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Abstract Water pollution is
as a consequence of rapid industrialization
and urbanization. Organic compounds which
are generated from various industries produce
problematic pollutants in water. Recently, metal oxide
(TiO,, SnO,, CeO,, ZrO,, WO;, and ZnO)-based
semiconductors have been explored as excellent
photocatalysts in order to degrade organic pollutants
in  wastewater. However, their photocatalytic
performance is limited due to their high band gap (UV
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range) and recombination time of photogenerated
electron—hole pairs. Strategies for improving the
performance of these metal oxides in the fields
of photocatalysis are discussed. To improve their
photocatalytic activity, researchers have investigated
the concept of doping, formation of nanocomposites
and core—shell nanostructures of metal oxides. Rare-
earth doped metal oxides have the advantage of
interacting with functional groups quickly because of
the 4f empty orbitals. More precisely, in this review,
in-depth procedures for synthesizing rare earth doped
metal oxides and nonocomposites, their efficiency
towards organic pollutants degradation and sources
have been discussed. The major goal of this review
article is to propose high-performing, cost-effective
combined tactics with prospective benefits for future
industrial applications solutions.

Keywords Metal oxides - Photocatalytic
degradation - Rare earth dopants - Nanocomposites -
Core—shell - Band gap tuning

1 Introduction

With the current economic development and
population growth, protecting water resources is a
pressing concern. Every day, about 2 million tons
of waste pollutants are carelessly released into the
public water supply, gravely affecting human health
and resulting in numerous deaths (Yan et al., 2021).
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The most representative pollutants are residual
toxic dyes, monoaromatic hydrocarbons, and
antibiotics originating from industrial wastes, such
as rhodamineB (RhB), 4-nitrophenol (4-NP), and
naproxen (NPX), which exhibit thermal and photo-
resistant stability. According to reports, the maximum
amount of 4-NP in water should be kept to less than
10 ppb (Devi et al., 2023; Yang et al., 2020a). Every
year, more than 175,000 tons of dyes and 54,000 tons
of antibiotics are arbitrary released into worldwide
water resources (He et al., 2019; Zhang et al., 2015).
Concern has grown greatly and deeply as water
pollution has become an intractable challenge. In
fact, numerous methods of waste water purification,
including ion-exchange techniques, adsorption,
membrane separation techniques, and electrochemical
purification, have been proposed and put into action
to address the water resources (Li et al., 2021; Suman
et al., 2020a, b). Although much efforts have been put
towards solving this problem, there are still several
obstacles, including limited adsorption capacity,
ready inactivity, secondary pollutants, and high
energy consumption. To address this challenging
issue, photo-induced catalytic degradation technology
has recently attracted a lot of attention (Feng
et al., 2023). Solar energy is most environmentally
friendly, cost-effective, and even endless source of
energy. On the other hand, innovative semiconductor
photocatalysts that use active radicals to degrade
organic pollutants can be rationally designed and
produced as a result of advancements in nanoscience
and nanotechnology (He et al., 2019; Hu et al., 2019).
Cost-effectiveness, environmental friendly nature,
and minimal energy usage are further benefits of
photocatalysis process (Huang et al.,, 2018; Wei
et al., 2019; Wu et al., 2020). Despite semiconductor
photocatalysis technology being a talent self-driving
potential technique by harvesting inexhaustible solar
energy, the efficiency of photocatalysts in converting
solar energy is considerably lower than predicted.
This is because it is challenging to discover a single
photocatalyst that can absorb all of the solar energy
while maintaining low recombination rates of
photo-induced carriers and strong photo stability
(Bie et al., 2019; Wei et al., 2018; Xu et al., 2019).
Since the components of composite have some
synergistic effects, it is believed that composite of
co-photocatalysts will partially satisfy the difficult
acquisition.
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Many materials can be used for photocatalytic
process, but metal oxides specifically titanium oxide
(TiO,), cerium oxide (CeO,), zinc oxide (ZnO),
zirconium oxide (ZrO,), manganese oxide (MnO,),
and tin oxide (SnO,) are considered as excellent
photocatalysts in this class due to their high stability
in wide pH range, higher efficiency, low-cost, easy
availability, less toxicity, being eco-friendly, and highly
oxidizing photo-generated holes (Alam et al., 2018;
Keerthana et al., 2021; Shaheen et al., 2020; Singh
et al., 2018). However, there are several drawbacks
of utilizing these metal oxides for photocatalytic
degradation, such as incomplete mineralization and
a wide band gap (Vaiano et al., 2018; Wang et al.,
2019), which significantly limit their photocatalytic
activity. Furthermore, a significant factor in dye
degradation is the quick transport of electrons and
holes (Rani & Shanker, 2021; Xing, 2017). However,
rapid recombination of electrons (¢”) and holes (h™)
greatly reduces their potential for photocatalytic
degradation (Liu et al., 2019; Rani et al., 2019). Hence,
photocatalytic effectiveness of pure metal oxides was
not up to mark. So as to improve their efficiency, rare
earth doped metal oxides, metal oxide nanocomposites,
core—shell nanostructures of metal oxides, etc. have
been investigated (Joshi et al., 2022; Shanmuganathan
et al.,, 2020; Wahba et al., 2020). However, a wider
variety of catalysts are described here to give a more
comprehensive understanding of the materials utilized.
These are classified into three categories: single metal
oxide, doped, and composite photocatalysts.

1.1 Wastewater Sources

Water  consisting of toxic heavy metals,
microorganisms, organic materials, and soluble
inorganic compounds are treated as sources of
wastewater. These pollutants interfere with freshwater’s
chemical, biological, and physical properties (Abou
El-Nour et al., 2010). Sources of wastewater can be
classified mainly into three categories as shown in
Fig. 1 (Adams et al., 2006). Further, different types
of pollutants which are found in water are shown in
Fig. 2. World Health Organization (WHO) estimates
that more than 13.7 million deaths worldwide occurred
in 2016 as a result of people working and living in
unhealthy environment. Particularly, air pollution
resulted in almost 6 million deaths, while water
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Fig. 1 Schematic represen-

tation of various wastewater
sources
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Fig. 2 Different types of pollutants found in water

contamination resulted in over 1.8 million deaths,
demanding extensive remediation techniques (Dharwal
et al., 2020; Kumar et al., 2021).

Nowadays, treatment of wastewater has become
crucial due to the harmful impact of pollutants
and risk of polluted wastewater on animals, human
beings, as well as on agriculture. In order to protect
the environment from contamination, effective
actions must be taken at personal and government

level for wastewater treatment. Physical, biological,
and chemical procedures can be involved for the
treatment of wastewater. Dye and other substances
can be physical pollutants in wastewater (fixed,
volatile, dissolved, and suspended). Wastewater may
contain organic, inorganic, or gaseous substances
as chemical pollutants. Figure 3 shows an overview
of chemicals used by textile industries, which is the
major source of water pollution. Along with physical
and chemical characteristics biological characteristics
are additionally prevalent in the contaminated
water. Biological pollutants consist of pathogenic
microorganisms like bacteria, protozoa, and viruses
causing intense and chronic health impacts (Shon
et al., 2007).

2 Textile Dyes and Their Impact on Environment

Contaminated water is a serious problem that has
far-reaching consequences for the environment.
Numerous insecticides, dyes, metal ions, chemical
and inorganic substances, and other toxins pollute our
environment. The non-biodegradable and potentially
dangerous nature of dyes is largely attributable to
the presence of stable aromatic rings in majority of
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Fig. 3 Hazardous sub-
stances used by industries
that utilize dyes (Kather-
esan et al., 2018)
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dyes. Even a trace amount of dye can contaminate a
system (Kapoor et al., 2021). Therefore, dye usage is
one of the detrimental types of pollutants that need
to be reduced in environment. Most of the dyes are
stable in presence of light, heat, and oxidizers; hence,
they are not biodegradable. Dyes have an effect
on aquatic ecology because they alter the habitat’s
aesthetic value.

Dyes may be classified as cationic, anionic, and
non-ionic. Dyes can also be categorized on the basis
of functional groups: azo, indigo, phthalocyanine,
anthraquinone, sulfur, etc. (Benkhaya et al., 2020).
Dyes can be grouped together as basic, dispersed, vat,
acidic, reactive, etc. For each color, textile dyes have
interesting chemical structure (Solayman et al., 2023).
Figure 4 presents many industries that are to blamed
for the existence of dye effluents in atmosphere.

Every year, world creation of textile dyes is
assessed in excess of 10,000 tons and roughly 100
tons of dyes are delivered to wastewater consistently
(Semeraro et al., 2015). Not only that, but textile
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Fig. 4 Industries in charge of discharging dye effluent into the
environment (Katheresan et al., 2018)

industry is currently most polluting in the entire
globe. Therefore, textile production is biggest cause
of adverse environmental effects (Lellis et al., 2019).
Dyes have capability of absorbing light radiation in
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the range of visible region (380-700 nm).When white
light reflects off a surface or is diffused or transmitted,
it changes from white to colored light as a result
of selective energy absorption by particular atoms
(chromophoric groups). To put it another way, a dye
is a substance with the capacity to absorb some light
radiations and subsequently reflect complimentary
colors. Before the middle of nineteenth century,
natural materials like beet root were used as sources
for dyes. The natural dyes might be acquired from
insects, plants, minerals, and animals. Biodegradation
can be utilized to treat wastewater produced by
natural dyes as they are usually less hazardous and
allergic than synthetic dyes (Sivakumar et al., 2009).
Table 1 provides a general overview of the different
dyes.

