As discussed, each
reactor design has a potential impact on the scale-up consideration of
wastewater degradation. So, there are greater prospects for the utiliza-
tion of TFFBR which has been proven very effective compared to the
PTR in the elimination of the pollutants which are dissolved in the pure
wastewater received from various industrial units. Moreover, the
advancement in research and progress has helped in the improvement of
the design of CPCR which could help revolutionize the scaling up of
photocatalytic treatment of waste water (Malato et al., 2009).

11.5. Cylindrical photoreactors

The irradiation in the cylindrical photoreactor (Fig. 17) is done by
the central lamp or the lamps with circular pattern positioning. The
photocatalyst is dispersed in a liquid, or it can be fixed on numerous
surfaces together with the covering of lamp. The tank of storage with
mixture and aeration, flow meter, valves, pumps, and system of control
that is capable of managing the whole system is the major arrangement
of the components. The aeration of the storage tank is a must because it
is necessary to keep the saturation level of oxygen in the formation of
oxidative radicals. The radial flow distribution is beneficial for the radial
flow distribution that helps to increase the diffusion homogeneity of
mobile photocatalysts. The phenolics, pharmaceuticals, and colours are
eliminated by this sort of reactor. The optimization of geometry with the
irradiation, characteristics of pollutants, and technological aspects, and
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the cylindrical photoreactor can be combined into the system of large-
scale waste-water treatment. The cost-effective plan for increasing the
capacity of the reactor is helpful in energy consumption considerably.
The major issue is to anticipate the Photocatalytic performance built on
the pollutants type and chemistry of the catalyst interface. (Neolaka
et al.,, 2019; Manjunath et al., 2020). Fig. 17 explains the design of a
cylindrical photo reactor.

11.6. Rectangle photoreactor

The source of radiation is positioned on the interior lateral side,
vertically, horizontally, or in the middle in this reactor. The photo-
catalyst that is immobilized is placed on the wall of photoreactors, lamp
covers, or substrates (glass, textile, or composites). The rate of flow is
adjusted to the reactor shape for the provision of equivalent diffusion
across the volume when using the mobile photocatalysts. Resultantly,
the setup components of photoreactors are selected to maximize the
oxidative species formation that is necessary for the organic pollutants’
elimination. The rectangular reactor that is based on the modular design
may be scaled up readily to allow the increase of the treated solution
volume in every cycle. The rectangular reactors, due to their geometrical
variety and simplicity, are utilized for large outdoor and small indoor
applications. The major problem is the minimization of excessive ve-
locities and provision of homogeneous photocatalyst irradiation by the
setting of radiation and managing of flow rate (Manjunath et al., 2020;
Azam et al., 2019).

Bahmani et al. manufactured rectangular Photoreactor making a thin
film of wastewater over Schottky junction catalyst (BiOl/BiFeO3/UiO-
66 (Zr/Ti)-MOF complex) as shown in Fig. 18. The ternary innovative
photocatalyst can separate and absorb visible light. The BiOI on the UiO-
66(Zr/Ti) surface and BiFeO3 perovskite helps to improve the separating
ability and the rate of migration of the charges by a photon inducing
which in turn increases the efficiency of photocatalyst in the thin film
slurry flat photoreactor with continues flow loop which shows irradia-
tion by a blue Light emitting diode (LED). The inclined cell shows a
length size of 22.5 cm, width size of 2.5 cm, height of 5 cm, and a hole of
2 cm diameter implanted at the edge of the reactor for the betterment in
separation and allowing the drainage of solution. The setting of photo-
reactor was done at a slope of about 5 on the horizontal axis. Nano-scale
roughness is formed on the surface of the catalyst which results in an
even liquid film on the surface of the reactor. The reactor has long
durability, good stability, the highest photocatalytic ability, reusability,
regeneration, and efficient separation (Bahmani et al., 2020).

A palladium-vanadium tetroxide type photoreactor filled with glass
beads was designed by Meng et al. which is quicker by about 132 percent
in comparison to the flat plate type reactor. This is additional efficient
energy in the phenol degradation by the process of photocatalysis. The
good activity of photocatalysis is usually caused by the surface area of
the photocatalyst which is highly exposed, the high value of the coef-
ficient of mass transformation, and photon transferring affectivity. The
reactor shows high value of cost in comparison to the TiOy (Meng et al.,
2019).

Qin et al. organized the TiO2 nanotubes showing orientation on the
foil of titanium by one-stage hydrothermal production. The photo-
catalytic degradation and adsorption of TiO; foil catalyst were studied in
the formaldehyde degradation by an experimental device that was a self-
supporting ring reactor for the degradation of formaldehyde twice as
efficiently in comparison to commercial TiO,- dioxide-based catalyst.
Consistently morphological and orientation-based TiOy nanowires on
the Ti substrate were prepared by hydrothermal production exhibiting
one step which can be beneficial to be recycled without secondary
pollutants (Qin et al., 2020).

Rahmani et al. prepared TiO2/SiO3 thin films by the methodology of
sol-gel which was covered on outer shell inner wall of the annular
reactor and at 400 °C heat treatment. The photoreactor with tubular
type is utilized in the oil pollution degradation. The optimum condition
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for the performing ability of the photocatalytic ring reactor was inves-
tigated. The best consequences come at the starting n-alkane 500 ppm
concentration and pH 5 with a conversation rate of n-alkane 85 %.

Several parameters like Temperature, pH, the concentration of the
ion’s scavenger, and oxygen concentration, are needed in the consid-
eration of the design of a good photocatalyst. The progress of a reactor
with an optimistic model and excellent performance is very worth
mentioning (Rahmani et al., 2020).

11.7. Challenges and opportunities regarding photocatalytic water
treatment

An estimation of the required amount of catalyst and reactor volume
is essential if we consider a continuous and simple mixed-flow reactor
for the treatment of wastewater. Several parameters create hurdles in
the efficient design of photocatalytic reactor. The scaling up of photo-
catalytic reactors often become more complicated than the chemical
reactors scaling. For example, in the case of heterogenous catalysis,
besides the contact requirements between the catalyst and reactants, it is
compulsory to achieve good way exposing of the catalyst to light. Be-
sides the conventional reactors complications like the contact of
reactant-catalyst, mass transfer, flow pattern, mixing, catalyst installa-
tion, temperature control, reaction kinetics, etc., other factors of engi-
neering for catalyst illumination show more relevancy. In the absence of
an appropriate energy photon, no activity is shown by the catalyst
(Mukherjee et al., 1999). The problem of energy absorption of a photon
is considered regardless of the mechanism of reaction kinetics. The
illumination factor is most important because the catalyst amount
activated regulates the water handling capacity of water. The high
interaction between transportation, absorption of light, kinetics of re-
action can lead to coupling of solid in the physicochemical procedure
and it is not uncertain that it is the major problem in the of photo-
catalytic reactors progress (Periyathamby et al., 1999).

The major hurdle in the photocatalytic reactor is related to the even
light distribution over a vast surface area. For a specific geometry of
photocatalytic reactor, the axial and radial directions up-scaling is
limited by the opacity, local volumetric light absorption, light scattering
and penetration depth of light. The configuration of the light source/
reactor system has a strong influence on the reactor design, making
independent consideration appear impractical (Ray et al., 1998).
Further, the reactor wall requires transparent materials like glass for
reactor construction and exhibit many difficulties like breaking and
sealing issues and size limitations (Chen et al., 1998).

As associated with conventional chemical reaction rates, the rate of
the process of photosynthesis is generally slow due to the lower-level
concentration of the pollutants and the requirements to deliver a large
quantity of catalyst inside reactor that is active. The porous anatase
catalyst coating has an effective surface area of about 1 mm thick when
applied to the surface. The reactor’s catalyst supply shows limitation
and individual degrading process can be more effective, overall effi-
ciency of conversion will be slow. This issue disables the reactor’s
capability of processing, and the time required to complete the con-
version is measured in hours rather than days. The photocatalytic pro-
cess is aided by solid photocatalyst particles, which are composed of
discrete phases that are divided within the reactor’s continuous fluid
phases. The reactor contains two phases: liquid and solid. Within the
reactor, the solid phase could be dispersed phase or stationary phase
(SPS). The catalyst particles are used in a stationary phase dispersed
(SPD) system, and the agitation of fluid phase is done mechanically or by
other means. The photoreactor is similar to the slurry and fluidized bed
reactors in terms of agitation. The Aqueous suspension of the particles of
catalyst is annular type or immersion photoreactors in various studies.
The suspension’s use necessitates the recycling and separating the
catalyst that ultrafine from the liquid treated, which is, costly, time-
consuming and inconvenient. Furthermore, penetration depth of ultra-
violet light is reduced because of good absorption by dissolved organic
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species of pollutants and catalyst particles (Ray, 1999).

The above issues can be reduced in the SPS photoreactor by photo-
catalyst particles immobilization on the surface that is fixed and trans-
parent, such as the fiber mesh, reactor wall or by supporting them on
particles of ceramic beads or glass held in a fixed position in the pho-
toreactor. On other side the catalyst that is immobilized on the support,
causes issues. The reaction usually takes place at the solid-liquid inter-
action, with a portion of the contact of catalyst with the reactant. The
overall rate may be limited by the pollutants mass transportation to the
surface of photocatalyst. Furthermore, because of the low concentration
of pollutants, the reaction is usually slow, necessitating the use of a
reactor with a high ratio of illuminated immobilized particles.
Furthermore, because of the low concentration of pollutants, the reac-
tion is usually slow, necessitating the use of a reactor with a high ratio of
illuminated catalyst having immobility to the surface showing illumi-
nation as well as the possibility of total illumination of reactor (Anjum
et al., 2023).

11.8. Challenges of the photocatalytic process

The supreme challenge for wastewater degradation by using photo-
catalytic process is to overcome the restrictions of the procedure. While
engineering the photocatalysts various challenges arise. Generally, the
stability and the photocatalytic process efficiency are very far from
satisfaction due to the problems in balancing and controlling the many
competing phenomenon like transportation, separation of charge, and
carrier generation, especially in the difficult conditions of the photo-
catalysis (Gaur et al., 2022).

A wide range of research has been done to introducing photo-active
materials in the catalysts which often encounter another set of diffi-
culties. Likewise, understanding and modulating the exact mechanism
of interaction between a particular photocatalyst and pollutant is
another area of major concern and importance. The efficiency of
quantum is reduced by solar radiation due to the large bandgap energy
in the semiconductor photocatalyst electronic structure, and the activity
of the photocatalytic process and production of reactive oxygen species
are reduced due to electron/hole pair joining on the photocatalyst active
surface. The interaction of the intermediate product of reaction resulted
in fast active surface site poisoning or deactivation, resulting in a
decrease in the rate of reaction kinetics (Younis et al., 2020). Due to the
complexity of the process, scaling up the photocatalytic process is very
difficult at a large scale. Mixing dissimilar materials (semiconductors
and metals) at the nanoscale with betterment in size and shape, and the
interface mandatory for the effective charge cascading the photo-
catalytic degradation process is looking like a major issue. The reaction
on the heterogeneous photocatalyst is in the early stage and requires
systematic studies in the research. The major problem is the growth of
environmentally friendly, safe, clean, and sustainable advanced oxida-
tion technologies (AOTs). The solution to the problem consists of the
investigation of the model system and understand the major properties
of the various kinds of photocatalyst utilized in the photocatalyst process
(Xu, 2021).

12. Conclusions and future prospects

The massive and unchecked release of pollutants and contaminants
in natural water bodies has triggered the importance of viable and
scalable waste-water treatment technologies. The conventional waste-
water treatment methods like filtration, sedimentation, adsorption, and
coagulation and few advanced membranes, chemical, and
biotechnology-based techniques either face higher running costs and/or
associated with the risk of the introduction of harmful secondary con-
taminants into the environment. The photocatalysts provide a large
number of new opportunities and perspectives and certainly come with
many challenges. The photocatalyzed advanced oxidation process has
been found more effective and scalable to deal with water pollutants
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comprising heavy metals, drugs, pesticides, dyes, petroleum hydrocar-
bons, phenolic, pharmaceuticals, antibiotics, anti-inflammatories, and
microbes. Although the biological wastewater treatment methods are
more economical, these methods produce secondary pollutants which
often become difficult to handle.

So far, the photocatalysts have shown exceptional performance in
the degradation of organic compounds and microbial contaminants but
there is a prompt need to make the process adaptable, eco-friendly, and
cost-effective. Recently, nano photocatalysts are proved very effective
for waste-water degradation. There are some limitations of nano-
photocatalysts but a good deal of research is going on for the
designing of reactors and development regarding the nano-
photocatalysts. Besides, doping of the photocatalyst improves the pho-
tocatalytic efficiency, stability, immobilization potential, ease of
catalyst recovery, and reuse. Likewsie, the research reports indicate that
heterogeneous photocatalysis carried out via using integrated semi-
conductors, metal-organic framework, nanocomposite, and certain
transition metals oxides offered higher efficiencies. The majority of
studies reported during the last couple of decades have discussed water
treatment by zinc oxide, Titanium-dioxide, Tin-Oxide, Cadmium sulfide,
graphene oxide, Reduced graphene oxide (RGO), and Ferric oxide. Be-
sides, nanophotocatalysts, for their distinctive surface properties and
quantum effects, were helpful in increasing in catalytic efficiency.

