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Recent advances in removal of pharmaceutical
pollutants in wastewater using metal oxides and
carbonaceous materials as photocatalysts: a
review†

Suneel Kumar Srivastava

The pharmaceuticals industry has played an important role in developing medicines for improving health

and quality of life in treating humans and animals around the world. But it is also considered to be one of

the sources of pollutants entering deliberately or accidentally into global water bodies causing toxicity that

eventually threatens human health, aquatic organisms and environments even at low concentrations. These

contaminants are non-biodegradable and cannot be completely removed from various water matrices

following conventional treatment methods. In this regard, photodegradation techniques involving

modified/unmodified semiconducting materials have attracted a lot of attention as a promising solution in

achieving complete antibiotic degradation with the generation of non-toxic by-products. In view of this,

the present review article summarizes current research progress in the removal of several emerging

contaminants, such as acetaminophen, amoxicillin, sulfamethoxazole, norfloxacin, ibuprofen, ciprofloxacin,

tetracycline, diclofenac and atenolol in water. Considerable emphasis has been placed on metal oxides and

carbon-based photocatalysts following their modification through doping with metals and non-metals,

metal loading, the formation of composites, immobilization and heterostructure/heterojunction

approaches. Finally, the review ends with future prospects for nanomaterial-based heterogeneous

photocatalysts in the removal of pharmaceutical contaminants from water.

1 Introduction

Water plays an essential role in sustaining a cherished
healthy life for living organisms as well as ecosystems.
Therefore, the purity of water remains of utmost concern for
the survival of human beings, plants, animals and several
other living species in the world. A report presented by
UNESCO at the UN 2023 Water Conference revealed the non-
availability of safe drinking water for 26% of the global
population.1 This problem is also compounded by the
presence of several pollutants in water bodies. This
contributes to the depletion of fresh water, resulting in an
overall water crisis worldwide.2 This adversely affects human
health, several other living organisms and sustainable social
development. According to an estimate, about 80% of
wastewater is discharged globally into the environment
without any prior treatment, jeopardizing human health, the
ecosystem, and the environment.3 In this regard, dye

effluents, heavy metals and pesticides discharged as
wastewater from different industries contribute significantly
to water pollution.4–12

In addition, the wide application of pharmaceuticals in
daily life for the treatment of complex diseases is also the
major contributor of emerging contaminants, with potential
adverse effects on humans and the aquatic environment.13–22

The presence of these pharmaceutical pollutants could lead
to cancers, severe bleeding, organ damage, birth defects,
reproductive disorders, endocrine disorders, and mild to
severe toxic effects in human beings in the global
population.14 The toxic effects are also threats to mammals,
other organisms, and the ecosystem. Fig. 1 shows the effect
of pharmaceuticals in reducing the quality of water.14 The
presence of these pharmaceutical pollutants in water through
improper disposal, irrigation of crops, and consumption by
agriculture, humans, and animals seriously affects the
ecosystem.

Further, the accumulation of antibiotic drugs in water
can result in the development of antibiotic-resistant bacteria
and the dissemination of antibiotic-resistant genes in
humans and other living organisms.15,16 According to a
recent report, urban wastewater treatment plants are
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recognized sources for the dissemination of antibiotic
resistance in the environment.17 In view of the rising effects
of this antibiotic resistance on the global population, the
removal of these bioactive molecules from the environment
is important to slow down the growth of resistant
microorganisms. In addition, antibiotic residues absorbed
by plants could interfere with physiological processes,
leading to potential ecotoxicological effects.18 These
contaminants cannot be completely removed from various
water matrices by conventional chemical, physical,
flocculation, reverse osmosis or a few other processes, due
to the formation of secondary pollutants, high cost, and

operational time.19 Therefore, the development of cost-
effective, eco-friendly, economical, and effective technologies
is urgently needed to remove these emerging contaminants,
due to the rising effects of antibiotic resistance in aquatic
environments.

Design of the surface and interface plays a promising role
in the performance of photocatalysts through maximizing
the efficacy of catalysts. Therefore, heterogeneous
photocatalysis has been receiving considerable attention as
one of the most attractive, low-cost, efficient and outstanding
approaches in the degradation of pharmaceutical
pollutants.19–55 In this regard, a considerable amount of
research interest has focused mostly on TiO2 and to some
extent on other semiconducting materials and transition
metal oxides as photocatalysts in the degradation of
pharmaceutical pollutants in water.23–39 The choice of
semiconducting metal oxides as photocatalysts is motivated
by the availability of a renewable energy source (solar energy)
and the generation of non-toxic degradation products
(chemicals and gases). They can be commonly prepared by
sol–gel, hydrothermal, solvo-thermal, microwave heating, wet
chemical, physical vapour deposition and chemical vapour
deposition methods.30 However, the potential of TiO2 and
other semiconducting metal oxides could not be harnessed
due to the higher rate of recombination of electron–hole
pairs and its limited photocatalytic activity under visible light
exposure.

Recently, carbonaceous materials have also been reported
as promising materials for use in the photocatalytic
degradation of antibiotics in water.40–50 This is facilitated by
combining these carbon-based materials with other
semiconductors, which is considered to be an outstanding
approach to enhancing photocatalytic performance. In order
to facilitate this, carbonaceous materials with different
structures and properties are used as additives in
semiconductor materials. This invariably results in
enhanced charge separation and visible light activity and is
considered the best solution. In addition, semiconducting
metal oxides and carbonaceous materials are subjected to
doping with metals, non-metals, metal oxides, coupling with
noble metal nanoparticles and the formation of
composites.36,39,49 Other approaches involving
immobilization and the formation of a heterojunction are
reported as imperative alternative strategies for achieving
enhanced photocatalytic efficiency for these photocatalysts
in water treatment.51

According to the available literature, several reviews have
been published focusing on metal oxides,23–30 TiO2,

31–33

ZnO-based photocatalysts,34 semiconductors,35 doped TiO2,
36

hybrids,37 TiO2–carbon dot nanocomposites,38 plasmonic
metal–TiO2 composites,39 carbonaceous/carbon-based
materials,40,41 g-C3N4,

42 MWCNT,43 carbon dots,38,44

activated carbon,45 graphene-based composites,46–48

graphene–TiO2 and doped graphene–TiO2 nanocomposites,49

graphene-based materials,50 and nanomaterial-based
heterogeneous photocatalysts51 as photocatalysts for the
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Fig. 1 Routes of pharmaceutical contaminants (PCs). Reproduced
from ref. 14 with permission from Elsevier (2022).
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treatment of wastewater containing pharmaceuticals.
Alternatively, several review articles have reported on the
photodegradation of antibiotic contaminants in water,
such as amoxicillin,21 ibuprofen,22 tetracycline,52,54

ciprofloxacin,53,54 and norfloxacin54 antibiotics in wastewater

and several others, which are referred to in section 3.
However, there is still a need for an extensive review article
in this field, covering in a single window a larger number
of pharmaceutical pollutant photocatalysts for their
photocatalytic performance.

Table 1 Structure and uses of different pharmaceutical pollutants. Adopted from PubChem55

Pollutant (formula) Structure Uses

Acetaminophen (C8H9NO2) Nonprescription analgesic and antipyretic medication
for mild-to-moderate pain and fever

Amoxicillin (C16H19N3O5S) Bacterial infections, and dental abscesses

Sulfamethoxazole (C10H11N3O3S) Used in treatment of a variety of bacterial infections,
including those of the urinary, respiratory, and
gastrointestinal tracts

Ibuprofen (C13H18O2) Anti-inflammatory; analgesic; antipyretic

Norfloxacin (C16H18FN3O3) In treatment of urinary tract infections and prostatitis

Ciprofloxacin (C17H18FN3O3) Therapy of mild-to-moderate urinary and respiratory
tract infections caused by susceptible organisms

Tetracycline (C22H24N2O8) Role as an antimicrobial agent, an antibacterial drug,
an antiprotozoal drug, a protein synthesis inhibitor
and an Escherichia coli metabolite

Diclofenac (C14H11Cl2NO2) Therapy of chronic forms of arthritis and
mild-to-moderate acute pain

Atenolol (C14H22N2O3) As a cardioselective beta-blocker that is widely used in
the treatment of hypertension and angina pectoris
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The present review is focused primarily on the
photocatalytic degradation of acetaminophen, amoxicillin,
sulfamethoxazole, ibuprofen, norfloxacin, ciprofloxacin,
tetracycline, diclofenac, etc. The structure and uses as well as
the solubility of these antibiotics in water are provided in
Table 1 (ref. 55) and ESI,† respectively. In view of this, the
article describes the fundamental properties of
semiconducting materials as photocatalysts as well as role of
metal oxides, carbon-based materials, and heterojunctions
and the immobilization approaches employed and the
mechanisms involved in the removal of these pharmaceutical
pollutants. Subsequently, the article deals with the removal
of the above-mentioned drugs from contaminated water
using semiconducting TiO2, ZnO, and many other oxides,
their combination with graphitic-carbon nitride (g-C3N4),
carbon nanotubes (CNTs), activated carbon (AC), graphene
oxide, graphene and graphene quantum dots, doping with
metals and nonmetals, the formation of composites,
semiconducting materials deposited on certain supports as
photocatalysts and a heterojunction approach. It is
anticipated that, in the light of this, the current review could
be of immense help in identifying cost-effective and efficient
photocatalytic methods for the remediation of these
pharmaceutical pollutants. In addition, various research
gaps, their possible solutions and several future prospects
are also provided at the end of this article for the possible
enhancement of environmental conservation.

2 Important photocatalysts and their
role in the removal of pharmaceutical
pollutants

The primary mechanism for the degradation of organic
pollutants by a semiconducting material involves irradiating
it with light energy in the form of photons (hv) sufficiently
greater than the band gap energy of the photocatalyst (Fig. 2
(ref. 37)). Holes (hVB

+) and electrons (eCB
−) are generated in

this manner in the valence band (VB) and the conduction
band (CB), respectively. The separated holes reacts with

hydroxyl ions (OH−) or water molecules (H2O) to produce
hydroxyl radicals (·OH). In addition, the separated electrons
reacts with dissolved O2 in water to produce superoxide
radicals (·O2

−), which upon further reaction, produce
·OH.37,51 Subsequently, the active species generated in this
manner react with pharmaceutical pollutants on the surface
of the semiconductor catalyst to give H2O, CO2 and other by-
products.

Semiconductor + hv → hVB
+ + eCB

−

hVB
+ + H2O → H+ + ·OH

eCB
− + O2 → ·O2

−

·O2
− + H+ → HO2·

HO2· + HO2· → H2O2 + O2

H2O2 + ·O2
− → ·OH + OH− + O2

H2O + hVB
+ → ·OH + H+

hVB
+ + OH− → ·OH

It should be mentioned that the efficiency of a photocatalytic
reaction depends on the capability of the photocatalyst to
generate longer-lived e− and h+ that lead to the formation of
reactive free radicals. In addition, photodegradation
efficiency also depends on catalyst loading, contaminant
concentration, pH, the presence of ions in the water,
hydrogen peroxide, ultrasound irradiation, bubbling of O2

and N2 into the solution and irradiation time.13,26,34

2.1 Metal oxides

Several semiconductor metal oxides have been used as
photocatalysts in the abatement of aqueous pollution due to
organic pollutants. From this point of view, TiO2 has received
a considerable amount of attention and its choice is mainly
guided by its superior photocatalytic degradation efficiency,
low processing cost, high environmental stability,
nontoxicity, chemical stability, and high oxidizing ability.31–33

However, its wide band gap (∼3–3.2 eV),32 and the fast e−–h+

recombination rate of photogenerated electron–hole pairs in
TiO2 limit its applications. Semiconducting ZnO (band gap:
3.37 eV) has been used as another photocatalyst in water
treatment as an alternative to TiO2.

56 Several other metal
oxides (ZrO2, Fe2O3, γ-Fe3O4, SnO2, Mn2O3, WO3, CeO2, CuO,

Fig. 2 Photocatalytic processes over a heterogeneous photocatalyst.
Reproduced from ref. 37 with permission from MDPI (2021).
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and NiO) have also been investigated as alternatives to TiO2

and ZnO.26 Nano-engineered metal-oxide-based
photocatalysts have also attracted a lot of attention in
wastewater treatment.57 However, metal oxide catalysts
experience similar drawbacks to TiO2. As a consequence,
significant developments have taken place in recent years in
tailoring these metal oxide photocatalysts. This is achieved
by reducing their band gap by the addition of dopants that
include both metals and non-metals, such as iron, copper,
carbon, nitrogen, platinum and sulfur. In addition, metal
sulfides,58 metal ferrites,59 and oxychlorides60 have also been
explored as emerging photocatalysts for the removal of
pharmaceutical pollutants.