2.1 Motivation

In the upcoming future for upholding a better
environment, fostering a better and sustainable
ecosystem is an obligatory requirement. Because
of industrial outlets, the environment gets polluted,
resulting harmful health effects to human being,
aquatic creatures, terrestrial animals, and plants.
Because effluents from textile industry play a
significant role in environmental pollution, we were
inspired and motivated to take on task of authoring
this review study. In order to establish a sustainable
environment, this review article focuses on combining
modern and classical approaches to remove pollutants
from textile wastewater. To get rid of textile
effluents, industrial wastewater is treated utilizing
a number of chemical, biological, physical, and
electrochemical techniques. The main focus of this
article is on to explore the behavior of various dyes
resulting from textile and pharmaceutical industries
followed by their abatement using metal oxide—based
photocatalysts.

3 Dye Removal Techniques

Many more dyes in addition to those listed in Table 1
also pose serious risks to human health and the
ecosystem. The most dangerous ones are RB and
phenol dyes. Over previous many years, various
physical, chemical, and biological techniques like
membrane filtration, precipitation, ion exchange,

distillation, electrolysis, electrodialysis, flotation,
conventional adsorption, ion exchange, chemical
oxidation, biological treatment, ultrasonic-assisted
adsorption, and chemical coagulation have been
done to treat dye effluents and to eliminate dyes
from aqueous solutions (Karimi-Maleh et al., 2020;
Katheresan et al., 2018). Techniques for removing
dye via physical, chemical, and biological means are
illustrated in Fig. 5. Tables 2, 3, and 4 provide several
physical, chemical, and biological dye removal
strategies along with their benefits and drawbacks,
accordingly.

Since we have a lot of methods for wastewater
treatment, but highly efficient and cheaper methods
need to be explored for providing safe water access
to every human being. Among all these methods,
photocatalysis has gained much attention since it
is most effective and eco-friendly method till date.
Photocatalytic frameworks with required band
gap, high stability, large surface area, and suitable
morphology are of extreme significance. The
photocatalytic process can be carried out with a
variety of different materials; however, TiO,, SnO,,
Ce0,, ZrO,, and ZnO are usually considered as most
effective photocatalysts in this category.

4 Advanced Oxidation

Perovskite catalysts and advanced oxidation
processes (AOPs) have been used in recent years
to remove organic pollutants from wastewater.
AOPs have been fully implemented in wastewater
treatment, pharmaceutical industry, textiles, and
general circular economy scale globally. AOPs can
be divided into multiple categories based on various
processes that generate free radicals. AOPs have
been developed recently that differ in the ways to
generate reactive oxygen species (ROS) and kinds
of these species. Categorization of processes and
applications mentioned in research can be used to
evaluate the effect of each AOP separately, as well as
in combination. Single AOPs may be used to purify
and treat waste and wastewater at very efficient
rates; however, combinations of AOPs have been
implemented in many cases, with prominent results.
Basic classification of AOPs comprises of
processes of UV/H,0,, Fenton and photo-Fenton,
ozone-based  (O;)  processes,  photocatalysis,

@ Springer
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Fig. 5 Schematic representation of different dye removal techniques

and sonolysis. In real water matrices, energy
requirements are strongly associated with the nature
of contaminant. Regarding removal of a pollutant, a
comparison table (Table 5) is presented depicting
possible concentrations of water purification for
above mentioned AOPs and total degradation
percentages of heavy wastewater, such as leachates,
and low-concentration pollutants such as antibiotics.

Tetracycline (TC), an antibiotic, is frequently
provided to cattle feed and used to treat infections
in both humans and animals. These applications
are attributed to its inexpensive cost and broad
spectrum of activity. Even in recent literature, TC
has been referred as a potential COVID-19 treatment.
The unfortunate fact is that only 25% of TC is
metabolized by humans; remaining 75% is released
into the environment. Residual TC has potential to
adversely affect human health through biological food
chain, impact the growth and development of aquatic
flora and fauna, and cause endocrine disorders,
mutagenicity, and antibiotic resistance. Therefore, it
is crucial to figure out how to remove TC from water
(Gopal et al., 2020; Lundstrom et al., 2016; Sodhi &
Etminan, 2020).

Additionally, photo-Fenton is an important
direction in photocatalytic technology. In particular,

the photo-Fenton reaction can degrade dye wastewater
efficiently and quickly.

C. Xiao et al. successfully synthesized novel
Ni-doped FeOx catalyst through a simple
co-precipitation method for simultaneous removal
of Cr(VI) and various organic pollutants in
heterogeneous photo-Fenton system. The removal
efficiency of Cr (VI) and RhB still reached 90% and
91% in 10-NiFeO,/H,0,/visible light system.

C. Xiao et al. successfully synthesized the burger-
like o-Fe,O; using FeCl; as iron source through a
facile hydrothermal process. The «-Fe,O; samples
with spherical, elliptic, olive-like, and burger-
like morphologies were obtained by adjusting
hydrothermal reaction time, respectively. Under
optimum operating conditions, degradation ratio of
acid red G (ARG) by burger-like a-Fe,O; reached
98% under visible light irradiation within 90 min
(Xiao et al., 2018).

The kaolin—-FeOOH catalyst was successfully
prepared by C. Xiao et al. by using a facile method
and exhibited excellent photo-Fenton -catalytic
performance with the assistance of oxalic acid.
Benefiting from the high photosensitivity of
iron—-oxalate complexes of oxalic acid, 98.8%
degradation percentage and 49.1% removal rate of

@ Springer
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TOC due to RhB degradation were achieved under
'U . . ., .
u:’ g ,% o optimum operating conditions (Chen et al., 2020).
£ ué g = ] 5 58 Q. He et al. prepared a kaolin-Fe,O; (K-Fe,05)
g 2 2 i
s s 5§ & = z 8 E photocatalyst by a facile method. In a K-Fe,O4/PS/
= 2 =3 2 2 g = Ry visible light system, a 99.8% degradation ratio of RhB
= Z 22¢g 232 s §87% was reached under optimal experimental conditions
s ] 298 85 =) O L= p P
= = 888 27 g =287 He et al., 2020). FeWO, nanosheets as an example,
2l |5 =2252 E 2= [
& 8 Ss8E 5% g =% & the activation of oxalic acid (OA) based 13 on facet
5| » o 508 » @ g = TR = . . .
sl S, £5 28 o FIE engineering for the enhanced generation of active radical
>|d|l e BosT ES » € S8% g J 8
SRR 22 E § T o = %2 52 species is reported, revealing 14 unprecedented surface
k31 o = ) = = 0 L .. . .
g ':': é o) féﬂ ‘g%ﬁ o 2 E s B £ g Fenton activity for pollutant degradation. Density
2 g o 2] o @ = = . . .
Z |8 fEZESERE S 2 g=0 functional theory calculations confirmed more efficient
& o o generation of reactive oxygen species over FeWO,
5 G i s & - B nanosheets with {001} facet exposed (FWO-001)
S 5 £ ER - under visible light irradiation compared to efficiency of
: 2= 3 Z8285.,° & P Y
= 52 g E>2=3 58 2 FeWO, nanosheets with {010} facet exposed (FWO-
3 2= 9 Go S £ 38T 4 P
5 v § = 5S35 58 £8 & 010), which could be attributed to higher density of iron
: e °5 2 . o .
g 4“3{ bt E o 2 % § g % f and efficient activation of OA on {001} facet (Li et al.,
S| |553 fifEztis 2019).
= = = < = . . ..
S £E8 % So 8 %E CE Advanced oxidation processes can also be divided
N 7] ) = .
s|lal 523 82 832 g5 58 into Fenton systems, represented by H,O, (eOH), and
= | %128 S 5 25 523 = 22
RlE|8E 2 2 58=227%3 systems, represented by peroxymonosulfate (PMS)
7] o= = = s o o .
f _‘g ;g g % _% % 7 % € %‘)E and persulfate (PDS) (SO,"7), based on various free
ol I I Eooa s A radicals. The oxidative power of SO,*” was higher
on . .
§ = o . g (2.5-3.1 V) and its half-life was longer (3040 s) than
= < 52 5 E 2 "§ those of ¢OH (1.8-2.7 V and 20 ns), making it more
2 g 2 ) .
g 2 E: § g . ; gié %’ efficient at degrading aqueous pollutants (Huang
B ¥ Be TE8T Z£% 5 et al., 2021a; Huo et al., 2020).
g © EZ ¥E83 Ei
© § °73 g2 Eﬂ 2o S Researchers have paid increased attention to
g g %ﬁg gog P ;02 é ) persulfate-based  advanced  oxidation  processes
%) —_— = = == .
& 273 s§ €83 = 2 %é (PS-AOPs) in recent years, largely as a result of
5 S 22 S 2< Eg increased prevalence of carbon materials and
o < 5 §E S‘l) S = g 8 o g p
AR E ; 3 & 28 g %Dg =) =3 discovery of a non-radical pathway. Graphene (G),
= b= = .
S|E|5ESE 3= z£ S8 carbon nanotubes (CNTs), and biochar (BC) have
|5 g8 g0 BE 28 EE BT i ication i
E g T § %05 = SE 5 < § 3 § B all seen extensive application in persulfate-based
2 = = = advanced oxidation processes (PS-AOPs). H. Luo et al.
fg § demonstrated active locations of G, CNTs, BC, and
5 = other carbon materials, and generalized the methods
E g g - and &
é ER: for promoting carbon material activity and switching
= o 3 E reaction pathways in PS-AOPs. Reactive oxygen
Q ] . . .
=) s Z ° 3 species (ROS) and structures were discussed in context
— .9 = o ] Q p
B § b 2 é '—g of functions of carbon materials in PS-AOPs. However,
"B =} S = . . . . . .
%D " %1) = % T 2 s predominant ROS formation is linked to active sites on
El8|° E 3 ¥ = § carbon materials, despite the fact that ROS are often
- E-' Q < = ko] ) Q p
BIE|E 3 5 g & % complex in AOPs (Luo et al., 2022).
() Q - 1 . .
E els = 2 = S < To further activate persulfate (PS) for tetracycline
<2 (TC) degradatlop, nitrogen a}nd copper co—doped
2|3 biochar (N-Cu/biochar) material was also studied.
= . .
g3l - . . <+ " o With a 200 mg/L catalyst concentration, 0.5 mM PS
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Table 5 Comparison of AOP degradation efficiencies in leachates and antibiotic effluents