The photocatalytic reactor design can affect the efficiency, process
cost, and nature of degradation products. To improve the efficiency of
photocatalysts various factors like pH, catalytic loading, light wave-
length, the concentration of pollutants, temperature, light intensity,
reactor design, the effect of oxidants and hydrogen peroxide, the effect
of potassium bromate, the effect of potassium persulfate and ammonium
persulfate, the effect of doping and dissolved oxygen are. Further, the
shape and design of photocatalytic reactors play a central role in waste-
water degradation. The selection of a suitable reactor is very significant
for the efficiency of photocatalytic treatment and saving of energy.
Various types of photoreactors are available but the most prevalent
reactor designs are thin film fixed bed reactor, compound parabolic
collecting reactor, double skin sheet reactor, cylindrical photoreactor,
parabolic trough reactor, and rectangular photoreactor.

The microfluidic reactors interact with the reactants on a micro-scale
and offer e a large surface-to-volume ratio, higher diffusions, large mass
transfer coefficients, less Reynold’s flow, high stability in hydrody-
namics, and informal handling which help make them ideal more than
conventional reactors. Moreover, it is still problematic to apply photo-
catalysts on the large scale in actual waste-water. Besides, the nano-
composite preparation methods utilize carbonaceous material, ceramic,
and polymer materials which cause several technical problems that are
required to be dispelled. Finally, in the future, the significant photo-
catalytic treatments with the betterment of solar-drivenness, excellence
in efficiency, and lesser site area needs can be comprehended and should
be of concern.

The challenges in designing the large-scale reactor have been
unadressed. Likewise, more research is need to improve the stability of
photocatalysts, engineer their valancies, charge separation at the solid-
liquid interphace, and recycling. There is need for effective separation
and migration of photoinduced carriers in the photoinduced conversion
of organic pollutants using semiconductor photocatalysts. More research
should be focused on efficient harnessing of sunglight for sustainable
uitlizaiton of photocatalysts. Besides, there is dire need of stand-
ardizaiton and regulation (Ogundele et al., 2023; Iyyappan et al., 2023).

CRediT authorship contribution statement

Muhammad Ahtasham Iqgbal: Investigation, Data curation,
Conceptualization. Sumia Akram: Software, Methodology. Shahreen
khalid: Software, Methodology. Basant Lal: Writing — review & editing.
Sohaib Ul Hassan: Resources, Project administration. Rizwan Ashraf:
Investigation, Data curation. Gulmira Kezembayeva: Software, Data

25

Environmental Research 253 (2024) 118947

curation. Muhammad Mushtaq: Writing — review & editing, Writing —
original draft, Validation, Supervision, Funding acquisition. Nurzhan
Chinibayeva: Writing — review & editing. Ahmad Hosseini-Bande-
gharaei: Methodology, Validation, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgment

The authors with affiliation! are thankful to the Higher Education
Commission of Pakistan, for financial support under National Research
Program for Universities (NRPU) project 17549. The corresponding
author thankfully acknowledges the constructive suggestions of honor-
able reviewers.

References

Abd Elkodous, M., El-Sayyad, G.S., Youssry, S.M., Nada, H.G., Gobara, M., Elsayed, M.A.,
El-Khawaga, A.M., Kawamura, G., Tan, W.K., El-Batal, A.I., 2020. Carbon-dot-loaded
CoxNil— xFe204; x= 0.9/5i02/TiO2 nanocomposite with enhanced photocatalytic
and antimicrobial potential: an engineered nanocomposite for wastewater
treatment. Sci. Rep. 10, 11534.

Abhang, R., Kumar, D., Taralkar, S., 2011. Design of photocatalytic reactor for
degradation of phenol in wastewater. Int. J. Chem. Eng. Applic. 2, 337.

AbuKhadra, M.R., Mohamed, A.S., El-Sherbeeny, A.M., Elmeligy, M.A., 2020. Enhanced
photocatalytic degradation of acephate pesticide over MCM-41/Co304
nanocomposite synthesized from rice husk silica gel and Peach leaves. J. Hazard
Mater. 389, 122129.

Achilleos, A., Hapeshi, E., Xekoukoulotakis, N.P., Mantzavinos, D., Fatta-Kassinos, D.,
2010. Factors affecting diclofenac decomposition in water by UV-A/TiO2
photocatalysis. Chem. Eng. J. 161, 53-59.

Adhikari, S., Mandal, S., Kim, D.-H., 2019. Z-scheme 2D/1D MoS2 nanosheet-decorated
Ag2Mo207 microrods for efficient catalytic oxidation of levofloxacin. Chem. Eng. J.
373, 31-43.

Ahmad, I., 2019. Inexpensive and quick photocatalytic activity of rare earth (Er, Yb) co-
doped ZnO nanoparticles for degradation of methyl orange dye. Separ. Purif.
Technol. 227, 115726.

Ahmed, S., Rasul, M., Martens, W.N., Brown, R., Hashib, M., 2010. Heterogeneous
photocatalytic degradation of phenols in wastewater: a review on current status and
developments. Desalination 261, 3-18.

Al-Tohamy, R., Ali, S.S., Li, F., Okasha, K.M., Mahmoud, Y.A.-G., Elsamahy, T., Jiao, H.,
Fu, Y., Sun, J., 2022. A critical review on the treatment of dye-containing
wastewater: ecotoxicological and health concerns of textile dyes and possible
remediation approaches for environmental safety. Ecotoxicol. Environ. Saf. 231,
113160.

Alam, U., Khan, A., Ali, D., Bahnemann, D., Muneer, M., 2018. Comparative
photocatalytic activity of sol-gel derived rare earth metal (La, Nd, Sm and Dy)-doped
ZnO photocatalysts for degradation of dyes. RSC Adv. 8, 17582-17594.

Ali, I, Asim, M., Khan, T.A., 2012. Low cost adsorbents for the removal of organic
pollutants from wastewater. J. Environ. Manag. 113, 170-183.

Ali, 1., AlGhamdi, K., Al-Wadaani, F.T., 2019. Advances in iridium nano catalyst
preparation, characterization and applications. J. Mol. Liq. 280, 274-284.

Ali, N.S., Kalash, K.R., Ahmed, A.N., Albayati, T.M., 2022. Performance of a solar
photocatalysis reactor as pretreatment for wastewater via UV, UV/TiO2, and UV/
H202 to control membrane fouling. Sci. Rep. 12, 16782.

Alpert, D.J., Sprung, J.L., Pacheco, J.E., Prairie, M.R., Reilly, H.E., Milne, T.A.,
Nimlos, M.R., 1991. Sandia National Laboratories’ work in solar detoxification of
hazardous wastes. Sol. Energy Mater. 24, 594-607.

Alsarayreh, M., Almomani, F., Khraisheh, M., Nasser, M.S., Soliman, Y., 2022. Biological-
based produced water treatment using microalgae: challenges and efficiency.
Sustainability 14, 499.

Ameen, S., Seo, H.-K., Akhtar, M.S., Shin, H.S., 2012. Novel graphene/polyaniline
nanocomposites and its photocatalytic activity toward the degradation of rose
Bengal dye. Chem. Eng. J. 210, 220-228.

Anjum, M., Liu, W., Qadeer, S., Khalid, A., 2023. Photocatalytic treatment of wastewater
using nanoporous aerogels: opportunities and challenges. Emerging Techniq.
Treatment of Toxic Metals from Wastewater 495-523.

Atchudan, R., Edison, T.N.J.I,, Perumal, S., Karthik, N., Karthikeyan, D.,

Shanmugam, M., Lee, Y.R., 2018. Concurrent synthesis of nitrogen-doped carbon


http://refhub.elsevier.com/S0013-9351(24)00851-X/sref1
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref1
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref1
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref1
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref1
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref2
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref2
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref3
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref3
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref3
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref3
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref4
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref4
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref4
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref5
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref5
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref5
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref6
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref6
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref6
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref7
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref7
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref7
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref8
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref8
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref8
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref8
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref8
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref9
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref9
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref9
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref10
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref10
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref11
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref11
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref12
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref12
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref12
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref13
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref13
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref13
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref14
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref14
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref14
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref15
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref15
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref15
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref16
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref16
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref16
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref17
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref17

M. Ahtasham Igbal et al.

dots for cell imaging and ZnO@ nitrogen-doped carbon sheets for photocatalytic
degradation of methylene blue. J. Photochem. Photobiol. Chem. 350, 75-85.

Avilés-Garcia, O., Espino-Valencia, J., Romero-Romero, R., Rico-Cerda, J.L., Arroyo-
Albiter, M., Solis-Casados, D.A., Natividad-Rangel, R., 2018. Enhanced
photocatalytic activity of titania by co-doping with Mo and W. Catalysts 8, 631.

Azam, M.U., Tahir, M., Umer, M., Jaffar, M.M., Nawawi, M., 2019. Engineering approach
to enhance photocatalytic water splitting for dynamic H2 production using La203/
TiO2 nanocatalyst in a monolith photoreactor. Appl. Surf. Sci. 484, 1089-1101.

Bahmani, M., Dashtian, K., Mowla, D., Esmaeilzadeh, F., Ghaedi, M., 2020. UiO-66 (Ti)-
Fe304-WO3 photocatalyst for efficient ammonia degradation from wastewater into
continuous flow-loop thin film slurry flat-plate photoreactor. J. Hazard Mater. 393,
122360.

Bello, M.M., Raman, A.A.A., Purushothaman, M., 2017. Applications of fluidized bed
reactors in wastewater treatment-a review of the major design and operational
parameters. J. Clean. Prod. 141, 1492-1514.

Bezzerrouk, M.A., Bousmaha, M., Hassan, M., Akriche, A., Kharroubi, B., Naceur, R.,
2021. Enhanced methylene blue removal efficiency of SnO2 thin film using sono-
photocatalytic processes. Opt. Mater. 117, 111116.

Bhanvase, B., Shende, T., Sonawane, S., 2017. A review on graphene-TiO2 and doped
graphene-TiO2 nanocomposite photocatalyst for water and wastewater treatment.
Environm. Technol. Rev. 6, 1-14.

Bhowmick, S., Chakraborty, S., Mondal, P., Van Renterghem, W., Van den Berghe, S.,
Roman-Ross, G., Chatterjee, D., Iglesias, M., 2014. Montmorillonite-supported
nanoscale zero-valent iron for removal of arsenic from aqueous solution: kinetics and
mechanism. Chem. Eng. J. 243, 14-23.

Bi, J., Huang, X., Wang, J., Wang, T., Wu, H., Yang, J., Lu, H., Hao, H., 2019a. Oil-phase
cyclic magnetic adsorption to synthesize Fe304@ C@ TiO2-nanotube composites for
simultaneous removal of Pb (II) and Rhodamine B. Chem. Eng. J. 366, 50-61.

Bi, J., Huang, X., Wang, J., Wang, T., Wu, H., Yang, J., Lu, H., Hao, H., 2019b. Oil-phase
cyclic magnetic adsorption to synthesize Fe304@C@TiO2-nanotube composites for
simultaneous removal of Pb(II) and Rhodamine B. Chem. Eng. J. 366, 50-61.

Bi, J., Wang, J., Huang, X., Tao, Q., Chen, M., Wang, T., Hao, H., 2020. Enhanced
removal of Pb (II) and organics by titanate in a designed simultaneous process.
Separ. Purif. Technol. 251, 117339.

Bingham, S., Daoud, W.A., 2011a. Recent advances in making nano-sized TiO2 visible-
light active through rare-earth metal doping. J. Mater. Chem. 21, 2041-2050.
Bingham, S., Daoud, W.A., 2011b. Recent advances in making nano-sized TiO 2 visible-
light active through rare-earth metal doping. J. Mater. Chem. 21, 2041-2050.

Blanco, M., Miller, S., 2017. Introduction to concentrating solar thermal (CST)
technologies. In: Advances in Concentrating Solar Thermal Research and
Technology. Elsevier, pp. 3-25.

Bradley, B.R., Daigger, G.T., Rubin, R., Tchobanoglous, G., 2002. Evaluation of onsite
wastewater treatment technologies using sustainable development criteria. Clean
Technol. Environ. Policy 4, 87-99.

Bui, H.T., Im, S.M., Kim, K.-j., Kim, W., Lee, H., 2020. Photocatalytic degradation of
phenolic compounds of defect engineered Fe304: an alternative approach to solar
activation via ligand-to-metal charge transfer. Appl. Surf. Sci. 509, 144853.

Carbuloni, C.F., Savoia, J.E., Santos, J.S., Pereira, C.A., Marques, R.G., Ribeiro, V.A.,
Ferrari, A.M., 2020. Degradation of metformin in water by TiO2-ZrO2
photocatalysis. J. Environ. Manag. 262, 110347.