Photocatalytic studies have been reported on the
performance of semiconductor–metal composites in the
removal of several pollutants from water. In this regard,
plasmonic composites in combination with various
semiconducting photocatalysts have been widely studied for
enhancing overall photocatalytic performance.61,62 The
improved photocatalytic efficiency is attributed to the surface
plasmon resonance effect. In addition, metal nanoparticles
can decrease the recombination rate of the photo-induced
e−–h+ pairs of the semiconductor material by effective
electron trapping in the conduction band. Metal oxide
nanocomposites derived from a mixture of two or more
oxides or between these oxides and other functional
semiconductor materials have also been found to be efficient,
economical, and environmentally friendly photocatalysts in
water pollutant remediation.63,64

2.2 Carbonaceous materials

The photocatalytic performance of various carbonaceous
materials has been receiving more attention for antibiotic
removal owing to their intriguing properties and good
stability.40,41 The choice of these carbonaceous materials in
removing antibiotics is mainly guided by simple and cost-
effective synthesis methods, the easy availability of raw
materials and their unique physiochemical properties, such
as the presence of micropores, mesopores, and macropores,
the large number of oxygen-functional groups, high porosity,
and high surface area, coupled with good visible-light
adsorption ability, chemical stability, excellent electrical
conductivity and high intrinsic electron mobility.40 The
carbonaceous materials explored for this purpose include
carbon dots,38 g-C3N4,

42,65 activated carbon45,66 and carbon
nanotubes (CNTs).67 Graphene is another carbon-based
material composed of a one-atom-thick layer of carbon atoms
arranged in a hexagonal lattice.68 It is a semimetal with a
small degree of overlap between the valency band and the
conduction band.69 This makes graphene a promising
candidate for application in photocatalysis. However, the
photocatalytic performances and practical applications of
carbon-based materials have not been encouraging, due to
poor solar-light absorption and the rapid recombination of
photogenerated electron–hole pairs.41 Interestingly,

combinations of these carbon-based materials with other
semiconductor metal oxides have been utilized as promising
photocatalysts owing to their notable properties like stability,
conductivity, durability and high absorptivity. In addition,
carbon-based materials–metal oxide nanocomposites have
also enhanced the degradation efficiency of pharmaceuticals
by improving the generation of radical species, through
improved surface area and light absorption, and reducing the
recombination of generated charge carriers.48,69

2.3 Heterojunction nanocomposites as photocatalysts

A heterojunction is defined as the interface between two
layers or regions of different semiconductors with unequal
band structures that can result in band alignments. Based on
this concept, semiconductor–semiconductor-based
heterojunction composites showed excellent improvements
in photocatalytic efficiency. This is ascribed to minimized
charge carrier recombination, the interface of the
heterojunction, superior charge transfer, prolonged charge
carrier lifetime, separate active sites, and extended light
absorbance characteristics.51 These semiconductor
heterojunction photocatalysts are classified into several types:
i.e., conventional heterojunctions (type-I, type-II, and type-
III), p–n heterojunctions, direct Z-scheme heterojunctions,
and S-scheme heterojunctions.70–73 The schematic separation
of charges via electron migration from one semiconductor to
another in various heterojunction mechanisms is represented
in Fig. 3.51 Among these, in a type-I heterojunction, the VB
and CB of semiconductor-1 are respectively lower and higher
than those of semiconductor-2 (Fig. 3(a)). The
photogenerated holes migrate from the VB of semiconductor-
1 to the VB of semiconductor-2 accompanied by the transfer
of photoelectrons from the CB of semiconductor-1 to the CB
of semiconductor-2.52 However, this type-I heterojunction
cannot spatially separate e−–h+ pairs and this leads to the
accumulation of charge carriers and their accelerated
recombination rate. A type-II heterojunction (Fig. 3(b))
involves the transfer of photogenerated holes generated in
semiconductor-2 to semiconductor-1, considering the VB of
semiconductor-1 to be lower than that of semiconductor-2 on
irradiating with light.52 In contrast, photogenerated electrons
in the CB of semiconductor-1 can migrate to that of
semiconductor-2, if the level of the CB in semiconductor-1 is
higher than that of semiconductor-2. It should be noted that
the spatial separation of electron–hole pairs can occur in a
type-II heterojunction. Furthermore, the structure of a type-
III heterojunction is similar to that of a type-II
heterojunction; however, charge-carrier separation cannot
occur in a type-III heterojunction because the band gaps of
both semiconductors do not overlap, since the levels of the
VB and CB of both semiconductors are very far apart
(Fig. 3(c)). When p-type and n-type semiconductors are
combined, a p–n heterojunction can be formed. A space-
charge region could be formed at the interface before light
irradiation due to diffusion of the majority of charge carriers,
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leading to a built-in electric field, as shown in Fig. 3(d). In
the Z-scheme heterojunction system, the band structure is
quite analogous to that of a type-II heterojunction, but the
direction of charge transfer is the opposite. The
photogenerated electrons from the second semiconductor
migrate aggressively to the VB of the first semiconductor and
occupy the available holes, while the strongly oxidative holes
in the VB of the second semiconductor and strongly reductive
electrons in the CB of the first semiconductor take part in
the redox reaction (Fig. 3(e)). In a step-scheme (S-scheme)
heterojunction, two n-type semiconductors are combined
with a staggered band structure similar to a type-II
heterojunction (Fig. 3(f)).

2.4 Immobilized photocatalysts

The immobilization of photocatalysts on supports (Fig. 4)51

can maximize the activity of semiconductors by offering a
greater number of active sites. The high photocatalytic
activity of such immobilized semiconductor photocatalysts is
guided by the properties of their semiconductor-active
species and the kind of support employed.51 The high
catalytic performance of these immobilized photocatalysts
originates from impeding the rate of electron–hole pair
recombination. The recovery, reusability, and stability issues
of a photocatalyst remain challenging after several reaction
runs. In this regard, the immobilization of a catalyst on a
support facilitates the rapid separation and efficient recycling

of the catalyst. This reduces production costs as well as
minimizing waste generation, especially in industrial
applications compared to conventional pure photocatalysts.74

3 Removal of pharmaceutical
components using different
Photocatalysts

In this review article, we present the use of photocatalysts
based on bare metal oxides (TiO2, ZnO and other oxides) and
carbon-based materials (graphitic carbon nitride, g-C3N4,
carbon nanotubes CNTs, activated carbon AC, and graphene)
in the removal of pharmaceutical pollutants from water. In
addition, several modification approaches are also
highlighted and those involving metal loading, doping with
metals and nonmetals, the formation of composites,
immobilization and the formation of heterojunctions for this
purpose are described below for pharmaceutical pollutants.

3.1 Acetaminophen

Acetaminophen (ACT), also known as paracetamol is
commonly used all over the world as a painkilling, anti-
inflammatory, analgesic, and antipyretic drug.75–78 It is
available both as a single-entity formulation and in
combination with other medications. The presence of
acetaminophen in wastewater, surface water and
groundwater can have an adverse effect on living organisms

Fig. 3 Schematic illustration of various types of heterojunction: (a) straddling bandgap (type I), (b) staggered bandgap (type II), (c) broken bandgap
(type III), (d) p–n type, (e) direct Z-scheme, and (f) S-scheme. Reproduced from ref. 51 with permission from Amer Sci Publ (2023).
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and environmental ecology owing to its oxidative
transformation to toxic N-acetyl-p-benzoquinone imine. The
stable chemical structure of acetaminophen remains one of
the major constraints to its removal through conventional
wastewater treatment. Therefore, attention has focused on its
removal from aqueous media following a photocatalysis
approach, as described below.79–147

3.1.1 Metal oxides. Two titania photocatalysts prepared by
a sol–gel method showed higher photocatalytic activity than
commercial TiO2–P25 when tested for the photodegradation
of paracetamol in aqueous solution.79 Marizcal-Barba et al.80

studied the photocatalytic degradation of acetaminophen in
the presence of TiO2 synthesized by a sol–gel method and
observed its 99% degradation of acetaminophen
corresponding to a pH of 10, acetaminophen concentration
of 35 mg L−1 and a catalyst dose of 0.15 g of TiO2. Hollow
mesoporous TiO2 microspheres have also been investigated
as a photocatalyst to study the degradation of acetaminophen
in water owing to its large surface area and the possibility of
efficient light harvesting capability.81 These findings showed
an increase in the conversion fraction of the drug to 94% in

60 min following a 25% increase in the initial reaction rate
and good photodegradation activity even after 10 repeated
runs.

Zhang et al.82 reported about 95% photocatalytic
degradation of acetaminophen in an aqueous solution of
TiO2 (1.0 g L−1) after 100 min of irradiation under a 250 W
metal halide lamp. This is attributed to direct hole (h+)
oxidation and ipso-substitution comprising the main initial
steps in the degradation. The photodegradation of
paracetamol (20 mg L−1) has been investigated in the
presence of nanostructured TiO2 catalysts with a nanotube-
type morphology using ultraviolet radiation (λ: 254 nm) and
the removal efficiency was found to be 99% after 100 min.83

The photocatalytic degradation of acetaminophen in water
has also been reported using ZnO,84 faceted-TiO2

85 and
molecularly imprinted ZnO nanonuts.86

3.1.2 Metal-incorporated metal oxides. The introduction of
metal species into TiO2 and other metal oxides could modify
their structural, electronic, optical and morphological
properties. In view of this, several studies have been reported
on the photodegradation of pharmaceutical pollutants in

Fig. 4 Supporting materials used for the immobilization of photocatalysts. Reproduced from ref. 51 with permission from Amer Sci Publ (2023).
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metal-loaded metal oxides. Jiménez-Salcedo et al.87 applied
an organometallic approach for the preparation of Au–TiO2

nanohybrids and studied the degradation of paracetamol (0.3
mg L−1) under UVA light. These studies revealed 100%
degradation of paracetamol in 30 min for Au–TiO2

photocatalysts compared to TiO2 (40 min). The kinetic
studies also supported these findings as being inevitable
from the higher rate constant of Au–TiO2 photocatalysts (0.14
min−1) compared to TiO2 photocatalysts (0.12 min−1) in the
degradation of paracetamol. In addition, Ag-, Au- and Pt-
loaded TiO2 (Ag/TiO2, Au/TiO2 and Pt/TiO2) have shown
significant enhancement in the photocatalytic degradation
(>90%) of acetaminophen in water over a wide pH range
(4.2–8.0) under solar light.88

Pd-decorated CuO nanostructured thin film showed
enhanced visible-light degradation of acetaminophen.89 The
influence of radical trappers revealed no role for ·OH, ·O2

− (or
1O2) radicals on the photocatalytic degradation of
acetaminophen. The photocatalyst possessed good stability,
as indicated by the observed insignificant change in
photodegradation even after 5 cycles. According to the
available literature, ZnFe2O4 (bandgap: 1.9 eV) is non-toxic
and exhibits good photostability.90 Its photocatalytic
behaviour is guided by several factors, such as its preparative
method, morphology, and the presence of impurities. In view
of this, Huerta-Aguilar et al.91 reported the efficient
degradation of paracetamol during water treatment using Au
nanoparticles grown on ZnFe2O4 as a visible light (200 W
halogen lamp, C-type R7s, λ > 400 nm) assisted
photocatalyst. TiO2/BN/Pd nanofibers showed significantly
enhanced degradation of ACT (>90%), compared to pure
TiO2 (20%) after 4 h under visible-light irradiation.92 This
was explained on the basis of the good dispersion of Pd
nanoparticles on TiO2–BN nanofibers to facilitate the transfer
of photoexcited hole carriers and a decrease in

photogenerated electron–charge recombination. Reusability
studies and recycling tests on the TiO2/BN/Pd photocatalyst
indicated its good stability over 5 cycles under UV and visible
light.

3.1.3 Doped metal oxides. C,N-co-doped TiO2 (20 mg)
degraded 69.31% paracetamol (4 mg L−1) under UV light and
70.39% under solar light in 120 min.93 According to Shaban
and Fallata,94 carbon-doped TiO2 nanoparticles (2.0 g L−1)
successfully photocatalytically degraded acetaminophen (2
ppm) in aqueous solution, seawater, and real polluted
seawater on irradiation with UV and natural sunlight. This
enhancement could be attributed to the lowering of its
bandgap as a result of carbon doping in TiO2. In addition,
Mg-doped TiO2 has also been reported in the
photodegradation of paracetamol.95 Accordingly, 25 wt% Mg-
doped TiO2 produced 60% and 48.3% degradation of
paracetamol under UV and visible light, respectively. In all
likelihood, the Mg dopant in TiO2 acts as a photosensitizer
for photocatalysts and hinders the recombination of
electron–hole pairs. In another study, TiO2 and Ta-doped
TiO2 nanomaterials showed 70–80% degradation of
paracetamol in 2 h in UV-irradiated aqueous suspensions,
which was attributed to surface acidity as a key parameter.96

Mn-doped TiO2 exhibited 53% degradation of an aqueous
solution of acetaminophen in 3 h under ultrasound and UV
irradiation owing to the reduced band gap (1.6 eV) and the
high surface area (158 m2 g−1).97 Fe-doped TiO2,

98 KAl(SO4)2
and NaAlO2-doped TiO2,

99 N-doped halloysite (HNT)/TiO2,
100

carbon-self-doped TiO2,
101 Bi3+-doped TiO2

102 and Ba0.95-
Bi0.05Fe0.95Cu0.05O3

103 have also been prepared and examined
for the photocatalytic degradation of acetaminophen and
paracetamol.

The degradation of acetaminophen and its reaction
mechanism have been investigated in presence of Ag–ZnO104

and La-doped ZnO105 photocatalysts under visible-light

Fig. 5 (a) Photocatalytic degradation of pharmaceuticals over (a) ZnO (1 : 6) and (b) 1% Ce–ZnO nanostructured photocatalysts [experimental
conditions: catalyst dosage: 1 mg mL−1; concentration of pharmaceutical: 5 mg L−1]. Reproduced from ref. 106 with permission from Elsevier
(2019).
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irradiation. Abri et al.106 studied the photocatalytic
degradation of nizatidine, acetaminophen and levofloxacin
over ZnO (1 : 6) nanostructured photocatalysts under UVB
light for 240 min and the findings are displayed in Fig. 5(a).
Similar studies on using 1% Ce-doped ZnO produced almost
no change in the degradation of acetaminophen and
levofloxacin compared to that observed for nizatidine
(∼95%), as evidenced from Fig. 5(b). Such different
photocatalytic degradation of these pharmaceuticals in the
presence of ZnO and 1% Ce–ZnO photocatalysts could be
attributed to their chemical structures.