AOP Waste/contaminant pH Time (min) Reaction condition Waste
degrada-
tion (%)

UV/H,0, Ibuprofen 7 <30 11w 60

Sonolysis Ibuprofen 3 30 21 mg/L-300 mL, 300 kHz 98

Sonolysis Diclofenac 53 180 16.6 g/L, 200 mL, 45 kHz 60

Sonolysis Ibuprofen n/a 180 14.6 g/L, 45 kHz 60

0,/UV/H,0, Enrofloxacin 11 20 14L,15W n/a

Sonolysis/Fenton Diclofenac n/a 40 20 mg/L, 20 kHz, 200 mL 73

Sonolysis/Fenton Ibuprofen 2.6 120 20 mg/L, 862 kHz 100

Sonolysis/Fenton Ibuprofen 2.6 120 20 mg/L,20kHz, 1 L 97

Sonolysis/Fenton Ibuprofen 2.6 120 20 mg/L, 12kHz, 1L 95

Fenton Ibuprofen 2.6 180 20 mg/L 80

UV/TiO,/H,0, Amoxicillin 5 30 600 mL, 6 W,100 mg/L n/a

Sonolysis Ibuprofen 43 180 20 mg/L, 862 kHz 80

concentration, and pH of 7.0, all TC was removed
in 120 min. Bioluminescence inhibition assay was
employed to figure out the toxicity of TC and its
metabolites. The N-Cu/biochar/PS system, with its high
catalytic efficiency and low consumables, could be a
novel approach to wastewater remediation (Zhong et al.,
2020).

The work by Y. Yuan, H. Luo, et al. provided
new insight on the process of removing hexavalent
chromium (Cr(VI)), which helped researchers
to better define the scope of applications for sulfidated
nanoscale zero-valent iron (S-nZVI) in Cr(VI)
remediation (Yuan et al., 2022).

The removal of Cd(IT) and Pb(II) from water was also
studied by R. Huang and H. Luo et al. adopting three
inexpensive adsorbents: pure raw attapulgite (A-ATP),
high-temperature-calcined attapulgite (T-ATP), and
hydrothermal loading of MgO (MgO-ATP). The goal
of this research was to shed light on MgO-ATP and
its potential as an economic and effective adsorbent
for cleaning up polluted environments that have been
contaminated with harmful metals like Cd(II) and
Pb(I) (Huang et al., 2020).

Porous carbon nanomaterials have received a lot
of attention recently as PMS activators (Hu et al.,
2021). The oxidation of Fe0 can be slowed down by
metal particles enclosed in hierarchical carbon layer
of these materials. Additional favorable factors for
PMS activation include carbon layer’s tunable surface
chemistry and their outstanding electron transport

capabilities (Huang et al., 2021b, c). Having metal
ions or clusters in the center and organic legends
acting as a binding agent, metal organic frameworks
(MOFs) are highly arranged porous materials (Ye
et al., 2020). MOFs are extensively used in adsorption
catalytic oxidation and other similar processes
(Zhang et al., 2021, 2022a). Because of their large
surface area and porosity, adjustable pore size,
high conductivity, and stability, carbon compounds
generated from MOF have recently received
exhaustive study for the activation of PDS and PMS
(Hao et al., 2021). Through straightforward pyrolysis
of [Fe, Cu]-BDC precursor, Tang et al. effectively
created a three-dimensional flower-like catalyst (i.e.,
FeCu@C) that contains iron-copper bimetallic NPs
within a mesoporous carbon shell and was used
to degrade sulfamethazine. Cu species facilitated
quick Fe’*/Fe** redox cycles, which increased eOH
production (Tang & Wang, 2019). Since addition
of FeNx sites regulates the electronic structure of
catalysts, He et al. effectively synthesized carbon
nanocubes containing a lot of FeN, active sites by
calcining xFe@ZIF-8. These electron-deficient
Fe centers serve as electron acceptors to take in
electrons that adsorbed PMS transmits, producing
highly reactive 'O, for quick phenol oxidation. (He
et al.,, 2021). In order to achieve degradation of
phenol by activating PDS, Li et al. synthesized iron/
carbon composites by pyrolyzing MIL-88A (Fe).
During this process, optimized catalyst Fe, C-600
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performed superbly (Li et al., 2020). The advantage
of carbon-coated metal nanoparticles is uniform
distribution of metal particles throughout carbon
layer, which is achieved by calcining MOFs at high
temperatures in an Ar environment. Additionally,
carbon encapsulation of metal particles can prevent
them from aggregating (Liu et al., 2018).

4.1 SR-AOPs by MILs

Materials of Institute Lavoisier (MILs) are one of the
typical representatives of MOF materials, which are
synthesized by different transition metal elements
(such as Fe**) and dicarboxylic acid ligands such as
succinic acid and glutaric acid. Compared with metal
oxides, MILs have unique advantages like porosity
and unsaturated metal sites, which make them widely
applicable in the field of catalysis. In sulfate radical
advanced oxidation processes (SR-AOPs), coordinated
unsaturated metal ions (CUS) mainly supplied by MILs
can activate PMS/PS to form SO,*~ and eOH, which
have strong oxidizing properties and thus degrade
organic pollutants in water. Also, MILs have a high
specific surface area and pore volume, which not only
provides high-density active centers and large reaction
space, but also effectively adsorbs organic pollutants
in water, thus facilitate the formation of SO,*”, and
eOH to react with organic substances(Huang et al.,
2021c). Iron-containing MILs have been widely
used in catalysis field. The richness, environmental
friendliness, excellent magnetic separability and cost-
effectiveness of Fe-based heterogeneous catalysts make
them powerful candidates for SR-AOPs. Therefore,
they have received particular attention in SR-AOPs.
For example, (Li et al., 2016) synthesized four kinds
of pure MILs including MIL-101(Fe), MIL-100(Fe),
MIL 53(Fe), and MIL-88B(Fe) by simple solvothermal
method. The azo dye acid orange 7 (AO7) degradation
experiment showed that these MILs could accelerate
PS activation to produce SO,*~. The MIL-101(Fe)/PS
system presented the best degradation efficiency, which
indicated that catalytic capacity was closely related to
the active sites of catalyst and different cage sizes.

4.2 Graphene-Based Materials
Graphene-based materials, which usually have

good chemical durability and adsorption capacity,
have been demonstrated as eco-friendly candidates
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for environmental catalysis. In previous studies,
nanostructured graphene and graphene derivatives
such as graphene oxide (GO) and reduced graphene
oxide (rGO) was employed to activate PMS/PDS
for degradation of target pollutant and graphene
showed much poorer catalytic performance than GO
and rGO. Although graphene has been employed
as an adsorbent for various pollutants, its efficiency
for the activation of persulfates is limited, which
is ascribed to poor electron supply capacity by its
stable m-conjugated system (Bekris et al., 2017).
Pristine graphene oxide is also highly stable with
poor reactivity due to the excess of oxygen content.
In contrast, GO with relatively lower oxygen content
has higher catalytic activity (Hu et al., 2017). GO
requires surface modification, such as heteroatom
doping and chemical/thermal reduction to rGO, to
improve the catalytic activity. The reduction of GO
will change the amounts and distributions of oxygen-
containing functional groups on its surface, which
influences catalytic activity and adsorption ability.
It was found that adsorption ability was generally
enhanced with increase of reduction degree of GO
by introducing electron-donating functional groups,
which benefited oxidation process occurred on rGO
(Oh & Lim, 2018). Duan et al. found that rGO-
900/PMS achieved complete removal of phenol in
150 min, and degradation efficiency was promoted
when rGO synthesis temperature was elevated, due
to removal of excessive oxygen groups (Duan et al.,
2016). For degradation of various organic pollutants
persulfates activation by carbon materials supported
with metal has depicted in (Table 6).

In every AOP, production of free and strong OH
radicals is achieved through different sources of
power and materials. Firstly, in UV peroxide AOPs,
power from UV radiation is capable of producing
necessary OH radicals. In contrast to Fenton
processes, addition of Fe**/Fe** ions with H,0,
(Fenton reagent) produces highly active Fe’*/Fe**
ions, respectively, with OH radicals providing the
necessary catalytic system to properly treat specific
wastewater. In electro-Fenton reactions, the process
utilizes electrical energy to split the water molecule
into OH free radicals with simultaneous presence of
Fe ions. Ozone-based processes use photons (hv) to
initiate the production of hydrogen peroxide which,
in turn, produces OH radicals. In photocatalysis, a
metaloxide catalyst is used, which utilizes the UV/
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Table 6 Activated of persulfates by carbon materials supported with metal for degradation of organic pollutants

Catalysts

Catalysts dosage Oxidant Pollutant

Reaction condition Degradation
efficiency

(%)

NiO-NiFe,0,-rGO 1.5 g/L PMS

TiO,-GO 0.1 g/L PDS

MnO,-rGO 0.1 g/l PMS

CoFe,0,-GO 0.2 g/lL PMS

CuO-rGO 0.1 g/lL PDS

Fe,0,-Mn;0,-rGO 100 mg/L PMS

Fe,0,-AC 0.2 g/L PDS

y-MnO,-ZnFe,0,-1GO 0.2 g/L PMS Phenol

CoFe,0,-GO 0.3 g/L PMS

Co;0,-graphene 0.05 g/L PMS

Rhodamine B

Diclofenac

4-Nitrophenol

Rhodamine B

Methylene Blue

Tetracycline

Norfloxacin

Orange I1

Pollutant concentration-20.16 mg/L. 100
pH-7.0

Time-40 min

Pollutant concentration-100 mg/L 93.06
pH-5.54

Time-14 min

Pollutant concentration-50 mg/L 100
pH-7.0

Time-30 min

Pollutant concentration-0.03 mM 100
pH-7.0

Time-12 min

2,4,6-Trichlorophenol  Pollutant concentration-0.1 mM 100

pH-6.0

Time-180 min

Pollutant concentration-50 mg/L 98.8
pH-7.0

Time-30 min

Pollutant concentration-20 mg/L 99.8
pH-5.5

Time-180 min

Pollutant concentration-20 mg/L 100
pH-7.0

Time-30 min

pH-7.0 100
Time-20 min

Pollutant concentration-0.03 mM 100
pH-7.0

Time-10 min

Vis radiation to create electron hole pairs for the
generation of OH free radicals. Ultimately, energy
from ultrasound (sonolysis) is efficient for rapid
production of H and OH radicals with high yield. In
Table 7, the main advantages and disadvantages of
each AOP are presented.