Cassano, A.E., Alfano, O.M., 2000. Reaction engineering of suspended solid
heterogeneous photocatalytic reactors. Catal. Today 58, 167-197.

Chanu, L.A., Singh, W.J., Singh, K.J., Devi, K.N., 2019. Effect of operational parameters
on the photocatalytic degradation of Methylene blue dye solution using manganese
doped ZnO nanoparticles. Results Phys. 12, 1230-1237.

Chen, D., Ray, A.K., 1998. Photodegradation kinetics of 4-nitrophenol in TiO2
suspension. Water Res. 32, 3223-3234.

Chen, W., Liu, Q., Tian, S., Zhao, X., 2019. Exposed facet dependent stability of ZnO
micro/nano crystals as a photocatalyst. Appl. Surf. Sci. 470, 807-816.

Chen, S., Li, M., Ji, Q., Feng, T., Lan, S., Yao, K., 2022. Effect of the chloride ion on
advanced oxidation processes catalyzed by Fe-based metallic glass for wastewater
treatment. J. Mater. Sci. Technol. 117, 49-58.

Chinnaiyan, P., Thampi, S., Kumar, M., Balachandran, M., 2019. Photocatalytic
degradation of metformin and amoxicillin in synthetic hospital wastewater: effect of
classical parameters. Int. J. Environ. Sci. Technol. 16, 5463-5474.

Chong, M.N., Jin, B., Zhu, H., Chow, C., Saint, C., 2009. Application of H-titanate
nanofibers for degradation of Congo Red in an annular slurry photoreactor. Chem.
Eng. J. 150, 49-54.

Chong, M.N., Jin, B., Chow, C.W., Saint, C., 2010. Recent developments in photocatalytic
water treatment technology: a review. Water Res. 44, 2997-3027.

Chowdhury, P., Athapaththu, S., Elkamel, A., Ray, A.K., 2017. Visible-solar-light-driven
photo-reduction and removal of cadmium ion with Eosin Y-sensitized TiO2 in
aqueous solution of triethanolamine. Separ. Purif. Technol. 174, 109-115.

Ciambelli, P., La Guardia, G., Vitale, L., 2020. Nanotechnology for green materials and
processes. Stud. Surf. Sci. Catal. 179, 97-116. Elsevier.

Cinar, B., Kerimoglu, 1., Tonbul, B., Demirbuken, A., Dursun, S., Kaya, I.C., Kalem, V.,
Akyildiz, H., 2020. Hydrothermal/electrospinning synthesis of CuO plate-like
particles/TiO2 fibers heterostructures for high-efficiency photocatalytic degradation
of organic dyes and phenolic pollutants. Mater. Sci. Semicond. Process. 109, 104919.

Coleman, H., Vimonses, V., Leslie, G., Amal, R., 2007. Degradation of 1, 4-dioxane in
water using TiO2 based photocatalytic and H202/UV processes. J. Hazard Mater.
146, 496-501.

Crittenden, J.C., Zhang, Y., Hand, D.W., Perram, D.L., Marchand, E.G., 1996. Solar
detoxification of fuel-contaminated groundwater using fixed-bed photocatalysts.
Water Environ. Res. 68, 270-278.

26

Environmental Research 253 (2024) 118947

Daneshvar, N., Salari, D., Khataee, A., 2004. Photocatalytic degradation of azo dye acid
red 14 in water on ZnO as an alternative catalyst to TiO2. J. Photochem. Photobiol.
Chem. 162, 317-322.

Darabdhara, G., Das, M.R., 2019. Dual responsive magnetic Au@ Ni nanostructures
loaded reduced graphene oxide sheets for colorimetric detection and photocatalytic
degradation of toxic phenolic compounds. J. Hazard Mater. 368, 365-377.

Darmokoesoemo, H., Magdhalena, P.T., Kusuma, H., 2016. Telescope snail (Telescopium
sp) and Mangrove crab (Scylla sp) as adsorbent for the removal of Pb 2+ from
aqueous solutions. Rasayan J Chem 9, 680-685.

Darmokoesoemol, H., F. R. S., T. W. L. C. P. and and H.S. Kusumal, 2016. HORN SNAIL
(Telescopium sp) AND MUD CRAB (Scylla sp) SHELLS POWDER AS LOW COST
ADSORBENTS FOR REMOVAL OF Cu2+ FROM SYNTHETIC WASTEWATER.
RASAYAN J.Chem. 9, 550-555.

Darmokoesoemo, H., Magdhalena, T.W.L.C.P., Kusuma, H.S., 2016. TELESCOPE SNAIL
(Telescopium sp) AND MANGROVE CRAB (Scylla sp) AS ADSORBENT FOR THE
REMOVAL OF Pb2+ FROM AQUEOUS SOLUTIONS. RASAYAN J.Chem. 9, 680-685.

Deebansok, S., Amornsakchai, T., Sae-ear, P., Siriphannon, P., Smith, S.M., 2021. Sphere-
like and flake-like ZnO immobilized on pineapple leaf fibers as easy-to-recover
photocatalyst for the degradation of Congo red. J. Environ. Chem. Eng. 9, 104746.

Devi, L.G., Kavitha, R., 2013. A review on non metal ion doped titania for the
photocatalytic degradation of organic pollutants under UV/solar light: role of
photogenerated charge carrier dynamics in enhancing the activity. Appl. Catal. B
Environ. 140, 559-587.

Di Mauro, A., Cantarella, M., Nicotra, G., Pellegrino, G., Gulino, A., Brundo, M.V.,
Privitera, V., Impellizzeri, G., 2017. Novel synthesis of ZnO/PMMA nanocomposites
for photocatalytic applications. Sci. Rep. 7, 40895.

Dillert, R., Engel, A., GroBe, J., Lindner, P., Bahnemann, D.W., 2013. Light intensity
dependence of the kinetics of the photocatalytic oxidation of nitrogen (ii) oxide at
the surface of TiO 2. Phys. Chem. Chem. Phys. 15, 20876-20886.

Douglas, G.S., Hardenstine, J.H., Liu, B., Uhler, A.D., 2012. Laboratory and field
verification of a method to estimate the extent of petroleum biodegradation in soil.
Environ. Sci. Technol. 46, 8279-8287.

Enesca, A., 2021. The influence of photocatalytic reactors design and operating
parameters on the wastewater organic pollutants removal—a mini-review. Catalysts
11, 556.

Ethiraj, A.S., Uttam, P., Varunkumar, K., Chong, K.F., Ali, G.A., 2020. Photocatalytic
performance of a novel semiconductor nanocatalyst: copper doped nickel oxide for
phenol degradation. Mater. Chem. Phys. 242, 122520.

Eustis, S., El-Sayed, M.A., 2006. Why gold nanoparticles are more precious than pretty
gold: noble metal surface plasmon resonance and its enhancement of the radiative
and nonradiative properties of nanocrystals of different shapes. Chem. Soc. Rev. 35,
209-217.

Fattahi, A., Arlos, M.J., Bragg, L.M., Liang, R., Zhou, N., Servos, M.R., 2021. Degradation
of natural organic matter using Ag-P25 photocatalyst under continuous and periodic
irradiation of 405 and 365 nm UV-LEDs. J. Environ. Chem. Eng. 9, 104844.

Feng, X., Yu, Z., Sun, Y., Shan, M., Long, R., Li, X., 2021. 3D MXene/Ag2S material as
Schottky junction catalyst with stable and enhanced photocatalytic activity and
photocorrosion resistance. Separ. Purif. Technol. 266, 118606.

Frank, S.N., Bard, A.J., 1977. Heterogeneous photocatalytic oxidation of cyanide and
sulfite in aqueous solutions at semiconductor powders. J. Phys. Chem. 81,
1484-1488.

Gaur, N., Dutta, D., Singh, A., Dubey, R., Kamboj, D.V., 2022. Recent advances in the
elimination of persistent organic pollutants by photocatalysis. Front. Environ. Sci.
10, 2076.

Gaya, U.L, Abdullah, A.H., 2008. Heterogeneous photocatalytic degradation of organic
contaminants over titanium dioxide: a review of fundamentals, progress and
problems. J. Photochem. Photobiol. C Photochem. Rev. 9, 1-12.

Ghamsari, M.S., Alamdari, S., Han, W., Park, H.-H., 2017. Impact of nanostructured thin
ZnO film in ultraviolet protection. Int. J. Nanomed. 12, 207.

Ghasemi, S., Rahimnejad, S., Setayesh, S.R., Rohani, S., Gholami, M., 2009. Transition
metal ions effect on the properties and photocatalytic activity of nanocrystalline
TiO2 prepared in an ionic liquid. J. Hazard Mater. 172, 1573-1578.

Ghasemi, Z., Younesi, H., Zinatizadeh, A.A., 2016. Preparation, characterization and
photocatalytic application of TiO2/Fe-ZSM-5 nanocomposite for the treatment of
petroleum refinery wastewater: optimization of process parameters by response
surface methodology. Chemosphere 159, 552-564.

Gnanaprakasam, A., Sivakumar, V., Thirumarimurugan, M., 2015. Influencing
parameters in the photocatalytic degradation of organic effluent via nanometal oxide
catalyst: a review. Indian Journal of Materials Science 2015, 1-16.

Gomes, J., Lincho, J., Domingues, E., Quinta-Ferreira, R.M., Martins, R.C., 2019. N-TiO2
photocatalysts: a review of their characteristics and capacity for emerging
contaminants removal. Water 11, 373.

Gomez-Pastora, J., Dominguez, S., Bringas, E., Rivero, M.J., Ortiz, 1., Dionysiou, D.D.,
2017. Review and perspectives on the use of magnetic nanophotocatalysts (MNPCs)
in water treatment. Chem. Eng. J. 310, 407-427.

Guillard, C., Lachheb, H., Houas, A., Ksibi, M., Elaloui, E., Herrmann, J.-M., 2003.
Influence of chemical structure of dyes, of pH and of inorganic salts on their
photocatalytic degradation by TiO2 comparison of the efficiency of powder and
supported TiO2. J. Photochem. Photobiol. Chem. 158, 27-36.

Giinal, A.C., Erkmen, B., Pacal, E., Arslan, P., Yildirim, Z., Erkog, F., 2020. Sub-lethal
effects of imidacloprid on Nile Tilapia (Oreochromis niloticus). Water, Air, Soil
Pollut. 231, 1-10.

Guozheng, J., Guoxiang, W., Yong, Z., 2010. Z. Linsheng Effects of light intensity and
H202 on photocatalytic degradation of phenol in wastewater using TiO2/ACF. IEEE,
Proceedings of the 2010 international conference on digital manufacturing &
automation 1, 623-626.


http://refhub.elsevier.com/S0013-9351(24)00851-X/sref17
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref17
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref18
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref18
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref18
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref19
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref19
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref19
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref20
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref20
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref20
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref20
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref21
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref21
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref21
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref22
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref22
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref22
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref23
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref23
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref23
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref24
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref24
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref24
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref24
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref25
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref25
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref25
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref26
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref26
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref26
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref27
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref27
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref27
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref28
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref28
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref29
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref29
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref30
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref30
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref30
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref31
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref31
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref31
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref32
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref32
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref32
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref33
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref33
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref33
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref34
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref34
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref35
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref35
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref35
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref36
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref36
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref37
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref37
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref38
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref38
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref38
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref39
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref39
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref39
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref40
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref40
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref40
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref41
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref41
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref42
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref42
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref42
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref43
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref43
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref44
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref44
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref44
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref44
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref45
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref45
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref45
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref46
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref46
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref46
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref47
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref47
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref47
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref48
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref48
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref48
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref49
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref49
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref49
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref50
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref50
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref50
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref50
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref51
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref51
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref51
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref52
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref52
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref52
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref53
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref53
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref53
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref53
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref54
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref54
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref54
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref55
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref55
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref55
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref56
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref56
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref56
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref57
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref57
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref57
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref58
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref58
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref58
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref59
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref59
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref59
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref59
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref60
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref60
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref60
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref61
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref61
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref61
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref62
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref62
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref62
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref63
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref63
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref63
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref64
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref64
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref64
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref65
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref65
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref66
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref66
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref66
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref67
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref67
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref67
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref67
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref68
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref68
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref68
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref69
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref69
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref69
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref70
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref70
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref70
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref71
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref71
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref71
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref71
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref72
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref72
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref72
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref73
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref73
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref73
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref73

M. Ahtasham Igbal et al.

Giiy, N., Ozacar, M., 2016. The influence of noble metals on photocatalytic activity of
ZnO for Congo red degradation. Int. J. Hydrogen Energy 41, 20100-20112.