Kumar et al.107 investigated the photocatalytic degradation
of acetophenone by irradiating nitrogen-implanted ZnO
nanorod arrays (NRAs) with visible light. It should be noted
that an N ion (1 × 1016 ions per cm2) doped ZnO NRA sample
(referred to as N–ZnO4) showed maximum degradation
efficiency (98.46%) of acetaminophen (20 ppm) in the
presence of sunlight under 120 minute duration. The linear
variation in ln(C0/C) versus irradiation time followed pseudo-
first-order degradation kinetics for acetaminophen.
Furthermore, the superior photocatalytic activity of the N–
ZnO4 catalyst was inevitable from the high value of its rate

constant (0.038 min−1) compared to pristine ZnO NRAs
(0.0045 min−1). In addition, further investigations also
revealed a more or less unaltered degradation efficiency
(98.46% to 97.63%) of N–ZnO4 after five repeated cycles. The
findings of the effect of scavengers on the photocatalytic
degradation of acetaminophen in the presence of N–ZnO4

showed a decrease in degradation efficiency for
acetaminophen (98.4%) in the presence of benzoquinone (BQ
28.52%), EDTA (65.6%) and methanol (98.4%) due to the
major role played by O2. The mechanism of acetaminophen
degradation on subjecting N-ion-implanted ZnO NRAs to
visible light suggested a shifting of the band gap to the
visible region.

3.1.4 Metal oxide composites. Nanosized Fe2O3–TiO2

nanocomposites exhibited higher degradation (95.85%) of
acetaminophen compared to bare TiO2 under stimulated
solar radiation (optimal conditions: initial concentration of
ACT: 30 mg L−1; catalyst loading: 1.25 g L−1; initial pH: 11).108

Khasawneh et al.109 synthesized a hematite (α-Fe2O3)-doped
TiO2 nanocomposite via a sol–gel method and investigated
the role of UV light on the degradation of paracetamol. The
photocatalytic degradation of acetaminophen has also been

Fig. 6 (a) Schematic of the possible charge separation and photocatalytic mechanism of TiO2–Bi4O5I2 composite under visible-light irradiation.
Reproduced from ref. 114 with permission from Elsevier (2020). (b) Schematic diagram of charge transfer in the photoexcited TiO2/Fe2O3 core–
shell photocatalyst. Reproduced from ref. 117 with permission from Elsevier (2017).
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investigated using montmorillonite nanosheets modified
with TiO2 under UV radiation.110 These findings revealed
100% removal efficiency for acetaminophen in aqueous
solution corresponding to pH 7, catalyst dose of 0.75 g L−1,
acetaminophen concentration of 2 mg L−1 and contact time
within 120 min.

Magnetic TiO2/Fe3O4 (1.16 g L−1) and TiO2/SiO2/Fe3O4

(1.34 g L−1) nanoparticles degraded acetaminophen,
antipyrine, caffeine, and metoprolol pharmaceuticals on
illuminating its aqueous solution (pH: 7, ACT concentration:
30 mg L−1).111 TiO2/SiO2/Fe3O4 nanoparticles also showed
good reusability, as evidenced within four repeated
experiments. Czech and Tyszczuk-Rotko112 explored the
visible-light (centered at 500–550 nm) driven photocatalytic
removal of acetaminophen from water using MWCNT (1.72
wt%)–TiO2–SiO2 nanocomposites and observed ∼82%
efficiency due to the key role played by photogenerated holes.
In another study, Fernandes et al.113 selected combinations
of Fe2O3 and Fe3O4 nanoparticles due to their easy
availability and used them in the photodegradation of
acetaminophen under UV-vis irradiation. The total
acetaminophen (and caffeine) degradation (20 ppm/150 mL)
took place by means of 0.13 g catalyst L−1 solution in 45 min
(and 60 min) and it remained almost unaltered over five
cycles. A ternary heterogeneous anatase-TiO2 (B) biphasic
nanowires/Bi4O5I2 composite exhibited 95% degradation of
acetaminophen in 6 min under visible-light irradiation.114

This is ascribed to the multiphase structure, including the
synergistic effect of anatase TiO2 and Bi4O5I2. A schematic of
the possible charge separation and photocatalytic mechanism
of the TiO2–Bi4O5I2 composite under visible-light irradiation
is displayed in Fig. 6(a).

Chau et al.115 synthesized a Cu2O/WO3/TiO2 ternary
composite in view of the narrow band gaps of Cu2O (2.20 eV)
and 2.70 eV (WO3) guided by their low cost, nontoxicity,
chemical stability and strong absorption ability towards
visible light. The composite fabricated in this manner
produced 92.50% photodegradation of ACT (1 mg L−1)
compared to pure TiO2 under 60 min of solar irradiation.
This is attributed to the effective separation and low
recombination rate of the charge carriers. The produced
composite exhibited high reusability for photodegradation
with 83% at the fifth cycle of ACT photodegradation.
Nanostructured titania supported on activated carbon (AC)
has been used to study the effects of photocatalyst dosage,
initial solution pH and irradiation (UV) time on the
photocatalytic degradation of aqueous acetaminophen.116

Abdel-Wahab et al.117 prepared flower-like core–shell TiO2/
Fe2O3 photocatalysts instead of TiO2/Fe3O4 due to the
photostability of Fe2O3 compared to Fe3O4 and investigated
its activity in the degradation of paracetamol in aqueous
solution using a medium-pressure mercury lamp (450 W).
These findings indicated increases in the photocatalytic
degradation of paracetamol (52.5%) to 87.8% for 50%
content of TiO2. This is ascribed to the separation of the
photogenerated electron–hole pairs accomplished by

coupling the narrow band gap with the wide band gaps of
Fe2O3 and TiO2, respectively. A schematic diagram of charge
transfer in the photoexcited TiO2/Fe2O3 core–shell
photocatalyst is displayed in Fig. 6(b). Jallouli et al.118 used
TiO2 nanoparticles and TiO2/cellulosic fiber to carry out the
photocatalytic degradation of paracetamol under UV and
sunlight irradiation. WO3/TiO2/SiO2

119 and TiO2/ZSM-5 (ref.
120) also exhibited enhanced photocatalytic degradation of
acetaminophen in contaminated wastewater.

TiO2 immobilized on glass spheres (sunlight)121 and ZnO–
polystyrene (UV-LED)122 photocatalysts effectively removed
acetaminophen and paracetamol, respectively. The
photodegradation of acetaminophen is also reported with
zeolite-supported TiO2 and ZnO under UV and sunlight,123

bi-modified titanate nanomaterials (visible light),124 BaTiO3/
TiO2 composite (UV-vis),125 and Ag/AgCl@ZIF-8 (visible
light).126

3.1.5 C3N4 and C-dot-based composites. The rapid
photocatalytic degradation of acetaminophen (and
levofloxacin) targeted by modifying g-C3N4 bulk material to g-
C3N4 nanosheets under solar-light irradiation reached 99% in
60 min compared to bulk g-C3N4 (38% in 240 min).127 Such
performance of g-C3N4 nanosheets could be assigned to
multiple contributions, such as smaller particle size, rich
carbon surface and lower band gap. Contemporary studies on
exfoliated g-C3N4 have also been reported for the degradation
of paracetamol (and ibuprofen) in an aqueous environment
under visible light.128 A ZnO/Ph–g-C3N4 nanocomposite acted
as an efficient visible-light-active catalyst for the
photodegradation of paracetamol in aqueous suspension.129

The findings revealed hydroxyl and superoxide radical anions
to be responsible for the degradation process.

Heterostructures comprising α-Fe2O3/g-C3N4
130 have been

examined for the photocatalytic degradation of
acetaminophen. The photocatalytic activity of g-C3N4

combined with UiO-66-NH2 in different proportions (25%-g-
C3N4/UiO-66-NH2, 50%-g-C3N4/UiO-66-NH2, 75%-g-C3N4/UiO-
66-NH2) was tested for the removal of acetaminophen from
an aqueous solution under given experimental conditions
([ACT]: 5 mg L−1, [Cat]: 0.5 g L−1, V: 350 mL).131 The
corresponding findings on the temporal evolution of
acetaminophen with the different samples and their pseudo-
first-order rate constants (kobs) are displayed in
Fig. 7(a) and (b). These findings depict complete removal of
acetaminophens by the 75%-g-C3N4/UiO-66-NH2

heterostructure in 120 min with a pseudo-first-order rate
constant of 2 h−1. It is suggested that incorporation of UiO-
66-NH2 in g-C3N4 enhanced the separation of the
photogenerated charges. Silica–carbon quantum dots (1 wt%)
decorated TiO2 as a sunlight-driven photocatalyst completely
removed acetaminophen 33.3% faster than pure TiO2.

75

Gupta et al.132 studied the augmented photocatalytic
degradation of acetaminophen using hydrothermally treated
g-C3N4 and persulfate under LED irradiation.

3.1.6 Graphene and its composites. Khavar et al.133

observed the complete degradation of acetaminophen (pH
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5.4) for 3 wt% rGO@TiO2 under visible UVA-LED irradiation
within 50 min. A graphene-oxide-supported bioinspired CuO
photocatalyst (50 wt%) showed 96.2% acetaminophen
degradation.134 A calcined ZnFe-layered double hydroxide
(CLDH)/rGO (for initial wt. of GO: 30 mg) exhibited the
highest degradation of about 95% of paracetamol in 420
min, owing to the synergistic effect between Zn–Fe calcined
LDH and rGO.135 Tao et al.136 synthesized nanocomposites
comprising 5% graphene/TiO2 nanotubes by a hydrothermal
method and observed a 96% degradation rate for
acetaminophen (5 mg L−1) under UV-light irradiation for 3 h.
Further investigations indicated holes to be the main
oxidation species in the photocatalytic process. According to
Umejuru et al.,137 coal fly ash (CFA) decorated with graphene
oxide nanorods with Pb2+-ion-loaded spent adsorbent
exhibited 93% degradation of acetaminophen on subjection
to photocatalysis. Ni@TiO2:W nanoparticles (TiNiW) and
TiNiW immobilized on the surface of a flexible graphene
(FG) composite on subjection to natural solar irradiation (3
h) achieved acetaminophen degradation efficiencies of 100%
and 86%, respectively.138 Subsequent findings suggested that
acetaminophen degradation was mainly caused by reactive
oxygen species, such as ·OH radicals and h+. Reusability

experiments confirmed the stability of TiNiW and FG/TiNiW
composite for the degradation of acetaminophen. Fig. 7(c)
schematically represents the TiNiW nanoparticles decorated
on the flexible graphene support and a proposed use in the
mechanism of acetaminophen degradation. It is suggested
that on subjecting it to solar excitation, photogenerated
electrons could be rapidly trapped by the graphene layers, as
evident through the scheme displayed in Fig. 7(d). Core/shell
rGO/BiOBr139 and vitamin-C-assisted synthesis of rGO–Ag/
PANI140 have also been reported to successfully achieve the
improved photocatalytic degradation of acetaminophen.

3.1.7 Heterojunctions and Z-scheme-based photocatalysts.
Recently, Parida et al.20 fabricated a Bi2O3/MnO2 Z-scheme
heterojunction and achieved 94.3% photocatalytic
degradation efficiency (0.0202 min−1) for acetaminophen in
120 min. This was found to be about 3.5 and 3.8 times higher
than MnO2 and Bi2O3, respectively, in deionized water. Their
studies on real water systems further revealed relatively
inferior degradation efficiency in tapwater (88.7%), municipal
(75.5%), hospital (63.6%) and pharmaceutical industry
(55.4%) wastewater compared to that in deionized water
(94.3%). The assembly of Sr@TiO2 with UiO-66-NH2 in
different ratios was used to construct Sr@TiO2/UiO-66-NH2

Fig. 7 (a) Photocatalytic degradation of acetaminophen with different g-C3N4/UiO-66-NH2 samples. (b) Pseudo-first-order rate constant (kobs) of
different g-C3N4/UiO-66-NH2 samples. Experimental conditions: V = 350 mL; T = 20 °C, CACE = 5 mg L−1; CCAT = 0.5 g L−1. Reproduced from ref.
131 with permission from MDPI (2022). (c) Schematic illustration of the TiNiW NPs decorating the surface of the graphene composites and (d)
TiNiW nanoparticle showing the possible chemical reactions for the formation of reactive oxygen species that degrade the ACT contaminant.
Reproduced from ref. 138 with permission from Elsevier (2021).
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Table 2 Performance data on removal of acetaminophen in water using variety of photocatalysts

Photocatalyst Preparative method ACT
Catalyst
dose pH Light source

Degradation
and time

Rate
constant

TiO2-rutile
76 Precipitation 20 ppm 0.1 g

(50 mL)
9 Tungsten halogen lamp

(400 W), 0.0146 W cm−2
68%
(60 min)

—

TiO2-anatase
76 Thermal precipitation

method
20 ppm 0.1 g

(50 mL)
9 Tungsten halogen lamp

(400 W), 0.0146 W cm−2
60%
(60 min)

—

ZnO76 Thermal precipitation
method

20 ppm 0.1 g
(50 mL)

9 Tungsten halogen lamp
(400 W), (0.0146 W cm−2)

∼100%
(60 min)
in 1 h

—

TiO2: 80% anatase + 20%
rutile (Degussa P25)77

Commercial 40 mg L−1

(250 mL)
2 g L−1 — UV lamp (15 W) 97%

(300 min)
—

TiO2/Ag (5%)78 Photodeposition method 20 μg L−1

(O2: 100
cm3

min−1)

1 g L−1 — UV radiation (365 nm) 94.50%
(240 min)