5 Photocatalysis

The majority of fluorine-containing wastes are
currently dumped in landfills or used for low-value
purposes; thus, it is necessary to carry out high value-
added resource treatment for slag utilization. Industrial
effluents, such as colorless antibiotics and colored
dyes, have recently risen to forefront of concern due

to their widespread distribution in water bodies, which
threatens the natural system. The decomposition of
organic pollutants using photocatalytic technology is
proven to be successful and promising.

Under the influence of ultraviolet (UV) or visible
light, a catalyst is used to speed up chemical reactions
in a photocatalyst. The words “photo” and “catalysis”
come from ancient Greek. Light is the “photo” in
“photocatalysis,” which increases the rate of a reaction
using an exogenous material (the “catalyst”) that is not
itself consumed in the process. A catalyst minimizes
activation energy required for a chemical reaction,
boosting the rate of reaction. To sum up, photocatalysis
is the technique of using light and catalysts to
speed up a chemical reaction. Photocatalysis can be
either homogeneous or heterogeneous, depending
on the photocatalysts used (Esplugas et al., 2007).
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Table7 Advantages and disadvantages of AOPs

AOP Advantages

Disadvantages

Fenton-based e Exploitation of Fe ions and UV/voltage

o The versatility of Fe ions to react with pollutants

o Highly active in acidic pH conditions

Ozone-based
splitting)
e More stable byproducts

o Effective in pretreatment for water purification

Sonolysis o Higher «OH production

o Lack of reagents

Photocatalysis e Stability, low-cost, nontoxicity

o Effective due to catalyst surface in water pollutant

degradation

o Environmentally friendly/low pollutant load of

byproducts

o High reaction rate (high production of ¢OH due to O,

o Slow reaction rate

e Metal-containing sludge byproducts

o Fenton reagent preparation cost

e Chlorate formation in alkaline solution

e Formation of genotoxic compounds
o Low solubility in water/drawbacks in aqueous reactions
o Self-decomposition

o Parameter versatility
e Uncontrolled byproducts
o Targets low-concentration wastewater

o Improper catalyst selection
o Radiation wavelengths require high operational costs

To degrade the pollutant dyes, heterogeneous
photocatalysis includes a number of reactions.
However, homogeneous photocatalysis includes metal
complexes as a catalyst. In recent years to degrade
harmful dyes, excellent heterogeneous photocatalysts
are wide band gap semiconductors such as ZrO,, TiO,,
Sn0O,, CeO,, ZrO, ZnO, etc. Band gap of certain metal
oxides is given in Fig. 6. Production of electron-hole
pairs on the illumination of light is materials properties
as a photocatalyst. The recombination time of
electron—hole pair is higher for a decent photocatalyst.
Further, these e /h" pairs produce hydroxyl radicals
(OH) and superoxide radicals (O,”) which have been
demonstrated as excellent scavengers for photocatalytic
degradation of harmful dyes.

5.1 Basic Mechanism of Photocatalysis

Band gap energy (E,) is difference of energy between
the top of valence band (VB) and the bottom of
conduction band (CB). If energy of light (which is
illuminating on the solution of catalyst and organic dye)
is higher than band gap of catalyst, excitation of e~ will
takes from VB due to which generation of h* occurs in
VB. These electrons and holes will migrate to catalyst’s
surface. The e~ form superoxide radicals (O,*”) upon
reacting with O, available from surroundings and holes
h* form hydroxyl radicals (OH®) on reacting with
water in the solution. During photocatalytic oxidation,
these radicals react with organic dyes in order to get
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Fig. 6 Various semiconducting metal oxides with their band
gap

H,0 and CO, as final products (Rehman et al., 2009).
Basic photocatalytic mechanism is shown by Fig. 7 and
can also be understood with the help of given reactions
(Suman et al., 2021a):
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Fig. 7 Systematic mechanism for photocatalytic degradation
of pollutants by semiconducting metal oxides
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The following benefits make photocatalysis best
technology for treating wastewater:

e Photocatalysis produces non-hazardous
byproducts, which is a major advantage.

e Complete mineralization of organic dyes.

The band gap of photocatalytic material
determines whether or not ultraviolet (UV) light
can be used instead of sunlight.

e Dye degradation can make wuse of the
environment’s plentiful oxygen supply.

e For photocatalysis, scientists turn to
semiconductor metal oxide photocatalysts
since they’re cost effective, stable chemically,
recyclable, and non-toxic.

e Photocatalysis is a cost-effective and eco-friendly
strategy for dye degradation.

5.2 Metal Oxide Nanoparticles as Photocatalysts

Metal oxides are crystalline solids consisting of
an oxide anion and a metal cation. Normally, they
interact with acids to produce salts and with water
to produce bases. These nanoparticles possess

exclusive optical properties like UV absorption,
dichoism, specific color absorption in visible range
of spectrum, photoluminescence, etc. Also, these
nanoparticles have unique physical and chemical
properties which are ascribed to large density and
small size of edges as well as corners on their surface.
Since particle dimension/size is small at nanoscale,
a significant portion of atoms would be on the
surface of particles. The reactivity of nanoparticles
increases as the effective surface area increases
because they are capable to react to a larger extent in
comparison to that of normal crystals. Consequently,
there are many metal oxide nanoparticles on the
surface in order to react with incoming molecules.
In metal oxide nanoparticles specifically like ZnO,
Ce0,,5n0,, TiO,, CuO, ZrO,, etc., stress or strain
and adjoining structural perturbation are generated
by increasing number of interface and surface atoms
as size decreases in case of nanoparticles (Hosseini
et al., 2022). In comparison to reactivity of bulk,
metal oxide nanocrystals exhibit intrinsically greater
chemical reactivity due to their unique surface
chemistry (Naseem & Durrani, 2021).

Due to size-related structural alterations, changes
in cell parameters have been observed in nanoparticles
of SnO,, TiO,, CeO,, ZnO, ZrO, AgO, MgO, CuO,
etc. Due to their small size and significant surface
area, metal oxide nanoparticles exhibit exceptional
catalytic properties. For ecological remediation,
particularly in the decomposition of organic
pollutants present in wastewater, photocatalytic
active materials dependent on nanomaterials of
metal oxides are frontliners. These nanoparticles are
well-suited for photocatalytic oxidation and removal
of organic pollutants ion because to their superior
surface, structural, and crystalline features (Ahmed &
Mohamed, 2022). Hence, metal oxide nanomaterials
like TiO,, CeO,, SnO,, ZrO,, MnO,, WO;,
Cu,0, CuO, and ZnO focusing on photocatalytic
applications have outstanding performances (Park
et al., 2022; Rajendiran et al., 2022).

The structural design, size, and shape of
nanostructures have a significant impact on
aforementioned  properties of metal oxide
nanoparticles. Consequently, structural characteristics
and fundamental properties of functional devices
are affected by number of factors which in turn have
influence on their performance. For the manufacture
of metal oxide nanoparticles with tunable structural
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features and properties, a sustainable and acceptable
technique should include optimization of all process
parameters that could result in unfavorable adjustment
of obtained characteristics (Theerthagiri et al., 2018).

5.3 Photocatalytic Performance of MONPs and
Effect of Rare-Earth Doping

Initially ~ photocatalysis =~ mechanism  requires
retainment of light irradiation higher in comparison
to threshold band gap energy, which is a property
of semiconducting materials. Absorption of light
quantum results in photogeneration of ¢~ and h*
in CB and valence band VB, respectively. These
electron—hole pairs degrade organic pollutants upon
reacting with them by diffusing on surface of metal
oxides during photocatalytic degradation reaction.
Metal oxides have emerged as most important
photocatalysts for environmental rehabilitation of
polluted drinking water and industrial wastewater
over past few decades. Many semiconducting
photocatalysts, including WO;, ZrO,, SnO,, CeO,,
Cu,0, and others, have been used because of
their superior optical, electronic, and anisotropic
properties, such as high surface area, environmental
friendliness, efficiency, cost, toxicity, availability,
stability, and resistance to different irradiation
wavelengths.

Although, most of metal oxides show good
photocatalytic properties but TiO, has gained much
importance towards photocatalytic activity because
of its outstanding electrical, optical properties and
chemical stability. TiO, nanoparticles have three
crystalline phases: (1) rutile, (2) anatase, and (3)
brookite. Out of all three phases, anatase is highly
efficient and stable in photocatalytic degradation
of organic pollutants due to its open structure in
comparison to that of rutile phase. Among rutile and
brookite phases, photocatalytic activity is also shown
by rutile phase but to a smaller extent; however, no
appreciable photocatalytic activity is displayed by
brookite phase.