Haleem, A., Shafiq, A., Chen, S.Q., Nazar, M., 2023. A comprehensive review on
adsorption, photocatalytic and chemical degradation of dyes and nitro-compounds
over different kinds of porous and composite materials. Molecules 28.

Hamza, R.A., Iorhemen, O.T., Tay, J.H., 2016. Occurrence, impacts and removal of
emerging substances of concern from wastewater. Environ. Technol. Innovat. 5,
161-175.

Hassan, A.F., Elhadidy, H., 2019. Effect of Zr+ 4 doping on characteristics and
sonocatalytic activity of TiO2/carbon nanotubes composite catalyst for degradation
of chlorpyrifos. J. Phys. Chem. Solid. 129, 180-187.

He, S., Yang, Z., Cui, X., Zhang, X., Niu, X., 2020. Fabrication of the novel Ag-doped
SnS2@ InVO4 composite with high adsorption-photocatalysis for the removal of
uranium (VI). Chemosphere 260, 127548.

Herrmann, J.G., 2005. Research to protect water infrastructure: EPA’s water security
research program. SPIE, Proceedings of the Optics and Photonics in Global
Homeland Security 5781, 48-52.

Horikoshi, S., Serpone, N., 2020. Can the photocatalyst TiO2 be incorporated into a
wastewater treatment method? Background and prospects. Catal. Today 340,
334-346.

Hossain, F., 2018. Sustainable Design and Build: Building, Energy, Roads, Bridges, Water
and Sewer Systems. Butterworth-Heinemann.

Huang, Y., Ho, S.S.H., Lu, Y., Niu, R., Xu, L., Cao, J., Lee, S., 2016. Removal of indoor
volatile organic compounds via photocatalytic oxidation: a short review and
prospect. Molecules 21, 56.

Hunger, K., 2007. Industrial Dyes: Chemistry, Properties, Applications. John Wiley &
Sons.

Tkram, M., Raza, A., Imran, M., Ul-Hamid, A., Shahbaz, A., Ali, S., 2020. Hydrothermal
synthesis of silver decorated reduced graphene oxide (rGO) nanoflakes with effective
photocatalytic activity for wastewater treatment. Nanoscale Res. Lett. 15, 1-11.

Imminent risk of a global water crisis, 2023. Warns the UN World Water Development
Report.

Isari, A.A., Hayati, F., Kakavandi, B., Rostami, M., Motevassel, M., Dehghanifard, E.,
2020a. N, Cu co-doped TiO2@ functionalized SWCNT photocatalyst coupled with
ultrasound and visible-light: an effective sono-photocatalysis process for
pharmaceutical wastewaters treatment. Chem. Eng. J. 392, 123685.

Isari, A.A., Mehregan, M., Mehregan, S., Hayati, F., Kalantary, R.R., Kakavandi, B.,
2020b. Sono-photocatalytic degradation of tetracycline and pharmaceutical
wastewater using WO3/CNT heterojunction nanocomposite under US and visible
light irradiations: a novel hybrid system. J. Hazard Mater. 390, 122050.

Islas Garcia, A.B., 2021. Effective Photocatalytic Waste Water Treatment System Using
Metal Oxides Semiconductors: a Review.

Iyyappan, J., Gaddala, B., Gnanasekaran, R., Gopinath, M., Yuvaraj, D., Kumar, V., 2023.
Critical review on wastewater treatment using photo catalytic advanced oxidation
process: role of photocatalytic materials, reactor design and kinetics. Case Stud.
Chem. Environm. Eng., 100599

Jamali, A., Vanraes, R., Hanselaer, P., Van Gerven, T., 2013. A batch LED reactor for the
photocatalytic degradation of phenol. Chem. Eng. Process: Process Intensif. 71,
43-50.

Janssens, R., Cristovao, B.M., Bronze, M.R., Crespo, J.G., Pereira, V.J., Luis, P., 2019.
Photocatalysis using UV-A and UV-C light sources for advanced oxidation of anti-
cancer drugs spiked in laboratory-grade water and synthetic urine. Ind. Eng. Chem.
Res. 59, 647-653.

Ji, B, Zhao, W., Duan, J., Fu, L., Ma, L., Yang, Z., 2020. Immobilized AgsP0O+/GO on 3D
Nickel Foam and its Photocatalytic Degradation of Norfloxacin Antibiotic under
Visible Light.

Joven-Quintero, S.A., Castilla-Acevedo, S.F., Betancourt-Buitrago, L.A., Acosta-

Herazo, R., Machuca-Martinez, F., 2020. Photocatalytic degradation of cobalt
cyanocomplexes in a novel LED photoreactor using TiO2 supported on borosilicate
sheets: a new perspective for mining wastewater treatment. Mater. Sci. Semicond.
Process. 110, 104972.

Kadi, M.W., Mohamed, R.M., Ismail, A.A., Bahnemann, D.W., 2020a. Performance of
mesoporous o-Fe203/g-C3N4 heterojunction for photoreduction of Hg (II) under
visible light illumination. Ceram. Int. 46, 23098-23106.

Kadi, M.W., Mohamed, R.M., Ismail, A.A., Bahnemann, D.W., 2020b. Soft and hard
templates assisted synthesis mesoporous CuO/g-C3N4 heterostructures for highly
enhanced and accelerated Hg (II) photoreduction under visible light. J. Colloid
Interface Sci. 580, 223-233.

Kadi, M.W., Mohamed, R.M., Ismail, A.A., Bahnemann, D.W., 2020c. Decoration of g-
C3N4 nanosheets by mesoporous CoFe204 nanoparticles for promoting visible-light
photocatalytic Hg (II) reduction. Colloids Surf. A Physicochem. Eng. Asp. 603,
125206.

Kanakaraju, D., Lim, Y.-C., Pace, A., 2019. Concurrent removal of Cr (III), Cu (II), and Pb
(II) ions from water by multifunctional TiO2/Alg/FeNPs beads. Sustain. Chem.
Pharmacy 14, 100176.

Kanakaraju, D., anak Kutiang, F.D., Lim, Y.C., Goh, P.S., 2022. Recent progress of Ag/
TiO2 photocatalyst for wastewater treatment: doping, co-doping, and green
materials functionalization. Appl. Mater. Today 27, 101500.

Karunakaran, C., Dhanalakshmi, R., 2008. Semiconductor-catalyzed degradation of
phenols with sunlight. Sol. Energy Mater. Sol. Cell. 92, 1315-1321.

Kaza, S., Yao, L., Bhada-Tata, P., Van Woerden, F., 2018. What a Waste 2.0: a Global
Snapshot of Solid Waste Management to 2050. World Bank Publications.

Khalaf, S., Shogeir, J.H., Lelario, F., Bufo, S.A., Karaman, R., Scrano, L., 2020. TiO2 and
active coated glass photodegradation of ibuprofen. Catalysts 10, 560.

27

Environmental Research 253 (2024) 118947

Khalilova, H., Mammadov, V., 2016. Assessing the anthropogenic impact on heavy metal
pollution of soils and sediments in urban areas of Azerbaijan’s oil industrial region.
Pol. J. Environ. Stud. 25, 159-166.

Khalilova, H.K., Hasanova, S., Aliyev, F., 2018. Photocatalytic removal of organic
pollutants from industrial wastewater using TiO 2 catalyst. J. Environ. Protect. 9,
691.

Khan, A., Khan, S., Khan, M.A., Qamar, Z., Wagas, M., 2015. The uptake and
bioaccumulation of heavy metals by food plants, their effects on plants nutrients, and
associated health risk: a review. Environ. Sci. Pollut. Res. 22, 13772-13799.

Khan, K., Tareen, A.K., Aslam, M., Sagar, R.U.R., Zhang, B., Huang, W., Mahmood, A.,
Mahmood, N., Khan, K., Zhang, H., 2020. Recent progress, challenges, and prospects
in two-dimensional photo-catalyst materials and environmental remediation. Nano-
Micro Lett. 12, 1-77.

Khanmohammadi, M., Shahrouzi, J.R., Rahmani, F., 2021. Insights into mesoporous
MCM-41-supported titania decorated with CuO nanoparticles for enhanced
photodegradation of tetracycline antibiotic. Environ. Sci. Pollut. Control Ser. 28,
862-879.

Kheraa, R.A., I, M., Aftab Ahmadc, S.M.H., Arif, Nazirb, Kausare, A., S, H., J.N, K., M, N.,
Umer, Younasb, Nawazi, R., LK, M., 2020. Kinetics and equilibrium studies of
copper, zinc, and nickel ions adsorptive removal on to Archontophoenix alexandrae:
conditions optimization by RSM. Desalination Water Treat. 289-300.

Khurram, R., Wang, Z., Ehsan, M.F., 2021. a-Fe 2 O 3-based nanocomposites: synthesis,
characterization, and photocatalytic response towards wastewater treatment.
Environ. Sci. Pollut. Control Ser. 28, 17697-17711.

Kiriakidou, F., Kondarides, D.I., Verykios, X.E., 1999. The effect of operational
parameters and TiO2-doping on the photocatalytic degradation of azo-dyes. Catal.
Today 54, 119-130.

Koe, W.S., Lee, J.W., Chong, W.C., Pang, Y.L., Sim, L.C., 2020. An overview of
photocatalytic degradation: photocatalysts, mechanisms, and development of
photocatalytic membrane. Environ. Sci. Pollut. Control Ser. 27, 2522-2565.

Kong, Z., Li, L., Xue, Y., Yang, M., Li, Y.-Y., 2019. Challenges and prospects for the
anaerobic treatment of chemical-industrial organic wastewater: a review. J. Clean.
Prod. 231, 913-927.

Konstantinou, LK., Albanis, T.A., 2004. TiO2-assisted photocatalytic degradation of azo
dyes in aqueous solution: kinetic and mechanistic investigations: a review. Appl.
Catal. B Environ. 49, 1-14.

Kumar, N., Mittal, H., Reddy, L., Nair, P., Ngila, J.C., Parashar, V., 2015. Morphogenesis
of ZnO nanostructures: role of acetate (COOH—) and nitrate (NO 3—) ligand donors
from zinc salt precursors in synthesis and morphology dependent photocatalytic
properties. RSC Adv. 5, 38801-38809.

Kumar, N., Sinha Ray, S., 2018. Synthesis and functionalization of nanomaterials.
Processing of Polymer-Based Nanocomposites. Introduction, pp. 15-55.

Kumar, A., Singh, P., Khan, A.A.P., Le, Q.V., Nguyen, V.-H., Thakur, S., Raizada, P., 2022.
CO2 photoreduction into solar fuels via vacancy engineered bismuth-based
photocatalysts: selectivity and mechanistic insights. Chem. Eng. J. 439, 135563.

Kumar, R., SudhaikSonu, A., Raizada, P., Nguyen, V.-H., Van Le, Q., Ahamad, T.,
Thakur, S., Hussain, C.M., Singh, P., 2023. Integrating K and P co-doped g-C3N4
with ZnFe204 and graphene oxide for S-scheme-based enhanced adsorption coupled
photocatalytic real wastewater treatment. Chemosphere 337, 139267.

Kuncoro, E.P., Mitha Isnadina, D.R., Darmokoesoemo, H., Dzembarahmatiny, F.,
Kusuma, H.S., 2018a. Characterization and isotherm data for adsorption of Cd(2+)
from aqueous solution by adsorbent from mixture of bagasse-bentonite. Data Brief
16, 354-360.

Kuncoro, E.P., Isnadina, D.R.M., Darmokoesoemo, H., Fauziah, O.R., Kusuma, H.S.,
2018b. Characterization, kinetic, and isotherm data for adsorption of Pb2+ from
aqueous solution by adsorbent from mixture of bagasse-bentonite. Data Brief 16,
622-629.

Kuncoro, E.P., Soedarti, T., Putranto, T.W.C., Darmokoesoemo, H., Abadi, N.R.,
Kusuma, H.S., 2018c. Characterization of a mixture of algae waste-bentonite used as
adsorbent for the removal of Pb2+ from aqueous solution. Data Brief 16, 908-913.

Kusuma, H.S., Illiyanasafa, N., Jaya, D.E.C., Darmokoesoemo, H., Putra, N.R., 2024.
Utilization of the microalga Chlorella vulgaris for mercury bioremediation from
wastewater and biomass production. Sustain. Chem. Pharm. 37, 101346.

Lannoy, A., Bleta, R., Machut-Binkowski, C., Addad, A., Monflier, E., Ponchel, A., 2017.
Cyclodextrin-directed synthesis of gold-modified TiO2 materials and evaluation of
their photocatalytic activity in the removal of a pesticide from water: effect of
porosity and particle size. ACS Sustain. Chem. Eng. 5, 3623-3630.

Leblebici, M.E., Stefanidis, G.D., Van Gerven, T., 2015. Comparison of photocatalytic
space-time yields of 12 reactor designs for wastewater treatment. Chem. Eng.
Process: Process Intensif. 97, 106-111.