—

TiO2
79 Sol–gel method 50 ppm

(750 mL)
1.33 g L−1 — TQ159-ZO lamp (150 W) ∼50%

(180 min)
0.0056
min−1

TiO2
80 Sol–gel method 35 mg L−1 0.15 g 10 UV lamp with a wavelength

of 256 nm, 1 mW cm−2
99%
(180 min)

—

Solid TiO2 spheres
81 Template-free

solvothermal route
50 mg L−1 0.1 g L−1 — Mercury lamp (500 W) 90%

(60 min)
0.075
min−1

Mesoporous TiO2

microspheres81
Template-free
solvothermal route

50 mg L−1 0.1 g L−1 — Mercury lamp (500 W) 94%
(60 min)

0.043
min−1

TiO2 (High Techn. Nano
co. Ltd)82

Commercial 50 μM 1.0 g L−1 9 Metal halide lamp
(250 W), λ ≥ 365 nm

∼95%
(100 min)

—

ZnO powders (Fluka)84 Commercial (thermally
calcined at 100 °C)

50 mg L−1 0.25 g
(0.25 L)

— UV-lamp (315–400 nm),
P.D: 0.66 mW cm−2

∼97%
(240 min)

0.0136
min−1

ZnO nanonuts86 Chemical method 5 × 10−5

M
∼1.0 mg 7.2 UV lamp: 4 mW cm−2,

368 nm
∼92%
(180 min)

1.32 ×
10−2

min−1

TiO2 (Degussa P25)87 Commercial 0.3 mg
L−1

40.5 mg
(70 mL)

Neutral LED lamp – UVA light
(15 W), 365 nm

100%
(40 min)

0.12
min−1

Au–TiO2
87 Mixing tempered

colloidal solution of au
and TiO2 in water

0.3 mg
L−1

40.5 mg
(70 mL)

Neutral LED lamp – UVA light
(15 W), 365 nm

100%
(32 min)

0.14
min−1

Au–g-C3N4
87 Reflex method 0.3 mg

L−1
40.5 mg
(70 mL)

5.9 Visible light 100%
(25 min)

0.17
min−1

Ag(1 wt%)/TiO2
88 Sonicating mixture of

TiO2 and aqueous
AgNO3, stirring and
irradiating with 450-W
ACE lamp for 1 h

20 mg L−1 0.4 g L−1 6.3 Simulated solar light
xenon lamp (1000 W),
50.0 mW cm−2

∼98%
(180 min)

0.019
min−1

Au(1 wt%)/TiO2
88 Sonicating mixture of

TiO2 and aqueous
H2AuCl6, stirring and
irradiating with 450 W
ACE lamp for 1 h

20 mg L−1 0.4 g L−1 6.3 Simulated solar light xenon
lamp (1000 W), 50.0 mW cm−2

∼93%
(180 min)

0.016
min−1

Pt(1 wt%)//TiO2
88 Sonicating mixture of

TiO2 and aqueous
H2AuCl6, stirring and
irradiating with 450 W
ACE lamp for 1 h

20 mg L−1 0.4 g L−1 4.2 Simulated solar light xenon
lamp (1000 W), 50.0 mW cm−2

∼100%
(180 min)

0.020
min−1

Pd/CuO89 Deposition and
sputtering

10 mg L−1

(20 mL)
15 (l) × 15
(w) × 1 (t)
mm film

— Xenon arc lamp: 150 W,
λ > 420 nm

∼90%
(240 min)

0.796
h−1

TiO2/BN/Pd
92 Electrospinning and

atomic layer deposition
1 mg L−1

(250 mL)
0.5 g L−1 6.8 Medium-pressure metal

halide UV lamp (400 W)
100%
(10 min)

0.019
min−1

TiO2/BN100/Pd100
92 Electrospinning and

atomic layer deposition
1 mg L−1

(250 mL)
0.5 g L−1 6.8 400 W halogen linear lamp

(visible irradiation)
98%
(180 min)

0.28
min−1

C,N-co-doped TiO2
93 Peroxo–gel method 4 mg L−1 20 mg — UV-light (10 W), λ: 365 nm 69.31%

(120 min)
—

C-doped TiO2
94 Sol–gel method 2.0 ppm 2.0 g L−1 7 Low UV lamp pressure

(15 W), 365 nm,
65 W m−2

100%
(90 min)

0.0817
min−1

Supported titania-based
catalysts (25 wt% mg

Industrial petrochemical
(source)

20 mg L−1 0.7 g L−1

(25 mL)
4.3 UV lamp: 365 nm,

30 W m−2
60%
(60 min)

—
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Table 2 (continued)

Photocatalyst Preparative method ACT
Catalyst
dose pH Light source

Degradation
and time

Rate
constant

doping)95 Mercury vapour lamp
(125 W), (202 W m−2)

48.3%
(60 min)

—

TiO2
96 Hydrolysis of Ti

isopropoxide (sol–gel
method)

35 mg L−1 0.5 g L−1 5.5 UV irradiation: HG500
lamp (30 mW cm−2)

∼84%
(120 min)

12.4 ±
0.2 ×
10−3

min−1

Ta-doped TiO2

(Ti/Ta molar ratio: 1%)96
Hydrolysis of Ti
isopropoxide (sol–gel
method) followed by Ta
doping through
impregnation method

35 mg L−1 0.5 g L−1 5.5 UV irradiation: HG500
lamp (30 mW cm−2)

∼70%
(120 min)

9.4 ± 0.1
× 10−3

min−1

TiO2
96 Hydrolysis of Ti

isopropoxide in presence
of CH3COOH

35 mg L−1 0.5 g L−1 5.5 UV irradiation: HG500
lamp (30 mW cm−2)

∼70%
(120 min)

9.3 ± 0.1
× 10−3

min−1

Ta-doped TiO2

(Ti/Ta molar ratio: 1%)96
Hydrolysis of Ti
isopropoxide in presence
of CH3COOH followed
by ta doping through
impregnation method

35 mg L−1 0.5 g L−1 5.5 UV irradiation: HG500
lamp (30 mW cm−2)

∼73%
(60 min)

10.4 ±
0.1 ×
103

min−1

Mesoporous MnOx–TiO2
97 Sol–gel method 25 ppm

(150 mL)
0.1 g L−1 — Continuous sonication

(20 W) and UVA radiation
(160 W m−2)

26%
(180 min)

—

IL-Fe-doped TiO2 with Fe
to Ti molar ratios (%): 298

Sol–gel method 10 mg L−1

(200 mL)
0.65 g L−1 7 UV lamps 90.35%

(90 min)
0.25
min−1

Synthetic TiO2 doped with
(KAl(SO4)2)

99
Sol–gel method 0.10 mM 1.0 g L−1 6.9 Visible light: source

(light emitting diodes)
with λ > 440 nm

95%
(540 min)

5.20 ×
10−3

min−1

Carbon-self-doped TiO2
101 Sol–gel method (product

calcined at 300 °C)
0.1 mM
(500 mL)

1.0 g L−1 6.9 LEDs (λ > 440 nm) ∼96%
(540 min)

5.0 ×
10−3

min−1

Bi3+(10%)-doped anatase
TiO2

102
Hydrolysis method 104 M

(100 mL)
0.1 g L−1 5 Source: UV-vis,

(4 W cm−2)
∼100%
(240 min)

0.97 h−1

Ba1−xBiFe1−xCuxO3

(x = 0.05)103
Pechini method 50 mg L−1 0.75 g L−1 9 Metal halide efficacy

lamp
98.1%
(120 min)

—

Ag/ZnO104 Chemical method 5 mg L−1

(500 mL)
1 g L−1 8.5 Tungsten halogen lamp

(300 W)
90.8%
(120 min)

0.020
min−1

1.0 wt% La-doped ZnO105 Precipitation method 100 mg
L−1 (500
mL)

0.1 g — Compact fluorescent
lamps: 20 W

99%
(3 h)

—

1% Ce-doped ZnO106 Hydrothermal method 5 mg L−1 1 mg mL−1 6.8 UV-B mercury lamp
(8 W)

68%
(240 min)

0.0058
min−1

N-Implanted ZnO nanorod
array (NRA)107

ZnO NRAs by two-step
process followed by N
implantation by low
energy ion beam

20 ppm
(5 mL)

10 × 10
mm
aligned
ZnO NRA

— Visible-light irradiation 98.46%
(120 min)

0.038
min−1

TiO2/SiO2/Fe3O4
111 Ultrasonic-assisted

sol–gel method
30 mg L−1

(400 mL)
1.34 g L−1 7 Low-pressure mercury

lamp: λ: 254 nm,
3.8 × 10−6 Ein L−1 s−1

∼97%
(300 min)

1.7 ×
109 M−1

s−1

MWCNT (1.72 wt%)
TiO2–SiO2

112
Sol–gel method 10 mg L−1 — Nearly

neutral
High-pressure mercury
lamp, 500–550 nm,
7.31–7.53 mW m−2

81.6%
(60 min)

0.0113
min−1

Magnetite–hematite113 Hydrothermal 20 mg 0.13 g L−1 — Medium-pressure hg
vapour lamp (400 W)

∼100%
(45 min)

—

TiO2 (438 mg)–Bi4O5I2
114 In situ calcination

method
3 ppm 25 mg — Xenon lamp with a

light filter of 400 nm
∼95%
(6 min)

0.425
min−1

Cu2O/WO3/TiO2
115 Hydrothermal 1 mg L−1

(80 mL)
20 mg 9 Solar-light irradiation

(source)
92.5%
(60 mL)

4.42 ×
10−2

min−1

Flower-like 50%
TiO2/Fe2O3

117
Modified ultrasonic
assisted sol–gel method

50 mg L−1

(50 mL)
0.1 g L−1 — Medium-pressure Hg

lamp (450 W)
87.8%
(90 min)

0.0219
min−1

3% WO3/TiO2/SiO2
119 Solution method 10 mg L−1 1.0 g L−1 9 Xenon lamp (500 W)

without cut-off filter 800 nm
cut-off filter
(800 nm > λ
> 200 nm)

88%
(240 min)

0.70 h−1
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Table 2 (continued)

Photocatalyst Preparative method ACT
Catalyst
dose pH Light source

Degradation
and time

Rate
constant

TiO2 (40 wt%) /ZSM-5120 Sol–gel method 15 mg L−1

(500 mL)
1.0 g L−1 6.8 UV lamp (14 W),

254 nm, 0.97
mW cm−2

96.6%
(180 min)

—

1.1% ZnO/polystyrene122 Solvent casting method 12.5 mg
L−1

25 g (50
mL)

6.5 UV light (13 W m−2) 77%
(240 min)

—

Bi modified titanate124 Hydrothermal method 0.7 mg
L−1

1.0 g L−1 7 Metal halogen lamp
with UV and IR cut-off
filters

88%
(180 min)

12.61 ×
10−3

min−1

BaTiO3/TiO2 ratio of 3 : 1
(w/w)125

Grounding followed by
drying and calcination

5 mg L−1 1 g L−1 7 Xenon lamp: 500 W
(200 nm < λ < 800 nm)

95%
(240 min)

0.5529
h−1

Ag/AgCl@ZiF-8126 Stirring method 1 mg L−1 0.5 g L−1 5 Metal halogen lamp
(500 W) combined with UV
and IR cut-off
wave length

99%
(90 min)

0.0579
min−1

g-C3N4
127 Thermal oxidation

etching process
5 mg L−1 0.1 g (250

mL)
— Solar irradiation (source) 99%

(60 min)
—

Exfoliated g-C3N4
128 Thermal synthesis 25 g

dm−3
0.9 g — UVA lamp: 368 nm,

0.96 mW cm−2
41%
(120 min)

4.5 ×
10−3

Mol
dm−3

min−1

Exfoliated g-C3N4
128 Thermal synthesis 25 g

dm−3
0.9 g — Visible light lamp (446 nm),

an intensity
of 8.5 mW cm−2

54%
(120 min)

—

0.05% ZnO/Ph–g-C3N4
129 Single-step calcination

and combustion process
20 mg L−1 1 g L−1 — Halogen lamp (500 W) 90.8%

(120 min)
—

α-Fe2O3/g-C3N4
130 Dispersion under

sonication followed by
heating in air

2.0 mg
L−1

(H2O2:
5.0 mM)

0.1 g L−1 5.0 Xenon lamp: 35.0 W
(λ > 420 nm)

100%
(25 min)

0.134
min−1

g-C3N4(75%)/UiO-66-NH2
131 Hydrothermal method 5 mg L−1

(350 mL)
0.5 g L−1 4–5 9 W lamps, 365 nm 100%

(120 min)
2.0 h−1

Bi2O3/MnO2
20 Room temperature

solution phase synthesis
5 mg L−1 1 g L−1 6.8 200 W LED strip

(λ > 420 nm)
94.3%
(120 min)

0.0202
min−1

TiO2@rGO prepared by
using 3 wt% GO133

Sol–gel method 50 mg L−1

(25 mL)
2.0 g L−1 5.4 LED lamps (18 no.)

and each of l3 W,
λ: 365 nm, 95 μW cm−2

100%
(50 min)

0.061
min−1

Calcined ZnFe-LDH/rGO
(using 30 mg of GO)135

Hydrothermal calcined
method (using 30 mg
GO)

5 mg L−1

(50 mL)
25 mg — Xenon lamp (500 W),

300 nm cut-off filter
95%
(420 min)

0.00737
min−1

5% graphene/TiO2

nanotubes136
Hydrothermal 5 mg L−1

(500 mL)
0.1 g L−1 7 UV lamp (14 W),

254 nm
96%
(180 min)

00197
min−1

Coal fly ash (CFA)/GO/WO3

NRs137
Hydrothermal 5 mg L−1 100 mg — 250 HW lamp 86%

(180 min)
−0.0116
min−1

Ni@TiO2:W
138 Hydrothermal treatment

immobilizing
25 mg L−1 30 mg

(100 mL)
7 Solar natural irradiation

(754 ± 13 W m−2)
100%
(180 min)