Charge transfer properties, favorable combination
of electronic structure and lifetime of exciton
(MONPs) has made it feasible for their utilization
in the field of photocatalysis. Although MONPs
have various useful properties but there are also
some disadvantages for certain photocatalysts
which prohibit their large-scale applicability in
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the field of photocatalysis. Broad band gap (3.2 to
3.4 eV) of metal oxides (ZnO, TiO, etc.) limits their
photocatalytic activities to ultraviolet (UV) region of
light. Besides of it, narrow band gap (2.6-3.0 eV) of
metal oxides like CuO, V,05, WO;, Fe,O; etc. have
the capability to retain maximum solar light which
is responsible for hasty recombination of e /h* pairs
which in turn decreases charge kinetics process
and eventually overcome photocatalytic activity of
semiconducting metal oxides. Consequently, there
is a solid need to plan and use effective metal oxide
photocatalytic materials with better properties to
overcome these drawbacks. Doping of rare earth
elements like La, Ce, Er, Gd, Yb, Sm etc. is vastly
employed strategy for enhancement of photocatalytic
performance of metal oxide nanoparticles (MONPs).
Modification of metal oxides can be done by
creating point defects like oxygen vacancies, doping
impurities and metal interstitials (Buelens et al.,
2019; Raizada et al., 2021; Yuan et al., 2016). It has
been investigated by many researchers that rare earth
doping improves the photocatalytic, surface and
optical properties of metal oxides. Rare earth doping
has also been shown to shift the working wavelength,
which in turn shrinks band gap to visible region of
the spectrum. Thus, narrowing of band gap improves
MONPs’ photocatalytic performance. Rare-earth
doping also leads to formation of oxygen vacancies
as defects, which are responsible for increasing
degradation efficiency because their presence and
character lower the band gap and shift the oxide’s
response towards visible spectrum (Zhang et al.,
2022b).

As a result of the doping with rare earth elements,
the following occurs:

Enhancement in photocatalytic activity

Visible light absorption increases

Active surface area increases

Enhancement in thermal stability

Band gap decreases

Effectual separation of photogenerated e /h*
pairs

S e

To observe the photocatalytic effectiveness of
La doped CeO, for degradation of Rose Bengal
(RB) dye, photocatalytic test was performed. The
absorption curves at various time durations under
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exposure of UV light for RB dye solution are shown
in Fig. 8.

Degradation of dye is shown by regular
decrement in intensity of peak. It has been found
that degradation percentage enhances from 76.7 to
86.7% for 2% La-doping to 8% La-doping. Figure 9a
depicts decrement in relative concentration of dye
with exposure time. Figure 9b depicts percentage

(a) La 2% 0 min (b) La 4% 0 min
3
§ //_/\ 90 mir - 90 min|
5© TLath, |@ Lag%,
O
<

90 mir -

-
—_—

450 500 550 600

90 min|

450 500 550 600

Wavelength (nm)

Fig. 8 Using doped CeO, nanoparticles (La 2%, La 4%, La
6%, and La 8%) as a catalyst, absorption spectrum of dye under
exposure of UV light at various time intervals, Adapted from
S. Chahal et al. (Chahal et al., 2020a) with License number
5291141157730

degradation efficiency versus. Linear fitting of —In
(C/Co) with respect to time is shown in Fig. 9c and
variation in electricity cost with dopant (La) content
is calculated in Fig. 9d.

Comparative study of cerium (Ce), lanthanum
(La), and neodymium (Nd) doped SnO, was observed
for photodegradation of phenol in aqueous solution.
Figure 10a shows the relative concentration of
dye versus time for La-doped SnO,. Degradation
efficiency continuously increases with increment in
Ce-doping in host lattice as displayed by Fig. 10b.
Figure 10c depicts relative dye concentration versus
time for Nd-doped SnO,. Upon utilizing 0.4 wt% Ce:
SnO, catalyst, 86% phenol was found to be degraded
after 120 min. of irradiation time. It has also been
observed that the photocatalytic performance
increases from 57% (0.2 wt% Nd: SnO,) to 95% using
0.6 wt% Nd: SnO, as a catalyst. However, only 24%
of phenol has been found to be eliminated upon using
undoped SnO, catalyst under same irradiation time.
100% degradation of phenol was observed for 0.6%
La: SnO, catalyst. Figure 15 presents comparison of
decrement in the concentration of phenol dye with
the help of different rare-earth (La, Ce, Nd) doping
SnO, nanoparticles. Hence, it can be concluded that
amongst three dopants, La-doped-SnO, samples are
highly photoactive as 100% phenol was degraded
under equivalent exposure time.

Fig. 9 a Variation in C/ ) - 100
C,, with degradation time, 1.Of (a) —=—La2% '(b)l (@)
b degradation % of dye 03 —e—Lad4%|| 80f '-/ o
with respect to exposure =1 -+ La 6%)| ) . o=
time, ¢ linear fit of exposure o 0.6} —v— La 8%)| 601 E—
ot et G o
electricity cost for La O 04t ol S
2%, La 4%, La 6%, and La 20} =<
8% doped CeO2 nanopar- 0.2p —4—La6%| &
ticles. Adapted from S. 0.0 . : . (113 v— La 8%
Chabhal et al. (Chahal et al., 0 30 60 90 0 30 60 90
2020a) with license number Time (min) Time (min)
5291141157730 [Experimental Linear fit 35 d 0
25 m La2% La2% (C) 30 ( ) b
2ol @ Lad% Lad% 7 g
S “Vl & Lae% La 6% ~ 2.5 Q.
O 15} v Las% La 8%~ 2.0 <
ry - o
@) . 5t
= 1.0} Z - 2
— > 1.0 —
0.5 05} Z
0.0 ; : 1 0.0 <
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Fig. 10 Comparison of decrement in the concentration of phenol with multiple doping materials, a La-doped SnO,, b Ce-doped-
SnO,, and ¢ Nd-doped-SnO,, under irradiation of ultraviolet light is shown in above graphs (Al-Hamdi et al., 2014)

The photocatalytic degradation efficiency of
pristine ZnO, gadolinium (Gd)-doped ZnO, La-doped
Zn0O, and Gd/La co-doped ZnO nanoparticles was
observed for degradation RhB dye and colorless
pollutant tetracyanonickelate (TCN) under irradiation
of sunlight as depicted in Fig. 11. In comparison
to pristine ZnO photocatalysts, La/Gd co-doped
ZnO showed greater degradation percentage.
After 100 min of light irradiation, greatest RhB
degradation efficiency of Gd/La@ZnO nanoflower
was 91%, reflected in Fig. 11a. The dye degradation
percentage for ZnO, Gd@ZnO, and La@ZnO was
calculated to be 20%, 42%, and 26%, respectively.
Using pseudo-1st-order kinetics, rate constant (k) for
RhB degradation reaction was estimated, as shown in
Fig. 11b Gd/La@ZnO photocatalyst has a k value of
0.023 min~!, which is 4.6 and 7.7 times greater than
Gd@ZnO and La@ZnO photocatalysts, respectively.
In addition, photocatalytic effectiveness and kinetic
plot of a colorless pollutant (TCN) was examined,

@ Springer

as depicted in Fig. 1lc, d. Gd/La@ZNO had a
maximum degrading efficiency of 74% and a “k” of
0.013 min™".

The degradation of RhB dye under visible
light illumination has been employed to test
photocatalytic performance of pristine and Ce@
WOsnanorod samples (see Fig. 12a). Under
illumination of visible light, blank experiment
exhibit negligible degradation. Within 30 min,
11.5%, 23.3%, and 24% of dye were absorbed by
tungsten oxide (WO;), 3% Ce@WO; and 5% Ce@
WO, before light on. The degrading efficiency of
catalyst 3% Ce@WO; was observed to be 96%,
which is 1.28 times higher than pure WO;. The rate
of photocatalytic degradation of RhB dye is shown
in Fig. 12b. Notably, 3% ce@WO; catalyst has a
higher K value (0.0318447 min~') than pure WO,
which is 2.6 times greater. Figure 12c depicts the
3% Ce@WO; catalyst’s cyclic RhB dye degradation
performance. The efficiency decreases from 90 to
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Fig. 11 a RhB dye degradation graph, b kinetic plot for RhB, ¢ degradation plot for TCN dye, d kinetic plot for TCN. Adapted from
B. Palanivel et al. (Palanivel et al., 2022) with license no. 5330261361587

89% when third cycle is completed. It demonstrates
that 3% Ce@WO; nanorods is a fantastic
photocatalyst. After the recycling test, XRD profile
was collected, as shown in Fig. 12d. The catalyst’s
XRD pattern has not changed significantly. Thus, it
examined the catalyst’s enhanced photostability and
reusability.

The photocatalytic activities of pure and rare
earth (RE) ions (Ce, Eu) doped TiO, nanowires were
investigated using degradation (Cy/C) of organic
TBO dye in an aqueous solution shown in Fig. 13.
Where, Co and C are the starting concentration and
concentration of organic dye in reaction solution
at time (7), respectively. Ce**:TiO, and Eu**:TiO,
nanowire arrays, when exposed to UV light, degrade
almost 90% of toluidine blue O (TBO) within 80 and
120 min, respectively. High surface area with large
aspect ratio is strongly related to improvement in
photocatalytic performance for RE-doped TiO, thin
films (Bandi et al., 2013).

The impact of dopant concentration on
photocatalytic performance of Gd-doped TiO,
is shown in Fig. 14. The efficiency of MB
decomposition rises initially and then falls when Gd
doping content rises. When Gd content is 5 wt%,
degradation percentage of MB reaches 90% in visible
light with a wavelength of 405 nm, whereas pristine
TiO, only reaches 76% after 10 min. This finding
suggests that a small quantity of Gd doping can
boost TiO,’s photocatalytic effectiveness (Tang et al.,
2022).