Lee, K.M., Lai, C.W., Ngai, K.S., Juan, J.C., 2016. Recent developments of zinc oxide
based photocatalyst in water treatment technology: a review. Water Res. 88,
428-448.

Lekshmi, M.V., Shiva Nagendra, S., Maiya, M., 2020. Heterogeneous photocatalysis for
indoor air purification: recent advances in technology from material to reactor
modeling. Indoor Environm. Quality: Select Proceed. 1st ACIEQ 147-166.

Li, F., Sun, S., Jiang, Y., Xia, M., Sun, M., Xue, B., 2008. Photodegradation of an azo dye
using immobilized nanoparticles of TiO2 supported by natural porous mineral.

J. Hazard Mater. 152, 1037-1044.

Li, K., Gao, S., Wang, Q., Xu, H., Wang, Z., Huang, B., Dai, Y., Lu, J., 2015. In-situ-
reduced synthesis of Ti3+ self-doped TiO02/g-C3N4 heterojunctions with high
photocatalytic performance under LED light irradiation. ACS Appl. Mater. Interfaces
7, 9023-9030.

Li, N., Tian, Y., Zhao, J., Zhang, J., Zhang, J., Zuo, W., Ding, Y., 2017. Efficient removal
of chromium from water by Mn304@ ZnO/Mn304 composite under simulated


http://refhub.elsevier.com/S0013-9351(24)00851-X/sref74
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref74
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref75
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref75
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref75
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref76
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref76
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref76
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref77
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref77
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref77
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref78
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref78
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref78
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref79
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref79
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref79
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref80
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref80
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref80
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref81
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref81
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref82
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref82
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref82
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref83
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref83
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref84
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref84
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref84
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref85
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref85
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref86
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref86
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref86
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref86
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref87
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref87
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref87
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref87
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref88
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref88
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref89
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref89
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref89
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref89
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref90
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref90
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref90
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref91
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref91
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref91
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref91
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref92
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref92
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref92
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref93
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref93
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref93
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref93
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref93
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref94
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref94
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref94
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref95
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref95
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref95
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref95
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref96
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref96
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref96
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref96
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref97
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref97
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref97
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref98
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref98
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref98
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref99
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref99
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref100
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref100
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref101
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref101
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref102
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref102
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref102
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref103
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref103
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref103
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref104
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref104
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref104
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref105
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref105
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref105
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref105
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref106
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref106
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref106
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref106
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref107
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref107
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref107
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref107
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref108
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref108
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref108
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref109
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref109
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref109
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref110
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref110
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref110
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref111
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref111
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref111
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref112
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref112
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref112
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref113
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref113
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref113
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref113
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref114
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref114
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref115
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref115
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref115
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref116
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref116
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref116
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref116
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref117
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref117
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref117
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref117
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref118
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref118
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref118
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref118
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref119
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref119
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref119
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref120
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref120
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref120
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref121
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref121
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref121
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref121
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref122
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref122
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref122
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref123
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref123
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref123
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref124
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref124
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref124
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref125
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref125
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref125
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref126
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref126
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref126
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref126
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref127
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref127

M. Ahtasham Igbal et al.

sunlight irradiation: synergy of photocatalytic reduction and adsorption. Appl. Catal.
B Environ. 214, 126-136.

Li, Z., Meng, X., Zhang, Z., 2019. Equilibrium and kinetic modelling of adsorption of
Rhodamine B on MoS2. Mater. Res. Bull. 111, 238-244.

Li, F., Lin, M., 2020. Synthesis of biochar-supported K-doped g-C3N4 photocatalyst for
enhancing the polycyclic aromatic hydrocarbon degradation activity. Int. J. Environ.
Res. Publ. Health 17, 2065.

Li, J.-X., Zhang, R.-L., Pan, Z.-J., Liao, Y., Xiong, C.-B., Chen, M.-L., Huang, R., Pan, X.-H.,
Chen, Z., 2021. Preparation of CdS@ C photocatalyst using phytoaccumulation Cd
recycled from contaminated wastewater. Front. Chem. 9, 717210.

Li Puma, G., Yue, P.L., 2002. Effect of the radiation wavelength on the rate of
photocatalytic oxidation of organic pollutants. Ind. Eng. Chem. Res. 41, 5594-5600.

Lin, W.-Y., Wang, Y., Wang, S., Tseng, H.-R., 2009. Integrated microfluidic reactors.
Nano Today 4, 470-481.

Ling, C.M., Mohamed, A.R., Bhatia, S., 2004. Performance of photocatalytic reactors
using immobilized TiO2 film for the degradation of phenol and methylene blue dye
present in water stream. Chemosphere 57, 547-554.

Linsebigler, A.L., Lu, G., Yates Jr., J.T., 1995. Photocatalysis on TiO2 surfaces: principles,
mechanisms, and selected results. Chem. Rev. 95, 735-758.

Litter, M.1., 1999. Heterogeneous photocatalysis: transition metal ions in photocatalytic
systems. Appl. Catal., B 23, 89-114.

Liu, X., Cao, H., Yin, J., 2011. Generation and photocatalytic activities of Bi@ Bi 2 O 3
microspheres. Nano Res. 4, 470-482.

Liu, F., Zhang, W., Tao, L., Hao, B., Zhang, J., 2019a. Simultaneous photocatalytic redox
removal of chromium (vi) and arsenic (iii) by hydrothermal carbon-sphere@ nano-
Fe 3 O 4. Environ. Sci.: Nano 6, 937-947.

Liu, X., Zhan, Y., Zhang, Z., Pan, L., Hu, L., Liu, K., Zhou, X., Bai, L., 2019b.
Photocatalytic degradation of profenofos and triazophos residues in the Chinese
cabbage, brassica chinensis, Using Ce-Doped TiO2. Catalysts 9, 294.

Liu, N., Wang, J., Wu, J., Li, Z., Huang, W., Zheng, Y., Lei, J., Zhang, X., Tang, L., 2020.
Magnetic Fe304@ MIL-53 (Fe) nanocomposites derived from MIL-53 (Fe) for the
photocatalytic degradation of ibuprofen under visible light irradiation. Mater. Res.
Bull. 132, 111000.

Liu, K., Chen, J., Sun, F., Liu, Y., Tang, M., Yang, Y., 2022. Historical development and
prospect of intimately coupling photocatalysis and biological technology for
pollutant treatment in sewage: a review. Sci. Total Environ., 155482

Liu, J., Wang, H., Du, H.-L., Song, S.-J., Zhang, C.-M., Li, W.-J., Chang, M.-J., 2023.
Significantly boosting the visible light activity of BiOCl by facile solvothermal
doping with chromium. J. Sol. Gel Sci. Technol. 1-11.

Loeb, S.K., Alvarez, P.J., Brame, J.A., Cates, E.L., Choi, W., Crittenden, J., Dionysiou, D.
D, Li, Q., Li-Puma, G., Quan, X., 2018. The Technology Horizon for Photocatalytic
Water Treatment: Sunrise or Sunset? ACS Publications.

Lu, Z., Sun, W, Li, C., Ao, X., Yang, C., Li, S., 2019. Bioremoval of non-steroidal anti-
inflammatory drugs by Pseudoxanthomonas sp. DIN-3 isolated from biological
activated carbon process. Water Res. 161, 459-472.

Lu, W., Duan, C., Liu, C., Zhang, Y., Meng, X., Dai, L., Wang, W., Yu, H., Ni, Y., 2020.
A self-cleaning and photocatalytic cellulose-fiber-supported “Ag@ AgCl@ MOF-
cloth’’membrane for complex wastewater remediation. Carbohydr. Polym. 247,
116691.

Ma, Y., Zhang, J., Tian, B., Chen, F., Wang, L., 2010. Synthesis and characterization of
thermally stable Sm, N co-doped TiO2 with highly visible light activity. J. Hazard
Mater. 182, 386-393.

Mahmoodi, N.M., Arami, M., 2009. Degradation and toxicity reduction of textile
wastewater using immobilized titania nanophotocatalysis. J. Photochem. Photobiol.
B Biol. 94, 20-24.

Malato, S., Fernandez-Ibanez, P., Maldonado, M.1., Blanco, J., Gernjak, W., 2009.
Decontamination and disinfection of water by solar photocatalysis: recent overview
and trends. Catal. Today 147, 1-59.

Malhotra, M., SudhaikSonu, A., Raizada, P., Ahamad, T., Nguyen, V.-H., Van Le, Q.,
Selvasembian, R., Mishra, A.K., Singh, P., 2023. An overview on cellulose-supported
photocatalytic materials for the efficient removal of toxic dyes. Ind. Crop. Prod. 202,
117000.

Manjunath, S., Tripathy, B.K., Kumar, M., Pramod, S., 2020. Simultaneous degradation of
anionic and cationic dyes from multi-dye systems using falling film photoreactor:
performance evaluation, kinetic and toxicity analysis. J. Environ. Chem. Eng. 8,
104486.

Maszenan, A., Liu, Y., Ng, W.J., 2011. Bioremediation of wastewaters with recalcitrant
organic compounds and metals by aerobic granules. Biotechnol. Adv. 29, 111-123.

Mauter, M.S., Zucker, 1., Perreault, F., Werber, J.R., Kim, J.-H., Elimelech, M., 2018. The
role of nanotechnology in tackling global water challenges. Nat. Sustain. 1, 166-175.

Meng, L., Li, X., Wang, X., Ma, K., Liu, G., Zhang, J., 2017. Amoxicillin effects on
functional microbial community and spread of antibiotic resistance genes in
amoxicillin manufacture wastewater treatment system. J. Environ. Sci. 61, 110-117.

Meng, X., Zhang, Z., 2019. Experimental analysis of a photoreactor packed w ith Pd-
BiVO4-Coated glass beads. AIChE J. 65, 132-139.

Miguel, N., Ormad, M.P., Mosteo, R., Ovelleiro, J.L., 2012. Photocatalytic degradation of
pesticides in natural water: effect of hydrogen peroxide. Int. J. Photoenergy 2012.

Minella, M., Gongalves, N., Fabbri, D., Calza, P., Malitesta, C., Mazzotta, E., Minero, C.,
Bianco, A., 2019. Prevot Humic coated magnetic particles as highly efficient
heterogeneous photo-Fenton materials for waste water treatments. Universita degli
Studi di Bari Aldo Moro, Proceed. Book of Abstracts 1-2.

Mkhalid, 1., Fierro, J., Mohamed, R., Alshahri, A., 2020. Visible light driven
photooxidation of imazapyr herbicide over highly efficient mesoporous Ag/
Ag20-TiO2 pn heterojunction photocatalysts. Ceram. Int. 46, 25822-25832.

Moradi, S., Sobhgol, S.A., Hayati, F., Isari, A.A., Kakavandi, B., Bashardoust, P.,
Anvaripour, B., 2020. Performance and reaction mechanism of MgO/ZnO/Graphene

28

Environmental Research 253 (2024) 118947

ternary nanocomposite in coupling with LED and ultrasound waves for the
degradation of sulfamethoxazole and pharmaceutical wastewater. Separ. Purif.
Technol. 251, 117373.

Mukherjee, P.S., Ray, A.K., 1999. Major challenges in the design of a large-scale
photocatalytic reactor for water treatment. Chem. Eng. Technol.: Industrial
Chemistry-Plant Equipment-Process Engin. Biotechn. 22, 253-260.

Mukwevho, N., Fosso-Kankeu, E., Waanders, F., Kumar, N., Ray, S.S., Yangkou
Mbianda, X., 2019. Photocatalytic activity of Gd 2 O 2 CO 3- ZnO- CuO
nanocomposite used for the degradation of phenanthrene. SN Appl. Sci. 1, 1-11.

Munter, R., 2001. Advanced oxidation processes—current status and prospects. Proc. Est.
Acad. Sci., Chem. 50, 59-80.

Murruni, L., Conde, F., Leyva, G., Litter, M.I., 2008. Photocatalytic reduction of Pb (II)
over TiO2: new insights on the effect of different electron donors. Appl. Catal. B
Environ. 84, 563-569.

Muruganandham, M., Swaminathan, M., 2004. Solar photocatalytic degradation of a
reactive azo dye in TiO2-suspension. Sol. Energy Mater. Sol. Cell. 81, 439-457.
Myilsamy, M., Mahalakshmi, M., Subha, N., Rajabhuvaneswari, A., Murugesan, V., 2016.
Visible light responsive mesoporous graphene-Eu 2 O 3/TiO 2 nanocomposites for

the efficient photocatalytic degradation of 4-Chlorophenol. RSC Adv. 6,
35024-35035.