10.7 ×
10−3

min−1

Flexible
graphene/Ni@TiO2:W

138
TiNiW grown on the
surface of graphene

25 mg L−1 30 mg
(100 mL)

7 Solar natural irradiation
(754 ± 13 W m−2)

86%
(180 min)

8.8 ×
10−3

min−1

1% rGO/BiOBr
core/shell139

Hydrothermal 5 mg L−1

(30 mL)
— 5.5–9.5 Hg/xenon lamp (visible

light irradiated with
400 nm cut-off filter),
20 mW cm−2

93%
(105 min)

0.006
min−1

rGO–Ag/PANI140 Mixing reduced GO with
polyaniline AgNO3 by
vitamin C

25 mg L−1 50 mg 5 Visible light 99.6%
(100 min)

—

Sr@TiO2 with
UiO-66-NH2

141
By carrying out growth
of UiO-66-NH2 on SrTiO3

5 mg L−1 250 mg L−1

(150 mL)
— Xenon lamp: 600 W m−2

(λ cut-off filter: 320 nm)
∼94%
(240 min)

0.67 h−1

15 wt%CeO2/IK–g-C3N4
142 Mixing method 10 mg L−1

(20 mL)
2.0 g L−1 9 Visible light lamps (8 W),

465 ± 40 nm
98%
(90 min)

0.0386
min−1

5% g-C3N4/TiO2/persulfate
143 Ultrasonic mixing 5 mg L−1

(100 mL)
and PS: 2
mM

0.331 g L−1 7 Xenon lamp (300 W)
with 400 nm cut-off filter

99.3%
(30 min)

0.181
min−1
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heterostructures and achieved more than 90% conversion
of acetaminophen under solar light.141 A visible-light-driven
15 wt% CeO2/I,K-co-doped C3N4 heterojunction
photocatalyst removed about 98% acetaminophen from
aqueous solution after 120 min of irradiation compared to
pure g-C3N4 (47%) and doped IK-C3N4 (75%).142 In another
study, a g-C3N4/TiO2 (weight ratio: 5%)–persulfate (PS)
photocatalytic system showed almost complete
photodegradation ability and stability for acetaminophen
under visible-light irradiation.143 Visible-light-mediated
CdO–ZnO demonstrated efficient photocatalytic
performance as a heterogeneous photocatalyst in the
decomposition of paracetamol in an aqueous solution.144

Radical scavenger tests established the dominance of ·OH
and h+ for this photocatalytic process.

A heterojunction magnetic ternary g-C3N4/TiO2–MnFe2O4

halloysite photocatalyst showed about 79.1% removal of
acetaminophen (10 ppm) within 90 min under visible
light.145 The ternary photocatalyst could be easily recovered
by applying an external magnetic field and reused several
times without any significant reduction in its catalytic
activity. The removal efficiency for acetaminophen under
optimum conditions in the presence of a magnetic carbon
heterojunction coupled with UV light and
peroxymonosulfate was insignificantly reduced from 97.4%
even after five consecutive cycles.146 Moradi et al.147 used
0.6 g L−1 of TiO2/graphene/g-C3N4 (60 : 10 : 30) Z-type
photocatalyst and observed complete degradation of
acetaminophen (50 mg L−1) at a pH of 9.0 in 120 min due
to a synergistic effect. Their investigations also showed HO·
and O2·

− radicals to be the dominant species in the
degradation of acetaminophen.

Table 2 records the performance data of different
photocatalysts on the removal of acetaminophen from
wastewater.

3.2 Amoxicillin

Amoxicillin (AMX) is a widely used semi-synthetic β-lactam
and broad-spectrum antibiotic in the treatment of different
types of infection for treating both human and animal
diseases.148 Therefore, it is possible to find traces of this drug
or its degradation products in various aquatic environments
in the treated discharge from wastewater treatment plants.

Its presence in aquatic animals and humans contributes to
toxic effects though the aquatic system due to its structure,
high polarity, and water solubility. However, amoxicillin in
water is not easy to remove by conventional wastewater
treatment processes due to its resistance to biodegradation.
Hence, it is necessary to conduct a large amount of research
on the treatment and removal of amoxicillin from wastewater
using a variety of photocatalysts before discharging it into
the natural aquatic environment.149–216

3.2.1 Metal oxides
3.2.1.1 TiO2. Radosavljević et al.149 applied TiO2 in a

nanocrystalline form and compared it with commercial TiO2

to study the photocatalytic degradation of amoxicillin using
an Osram Ultra-Vitalux® lamp as the light source. Their
findings indicated almost complete degradation of AMX after
210 min for catalyst and AMX concentrations of 2 g dm−3 and
100 mg dm−3, respectively. The UV-mediated photocatalytic
degradation of amoxicillin was found to be low (27.6%) in
the presence of TiO2 (10–25 nm) compared to cephalexin
(63.5%) and tetracycline (100%) under optimal conditions.150

Pereira et al.151 used photoreactors and studied the
degradation of amoxicillin in aqueous solution (pH: 7.5) by
subjecting it to a solar-driven TiO2 (0.5 g L−1) assisted
photocatalytic process. According to this, TiO2/solar UV
radiation was able to reduce the antibiotic concentration
from 40 to 3.1 mg L−1 after 4.6 kJUV of UV accumulated
energy per liter of solution.

The degradation of amoxicillin (10 mg L−1) was also
examined under UV and visible irradiation (15 min) and
found to be nearly 100% for TiO2 and ZnO (both 0.01 g),
respectively.152 Amoxicillin (104 mg L−1) in aqueous
solution (pH ∼ 5) was completely degraded under TiO2/
UVA (365 nm) in 30 min in the presence of H2O2 (100
mg L−1).153 TiO2-catalyzed photodegradation of amoxicillin
(10 mg L−1) was found to be ∼100% under UV irradiation
of 30 min duration.154 According to Klauson et al.,155

Degussa P25 TiO2 showed about 83% degradation of AMX
(pH: 6.0) after 2 h under solar radiation. Moosavi and
Tavakoli156 studied amoxicillin degradation in
contaminated water using TiO2 in solar photocatalysis,
considering variations in pH, catalyst dose and initial
concentration of amoxicillin. These studies showed
84.12% degradation of amoxicillin after 240 min under
optimum conditions of pH 9.5, catalyst dose of 1.5 g L−1

Table 2 (continued)

Photocatalyst Preparative method ACT
Catalyst
dose pH Light source

Degradation
and time

Rate
constant

CdO–ZnO (0.1 : 0.2 mole
ratio)144

Homogeneous
co-precipitation

12 ppm 1 g L−1 6.15 Halogen lamp
(500 W)

96%
(160 min)

0.05
min−1

Magnetic mesoporous
carbon146

In situ chemical
co-precipitation method

20 mg
L−1, PMS:
0.6 mM

0.12 g L−1 6 UVC lamp – Philips (6 W)
with 254 nm cut-off filter

97.4%
(40 min)

—

TiO2/graphene/g-C3N4 (60 :
10 : 30)147

Hydrothermal
method

50 mg L−1 0.6 g L−1 9 Xenon lamp (SSL irradiation):
300 W, λ cut-off filter: 420 nm

100%
(120 min)

2.7 ×
10−2

min−1
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and initial concentration of amoxicillin of 17 mg L−1

under 240 min of solar irradiation due to a synergistic
effect. In addition, several other studies have also been
reported using TiO2,

157–159 and supported TiO2
160 on the

photocatalytic remediation of amoxicillin.
3.2.1.2 ZnO and other metal oxides. The effect of operating

variables has been studied on the degradation of amoxicillin
(104 mg L−1) in aqueous solution driven by a UV/ZnO
photocatalyst prepared by a microwave-assisted gel
combustion method, which achieved complete degradation
corresponding to a zinc oxide concentration of 0.5 g L−1,
irradiation time of 180 min and pH 11.161 The photocatalytic
reactions followed pseudo-first-order kinetics with a rate
constant of 0.018 min−1. In another study, the photocatalytic
removal of amoxicillin (and sulfamethoxazole) was achieved
in 6 h from aqueous solutions using ZnO nanoparticles
irradiated with UVC irradiation.162 Al-zobai et al.163 reported
the recovery of 72.3%, 85.3%, and 100% of amoxicillin under
optimum conditions using UV/TiO2, UV/ZnO/TiO2 and UV/
ZnO.163 Bi2O3/Fe (3 wt%), successfully synthesized by a
microwave-assisted precipitation method, exhibited a
degradation efficiency of 76.34% and a degradation rate for
amoxicillin of 0.0079 min−1.164

The effect of AMX concentration, WO3 dosage, and pH
was studied for the photocatalytic degradation of amoxicillin
by solar-driven simulated irradiation.165 These findings
revealed the complete removal of AMX under optimal
conditions corresponding to an initial AMX concentration of
1.0 μM, catalyst dosage of 0.104 g L−1 and pH 4. Sol–gel-
synthesized nano-NiO under optimal conditions efficiently
degraded 96% of amoxicillin from pharmaceutical
wastewater.166 The photodegradation process was found to
follow pseudo-first-order kinetics (k: 0.084 min−1) for an
amoxicillin concentration of 25 mg L−1.

3.2.2 Doped metal oxides. According to Klauson et al.,155

TiO2 doped with C (32 at%) and Fe (2.2 at%) under identical
conditions of solar radiation in 2 h of treatment and pH 6.0
TiO2 showed about 83%, 73% and 75% degradation of
amoxicillin, respectively. Mohammadi et al.167 used Sn (1.5
mol%) doped/TiO2 nanoparticles to carry out the
photocatalytic decomposition of amoxicillin trihydrate in
aqueous solutions under UV light. It showed high
photocatalytic activity during the mineralization of AMX due
to hydroxyl radicals and band gap energy. Sol–gel-synthesized
Sn,Zn-co-doped TiO2 showed marked improvement in the
photocatalytic degradation of amoxicillin trihydrate due to
the synergistic actions of the dopants.168 According to
Wahyuni et al.,169 doping of Cu in TiO2 shifts the light
absorption into the visible region. Furthermore, doping of Cu
in TiO2 increased the degradation of amoxicillin under visible
light. Amoxicillin (10 mg L−1) exhibited about 90%
photodegradation using 0.40 g L−1 of a Cu (4.56 mg g−1)
doped TiO2 photocatalyst in 24 h at pH 6 under visible-light
irradiation. In another study, the removal of amoxicillin from
aquatic and pharmaceutical wastewater solution was studied
using Fe3+-doped TiO2 under UVA radiation.170 These

findings revealed removal efficiencies of 99.14% and 88.92%
under the optimum conditions (pH: 11, initial concertation
of amoxicillin: 10 mg L−1, catalyst: 90 mg L−1, contact time:
120 min) for synthetic and pharmaceutical water,
respectively.

A Ce3+-doped TiO2 thin film, prepared using polyethylene
glycol as the templating agent, acting as a catalyst succeeded
in the removal of amoxicillin under UVA radiation from
aqueous solution (pH 6.0).171 It was noted that the removal
of amoxicillin increased from 28% to 67% (2 h) in the
presence of Ce3+@TiO2, corresponding to a decrease in the
initial concentration of amoxicillin from 15.0 to 0.5 mg L−1,
respectively. The Ce3+@TiO2 thin film retained its
photocatalytic stability more or less unaltered even after 6
cycles. It was suggested that cerium ions trapped the electron
and hole pairs in the TiO2 catalyst to form hydroxyl and
peroxy radicals that play a significant role in the degradation
of amoxicillin. Mn-doped Cu2O nanoparticles synthesized
using aloe vera leaf extract exhibited 92% degradation of
amoxicillin under sunlight irradiation at pH 9, an initial
concentration of amoxicillin of 15 mg L−1, and a
photocatalyst dosage of 1 g L−1.172 In all likelihood, Mn
doping in Cu2O delays rapid recombination by trapping the
photogenerated electrons, accounting for its enhanced
photocatalytic performance in amoxicillin degradation.

3.2.3 Metal dispersed on metal oxides. The photocatalytic
degradation of amoxicillin antibiotic was investigated in the
presence of La and Ce nanoparticles as co-catalysts dispersed
on the surface of TiO2.

173 These findings showed it had more
than twice the activity of pure TiO2 in the removal of
amoxicillin, which was attributed to the synergistic
interaction between La and Ce nanoparticles loaded on TiO2.
However, more work still needs to be carried out to explore
the effect of different metals on the surface of TiO2 and ZnO
for the photodegradation of antibiotics. UV-visible or visible
illuminated TiO2 nanowire arrays (TNAs), TiO2 nanowires
(TNWs)/TNAs, Au–TNAs and Au–TNWs/TNAs degraded
amoxicillin completely in aqueous solution within 20 min
due to the surface plasmonic effect and synergistic effects.174

The photodegradation of amoxicillin (and levofloxacin) was
performed using an Ag/ZnO photocatalyst in aqueous
solution under A-type ultraviolet irradiation (UVA 365 nm) to
study its variation with solution pH, initial concentration of
amoxicillin, catalyst dosage, and reaction time.175 According
to this, maximum removal (93.7%) of amoxicillin was
achieved under optimum conditions corresponding to Ag/
ZnO concentration of 0.15 g L−1, pH 5, amoxicillin
concentration of 5 mg L−1 and contact time of 120 min.