The decrease in Congo Red (CR) concentration
vs time for ZS (ZnO:Sm) sample is displayed in
Fig. 15a, starting from varied values of initial
dye concentration. Furthermore, Fig. 15b shows
relationship between initial reaction rate (r,) and
apparent initial dye concentration (C,) for ZS
(ZnO:Sm) material. Finally, process optimization
was done empirically using gradient approach.
The optimal parameters for CR dye degradation in

@ Springer
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Fig. 12 a RhB dye degradation curve after photocatalysis. b
Curve for pseudo-first-order kinetics, ¢ Photocatalytic cycling
test. d XRD patterns after completing third cyclic tests.

presence of ZS sample were found to be an initial
dye concentration of 10.7 mg/L and a catalyst dose
of 0.236 g/L. In these settings, a maximum color
removal performance of 95.8% was measured
experimentally. Thermal activation also allowed for
successful recovery of wasted catalyst (Pascariu et al.,
2019). How much rare earth doped metal oxides
are efficient for water remediation are illustrated in
Table 8.

5.4 Photocatalytic Performance of MONPs Doped
with Transition Metal Ions

To improve photocatalytic performance of these wide
band gap semiconducting metal oxide nanoparticles,
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Adapted from T.Govindaraj et al. (Govindaraj et al., 2021)
with license no. 5330360878173

use of transition metals as dopants, such as vanadium
(V), tungsten (W), iron (Fe), cupper (Cu), silver (Ag),
niobium (Nb), manganese (Mn), and so on, appears as
a promising strategy (Chahal et al., 2022). A detailed
literature survey of photocatalytic performance of
transition metal ion doped MONPs are given in
Table 9.

5.5 Photocatalytic Performance of Metal Oxide
Nanocomposites

High photocatalytic efficiency is achieved by
improving optoelectronic properties of photocatalysts,
which in turn improves their light absorption, photo-
induced charge separation, and charge transfer. As
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Fig. 13 In the lack and existence of pure and RE doped TiO,
nanowire arrays, photocatalytic degradation (C/Co) of a TBO
dye under UV irradiation. Adapted from V. R. Bandi et al.
with license number 5333720375856

it has been already discussed that semiconducting
metal oxides have shown great promise in the field
of photocatalysis. Unfortunately, high recombination
rates of these photogenerated e~ and h* pairs
make these materials inefficient for photocatalytic
activities (Suman et al., 2021b). In addition, wide
band gaps of these materials also hinders their
practical application in visible-light region of solar
energy, which is the greatest source of energy on
earth and sufficiently available. Moreover, when
the surfaces of these nanomaterials are covered
with products of catalysis reactions, interactions
between incoming target molecules and surface are
restricted by some extent. As a result, photoexcited
e~ and h* pairs cannot be transferred for further
photocatalytic reactions. Therefore, it has been
realized that designing multi-component systems
by assembling functional nanomaterials with metal
oxide photocatalysts would be a better way to solve
these issues (Rani et al., 2020; Suman et al., 2021c¢).
Many metal oxide-based photocatalysts have been
functionalized to boost their photocatalytic activity
and electrical/optical features in response to these
difficult problems. The fictionalization of metal
oxide photocatalyst nanomaterials by coupling
with transition metal oxides, ferrites or graphene
nanostructures has attracted considerable interest in
the development of high-performance photocatalytic
systems in recent years. These multi-component
nanocomposite systems composed of metal oxides,
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Fig. 14 Curves for the photocatalytic degradation of MB: a
visible light; b all-weather simulated sunlight. Adapted from
X. Tang et al. with license number 5333751076876

graphene (or its derivatives) and other metal oxides
are highly significant as alternatives to extensively
studied bi-component systems for the design of high-
performance photocatalytic systems. The outstanding
electrical and surface plasmon resonance capabilities
of these nanomaterials make coupling of metal oxides
with graphene and metals advantageous for the
enhancement of optoelectronic features (Chahal et al.,
2023).

Under influence of visible light, vanadium
oxide (V,05) nanorods operate effectively as
photocatalysts. However, within 210 min of
exposure time, 66.85% photodegradation was
noted due to recombination of photogenerated
electron—hole. In comparison to UV and
Visible light, photocatalytic performance of
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Fig. 15 a CR dye concentration decay as a function of reac-
tion time (photo-catalytic reaction kinetics). b In existence of
ZS (ZnO:Sm) material at various starting dye concentrations,

oxide-vanadium oxide
better under

as-prepared grapheme
(GO-V,05) nanocomposite was
direct sunlight. The GO-V,05 nanocomposite
demonstrated nearly complete degradation
of 97.95% of VB dye in 90 min under direct
sunlight; however, degradation of VB dye under
visible (96.93%) and UV light (78.35%) sources
takes 180 and 210 min, respectively. Due to
its effective charge transfer capabilities, which
inhibit recombination of electron—hole pairs,
as-synthesized GO-V,05 nanocomposite exhibited
greater photocatalytic activity compared to pure
V,05 (Beaula Ruby Kamalam et al., 2021).

Malachite green (MG) and methylene blue (MB)
photocatalytic degradation with TiO, and rGO-Fe;0,/
TiO, were observed under illumination of visible
light by glancing at major absorption peak at 617 nm
and 658 nm, respectively, as shown in Fig. 16a and
b. The findings showed that rGO-Fe;O,/TiO, has a
photocatalytic efficiency of 99% for MG and 97% for
MB as compared to TiO,, which has a photocatalytic
efficiency of MG (67%) and MB (62%), respectively.
Increased photocatalytic performance of rGO-Fe;0,/
TiO, is correlated with the presence of reduced
graphene oxide (rGO), which is significant for
photocatalytic decomposition of MG (Bibi et al,
2021).

Figure 17 illustrates photo-Fenton performance
of various samples (ZnO, Fe;0,, Fe;0,/GO, ZnO-
Fe;0,/rGO) toward MB dye degradation. ZnO-
Fe;0,/rGO nanocomposite sample needed 150 min
to remove 97% of MB dye from an aqueous
solution when exposed to visible light, whereas

@ Springer

correlation between the initial degradation reaction rate (ry)
and apparent initial dye concentration. Adapted from P. Pas-
cariu et al. with license number 5333770757735

Fe;0,/GO could only decompose approximately
45% of total MB concentration. The electrons
in VB of ZnO can thus be stimulated into CB of
ZnO when exposed to visible light in ZnO-Fe;0,/
rGO system, and they can then be successfully
transferred to Fe’*/Fe’*redox pair in Fe;0,
across the graphene interlayer (Ojha et al., 2017).
Table 10 lists various nanocomposites of metal
oxides that serve as photocatalysts.

5.6 Nanostructured Metal Oxide Core—Shells and
Their Photocatalytic Activity

5.6.1 Mechanism for Photocatalysis in Core—Shell
Nanostructures

By wusing a schematic illustration such as
shown in Fig. 18, it is possible to understand
how electrons and holes move between shell
and the core and how it affects photocatalytic
performance. The eOH and O, radicals play a
crucial part in decomposition of dye, contributing
in transformation of hazardous dye molecules into
non-toxic product. Excitation of VB and CB of
core and shell during photodegradation process can
result in generation of electrons and holes. A shift
of energetic electrons from shell’s CB to core’s CB
and a transfer of holes from shell’s VB to core’s
VB can both occur during the core—shell interface.
The hole that moved onto the surface of the shell
improved the core’s photostability. This prevents
the recombination of photogenerated electron
and hole. Superoxide (O,”) and hydroxyl (OHe)
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Table 8 (continued)

Reaction condition Ref

Degradation rate

Pollutant

Synthesis method  Characteristics

Dopant

Parent
metal

Dimension Morphology

of the obtained

product

oxide
SnO,

Al-Hamdi et al.,

100%, 94.9%, Initial concentra-

Phenol

Average crystal-

Ce,La,Nd Sol-gel

Irregular

2014)

tion—5 mg/L

Catalyst dose—

85.6% degrada-
tion of phenol
by La, Nd, Ce
doped SnO, in
120 min under

UV/Vis light

lite size: 8.6,

7.6, and 6.3 nm

0.065 g/50 mL
8 W medium-pres-

for La, Ce, Nd:

SnO,

sure mercury

lamp

Surface area lies

between 27 and

35 m%g

Abbreviations used: MG, methyl green; MO, methyl orange; MB, methylene blue; RB, Rose Bengal; RhB, rhodamine; Nd, neodymium; Eu, europium; Y, yttrium; Sm, samarium;

Er, erbium; Sr, strontium; Dy, dysprosium; Eg, band gap

radicals can be produced when excited electrons
interact with adsorbed oxide species on core@
shell. Furthermore, adsorbed H,O molecules can
react with holes in VB of core and shell to produce
OHe radicals. Therefore, photocatalytic activity of
core @shell for degradation of dye is considerably
enhanced by these O,”, OH', and h™ species.
These strong oxidizing agents, OH® and O,~, are
responsible for causing degradation of polluting
dyes in non-toxic products. This demonstrates
how core—shell nanoparticles (NPs) can increase
production of OHe radicals by lowering the rate
at which photo-induced charge carriers recombine.
It supports the development of core—shell NPs’
improved photocatalytic performance (Sonia et al.,
2023). Table 11 depicts various semiconducting
metal oxide—based core—shell nanostructures as an
efficient photocatalysts.

RB dye was photodegraded under ultraviolet
light to test photocatalytic performance of hematite
and ceria-based core—shell nanostructures. For
degradation of RB, CeO, and a-Fe,O; were found
to have very low photocatalytic activity. Because
recombination and charge generation processes
of pure CeO, and a-Fe,O; are suppressed,
heterojunction between two types of nanoparticles
can be produced by connecting CeO, to a-Fe,0;
or vice versa. The effectiveness of photocatalyst
could be enhanced by this heterojunction. When
exposed to UV light for 75 min, a-Fe,0,@CeO,
core—shell nanostructures showed 93% degradation
of Rose Bengal dye, compared to bare CeO, and
a-Fe,05, which were 78% and 75%, respectively,
as seen in Fig. 19 (Suman et al., 2021d).