Naat, J., Neolaka, Y., Lapailaka, T., Tj, R., Sabarudin, A., Darmokoesoemo, H.,
Kusuma, H., 2021. ADSORPTION OF Cu(II) AND Pb(II) USING SILICA@MERCAPTO
(HS@M) HYBRID ADSORBENT SYNTHESIZED FROM SILICA OF TAKARI SAND:
optimization of parameters and kinetics. Rasayan J. Chem. 14, 550-560.

Natarajan, S., Bajaj, H.C., Tayade, R.J., 2018. Recent advances based on the synergetic
effect of adsorption for removal of dyes from waste water using photocatalytic
process. J. Environ. Sci. 65, 201-222.

Nayak, J., 2022. Photo (catalytic) oxidation processes for the removal of dye: focusing on
TiO2 performance. Advanced Oxidation Processes in Dye-Containing Wastewater 1,
75-90. Springer.

Nelson, K.L., Boehm, A.B., Davies-Colley, R.J., Dodd, M.C., Kohn, T., Linden, K.G.,

Liu, Y., Maraccini, P.A., McNeill, K., Mitch, W.A., 2018. Sunlight-mediated
inactivation of health-relevant microorganisms in water: a review of mechanisms
and modeling approaches. Environ. Sci. J. Integr. Environ. Res.: Process. Impacts 20,
1089-1122.

Neolaka, Y.A., Ngara, Z.S., Lawa, Y., Naat, J.N., Benu, D.P., Chetouani, A., Elmsellem, H.,
Darmokoesoemo, H., Kusuma, H.S., 2019. Simple design and preliminary evaluation
of continuous submerged solid small-scale laboratory photoreactor (CS4PR) using
TiO2/NO3-@ TC for dye degradation. J. Environ. Chem. Eng. 7, 103482.

Neolaka, Y.A.B., Riwu, A.A.P., Aigbe, U.O., Ukhurebor, K.E., Onyancha, R.B.,
Darmokoesoemo, H., Kusuma, H.S., 2023a. Potential of activated carbon from
various sources as a low-cost adsorbent to remove heavy metals and synthetic dyes.
Results in Chemistry 5, 100711.

Neolaka, Y.A.B., Lawa, Y., Naat, J., Lalang, A.C., Widyaningrum, B.A., Ngasu, G.F.,
Niga, K.A., Darmokoesoemo, H., Igbal, M., Kusuma, H.S., 2023b. Adsorption of
methyl red from aqueous solution using Bali cow bones (Bos javanicus domesticus)
hydrochar powder. Results in Engineering 17, 100824.

Ng, T.W., Zhang, L., Liu, J., Huang, G., Wang, W., Wong, P.K., 2016. Visible-light-driven
photocatalytic inactivation of Escherichia coli by magnetic Fe203-AgBr. Water Res.
90, 111-118.

Nguyen, C.H., Tran, M.L., Van Tran, T.T., Juang, R.-S., 2020. Enhanced removal of
various dyes from aqueous solutions by UV and simulated solar photocatalysis over
TiO2/Zn0O/rGO composites. Separ. Purif. Technol. 232, 115962.

Nguyen Thi Thu, T., Nguyen Thi, N., Tran Quang, V., Nguyen Hong, K., Nguyen Minh, T.,
Le Thi Hoai, N., 2016. Synthesis, characterisation, and effect of pH on degradation of
dyes of copper-doped TiO2. J. Exp. Nanosci. 11, 226-238.

Ni, X., Chen, C., Wang, Q., Li, Z., 2019. One-step hydrothermal synthesis of SnO2-MoS2
composite heterostructure for improved visible light photocatalytic performance.
Chem. Phys. 525, 110398.

Nolan, M., Iwaszuk, A., Lucid, A.K., Carey, J.J., Fronzi, M., 2016. Design of novel visible
light active photocatalyst materials: surface modified TiO2. Adv. Mater. 28,
5425-5446.

Ochuma, 1.J., Fishwick, R.P., Wood, J., Winterbottom, J.M., 2007. Optimisation of
degradation conditions of 1, 8-diazabicyclo [5.4. 0] undec-7-ene in water and
reaction kinetics analysis using a cocurrent downflow contactor photocatalytic
reactor. Appl. Catal. B Environ. 73, 259-268.

Ogundele, O., Emmanuel, A., Oyegoke, D., Afolabi, B., 2023. Advanced Oxidation
Processes for Sustainable Remediation and Waste Water Treatment Citation.

Ong, C.B., Ng, L.Y., Mohammad, A.W., 2018. A review of ZnO nanoparticles as solar
photocatalysts: synthesis, mechanisms and applications. Renew. Sustain. Energy
Rev. 81, 536-551.

Ortiz-Prado, E., Simbana-Rivera, K., Cevallos, G., Gémez-Barreno, L., Cevallos, D.,
Lister, A., Fernandez-Naranjo, R., Rios-Touma, B., Vasconez-Gonzadlez, J., Izquierdo-
Condoy, J.S., 2022. Waterborne diseases and ethnic-related disparities: a 10 years
nationwide mortality and burden of disease analysis from Ecuador. Front. Public
Health 10, 1029375.

Pabel, M.Y., Ehsan, M.F., Miran, M.S., Islam, M.M., 2023. Nanocatalysts for the
photodegradation of organic pollutants. Emerging Applic. Nanomater. 141,
101-123.

Pal, B., Kaur, R., Grover, LS., 2016. Superior adsorption and photodegradation of
eriochrome black-T dye by Fe3-+ and Pt4+ impregnated TiO2 nanostructures of
different shapes. J. Ind. Eng. Chem. 33, 178-184.

Pan, H., Sun, M., Wang, X., Zhang, M., Murugananthan, M., Zhang, Y., 2022. A novel
electric-assisted photocatalytic technique using self-doped TiO2 nanotube films.
Appl. Catal. B Environ. 307, 121174.


http://refhub.elsevier.com/S0013-9351(24)00851-X/sref127
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref127
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref128
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref128
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref129
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref129
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref129
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref130
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref130
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref130
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref131
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref131
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref132
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref132
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref133
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref133
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref133
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref134
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref134
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref135
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref135
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref136
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref136
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref137
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref137
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref137
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref138
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref138
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref138
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref139
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref139
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref139
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref139
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref140
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref140
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref140
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref141
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref141
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref141
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref142
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref142
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref142
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref143
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref143
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref143
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref144
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref144
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref144
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref144
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref145
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref145
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref145
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref146
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref146
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref146
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref147
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref147
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref147
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref148
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref148
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref148
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref148
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref149
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref149
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref149
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref149
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref150
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref150
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref151
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref151
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref152
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref152
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref152
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref153
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref153
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref154
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref154
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref155
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref155
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref155
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref155
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref156
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref156
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref156
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref157
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref157
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref157
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref157
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref157
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref158
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref158
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref158
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref159
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref159
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref159
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref160
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref160
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref161
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref161
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref161
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref162
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref162
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref163
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref163
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref163
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref163
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref164
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref164
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref164
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref164
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref165
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref165
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref165
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref166
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref166
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref166
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref167
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref167
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref167
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref167
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref167
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref168
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref168
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref168
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref168
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref169
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref169
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref169
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref169
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref170
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref170
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref170
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref170
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref171
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref171
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref171
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref172
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref172
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref172
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref173
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref173
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref173
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref174
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref174
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref174
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref175
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref175
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref175
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref176
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref176
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref176
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref176
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref177
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref177
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref178
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref178
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref178
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref179
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref179
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref179
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref179
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref179
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref180
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref180
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref180
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref181
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref181
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref181
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref182
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref182
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref182

M. Ahtasham Igbal et al.

Pareek, V., Chong, S., Tadé, M., Adesina, A.A., 2008. Light intensity distribution in
heterogenous photocatalytic reactors. Asia Pac. J. Chem. Eng. 3, 171-201.

Peng, F., Cai, L., Yu, H., Wang, H., Yang, J., 2008. Synthesis and characterization of
substitutional and interstitial nitrogen-doped titanium dioxides with visible light
photocatalytic activity. J. Solid State Chem. 181, 130-136.

Periyathamby, U., Ray, A.K., 1999. Computer simulation of a novel photocatalytic
reactor using distributive computing environment. Chem. Eng. Technol.: Industr.
Chem.-Plant Equipment-Process Engin. Biotechnology 22, 881-888.

Phan, D.D., Babick, F., Nguyen, M.T., Wessely, B., Stintz, M., 2017. Modelling the
influence of mass transfer on fixed-bed photocatalytic membrane reactors. Chem.
Eng. Sci. 173, 242-252.

Poulios, 1., Aetopoulou, I., 1999. Photocatalytic degradation of the textile dye reactive
orange 16 in the presence of TiO2 suspensions. Environ. Technol. 20, 479-487.
Pouretedal, H.R., Norozi, A., Keshavarz, M.H., Semnani, A., 2009. Nanoparticles of zinc
sulfide doped with manganese, nickel and copper as nanophotocatalyst in the

degradation of organic dyes. J. Hazard Mater. 162, 674-681.

Prado, A.G., Costa, L.L., 2009. Photocatalytic decouloration of malachite green dye by
application of TiO2 nanotubes. J. Hazard Mater. 169, 297-301.

Qin, Y., Wang, Z., Jiang, J., Xing, L., Wu, K., 2020. One-step fabrication of TiO2/Ti foil
annular photoreactor for photocatalytic degradation of formaldehyde. Chem. Eng. J.
394, 124917.

Rahmani, E., Rahmani, M., Silab, H.R., 2020. TiO2: SiO2 thin film coated annular
photoreactor for degradation of oily contamination from waste water. J. Water Proc.
Eng. 37, 101374.

Rajabi, H.R., Khani, O., Shamsipur, M., Vatanpour, V., 2013. High-performance pure and
Fe3-+-ion doped ZnS quantum dots as green nanophotocatalysts for the removal of
malachite green under UV-light irradiation. J. Hazard Mater. 250, 370-378.

Rajabi, H.R., Shahrezaei, F., Farsi, M., 2016. Zinc sulfide quantum dots as powerful and
efficient nanophotocatalysts for the removal of industrial pollutant. J. Mater. Sci.
Mater. Electron. 27, 9297-9305.

Raliya, R., Avery, C., Chakrabarti, S., Biswas, P., 2017. Photocatalytic degradation of
methyl orange dye by pristine titanium dioxide, zinc oxide, and graphene oxide
nanostructures and their composites under visible light irradiation. Appl. Nanosci. 7,
253-259.

Ravichandran, A., Karthick, R., Xavier, A.R., Chandramohan, R., Mantha, S., 2017.
Influence of Sm doped ZnO nanoparticles with enhanced photoluminescence and
antibacterial efficiency. J. Mater. Sci. Mater. Electron. 28, 6643-6648.

Ray, A.K., 1999. Design, modelling and experimentation of a new large-scale
photocatalytic reactor for water treatment. Chem. Eng. Sci. 54, 3113-3125.

Ray, A.K., Beenackers, A.A., 1998. Development of a new photocatalytic reactor for
water purification. Catal. Today 40, 73-83.

Ray, S.K., Cho, J., Hur, J., 2021. A critical review on strategies for improving efficiency
of BaTiO3-based photocatalysts for wastewater treatment. J. Environ. Manag. 290,
112679.

Regmi, C., Kim, T.-H., Ray, S.K., Yamaguchi, T., Lee, S.W., 2017. Cobalt-doped BiVO 4
(Co-BiVO 4) as a visible-light-driven photocatalyst for the degradation of malachite
green and inactivation of harmful microorganisms in wastewater. Res. Chem.
Intermed. 43, 5203-5216.

Ren, G., Han, H., Wang, Y., Liu, S., Zhao, J., Meng, X., Li, Z., 2021. Recent advances of
photocatalytic application in water treatment: a review. Nanomaterials 11, 1804.

Reza, K.M., Kurny, A., Gulshan, F., 2017. Parameters affecting the photocatalytic
degradation of dyes using TiO 2: a review. Appl. Water Sci. 7, 1569-1578.

Robinson, T., McMullan, G., Marchant, R., Nigam, P., 2001. Remediation of dyes in
textile effluent: a critical review on current treatment technologies with a proposed
alternative. Bioresour. Technol. 77, 247-255.

Sacco, O., Stoller, M., Vaiano, V., Ciambelli, P., Chianese, A., Sannino, D., 2012.
Photocatalytic degradation of organic dyes under visible light on N-doped TiO 2
photocatalysts. Int. J. Photoenergy 2012.

Sacco, O., Vaiano, V., Sannino, D., 2020. Main parameters influencing the design of
photocatalytic reactors for wastewater treatment: a mini review. J. Appl. Chem.
Biotechnol. 95, 2608-2618.