3.2.4 Metal oxide nanocomposites
3.2.4.1 TiO2 nanocomposites. Bergamonti et al.176 studied

the photocatalytic activity of TiO2 immobilized on a chitosan
scaffold under UV/vis irradiation to examine the degradation
of amoxicillin in wastewater under UV-vis irradiation. These
findings showed high photodegradation efficiency compared
to the direct photolysis of amoxicillin. A TiO2/PAC (powdered
activated carbon) mixture in suspension removed 95%
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amoxicillin in 60 min owing to significant synergy.177 TiO2/
zeolite-photocatalysis also presented a feasible methodology
for the degradation of the AMX under UV radiation.178 It was
noted that a material obtained by acid–alkaline pretreatment
and calcination (300 °C) showed the best performance due to
its favorable surface structure and TiO2 content.

Pastrana-Martínez and others179 prepared nanodiamond
(ND) composites of pristine TiO2 (NDDT) to study its
oxidative degradation of amoxicillin soluble in water under
near-UV/vis irradiation. Their findings clearly revealed the
complete degradation of amoxicillin by NDDT, owing to the
generation of holes and better charge separation. In
addition, specific surface area, functional groups introduced
in ND and the porosity of NDDT compared to bare TiO2

also play an important role in the photocatalytic
degradation efficiency of amoxicillin. Li and coworkers180

investigated the effect of Fe3O4 loading in TiO2–Fe3O4

composites, H2O2 concentration, different initial pH and
light intensity on the degradation of amoxicillin. The
separation showed the following trend towards the
degradation of amoxicillin in 100 min under optimum
conditions (amoxicillin: 30 mg L−1, UV irradiation: 200 W,
[H2O2]: 4.24 mM, pH: 2.84): TiO2/15 wt% Fe3O4 + H2O2 >

TiO2/20 wt% Fe3O4 + H2O2 > TiO2/25 wt% Fe3O4 + H2O2

TiO2/10 wt% Fe3O4 + H2O2 > TiO2 + H2O2. It was noted that
the presence of H2O2 contributed to oxidation in a photo-
Fenton process while the choice of the optimum pH of 2.84
is guided by the scrambling of Fe3+ between OH and H2O2.
Furthermore, the reaction rate below 200 W increased
remarkably with increasing light intensity due to the
generation of electrons and holes. As a consequence,
maximum AMX removal efficiency (∼88% in 100 min) was
achieved for 0.4 g L−1 of TiO2/15 wt% Fe3O4/H2O2 (6 mM)
under optimum conditions corresponding to an initial
concentration of amoxicillin of 30 mg L−1 and catalyst
loading of 0.4 g L−1. The highest performance for
amoxicillin in the presence of TiO2/15 wt% Fe3O4 could be

ascribed to the generation of more active ·OH. The
proposed mechanism involved the rapid transfer of excited
electrons from TiO2 to Fe3O4, reducing h+/e− pair
recombination and providing an additional ·OH generation
pathway for amoxicillin degradation.

dela Rosa et al.181 studied the degradation and kinetic
profiles of amoxicillin using solar/TiO2/Fe2O3/persulfate and
the corresponding findings are displayed in Fig. 8(A) and (B),
respectively. It was observed that AMX degradation was
reduced from 70% (no scavengers) to 39%, 54% and 64% (50
min) in the presence of methanol (MeOH), tert-butanol
(t-BuOH) and 1,4-benzoquinone, respectively. Based on the
overall findings, arrangements of reactive oxygen species
(ROS) for AMX degradation by a solar/TiO2–Fe2O3/PS process
follows the order: h+ > SO4·

− > HO· > O2·
−. The overall

amoxicillin degradation can be accounted for by considering
the suppression of recombination of charges by the presence
of PS as well as the generation of ROS at h+.

TiO2 immobilized on activated carbon fabricated by a
high-temperature impregnation method degraded
amoxicillin, diclofenac and paracetamol by 100% (120 min),
85% (180 min) and 70% (180 min) in aqueous solution under
solar irradiation.182 Li et al.183 reported the photocatalytic
degradation of amoxicillin using TiO2 nanoparticles
submerged on a porous ceramic membrane. TiO2

immobilized on sand has been used as a catalyst in a solar
photocatalytic process for the removal of amoxicillin residues
from aqueous solution.184 These findings showed 93.12%
degradation of amoxicillin under the optimal conditions of
pH 5, 7 5 mg L−1 of TiO2, 400 mg L−1 of H2O2, and 10 mg L−1

of AMX concentration at 150 min irradiation time.
Furthermore, the removal of undesirable compounds follows
a pseudo-second-order kinetic model. In addition, TiO2/Mg–
Al-layered double hydroxide (LDH),185 Ag-ion-exchanged
zeolite/TiO2,

186 Fe-8-hydroxyquinoline-7-carboxylic/TiO2

flowers187 and TiO2–SiO2
188 composites have also been used

to remove amoxicillin from aqueous solutions.

Fig. 8 (A) Photocatalytic degradation of AMX under solar irradiation in the presence of scavengers; and (B) corresponding zero-order rate
constants (kobs) (experimental conditions: [AMX] = 50 μm; initial pH = 4; [PS] = 334 μm, treatment time, t = 50 min). Reproduced from ref. 181 with
permission from Wiley (2021).
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3.2.4.2 ZnO-based nanocomposites. Thi et al.189 observed
the enhanced photocatalytic activity of ZnO–TiO2 (10%) for
the ozonation and perozone degradation of amoxicillin in
water under visible-light irradiation. The visible-light-driven
MIL-53(Al)/ZnO hierarchical photocatalyst produced 100%
removal of amoxicillin corresponding to an initial amoxicillin
concentration of 10 mg L−1, solution pH 4.5 and catalyst dose
of 1.0 g L−1.190 Recently, Liu and others191 reported
significantly high degradation efficiency of amoxicillin
(93.10%) in wastewater using Bi2WO6/nano-ZnO (1 : 3) after
120 min in comparison to ZnO and Bi2WO6. It is anticipated
that the reduction in band gap energy of Bi2WO6/nano-ZnO
(1 : 3) could prevent the recombination of photogenerated
charge carriers.

3.2.5 Graphitic-carbon-based nanocomposites
3.2.5.1 g-C3N4-based nanocomposites. Carbon-rich g-C3N4

nanosheet samples were prepared by a combination of 20 g
of urea and 60 mg, 90 mg and 120 mg of 1,3,5-
cyclohexanetriol as starting materials (referred to as C-CN60,
C-CN90 and C-CN120, respectively).192 They included plenty
of carbon-rich functionalities and were examined for their
photocatalytic activity for amoxicillin degradation under solar
and visible light in the aqueous phase and the results are
displayed in Fig. 9. The degradation of amoxicillin was found
to follow the order: C-CN90 > C-CN60 > C-CN120 > g-C3N4.
Photocatalyst C-CN90 showed nearly complete photocatalytic
degradation of amoxicillin under solar light and visible light
after 150 and 300 minutes, respectively. This has been
attributed to the interaction between g-C3N4 and graphited
conjugated construction narrowing the band gap and
separating photogenerated electron–hole pairs.

Silva et al.193 synthesized metal-free polymeric carbon
nitrides using melamine (CN-M), thiourea (CN-T) and their
1 : 1 mixture (CN-1M : 1T) as precursors in a Teflon reactor
comprising 25 mL of deionized water followed by heating of
the products at 550 °C for 30 min. Their investigations
revealed 100% degradation of AMX for CN-T followed by CN-
M (65%) and CN-1M : 1T (56%) after 48 h of visible-light
exposure. The superior performance of CN-T was found to be
directly related to the greater number of defects present in its
structure, that can help in the separation of electron–hole

pairs. An Ag/g-C3N4/ZnO nanorod (0.08 g L−1) nanocomposite
has also acted as an efficient photocatalyst in the
photocatalytic degradation of amoxicillin of high
concentration (40 mg L−1) irradiated by visible light.194 V2O5-
nanodot-decorated laminar C3N4 degraded amoxicillin under
solar light, exhibiting 91.3% removal efficiency.195 It is
suggested that such a V2O5/C3N4 S-scheme structure provides
an internal electron channel at the interface and maintains
the active sites with high potentials for the photodegradation
of amoxicillin. Mesoporous g-C3N4/persulfate exhibited 99%
degradation of AMX under visible-light irradiation within 60
min at pH 7 due to a synergistic effect.196 Graphitic-carbon–
CuO–ZnO nanocomposites exhibited 49% efficiency in the
photocatalytic degradation of amoxicillin under direct
sunlight and followed pseudo-first-order kinetics.197 α-Fe2O3/
g-C3N4,

198 mesoporous g-C3N4,
199 and CQDs/K2Ti6O13

200

photocatalysts have also been reported in the photocatalytic
degradation of amoxicillin.

3.2.5.2 Graphene-based nanocomposites. Changotra et al.201

prepared nanocomposites of varying FeS2 to GO weight to
study the degradation of amoxicillin as a function of
different parameters, such as solution pH value, optimal
doses of H2O2 and catalyst, stability of the catalyst, and
leaching effect of the catalyst, under optimal solar-Fenton
treatment. These investigations showed the complete
degradation of amoxicillin (∼99%) by FeS2/GO (4 : 3) in 180
min owing to the synergistic coupling of FeS2 and GO under
the optimal conditions of [amoxicillin]init conc 25 mg L−1,
[FeS/GO] 0.75 g L−1, 12 mM [H2O2] and pH 5. Further, HO·
acted as dominant reactive species and no toxic secondary
products were produced in the amoxicillin degradation. The
photocatalytic degradation efficiency for amoxicillin by TiO2

nanoparticles loaded on graphene oxide under UV light was
found to be >99% at pH 6, catalyst dose of 0.4 g L−1,
amoxicillin concentration of 50 mg L−1 and intensity of 36 W
(Fig. 10(a–d)).202

According to Song and others,203 KBrO3 added to
graphene–TiO2 nanotubes achieved 100% photodegradation
of amoxicillin under UVA-light irradiation. It is suggested
that KBrO3 prevents electron–hole recombination and has a
direct role as an oxidant in the degradation of amoxicillin. A

Fig. 9 Photocatalytic degradation kinetics of AMX by the synthesized materials under (a) simulated solar light, (b) visible light, and (c) AMX
degradation rate constants under solar and visible light. Reproduced from ref. 192 with permission from Elsevier (2021).
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visible-light-driven MIL-68(In)–NH2/graphene oxide (GO)
composite photocatalyst (0.6 g L−1) exhibited 93%
degradation (120 min) of amoxicillin in aqueous solution of
pH 5 compared to pure MIL-68(In)–NH2.

204 It is suggested
that MIL-68(In)–NH2/GO acted as an electron transporter for
suppressing photogenerated carrier recombination and also
acted as a sensitizer for enhancing visible-light absorption.
The proposed mechanism suggested that h+ and ·O2

− are
active species. In another study, a 2D/3D g-C3N4/BiVO4 hybrid
photocatalyst decorated with rGO (1.2 wt%) degraded
amoxicillin by 91.9% under optimized conditions with
visible-light illumination.205

3.2.6 Heterostructures, heterojunctions and Z-scheme-
based photocatalysts. Thuan et al.206 compared the superior
performance of an InVO4@Ag@g-C3N4 ternary heterojunction
in the photocatalytic degradation of amoxicillin in an
aqueous environment at an initial AMX concentration of 10
ppm and catalyst dose of 0.5 g L−1 under visible light for 420
min: InVO4@Ag@g-C3N4 (∼99%) > InVO4@Ag@g-C3N4

(∼80%) > InVO4@ (∼43%) > g-C3N4 (∼37%). The choice of
Ag in this work is mainly guided by its two-fold contribution
in the InVO4@Ag@g-C3N4 ternary heterojunction. It accounts
for the enhanced electron–hole separation of both g-C3N4

and InVO4 components. In addition, silver also acts as an
electron mediator to improve electron transfer from the
InVO4 conduction band to the g-C3N4 valence band. A CuI/

FePO4 p–n heterojunction nanocomposite showed
photodegradation efficiency of 90% for the elimination of
amoxicillin under simulated sunlight radiation.207 A
mesoporous SnO2/g-C3N4 nanocomposite exhibited
degradation to the extent of 92.1% against amoxicillin and
90.8% for pharmaceutical effluent in 80 min.208 Such
excellent performance is ascribed to the presence of a
heterojunction, effective separation, good band structure and
good light absorption.

El-Fawal et al.209 observed the better performance of an
AgFeO2–graphene/Cu2(BTC)3 MOF heterojunction compared
to AgFeO2/graphene and AgFeO2/Cu2(BTC)3 binary
photocatalysts in achieving about 97% removal of amoxicillin
and diclofenac after 150 min under sunlight irradiation,
which exhibited excellent stability up to four cycles. Based on
these findings, a direct Z-scheme heterojunction mechanism
has been proposed for the separation of photo-induced
charge carriers at the interface of these photocatalysts. The
enhanced photocatalytic activity of the tertiary heterojunction
photocatalyst was mainly attributed to its superiority for light
absorption (up to 650 nm) with high photostability,
accelerated e−/h+ pair separation and increased lifetime of
photogenerated charges. The heterojunction p-ZnO/CuO (50 :
50 wt%) assisted photocatalytic process removed amoxicillin
(initial concentration: 50 mg L−1) from water (pH: 11) almost
completely on exposure to solar irradiation for 4 h.210 The

Fig. 10 The effect of different operational factors on AMX photocatalytic degradation and kinetic constant (a–d). Reproduced from ref. 202 with
permission from Springer (2021).
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degradation of amoxicillin followed pseudo-first-order
kinetics (k: 9.95 × 10−3 min−1).