Under conditions similar to  sunlight,
photocatalytic  performance of samples of
a-Fe,0,@Sn0,/Mxene-3.5 with various RhB
dye reaction periods is investigated. The
photodegradation curves of a-Fe,0;@Sn0O,/
Mzxene-3.5 with various reaction times for RhB dye
are shown in Fig. 20a. As reaction time increases,
degradation impact also does. The photocatalytic
efficiency of a-Fe,0;@SnO,/Mxene-3.5 sample
in 140 min (E140) can increase up to 72.43%,
particularly when reaction duration was 24 h. The
fitting outcomes in accordance with first-order
kinetics are shown in Fig. 20b. The 24-h reaction
rate constant of a-Fe,0;@Sn0O,/Mxene-3.5 would
show maximum (Zhang et al., 2022c).
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Table 9 List of transition metal ion doped MONPs that are UV/Visible light active with their synthesis technique, and optical prop-

erties of particles for photocatalytic applications

Parent Dopant Synthesis method

metal
oxide

Pollutant Degradation  Irradiation time Reaction condition

percentage

(%)

ZnO Mn
ZnO Mn
ZnO Mn

ZnO Cu

Zn0O Ni

Zr0, Ni

WO, Ni

ZnO Ag

SnO, Ag

Sn0,  Ni

SnO, Ni

SnO, Ni

Co-precipitation
Co-precipitation

Co-precipitation

Template free reflux

Magnetron sputtering technique

Hydrothermal

Co-precipitation

Phyto-assisted

Co-precipitation

Co-precipitation

Co-precipitation

Co-precipitation

MO

MB

CR

MO

MG

MB

MR

MB

MB

RhB

CR

DR

85 120 min Initial concentration-0.1 M

Catalyst dose—20 mg/100 mL

Initial concentration-0.1 M
Catalyst dose—20 mg/100 mL

Initial concentration-0.1 M
Catalyst dose—20 mg/100 mL

Initial concentration—10 mg/L
Catalyst dose—50 mg/100 mL
UV light (Amax =254 nm)

Initial concentration—10~> M

Catalyst dose—50 mg/100 mL

Tungsten lamp of 500 W (source
of visible light ~ 400 nm)

Initial concentration-5 mg/L

Catalyst dose—15 mg/100 mL

Visible-light lamp (> 400 nm) of
150 W

Initial concentration—10 mg/L

Catalyst dose—20 mg/20 mL

Visible light

Initial concentration—20 mg/L

Catalyst dose—20 mg/30 mL

UV lamp (365 nm wavelength)
15W

Initial concentration—2.5 mol/L
Catalyst dose—15 mg/25 mL
UV/Vis light

Initial concentration—5 mg/L

Catalyst dose—0.3 g/L

halogen lamp source (300 W
power, visible light: 400-
750 nm)

Initial concentration—5 mg/L

Catalyst dose—0.3 g/L

halogen lamp source (300 W
power, visible light: 400—
750 nm)

Initial concentration—5 mg/L

Catalyst dose—0.4 g/L

halogen lamp source (300 W
power, visible light: 400—
750 nm)

87 120 min

86 120 min

99.7 90 min

100 4h

90 100 min

96 2h

92 150 min

97 120 min

Abbreviations used: DR, direct red; MG, methyl green

6 Conclusion

Metal oxides have been considered as potential
materials for wastewater remediation due to their
chemical stability, nontoxic nature, and excellent

@ Springer

optical and electrical properties. The drawbacks of
metal oxide nanoparticles/nanostructures such as
wide band gap, electron-hole pair recombination,
and UV irradiation working range can be
significantly resolved by nanocomposites of metal



Water Air Soil Pollut (2023) 234:349

Page 31 of 46 349

1.0

a

Absorbance

800
Wavelength/nm

ae -
0.84
o 0.64
o
-~
O ¢4
—=— Absence of catalyst
0.24 | —e—Absence of Light
e T
—»—RFT
0.0 v T T T v v
-40 -20 0 20 40 60 80

Time (min)

Fig. 16 Under UV/Visible irradiation absorbance spectra of
MG (a) and MB (b) on a composite photocatalyst comprised
of TiO, and rGO-Fe;O, under. In absence of a catalyst and
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Fig. 17 Different samples degrade MB by photo-Fen-

ton. Adapted from D. P. Ojha et al. with License num-
ber 5554160462331
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without light, comparison of photo-degradation of MG (c) and
MB (d) by TiO,(T) and rGO-Fe;0,/TiO, (RFT). Adapted from
S. Bibi with license number 5554170778464

oxides, their core—shell nanostructures and
doping/co-doping of rare-earth as well transition
metal ions. Rare-earth doping improves the
optical, photocatalytic, and surface properties of
nanoparticles of metal oxides. Surface defects like
paramagnetic centers as well as oxygen vacancies
are created due to rare-earth doping which reduces
the recombination rate of electron—hole pairs.
Because of these surface defects, appearance of
additional visible light absorption edges takes
place, which are answerable for the increment
in photocatalytic performance of metal oxide
photocatalysts in visible range of spectrum.
Thus, this review showed the current aspects of
photocatalytic process which is best economical
and environment friendly way for treatment of
wastewater.
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Table 10 List of UV/Visible light active nanocomposites of metal oxides

Srno Nanocomposites

Pollutant

Degradation (%)

Time

Reaction condition

Ref

1 GO -ZnO
2 GO-ZnO—-Ag

3 ZnO-PMMA

4 CeO,Y,0,

5 Cu0.ZnO.Fe,03/
GO

ZnO-CdO-RGO

7 WO,.ZnO.NiO/
CNTs

8  ZnO/CeO,

9 CeO,/Alumina

10 Fe;0,@TiO,/Ag, Cu

11 CeO,/MnO,

13 CuO-SnO,

MB
MB dye

MB dye

Rhodamine B dye

MB dye

Bisphenol A
MB

Direct blue-15

Congo Red

Methyl orange

Rhodamine B

Methyl orange

Acid Blue 62

84% in sunlight

100% in sunlight

99% in sun light

98% in visible light

87% under 200W
low pressure bulb

98% in UV light
66% in UV/Vis light

95% under solar light

91% in visible light
93% in visible light

86% under visible
light

100%

95% in sunlight

90 min

40 min

180 min

60 min

80 min

180 min
105 min

120 min

120 min

90 min

90 min

240 min

120 min

Initial concentra-
tion—2—-10 mg/L
Catalyst dose—
25 mg/15 mL

Light intensity (458

W/m?

Catalyst dose—
40 mg/100 mL

UV light
(A<400 nm)

Initial concentra-
tion—5 mg/L

Catalyst dose—
0.02 g/50 mL

200 W low pressure

bulb

Initial concentra-
tion-5 mg/L
catalyst dose—
0.05 g/60 mL
Initial concentra-
tion—50 mg/L
Catalyst dose—
0.05 g/100 mL

Light intensity of 70

Klux

Initial concentra-
tion—5 mg/L

Catalyst dose—
50 mg/100 mL

Tungsten lamp with

300 W

Initial concentra-
tion—10 mg/L

Catalyst dose—
50 mg/50 mL

500-W high-pressure

mercury lamp
2.8 of initial pH
value
Catalyst dose—
1.0 g/L
1.3 W/mL of ultra-
sonic density

Initial concentra-
tion—50 mg/L~!

Catalyst dose—
0.25 /250 mL

500 W Xenon lamp

Al-Rawashdeh et al.,
2020)

Al-Rawashdeh et al.,
2020)

Rani & Shanker,
2018)

Magdalane et al.,
2017)

Fatima et al., 2020)

(Kumar et al., 2022)
Abo-Dief et al., 2022)

Lamba et al., 2015)

Latha et al., 2017)

Ghafuri et al., 2019)

Zhao et al., 2015)

Lietal., 2010)
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Table 10 (continued)

Srno Nanocomposites

Pollutant

Degradation (%)

Time

Reaction condition

Ref

14

15

16

17
18

19

20

TiO,/Sn0,

Zn0O -TiO,/rGO

TiO,/ZnO

RGO/TiO,
NiO-SnO,

7r0,-RGO

Zn0-Zr0O,

Methylene blue

Methylene blue

2-Chlorophenol

Bisphenol

Bismarck brown dye

Nitrophenol

Phenol

90% unser UV light

99% under UV light

97% under UV light

98% in visible light

98% in sunlight

98% in visible light

74% under sunlight

120 min

63 min

180 min

60 min
70 min

90 min

120 min

8 W mercury vapor
UV light source

Initial concentra-
tion—20 mg/L

Catalyst dose—
20 mg/100 mL

11W UV illuminat-
ing

2CP with 99.5%
purity

Catalyst dose—12.5—
50 mg/L

100 W mercury lamp

Initial concentra-
tion—15 mg/L

Catalyst dose—
20 mg/L

4.96 W/m? using a
solar power meter

Initial concentra-
tion—-145 mg/L

Catalyst dose—
100 mg/L

Halide lamp capacity
of 400 W

Initial concentra-
tion—145 mg/L
Catalyst dose—
200 mg/200 mL
Intensity of the
radiation is 90 W/
m?

Karthikeyan et al.,
2015)

Viet et al., 2021)

Abdel Aal et al., 2008)

Ramesh et al., 2021)
Begum et al., 2022)

Anjaneyulu, 2022)

Uribe Lépez et al.,
2019)

Fig. 18 Photocatalytic

mechanism of core-shell

nanostructure.