Sadegh, H., Ali, G.A., Gupta, V.K., Makhlouf, A.S.H., Shahryari-Ghoshekandi, R.,
Nadagouda, M.N., Sillanpaa, M., Megiel, E., 2017. The role of nanomaterials as
effective adsorbents and their applications in wastewater treatment. Journal of
Nanostructure in Chemistry 7, 1-14.

Samanta, H., Das, R., Bhattachajee, C., 2016. Influence of nanoparticles for wastewater
treatment-a short review. Austin Chem. Eng. 3, 1036.

San, N., Hatipoglu, A., Koctiirk, G., Cinar, Z., 2001. Prediction of primary intermediates
and the photodegradation kinetics of 3-aminophenol in aqueous TiO2 suspensions.
J. Photochem. Photobiol. Chem. 139, 225-232.

Saravanan, R., Gracia, F., Stephen, A., 2017. Basic principles, mechanism, and challenges
of photocatalysis. Nanocomposites for Visible Light-Induced Photocatalysis,
pp. 19-40.

Sarkar, A., Ghosh, A.B., Saha, N., Dutta, A.K., Srivastava, D.N., Paul, P., Adhikary, B.,
2015. Enhanced photocatalytic activity of Eu-doped Bi 2 S 3 nanoflowers for
degradation of organic pollutants under visible light illumination. Catal. Sci.
Technol. 5, 4055-4063.

Sarkodie, B., Amesimeku, J., Frimpong, C., Howard, E.K., Feng, Q., Xu, Z., 2023.
Photocatalytic degradation of dyes by novel electrospun nanofibers: a review.
Chemosphere 313, 137654.

Schneider, J., Matsuoka, M., Takeuchi, M., Zhang, J., Horiuchi, Y., Anpo, M.,
Bahnemann, D.W., 2014. Understanding TiO2 photocatalysis: mechanisms and
materials. Chem. Rev. 114, 9919-9986.

Schneider, J.T., Firak, D.S., Ribeiro, R.R., Peralta-Zamora, P., 2020. Use of scavenger
agents in heterogeneous photocatalysis: truths, half-truths, and misinterpretations.
Phys. Chem. Chem. Phys. 22, 15723-15733.

29

Environmental Research 253 (2024) 118947

Senthil, R.A., Sun, M., Pan, J., Osman, S., Khan, A., Sun, Y., 2019. Facile fabrication of a
new BiFeWO6/a-AgVO3 composite with efficient visible-light photocatalytic activity
for dye-degradation. Opt. Mater. 92, 284-293.

Serra, A., Zhang, Y., Septlveda, B., Gomez, E., Nogués, J., Michler, J., Philippe, L., 2020.
Highly reduced ecotoxicity of ZnO-based micro/nanostructures on aquatic biota:
influence of architecture, chemical composition, fixation, and photocatalytic
efficiency. Water Res. 169, 115210.

Sharma, K., Hasija, V., Malhotra, M., Verma, P.K., Parwaz Khan, A.A., Thakur, S., Van
Le, Q., Phan Quang, H.H., Nguyen, V.-H., Singh, P., Raizada, P., 2024. A review of
CdS-based S-scheme for photocatalytic water splitting: synthetic strategy and
identification techniques. Int. J. Hydrogen Energy 52, 804-818.

Shawky, A., Mohamed, R., Mkhalid, I., Youssef, M., Awwad, N., 2020. Visible light-
responsive Ag/LaTiO3 nanowire photocatalysts for efficient elimination of atrazine
herbicide in water. J. Mol. Liq. 299, 112163.

Shen, Y., Zhu, C., Chen, B., Chen, J., Fang, Q., Wang, J., He, Z., Song, S., 2020. Novel
photocatalytic performance of nanocage-like MIL-125-NH 2 induced by adsorption
of phenolic pollutants. Environ. Sci.: Nano 7, 1525-1538.

Shi, J.-w., Zheng, J.-t., Wu, P., 2009. Preparation, characterization and photocatalytic
activities of holmium-doped titanium dioxide nanoparticles. J. Hazard Mater. 161,
416-422.

Sisi, A.J., Fathinia, M., Khataee, A., Orooji, Y., 2020. Systematic activation of potassium
peroxydisulfate with ZIF-8 via sono-assisted catalytic process: mechanism and
ecotoxicological analysis. J. Mol. Liq. 308, 113018.

Sivasri, J., Rao, M., Giridhar, G., Madav, B., Divakar, T., Manepalli, R., 2016. Influence of
Fe304 nanoparticles dispersed in liquid crystalline compounds—spectroscopic
characterization. Rasayan J. Chem 9, 556-565.

Sobana, N., Swaminathan, M., 2007. The effect of operational parameters on the
photocatalytic degradation of acid red 18 by ZnO. Sep. Purif. Technol. 56, 101-107.

Sobana, N., Selvam, K., Swaminathan, M., 2008. Optimization of photocatalytic
degradation conditions of Direct Red 23 using nano-Ag doped TiO2. Separ. Purif.
Technol. 62, 648-653.

Sohrabnezhad, S., Pourahmad, A., Radaee, E., 2009. Photocatalytic degradation of basic
blue 9 by CoS nanoparticles supported on AIMCM-41 material as a catalyst.

J. Hazard Mater. 170, 184-190.

Song, J., Wu, X., Zhang, M., Liu, C., Yu, J., Sun, G., Si, Y., Ding, B., 2020. Highly flexible,
core-shell heterostructured, and visible-light-driven titania-based nanofibrous
membranes for antibiotic removal and E. coil inactivation. Chem. Eng. J. 379,
122269.

Soni, V.Sonu, Singh, P., Thakur, S., Thakur, P., Ahamad, T., Nguyen, V.-H., Van Le, Q.,
Hussain, C.M., Raizada, P., 2023. Fabricating cattle dung-derived nitrogen-doped
biochar supported oxygen-deficient ZnO and Cu20-based novel step-scheme
photocatalytic system for aqueous Doxycycline hydrochloride mitigation and Cr (VI)
reduction. J. Environ. Chem. Eng. 11, 110856.

Sonu, V. Dutta, Sudhaik, A., Khan, A.A.P., Ahamad, T., Raizada, P., Thakur, S., Asiri, A.
M., Singh, P., 2023. GCN/CuFe204/SiO2 photocatalyst for photo-Fenton assisted
degradation of organic dyes. Mater. Res. Bull. 164, 112238.

Sundar, K.P., Kanmani, S., 2020. Progression of Photocatalytic reactors and it’s
comparison: a Review. Chem. Eng. Res. Des. 154, 135-150.

Taghizade Firozjaee, T., Mehrdadi, N., Baghdadi, M., Nabi Bidhendi, G., 2018.
Application of nanotechnology in pesticides removal from aqueous solutions-a
review. Int. J. Nanosci. Nanotechnol. 14, 43-56.

Tahir, M.B., Kiran, H., Igbal, T., 2019. The detoxification of heavy metals from aqueous
environment using nano-photocatalysis approach: a review. Environ. Sci. Pollut.
Control Ser. 26, 10515-10528.

Tang, Y., Li, X., Zhang, H., Ouyang, T., Jiang, Y., Mu, M., Yin, X., 2020. Cobalt-based ZIF
coordinated hybrids with defective TiO2-x for boosting visible light-driven photo-
Fenton-like degradation of bisphenol A. Chemosphere 259, 127431.

Teixeira, G.F., Silva Junior, E., Vilela, R., Zaghete, M.A., Colmati, F., 2019. Perovskite
structure associated with precious metals: influence on heterogenous catalytic
process. Catalysts 9, 721.

Temam, E.G., Djani, F., Rahmane, S., Temam, H.B., Gasmi, B., 2022. Photocatalytic
activity of Al/Ni doped TiO2 films synthesized by sol-gel method: dependence on
thickness and crystal growth of photocatalysts. Surface. Interfac. 31, 102077.

Thomas, B., Alexander, L., 2020. Removal of Pb2+ and Cd2+ toxic heavy metal ions
driven by Fermi level modification in NiFe204-Pd nano hybrids. J. Solid State
Chem. 288, 121417.

Tong, Y., Xue, G., Wang, H., Liu, M., Wang, J., Hao, C., Zhang, X., Wang, D., Shi, X.,
Liu, W., 2018. Interfacial coupling between noble metal nanoparticles and
metal-organic frameworks for enhanced catalytic activity. Nanoscale 10,
16425-16430.

Tran, H.D., Nguyen, D.Q., Do, P.T., Tran, U.N.P., 2023. Kinetics of photocatalytic
degradation of organic compounds: a mini-review and new approach. RSC Adv. 13,
16915-16925.

Umar, K., Dar, A.A., Haque, M., Mir, N.A., Muneer, M., 2012. Photocatalysed
decolourization of two textile dye derivatives, Martius Yellow and Acid Blue 129, in
UV-irradiated aqueous suspensions of Titania. Desalination Water Treat. 46,
205-214.

Umar, K., Aris, A., Parveen, T., Jaafar, J., Majid, Z.A., Reddy, A.V.B., Talib, J., 2015.
Synthesis, characterization of Mo and Mn doped ZnO and their photocatalytic
activity for the decolorization of two different chromophoric dyes. Appl. Catal. Gen.
505, 507-514.

Van Gerven, T., Mul, G., Moulijn, J., Stankiewicz, A., 2007. A review of intensification of
photocatalytic processes. Chem. Eng. Process: Process Intensif. 46, 781-789.

Varjani, S.J., 2017. Microbial degradation of petroleum hydrocarbons. Bioresour.
Technol. 223, 277-286.


http://refhub.elsevier.com/S0013-9351(24)00851-X/sref183
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref183
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref184
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref184
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref184
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref185
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref185
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref185
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref186
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref186
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref186
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref187
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref187
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref188
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref188
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref188
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref189
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref189
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref190
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref190
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref190
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref191
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref191
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref191
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref192
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref192
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref192
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref193
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref193
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref193
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref194
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref194
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref194
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref194
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref195
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref195
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref195
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref196
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref196
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref197
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref197
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref198
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref198
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref198
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref199
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref199
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref199
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref199
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref200
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref200
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref201
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref201
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref202
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref202
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref202
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref203
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref203
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref203
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref204
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref204
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref204
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref205
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref205
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref205
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref205
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref206
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref206
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref207
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref207
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref207
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref208
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref208
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref208
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref209
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref209
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref209
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref209
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref210
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref210
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref210
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref211
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref211
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref211
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref212
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref212
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref212
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref213
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref213
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref213
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref214
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref214
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref214
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref214
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref215
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref215
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref215
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref215
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref216
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref216
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref216
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref217
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref217
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref217
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref218
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref218
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref218
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref219
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref219
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref219
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref220
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref220
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref220
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref221
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref221
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref222
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref222
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref222
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref223
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref223
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref223
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref224
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref224
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref224
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref224
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref225
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref225
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref225
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref225
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref225
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref226
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref226
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref226
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref227
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref227
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref228
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref228
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref228
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref229
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref229
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref229
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref230
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref230
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref230
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref231
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref231
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref231
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref232
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref232
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref232
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref233
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref233
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref233
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref234
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref234
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref234
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref234
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref235
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref235
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref235
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref236
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref236
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref236
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref236
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref237
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref237
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref237
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref237
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref238
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref238
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref239
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref239

M. Ahtasham Igbal et al.

Varley, J., Janotti, A., Van de Walle, C., 2011. Mechanism of visible-light photocatalysis
in nitrogen-doped TiO 2. Adv. Mater. 20, 2343-2347.

Vaya, D., Surolia, P.K., 2020. Semiconductor based photocatalytic degradation of
pesticides: an overview. Environ. Technol. Innovat. 20, 101128.

Venkatachalam, N., Palanichamy, M., Arabindoo, B., Murugesan, V., 2007. Enhanced
photocatalytic degradation of 4-chlorophenol by Zr4+ doped nano TiO2. J. Mol.
Catal. Chem. 1, 158-165.

Verma, M., Haritash, A., 2020. Photocatalytic degradation of Amoxicillin in
pharmaceutical wastewater: a potential tool to manage residual antibiotics. Environ.
Technol. Innovat. 20, 101072.

Wang, Y., Hong, C.-s., 1999. Effect of hydrogen peroxide, periodate and persulfate on
photocatalysis of 2-chlorobiphenyl in aqueous TiO2 suspensions. Water Res. 33,
2031-2036.

Wang, W., Yu, Y., An, T., Li, G., Yip, H.Y., Yu, J.C., Wong, P.K., 2012. Visible-light-driven
photocatalytic inactivation of E. coli K-12 by bismuth vanadate nanotubes:
bactericidal performance and mechanism. Environ. Sci. Technol. 46, 4599-4606.