Gao et al.211 deposited Ag nanoparticles on the surface of
a TiO2/mesoporous g-C3N4 heterojunction and used it in the
photocatalytic removal of amoxicillin under visible light. A
photocatalyst fabricated in this manner achieved higher
degradation efficiency for amoxicillin than a TiO2/
mesoporous-g-C3N4 heterojunction, mesoporous-C3N4, or
bulk-g-C3N4. Such photoactivity of an Ag/TiO2/M–g-C3N4

catalyst has been assigned to the synergistic effect accounting
for the effective transfer of electrons and inhibition of
electron–hole recombination. The effectiveness of this
photocatalyst was also tested for the removal of amoxicillin
in real situations. A WO3/Ag3VO4 Z-scheme heterojunction
with enhanced separation efficiency of electron–hole and
surface area was deposited on rGO and used as a
photocatalyst in the degradation of amoxicillin under
irradiation by visible light.212 The amoxicillin photocatalytic
degradation followed the following order on irradiating it
with visible light: Ag3VO4/WO3/r-GO (∼96%) > Ag3VO4/WO3

(∼37%) > WO3 > Ag3VO4 (∼32%). It is suggested that the
presence of rGO, by increasing the surface area in Ag3VO4/
WO3/rGO, facilitates amoxicillin adsorption and electron
transfer for charge separation of Ag3VO4/WO3.

Investigations have also been made on the
photodegradation of amoxicillin via a magnetic TiO2–

graphene oxide–Fe3O4 composite213 and Pd nanoparticles
anchored to anatase TiO2.

214 Hajipour et al.215 fabricated
heterojunctions of TiO2/CuO, adopting the surface
modification of TiO2 with CuO, and investigated its
application in the photocatalytic degradation of amoxicillin
in wastewater. It should be noted that TiO2/CuO (7.5%)
showed reduced photo-activity compared to a TiO2/CuO
(10%) photocatalyst, which could be attributed to the partial
blockage of the active sites in the TiO2 nanoparticles, In
another study, a novel nanophotocatalyst of CuO
nanoparticles and ZnO nanorods anchored on thermally-
exfoliated g-C3N4 nanosheets established the complete
removal of amoxicillin corresponding to a catalytic dosage of
0.9 g L−1 and pH 7.0 within 120 min under simulated
sunlight illumination.216 Subsequently, a double Z-scheme
mechanism as well as a tentative pathway were proposed in
detail.

Table 3 records the performance data of different
photocatalysts on the removal of amoxicillin from
wastewater.

3.3 Sulfamethoxazole

Sulfamethoxazole is used to treat a wide variety of bacterial
infections, including those of the urinary, respiratory, and
gastrointestinal tracts.217 However, it has been frequently
detected in wastewater and surface water in aquatic
environments due to its extensive consumption, excretion
and disposal. Therefore, several investigations have been
made by many researchers focusing on the biodegradation of

sulfamethoxazole during wastewater treatment following
photocatalytic degradation of sulfamethoxazole in water
using a variety of photocatalysts.218–291

3.3.1 Metal oxides
3.3.1.1 TiO2. The photodegradation of sulfonamides has

been studied in the UV/TiO2 system to study the effects of pH
and salinity on sulfamethoxazole concentration and total
organic carbon (TOC) during the removal of sulfonamides in
a UV/TiO2 system.219 The photodegradation and
mineralization rates of sulfonamides in the UV/TiO2 system
satisfied pseudo-first-order kinetics. A TiO2 suspension has
been used as a catalyst in a sunset solar simulator to examine
the degradation of sulfamethoxazole in real municipal
wastewater treatment plant effluent.220 It was inferred that
hydrogen peroxide can be highly recommended for working
with TiO2 at low concentrations. The photocatalytic
degradation of sulfamethoxazole in surface and drinking
water in the absence and presence of UV (265 nm) involving
TiO2 nanoparticles after 60 minutes follow the order: UV
(∼100%) > anatase TiO2 (∼92%) > rutile and commercial
TiO2 (∼90%).221 The effects of different UV-LED (UVA, UVB,
and UVC) wavelengths were studied in carrying out the
photocatalytic decomposition of sulfamethoxazole by TiO2.

222

These findings showed complete decomposition within 1 h
by TiO2/UVC under the conditions of TiO2: 0.5 g L−1, natural
pH, and initial concentration of sulfamethoxazole: 20 mg L−1.
Sulfamethoxazole in an aqueous suspension of TiO2 (0.5 g
L−1) showed 82% degradation of sulfamethoxazole under UV
irradiation.223 In another study, the removal efficiency for the
photocatalytic degradation of sulfamethoxazole (20 mg L−1)
in aqueous solution (pH: 3) by TiO2 (0.08 g L−1) as a
photocatalyst was found to be 96.5% in 60 min under UV
light.224 In addition, investigations have also been reported
on the degradation of sulfamethoxazole using TiO2,

225–227

biochar-supported TiO2
228 and immobilized TiO2

229–231 as
photocatalysts.

3.3.1.2 ZnO. ZnO nanoparticles prepared by a microwave-
assisted gel combustion synthesis method showed complete
removal of amoxicillin (and sulfamethoxazole) from
contaminated water in six hours under UVC irradiation.162 It
was inferred that the photocatalytic removal followed the
Langmuir–Hinshelwood model in the range of concentration
of 5–20 mg L−1. Mirzaei et al.232 achieved ∼97% removal of
sulfamethoxazole by a zinc oxide photocatalyst in the
presence of fluoride ions (F–ZnO) after 30 min of reaction
illuminated by UV irradiation under optimum conditions and
followed pseudo-first-order kinetics (k: 0.099 min−1). The
hydrothermally synthesized ZnO at 200 °C for 8 h at pH 7.5
reached 84% removal of sulfamethoxazole after 60 min under
UVA irradiation.233 In addition, TiO2 and WO3 nanoparticles
have also been utilized in the removal of sulfamethoxazole by
its photocatalytic degradation.234

3.3.2 Metal-modified metal oxide and mixed metal oxides.
Tiwari et al.235 studied the removal of sulfamethoxazole
aqueous solutions by means of Ag0(NP)/TiO2 thin film
irradiated under UVA light (λmax: 330 nm) for 2 h by varying
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Table 3 The performance data on removal of amoxicillin in water using variety of photocatalysts

Photocatalyst Method of preparation AMX
Catalyst
dose pH Light source details

Degradation
(time)

Rate
constant

TiO2 nanoparticles
(US3490)150

Commercial 15 mg L−1 2 g L−1 5 UV lamp
(18 W)

27.6%
(15 min)

—

ZnO nanoparticles
(US3590)150

Commercial 15 mg L−1 2 g L−1 5 UV lamp
(18 W)

48.6%
(15 min)

—

GO–Fe3O4
150 Ultrasonic mixing

followed by reflexing
15 mg L−1 2 g L−1 — Lamp (UV): 1

8 W
87.1%
(15 min)

—

TiO2 (P25 Degussa)152 Commercial 10 mg L−1

(20 mL)
0.01 g — UV 100%

(15 min)
4.33 ×
10−1

min−1

TiO2 (P25 Degussa)152 Commercial 10 mg L−1

(20 mL)
0.01 g — Visible 99%

(15 min)
—

ZnO (Hoechst)152 Commercial 10 mg L−1

(20 mL)
0.01 g — UV 98%

(15 min)
3.03 ×
10−1

min−1

ZnO (Hoechst)152 Commercial 10 mg L−1

(20 mL)
0.01 g — Visible 99%

(15 min)
—

TiO2 (Fluka)
153 Commercial 104 mg L−1

(500 mL)
1.0 g L−1 11 UV lamp:

6 W (365 nm)
∼71%
(300 min)

0.007
min−1

TiO2 (H2O2: 100 m L−1)153 Commercial 104 mg L−1

(500 mL)
1.0 g L−1 5 UV lamp:

6 W (365 nm)
100%
(20 min)

—

TiO2 (P25 Degussa)154 Commercial 0.01 g 10 mg L−1 (20
mL)

— UV lamp 100%
(30 min)

0.433
min−1

TiO2 (Degussa P25)155 Commercial 25 mg L−1 1 g L−1, slurry 6 Solar light
(16 mW cm−2)

∼83%
(120 min)

—

Carbon (32%) doped
TiO2 (Degussa P25)155

Commercial 25 mg L−1 1 g L−1, slurry 6 Solar light
(16 mW cm−2)

∼73%
(120 min)

—

Fe (2.2%) doped TiO2

(Degussa P25)155
Commercial 25 mg L−1 1 g L−1, slurry 6 Solar light

(16 mW cm−2)
∼75%
(120 min)

—

TiO2 (sigma Aldrich)156 Commercial 1.5 g L−1 17 mg L−1 9.5 Solar irradiation 84.12%
(240 min)

—

ZnO162 Microwave assisted gel
combustion method

10 mg L−1

(200 mL)
0.25 g L−1 10 UVC lamp

(30 W)
100%
(5 h)

0.014
min−1

WO3 (sigma Aldrich)165 Commercial 1.0 μM 0.104 g L−1 4 Xenon lamp
(300 W)

99.99%
(180 min)

2.908 ×
10−2

min−1

NiO166 Sol–gel method 25 mg L−1 0.2 g L−1 — Low mercury
lamp (15 W)

∼96%
(120 min)

0.084
min−1

Cu (4.54 mg g−1)
doped TiO2

169
Photoreduction
method

10 mg L−1 40 mg 6 Wolfram lamp as
visible light source

∼90%
(24 h)

4 × 10−4

min−1

Fe3+ doped TiO2
170 Sol–gel method 10 mg L−1 90 mg L−1 11 UV lamp of C type,

125 W, 247 nm
Synthetic water:
99.14% (120 min),
pharmaceutical
water: 88.92%
(120 min)

—

Mn-doped Cu2O
172 Green synthesis 15 mg L−1

(100 mL)
1 g L−1 9 Sunlight

irradiation
(900 W m−2)

92%
(180 min)

0.073
min−1

La–Ce (1 wt%) TiO2
173 Sonochemical-assisted

synthesis
10 mg L−1

(100 mL)
Appropriate
amount

— Halogen lamp
(500 W)

75.7% (?) —

Ag/ZnO175 Conventional method 5 mg L−1 0.15 g L−1 5 UVA, 365 nm 93.76%
(120 min)

0.073
min−1

TiO2/chitosan
176 3D printing 0.1 mM

(40 mL)
15 layers
(AMX/TiO2

molar ratio:
1/100)

6.7 Medium-pressure
Hg vapour water
jacket lamp (UV-vis),
125 W,
300–800 nm,
3.5 mW cm−2

∼95%
(2 h)

0.57 ×
10−2

min−1

TiO2/PAC
177 Suspension method 15 mg L−1 TiO2: 1 g L−1,

PAC: 0.1 g L−1
6.5 UV-vis

(540 W m−2)
90–97%
(60 min)

0.034
min−1

TiO2/zeolite
178 Modified reported

method
30 mg L−1

(100 mL)
2 g L−1 4.05 Medium-pressure

Hg lamp (47 W)
with λ ≤ 290 nm
cut-off

88%
(240 min)

—

Functionalized
nanodiamond-TiO2

179
Liquid phase
deposition

0.1 mM
(7.5 mL)

1 g L−1 — Medium-pressure
hg vapor lamp

100%
(60 min)

83.3 ×
10−3

min−1
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Table 3 (continued)

Photocatalyst Method of preparation AMX
Catalyst
dose pH Light source details

Degradation
(time)

Rate
constant

TiO2-15 wt% Fe3O4
180 Hydrothermal 30 mg L−1,

(H2O2: 24
mM)

0.4 g L−1 2.84 Low-pressure mercury
vapor lamp: 100 W,
1200 mW cm−2

∼88%
(100 min)

—

TiO2@α-Fe2O3 film
(PS: 334 μm)181

Spin coating 50 μm — 4 Xenon lamp (450 W) 70%
(50 min)

7.4 ×
10−7 M
min−1

TiO2 immobilized on
activated carbon182

High-temperature
impregnation method

50 mg L−1

(4 L)
1.2 g L−1 10 Solar irradiation 100%

(120 min)
0.037
min−1

TiO2–sand
184 Sol–gel dip-coating 10 mg L−1,

H2O2, 400
mg L−1

75 mg L−1 5 Solar irradiation 93.12%
(150 min)

0.0175
min−1

TiO2/Mg–Fe-LDH185 Direct co-precipitation
method

30 mg L−1 2 g L−1 11 UVA light
(λmax: 365 nm)

∼100%
(240 min)

—

TiO2/Mg–Al-LDH185 Direct co-precipitation
method

30 mg L−1 2 g L−1 5.5 UVA light
(λmax: 365 nm)

∼95%
(240 min)

—

Ag/zeolite/TiO2
186 Liquid ion-exchange

method
One g L−1

(15 mL)
0.01 g 6.7 High-pressure Hg

lamp (400 W),
120 mW cm−2

∼25%
(75 min)

—

TiO2(80%)–SiO2(20%)188 Sol–gel method 20 mg L−1

(100 mL)
4 g L−1 5 Hg lamp – UVA

(15 W), 365 nm
88%
(150 min)

0.0014
min−1

MIL-53 (Al)/ZnO190 Hydrothermal/chemical
conditions followed

10 mg L−1 1.0 g L−1 4.5 Metal halide lamp:
400 W, 510 nm

100%
(60 min)

—

g-C3N4
193 Heating of aq.