DYE — H,0+CO,
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Table 11 List of UV/Visible light active core—shell nanostructures of metal oxides

Core—shell photo-
catalyst

Pollutant

Degradation (%)

Time

Light irradiated

Reaction condition

Ref

Ag-Zn0O

Ag-TiO,

Pt-SnO,

ZnO-TiO,

C0,0,@Z10,

TiO,/Fe,0,

TiO,@Sn0,

TiO,@Si0,

ZnO:Ag

NiFe,0,@TiO,

Rhodamine B

Methylene blue

Formaldehyde

Acridine Orange

Rhodamine B

Paracetamol

Methylene blue

Methylene blue

Methylene blue

Methyl orange

99%

93%

96%

100%

71%

95%

~96%

90%

60 min

180 min

120 min

180 min

90 min

180 min

16 min

90 min

90 min

Solar light

uv

Visible

Visible and solar
light

Visible light

UV/Vis light

UV light

UV light

UV/Vis light

UV light

Initial concentra-
tion—107> M
Catalyst dose—
20 mg/50 mL
LSC-100 Solar
Simulator with an
AM1.5G filter

Initial concentra-
tion—10 mg/L

Catalyst dose—
0.02 g/200 mL

UV lamp of 1.5 W

Catalyst dose—0.02 g
Light source was
an 18 W daylight
lamp

Dye solu-
tion—0.03 mM

Catalyst dose—
150 mg/150 mL

Catalyst dose—
0.1 g/100 mL
Visible light (50 W
halogen light)

Initial concentra-
tion—-50 mg/L

450 W medium
pressure mercury
vapor lamp

Dye solu-

tion-107 M
Catalyst dose—

0.08 g/200 mL
UV lamps (Osram,

6 W, predominant

peak at 254 nm)
Dye solu-

tion-2x 107 M
Catalyst dose—10 mg
125 W high-pressure

mercury lamp

Initial concentra-
tion—10 mg/L

Catalyst dose—
30 mg/70 mL

15W UV lamps

Initial concentra-
tion—1 mg/125 mL

Catalyst dose—
0.1 g/125 mL

UV lamp (300 W
Xenon)

Xiong et al., 2016)

Chen & Lee, 2014)

Chang et al., 2014)

Balakumar & Rak-
kesh, 2013)

Shanmuganathan
et al., 2020)

Abdel-Wahab et al.,

2017)

Farhadi et al., 2017)

Gholami et al.,
2015)

Jadhav & Biswas,
2018)

Baig et al., 2020)
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Table 11 (continued)

Core—shell photo- Pollutant

catalyst

Degradation (%)

Time

Light irradiated

Reaction condition

Ref

CoFe,0,@TiO,-
Sio,

ZnFe,0,@Zn0

CoFe,0,@Zn0O

NiFe,0,@ZnO

CoMnFe,0,@
TiO,

C0,0,@Zr0,

ZnO/TiO,

Au-WO,@TiO,

Dichlorophen-
olindophenol
(DCPIP) dye

Methyl orange

Acid violet and

acid brown

Congo red dye

Remazol Golden
Yellow azo dye

Rhodamine B dye

Methylene blue

Methylene blue

95.32 and 87.27%

99%

76% and 63%

94%

76.3%

98%

94.5%

3 min

240 min

100 min

10 min

16 h

180 min

50 min

240 min

UV and visible
light

UV and visible

light

UV light

Solar light

UV light

Visible light

Visible light

Solar light

MB solu-
tion-1x 107 M
Catalyst dose—1 g/L
pH-6.7
Pressure mercury
vapor source (43
W, at 254 nm
Dye solu-
tion-5.6x 107> M
Catalyst dose—
0.66 g/125 mL
4 W UV lamps

Initial concentra-
tion—25 mg/L

Catalyst dose—
0.05 g/50 mL

UV lamp (32 W)

Initial concentra-
tion—20 mg/L

Catalyst dose—
0.05 g/50 mL

350 W Xe arc lamp

Initial concentra-
tion—10 mg/L

Catalyst dose—
10 mg/15 mL

UVC lamp
(E=49eV or
A=253 nm;
P=05-1W

pH-6

Catalyst dose—
0.1 g/100 mL

Visible light (50
W halogen light
(420 nm))

Initial concentra-
tion—50 mg/L

Catalyst dose—1 g/L

A 575 W HMI lamp

Initial concentra-
tion-30 mg/L

Catalyst dose—
0.02 g/100 mL

300 W Xenon lamp

Hamad et al., 2015)

Kulkarni et al.,
2016)

Ferdosi et al., 2019)

Zhu et al., 2016)

Neris et al., 2018)

Shanmuganathan
et al., 2020)

Mehr et al., 2021)

Yang et al., 2020b)

7 Economic Budget of Photocatalytic Technology

e The global photocatalysts market should reach
$5.1 billion by 2026 from $3.1 billion in 2021
at a compound annual growth rate (CAGR) of
10.5% for the forecast period of 2021 to 2026.

e The construction segment of global photocatalysts

market is expected to grow from $2.7 billion in
2021 to $4.5 billion in 2026 at a CAGR of 10.3%
for the forecast period of 2021 to 2026.

The consumer products segment of global
photocatalysts market is expected to grow from $238.7

@ Springer
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Fig. 19 % Degradation for Fe,05, CeO,, FC11, CF11, FC21,
and CF12 core—shell nanoparticles at various time periods,
where FC11, CF11, FC21, and CFI2 represent core—shell
nanostructures of a-Fe,0;@CeO, and CeO,@u-Fe,0; at dif-
ferent weight ratios. Adapted from Suman et al. with License
number 5554160158094

million in 2021 to $421.9 million in 2026 at a CAGR
of 12.1% for the forecast period of 2021 to 2026.

In terms of material type, photocatalyst market is
segmented into

o Titanium dioxide

o Tungsten trioxide-based

e Others

In terms of end use, photocatalyst market is
segmented into

o Construction

e Consumer products

e Others

In terms of geography, photocatalyst market is
segmented into

e North America

e Europe

e Asia-Pacific

o Rest of the World

The global market for photocatalyst-based
products is expected to increase from REDACTED
in 2020 to REDACTED in 2026 growing at a CAGR
of REDACTED during the forecast period. Increased
use in construction and consumer product sectors
and in general improvement of global economic
conditions is the main drivers for this expansion,
which corresponds to a compound annual growth
rate (CAGR) of REDACTED during the period
2020-2026. Since 2018, a marked increase in product
demand has been partially offset by a significant
reduction in unit prices of raw materials, resulting in
lower revenues. With COVID-19 outbreak, subdued
demand from construction sector has reduced demand
for photocatalysts in 2021, which is expected to
recover by the end of 2022. Photocatalysts are a
category of catalysts that use photons to activate
chemical reactions. Superior oxidizing properties
and super-hydrophilicity characterize these products.
Since late 1960s, these unique properties have been
used in various commercial products. Although
anatase titanium dioxide is most common material
used to produce photocatalysts, other compounds
are available (or are under development) to achieve
higher photocatalytic efficiency. Photocatalysts have
current and potential use across seven main industry
sectors: automotive, construction, consumer products,
energy, environmental, mechanical/chemical, and
medical/dental.

From literature survey, electricity cost for many
materials has been calculated. Table 12 shows a brief
view of electricity cost in the field of photocatalysis

Fig. 20 a Photodegrada-
tion curves and b results

of first-order kinetic linear 0.84

fitting for various -Fe,0;@

SnO,/MXene-3.5 for RhB 061

dye in sunlight-like condi- 8 04l wFeo@sm,

tions. Adapted from X.
Zhang et al. with License
number 5554150812650
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Table 12 List of

o . Sr no Photocatalyst Morphology Electricity cost Ref
electricity cost for various (INR)
photocatalysts
1 a-Fe,0; Nanoparticles 2.5 Suman et al., 2021a)
2 a-Fe,0; Nanoflower 2.0 Suman et al., 2021a)
3 a-Fe,05 Nanocubes 23 Suman et al., 2021a)
4 a-Fe,03/CNT7.5% Nanoparticles 2.8 Devi et al., 2023)
5 a-Fe,03/CNT 10% Nanoparticles 22 Devi et al., 2023)
6 a-Fe,04/Ni 4% Flower-like 3.1 Suman et al., 2021b)
7 a-Fe,04/Ni 6% Flower like 44 Suman et al., 2021b)
8 CeO, Nanoparticles 2.58 Suman et al., 2021d)
9 a-Fe,0;@Ce0, (1:2) Core—shell 1.51 Suman et al., 2021d)
10 CeO,@a-Fe,05 (2:1) Core—shell 2.19 Suman et al., 2021d)
11 CeO,/Sm 0% Nanoparticles 4.10 Chabhal et al., 2020b)
CeO,/Sm 4% 2.67
CeO,/Sm 6% 2.26
12 CeO,/La 2% Nanoparticles 3.37 Chahal et al., 2020a)
CeO,/La 4% 3.14
CeO,/La 6% 2.60
CeO2/La 8% 2.44
13 CeO,/La 4% Nanoparticles 2.52 Chahal et al., 2020c)
CeO,/La 6% 2.40
CeO,/La 8% 1.99

for various photocatalysts. The power consumption
can be estimated using following relation:

In(10)
oo = K

£ - P X tgy X 4.68
€7 1000 x 60

where ty, signifies time taken by any dye to be
degraded 90% of its initial concentration, E. is
electricity cost, P is power consumed (in Watt) of
UV light source. Power consumers consuming a
maximum 500 units of electricity per month pay INR
4.68 per unit in our locality (INR-Indian rupees).

8 Future Scope

Seeing the immense literature on photocatalytic
development, it seems that nothing is left; however,
still multiple problems regarding the sensible
operational performances has to be enhanced. Overall
to derive photocatalysis for wastewater treatment,
following aspects should be under scrutiny:

1. Simplified, cost-efficient, and environment-
friendly photocatalysts are required.

2. The chemical process driven by photocatalysts is
not simply understood.

3. Once large-scale operations are final word factor,
exploration focus ought to be directed towards
the employment of extensive and noble-essence
free co-catalysts.

4. The employment of these catalysts within the
natural system is restricted because of low
recycling capability, small size, and lower
mechanical strength of these catalysts.
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