Wang, C.-C., Li, J.-R., Lv, X.-L., Zhang, Y.-Q., Guo, G., 2014a. Photocatalytic organic
pollutants degradation in metal-organic frameworks. Energy Environ. Sci. 7,
2831-2867.

Wang, N., Zhang, X., Wang, Y., Yu, W., Chan, H.L., 2014b. Microfluidic reactors for
photocatalytic water purification. Lab Chip 14, 1074-1082.

Wang, W., Huang, G., Jimmy, C.Y., Wong, P.K., 2015a. Advances in photocatalytic
disinfection of bacteria: development of photocatalysts and mechanisms. J. Environ.
Sci. 34, 232-247.

Wang, Y., Zhang, Y., Yu, F., Jin, C., Liu, X., Ma, J., Wang, Y., Huang, Y., Wang, J., 2015b.
Correlation investigation on the visible-light-driven photocatalytic activity and
coordination structure of rutile Sn-Fe-TiO2 nanocrystallites for methylene blue
degradation. Catal. Today 258, 112-119.

Wang, Z., Zhang, X., Zhang, H., Zhu, G., Gao, Y., Cheng, Q., Cheng, X., 2019. Synthesis of
magnetic nickel ferrite/carbon sphere composite for levofloxacin elimination by
activation of persulfate. Separ. Purif. Technol. 215, 528-539.

Wang, Z., Shen, Q., Xue, J., Guan, R., Li, Q., Liu, X., Jia, H., Wu, Y., 2020a. 3D
hierarchically porous NiO/NF electrode for the removal of chromium (VI) from
wastewater by electrocoagulation. Chem. Eng. J. 402, 126151.

Wang, X., Jiang, L., Li, K., Wang, J., Fang, D., Zhang, Y., Tian, D., Zhang, Z.,
Dionysiou, D.D., 2020b. Fabrication of novel Z-scheme SrTiO3/MnFe204 system
with double-response activity for simultaneous microwave-induced and
photocatalytic degradation of tetracycline and mechanism insight. Chem. Eng. J.
400, 125981.

Wang, D., Mueses, M.A., Marquez, J.A.C., Machuca-Martinez, F., Gr¢i¢, 1., Moreira, R.P.
M., Puma, G.L., 2021. Engineering and modeling perspectives on photocatalytic
reactors for water treatment. Water Res. 202, 117421.

Weavers, L.K., Hua, 1., Hoffmann, M.R., 1997. Degradation of triethanolamine and
chemical oxygen demand reduction in wastewater by photoactivated periodate.
Water Environ. Res. 69, 1112-1119.

Weng, B., Qi, M.-Y., Han, C., Tang, Z.-R., Xu, Y.-J., 2019. Photocorrosion inhibition of
semiconductor-based photocatalysts: basic principle, current development, and
future perspective. ACS Catal. 9, 4642-4687.

Wu, P., Imlay, J.A., Shang, J.K., 2010. Mechanism of Escherichia coli inactivation on
palladium-modified nitrogen-doped titanium dioxide. Biomaterials 31, 7526-7533.

Wu, Q., Zheng, Q., van de Krol, R., 2012. Creating oxygen vacancies as a novel strategy
to form tetrahedrally coordinated Ti4-+ in Fe/TiO2 nanoparticles. J. Phys. Chem. C
116, 7219-7226.

Wu, Y., Subramanian, K., Barton, S.C., Lee, A., 2017. Electrochemical studies of Pd-doped
Cu and Pd-doped Cu-Al intermetallics for understanding corrosion behavior in wire-
bonding packages. Microelectron. Reliab. 78, 355-361.

Wu, Y., Pang, H., Liu, Y., Wang, X., Yu, S., Fu, D., Chen, J., Wang, X., 2019.
Environmental remediation of heavy metal ions by novel-nanomaterials: a review.
Environ. Pollut. 246, 608-620.

30

Environmental Research 253 (2024) 118947

Xiao, J., Xie, Y., Han, Q., Cao, H., Wang, Y., Nawaz, F., Duan, F., 2016. Superoxide
radical-mediated photocatalytic oxidation of phenolic compounds over Ag+/TiO2:
influence of electron donating and withdrawing substituents. J. Hazard Mater. 304,
126-133.

Xie, D., Cai, S., Sun, X., Hou, T., Shen, K., Ling, R., Fan, A., Zhang, R., Jiang, S., Lin, Y.,
2020. FeS/ZnS nanoflower composites as high performance anode materials for
sodium ion batteries. Inorg. Chem. Commun. 111, 107635.

Xu, Y.-J., 2021. Promises and Challenges in Photocatalysis, vol. 1. Frontiers Media SA,
708319.

Yamakata, A., Vequizo, J.J.M., 2019. Curious behaviors of photogenerated electrons and
holes at the defects on anatase, rutile, and brookite TiO2 powders: a review.

J. Photochem. Photobiol. C Photochem. Rev. 40, 234-243.

Yan, R., Luo, D., Fu, C., Tian, W., Wu, P., Wang, Y., Zhang, H., Jiang, W., 2020.
Simultaneous removal of Cu (II) and Cr (VI) ions from wastewater by photoreduction
with TiO2-ZrO2. J. Water Proc. Eng. 33, 101052.

Yang, L., Liu, Z., 2007. Study on light intensity in the process of photocatalytic
degradation of indoor gaseous formaldehyde for saving energy. Energy Convers.
Manag. 48, 882-889.

Yang, X., Yu, J., Zhang, Y., Peng, Y., Li, Z., Feng, C., Sun, Z., Yu, X.-f., Cheng, J.,
Wang, Y., 2020a. Visible-near-infrared-responsive g-C3N4Hx+ reduced
decatungstate with excellent performance for photocatalytic removal of petroleum
hydrocarbon. J. Hazard Mater. 381, 120994.

Yang, R., Zhong, S., Zhang, L., Liu, B., 2020b. PW12/CN@ Bi2WO6 composite
photocatalyst prepared based on organic-inorganic hybrid system for removing
pollutants in water. Separ. Purif. Technol. 235, 116270.

Younis, S.A., Kim, K.-H., 2020. Heterogeneous photocatalysis scalability for
environmental remediation: opportunities and challenges. Catalysts 10, 1109.

Yu, C., Yang, K., Zhou, W., Fan, Q., Wei, L., Jimmy, C.Y., 2013. Preparation,
characterization and photocatalytic performance of noble metals (Ag, Pd, Pt, Rh)
deposited on sponge-like ZnO microcuboids. J. Phys. Chem. Solid. 74, 1714-1720.

Zango, Z.U., Khoo, K.S., Garba, A., Kadir, H.A., Usman, F., Zango, M.U., Da Oh, W.,
Lim, J.W., 2023. A review on superior advanced oxidation and photocatalytic
degradation techniques for perfluorooctanoic acid (PFOA) elimination from
wastewater. Environ. Res. 221, 115326.

Zhang, Y., Zhang, H., Xu, Y., Wang, Y., 2004. Significant effect of lanthanide doping on
the texture and properties of nanocrystalline mesoporous TiO2. J. Solid State Chem.
177, 3490-3498.

Zhang, G., Chen, D., Li, N., Xu, Q., Li, H., He, J., Lu, J., 2018. Preparation of ZnIn2S4
nanosheet-coated CdS nanorod heterostructures for efficient photocatalytic
reduction of Cr (VI). Appl. Catal. B Environ. 232, 164-174.

Zhang, Y., Zhao, Y., Xu, Z., Su, H., Bian, X., Zhang, S., Dong, X., Zeng, L., Zeng, T.,
Feng, M., 2020. Carbon quantum dots implanted CdS nanosheets: efficient visible-
light-driven photocatalytic reduction of Cr (VI) under saline conditions. Appl. Catal.
B Environ. 262, 118306.

Zhao, X., Liu, Y., Chen, Y., Su, X., Feng, Y., Lu, C., Ma, Y., Lu, G., Ma, M., 2023. Research
progress of novel magnetic two-dimensional carbon composites in photocatalytic
degradation of pollutants: a review. Environ. Sci. Pollut. Res. Int. 30, 69774-69795.

Zheng, Z., Liu, H., Ye, J., Zhao, J., Waclawik, E.R., Zhu, H., 2010. Structure and
contribution to photocatalytic activity of the interfaces in nanofibers with mixed
anatase and TiO2 (B) phases. J. Mol. Catal. Chem. 316, 75-82.

Zhou, L., Zhang, H., Sun, H., Liu, S., Tade, M.O., Wang, S., Jin, W., 2016. Recent
advances in non-metal modification of graphitic carbon nitride for photocatalysis: a
historic review. Catal. Sci. Technol. 6, 7002-7023.

Zhu, W., Qiu, X., lancu, V., Chen, X.-Q., Pan, H., Wang, W., Dimitrijevic, N.M., Rajh, T.,
Meyer III, H.M., Paranthaman, M.P., 2009. Band gap narrowing of titanium oxide
semiconductors by noncompensated anion-cation codoping for enhanced visible-
light photoactivity. Phys. Rev. Lett. 103, 226401.


http://refhub.elsevier.com/S0013-9351(24)00851-X/sref240
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref240
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref241
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref241
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref242
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref242
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref242
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref243
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref243
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref243
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref244
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref244
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref244
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref245
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref245
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref245
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref246
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref246
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref246
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref247
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref247
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref248
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref248
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref248
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref249
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref249
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref249
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref249
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref250
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref250
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref250
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref251
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref251
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref251
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref252
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref252
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref252
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref252
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref252
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref253
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref253
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref253
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref254
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref254
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref254
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref255
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref255
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref255
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref256
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref256
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref257
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref257
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref257
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref258
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref258
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref258
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref259
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref259
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref259
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref260
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref260
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref260
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref260
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref261
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref261
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref261
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref262
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref262
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref263
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref263
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref263
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref264
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref264
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref264
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref265
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref265
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref265
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref266
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref266
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref266
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref266
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref267
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref267
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref267
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref268
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref268
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref269
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref269
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref269
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref270
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref270
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref270
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref270
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref271
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref271
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref271
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref272
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref272
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref272
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref273
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref273
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref273
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref273
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref274
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref274
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref274
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref275
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref275
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref275
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref276
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref276
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref276
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref277
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref277
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref277
http://refhub.elsevier.com/S0013-9351(24)00851-X/sref277

	Advanced photocatalysis as a viable and sustainable wastewater treatment process: A comprehensive review
	1 Introduction
	2 Methodology
	3 The production of photocatalytic reactive species
	4 Degradation of organic compounds
	4.1 Dyes
	4.2 Petroleum hydrocarbons
	4.3 Phenolic compound

	5 Heavy metals detoxification
	5.1 Chromium (cr)
	5.2 Lead (pb)
	5.3 Mercury (hg)
	5.4 Arsenic (as)
	5.5 Miscellaneous heavy metals

	6 Pharmaceutics removal
	6.1 Antibiotics
	6.2 Anti-inflammatories
	6.3 Lipid regulators

	7 Removal of pesticides
	8 Inactivation of microorganisms
	9 Types of photocatalysts used for water treatment
	9.1 Metal oxide photocatalysts
	9.1.1 Zinc oxide (ZnO)
	9.1.2 Titanium dioxide (TiO2) photocatalyst
	9.1.3 Tin oxide photocatalyst (SnO2)

	9.2 Cadmium sulfide photocatalyst
	9.3 Graphene oxide photocatalysts (rGO)
	9.4 Ferric oxide photocatalyst (Fe2O3)
	9.5 Nano-photocatalyst
	9.5.1 Pros and cons of nano photocatalyst


	10 Factors affecting photocatalytic performance in wastewater treatment
	10.1 pH
	10.2 Catalytic loading
	10.3 Light wavelength
	10.4 Concentration of pollutants
	10.5 Temperature
	10.6 Light intensity
	10.7 Effect of oxidants
	10.8 Influence of H2O2
	10.9 Effect of KBrO3
	10.10 Effect of K2S2O8 and (NH4)2S2O8
	10.11 Effect of doping
	10.11.1 Noble metal doping
	10.11.2 Metal doping
	10.11.3 Rare earth metal doping
	10.11.4 Non-metallic doping
	10.11.5 Co-doping
	10.11.6 Self-doping

	10.12 Inorganic ion impact
	10.13 Effects of surface area, size, and morphology

	11 Design of photocatalytic reactors
	11.1 Parabolic trough reactor
	11.2 Thin film fixed bed reactor (FFFBR)
	11.3 Compound parabolic collecting reactor (CPCR)
	11.4 Double skin sheet reactor (DSSR)
	11.5 Cylindrical photoreactors
	11.6 Rectangle photoreactor
	11.7 Challenges and opportunities regarding photocatalytic water treatment
	11.8 Challenges of the photocatalytic process

	12 Conclusions and future prospects
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