Thiourea in Teflon
reactor

30 mg 50 mg L−1 (10
mL)

pH ∼ 6 Visible light: 150 W,
16 mW cm−2

100%
(48 h)

0.088
h−1

Ag/g-C3N4/ZnO nanorods194 Dispersion method 40 mg L−1 0.08 g L−1 (60
mL)

— Solar simulator lamp:
300 W (λ≥ 420 nm)

41.36%
(180 min)

0.01017
min−1

V2O5/C3N4
195 Heating powdered

NH4VO3/g-C3N4

mixture

20 mg L−1 0.5 g L−1 7 Simulated sunlight ∼91%
(120 min)

0.0268
min−1

α-Fe2O3 (5%)/g-C3N4
198 Solution method 20 mg L−1 0.02 g (60 mL) Neutral Solar simulator

(300 W) with cut-off
filter (λ > 420 nm)

46%
(180 min)

40.20 ×
10−4

min−1

Mesoporous g-C3N4
199 Template-free method 2 mg L−1 100 g L−1 (100

mL)
9 Xenon lamp: 300 W

(λ > 420 nm)
90%
(60 min)

0.036
min−1

CQDs modified K2Ti6O13

nanotubes200
Hydrothermal method
combined with
calcination

1 mg L−1

(50 mL)
0.2 g L−1 6 Light-emitting diode,

10 mW cm−2, 365 nm
100%
(90 min)

0.0495
min−1

GO/TiO2
202 Chemical hydrothermal

method
50 mg L−1

(100 mL)
0.4 g L−1 6 UV light (36 W) 99.84%

(60 min)
0.105
min−1

Graphene@TiO2

nanotube/KBrO3

(0.20 g L−1)203

Reaction under
autoclave

5 mg L−1 — — Light: UVA lamp:
19 W,
λ = 369 nm

96.94%
(180 min)

0.0186
min−1

MIL-68(In)–NH2/GrO
204 Dispersion method 20 ppm

(200 mL)
0.6 g L−1 5 Xenon lamp (300 W)

with 420 nm cut-off
filter

93%
(120 min)

0.0187
min−1

1.2 wt% rGO@g-C3N4/
BiVO4

205
Wet impregnation
method

10 mg L−1

(100 mL)
0.1 g
(100 mL)

— Halogen lamp
(500 W)

91.9%
(180 min)

0.0023
min−1

InVO4/Ag/g-C3N4
206 Hydrothermal 10 ppm 0.5 g L−1 — Visible light

(30 W bulb)
>99%
(420 min)

—

CuI/FePO4
207 Reflux-assisted

co-precipitation
technique

20 mg L−1

(50 mL)
50 mg — Visible light

(400 W)
90%
(120 min)

—

Mesoporous SnO2/g-C3N4
208 Green modified

technique
10 ppm
(40 mL)

10 mg — Xenon lamp: 300 W
with a cut-off filter
(λ > 400 nm)

92.1%
(80 min)

—

AgFeO2–graphene/Cu2(BTC)3
MOF209

In situ solvothermal
impregnation

5 mg L−1 5 g L−1

(50 mL)
8 Halogen lamp 500 W,

420–600 nm
97%
(150 min)

(6.4–8.7)
× 10−2

min−1

p-CuO/n-ZnO
(50:50 wt%)210

Chemical route 50 mg L−1 0.5 g L−1 11 Sunlight
(109 mW cm−2)

>87%
(240 min)

9.95 ×
10−3

min−1

1.94 wt% Ag/TiO2/
mesoporous g-C3N4

211
Photodeposition means 5 ppm

(0.1 L)
0.1 g — Xe lamp: 300 W

(λ > 420 nm)
99%
(60 min)

0.0614
min−1

WO3/Ag3VO4/rGO
212 Multiple steps 20 ppm 0.5 g L−1 — LED lamp

(220 V, 30 W)
∼96%
(420 min)

—
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the solution pH (4.0–8.0) with an initial sulfamethoxazole
concentration of 1.0 mg L−1. A decreasing trend in the
removal (%) of sulfamethoxazole was noted from 59% to 50%
with a variation in pH from 4 to 10. The percentage removal
of sulfamethoxazole as a function of pollutant concentration
of sulfamethoxazole (0.5 to 15.0 mg L−1) at constant pH of 6.0
under 2 h of UVA light showed a decreasing trend in the
degradation of sulfamethoxazole from 57% to 20% with the
sulfamethoxazole concentration increasing from 0.5 mg L−1

to 15.0 mg L−1. Borowska et al.236 investigated the solar
photocatalytic degradation of sulfamethoxazole as a
contaminant in water by Pt- and Pd-modified TiO2. Their
findings established significantly enhanced absorption
properties from surface modification achieved by 1%Pd/TiO2

and 1%Pt/TiO2. As a result, higher removal of
sulfamethoxazole is observed compared to unmodified TiO2

in aqueous solution corresponding to a concentration of
catalyst of ∼50 mg L−1 and a concentration of
sulfamethoxazole of 1 mg L−1. This could be explained on the
basis of their band gaps (1%Pd/TiO2: 2.92 eV, 1%Pt/TiO2:
3.18 eV).

TiO2 nanotube arrays (TNAs), TiO2 nanowires on nanotube
arrays (TNWs/TNAs), Au-nanoparticle-decorated TNAs, and
TNWs/TNAs efficiently degraded sulfamethazine amoxicillin,
ampicillin, doxycycline, oxytetracycline, lincomycin,
vancomycin and sulfamethoxazole irradiated in water under
UV-vis and visible light.174 Among these, the Au–TNWs/TNAs
photocatalyst showed the highest activity towards the
degradation of all the antibiotics due to synergistic and
surface plasmonic effects. In another study, Cu–TiO2 (at low
mass ratios of 0.016–0.063 wt%) produced nearly complete
degradation of sulfamethoxazole by visible light at pH 5.2 for
a 4 mg L−1 initial concentration of sulfamethoxazole.237

Further studies revealed the highly stable photoactivity of
Cu–TiO2, as evident from experiments comprising at least 4
cycles. Au, Ag, Cu, Au–Ag and Au–Cu nanoparticles deposited
on TiO2 showed increased photocatalytic activity for the
photocatalytic degradation of sulfamethoxazole using UVC
light.238

3.3.3 Doped metal oxides. Tsiampalis et al.239 used iron-
doped TiO2 (iron/titania ratios: 0–2%) as a photocatalyst to
study the photocatalytic degradation of sulfamethoxazole
under simulated solar radiation. These findings showed the
highest photocatalytic efficiency (95%) for sulfamethoxazole
in ultra-pure water with SMX concentration of 234 μg L−1,
catalyst loading of 1 g L−1 and natural pH. The initial activity
of the photocatalyst also retained half of its initial value after
5 consecutive experiments. F,Pd-co-doped TiO2

nanocomposites prepared by a microwave-assisted
hydrothermal synthesis method under direct sunlight
irradiation degraded ∼94.4% and 98.8% of sulfamethoxazole
at 20 and 70 min, respectively.240 It was suggested that
doping of TiO2 by F and Pd involved multiple processes.

F,Pt-co-doped photocatalysts have also been employed in
photocatalytic degradation using direct solar light.241

Fluoride ions and Pt in the TiO2 lattice were chosen in
order to control the growth of the photocatalytically active
anatase phase and to introduce new energy levels between
the valence and conductive bands of TiO2 to narrow its
band gap. These findings demonstrated degradation of
sulfamethoxazole under direct solar light and a solar
simulator corresponding to about >93% (90 min) and 58%
(360 min), respectively. An iodine (I)–potassium (K)–C3N4

photocatalyst removed nearly 100% of sulfamethoxazole
within 45 min under visible-light irradiation.242 N,Cu-co-
doped TiO2 decorated on SWCNTs demonstrated total
removal of sulfamethoxazole under a pH of 6.0, catalyst
dosage of 0.8 g L−1, light intensity of 200 W, US power of
200 W, and initial sulfamethoxazole concentration of 60 mg
L−1 in 60 min.243

Ag metal has been used as a co-dopant in P-doped g-C3N4

in order to overcome its poor photocatalytic performance.244

The investigations of Ag (nano)–P-co-doped@g-C3N4 (Ag–
P@UCN) as a photocatalyst in visible light followed the trend
in the removal of sulfamethoxazole in water: Ag(nano)–P@g-
C3N4 (>99%) > P-doped g-C3N4 (68%) > g-C3N4 (47%). The
presence of silver nanoparticles Ag(nano)–P@g-C3N4

enhanced light absorption and also acted as photogenerated
electron traps, thereby enabling the effective separation of
electron and hole pairs. A mechanism has also been
proposed for the degradation of sulfamethoxazole in
presence of an Ag–P@UCN photocatalyst. In another study,
multi-homojunction gradient-nitrogen-doped TiO2 exhibited
enhanced performance in the removal of sulfamethoxazole
from water compared to pristine TiO2 and non-gradient-
doped TiO2 under simulated solar-light irradiation.245

Zammit et al.246 examined the removal of sulfamethoxazole
using a cerium-doped zinc oxide (Ce–ZnO) photocatalyst and
its comparison with ZnO and benchmark TiO2–P25 in
immobilized form on a metallic support and found Ce–ZnO
to be most effective under UVA irradiation. In another
study,247 Zn (10 wt%)–TiO2/pBC (pretreated biochar) was
investigated for the photodegradation of sulfamethoxazole
under visible-light irradiation and a comparison with TiO2/
pBC and TiO2 after 3 h took the following order: Zn–TiO2/
pBC (80.81%) > TiO2/pBC (59.05%) > TiO2 (50.07%).

Table 3 (continued)

Photocatalyst Method of preparation AMX
Catalyst
dose pH Light source details

Degradation
(time)

Rate
constant

CuO and ZnO co-anchored
on g-C3N4

216
Via isoelectric
point-mediated
annealing

60 mg L−1 0.9 g L−1 7.0 Xenon lamp (250 W)
simulated sunlight

100%
(120 min)

0.0269
min−1
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3.3.4 Metal oxide–metal oxide based composites.
Fernández et al.248 focused on Fe3O4/ZnO nanocomposites on
the photodegradation performance for sulfamethoxazole,
trimethoprim, erythromycin and roxithromycin from surface
water under UVA irradiation. Their studies showed complete
removal of the antibiotics (100 mg L−1) after 70 min under
optimal conditions of pH 7, [H2O2] 100 mg L−1 and catalyst
dose of 100 μg L−1. In addition, a reusability evaluation of
Fe3O4/ZnO after removing it by applying an external magnetic
field showed no significant decrease in its performance even
after 8 cycles. Investigations were also made on the solar
photocatalytic removal of sulfamethoxazole and other
micropollutants (carbamazepine, flumequine, ibuprofen)
using TiO2 and its comparison with TiO2/Fe3O4 applied in a
heterogeneous photo-Fenton process.249 Magnetically
separable Fe2O3/WO3 nanocomposites were also successfully
used as a peroxymonosulfate activator to efficiently degrade
sulfamethoxazole under visible-light irradiation.250 Wang and
others251 reported that photogenerated holes played an
important role in achieving more than 99% photocatalytic
degradation efficiency for sulfamethoxazole (initial solution
pH: 3) in 30 min by irradiating a Bi2O3–TiO2/PAC (powdered
activated carbon) ternary composite with solar light.

A composite comprising titania nanoparticles/activated
carbon prepared by calcination at 400 °C exhibited much
better performance in the removal of sulfamethoxazole from
deionized water and seawater.252 Clay–TiO2 nanocomposites
prepared via biomass-assisted synthesis showed fast
degradation of sulfamethoxazole (>90%) in 30 min under
sunlight.253 An LDH–TiO2 (10%) nanocomposite has been
developed, keeping in view its possible reusability and
regeneration after subjection to UVA radiation, to carry out
the degradation of sulfamethoxazole.254 These findings
established almost complete degradation after 360 min of
UVA irradiation, corresponding to initial sulfamethoxazole
concentration of 20 mg L−1, pH 10 and LDH–TiO2 catalyst
loading of 50 mg. Recycling and reusability studies were also
conducted by dissolving a mass of 50 mg of LDH–TiO2 in
sulfamethoxazole (concentration: 20 mg L−1) and pH 10,
irradiated for 8 h under UVA. Further investigations revealed
no significant variation in sulfamethoxazole degradation
efficiency from the first cycle (100%) to the fifth cycle
(90.5%).

According to Długosz et al.,255 a floating TiO2-expanded
perlite (referred to as EP-TiO2-773: where 773 is the
calcination temperature in °C) photocatalyst enhanced the
photodegradation of sulfamethoxazole in the aqueous
medium over a wide range of pH values on irradiation
from the near-UV spectral region. However, the fastest
decrease in the concentration of sulfamethoxazole was
observed for the system irradiated at pH 10. The
degradation of sulfamethoxazole followed pseudo-first-order
kinetics in accordance with the Langmuir–Hinshelwood
model. Their findings also suggested the key role of
hydroxyl radical formation in the degradation of
sulfamethoxazole. Noroozi et al.256 synthesized copper

doped TiO2 decorated with carbon quantum dots (CQDs)
and observed its excellent performance in the degradation
of SMX during 60 minute time under optimum conditions
corresponding to initial SMX concentration, catalyst dosage,
pH, visible light intensity and CQDs ratio in the composites
of 20 mg L−1, 0.8 g L−1, 6, 75 Wm−2 and 4 wt% respectively.
The photocatalytic degradation of sulfamethoxazole was
found to be guided by a pseudo-first-order kinetic model
with HO· and O2·

− as active species. Poly(ethylene
terephthalate)–TiO2,

257 BiVO4/SrTiO3,
258 CuOx–BiVO4

259 and
TiO2@CuCo2O4

260 were also used for the photocatalytic
degradation of sulfamethoxazole.

3.3.5 Graphitic-materials-based composites
3.3.5.1 MWCNT-based composites. WO3–MWCNT

composites with different amounts of functionalized MWCNTs
were prepared by a hydrothermal method (named WT-2, WT-4
and WT-8), and SMX degradation was studied under visible-
light irradiation.261 Fig. 11(a) shows the highest efficiency of
73.3% within 3 h for WT-8; however, WT-4 with efficiency of
65.2% was preferred due to its better dispersion in water.
Further studies on SMX (10 mg L−1) degradation at different
catalyst dosages of WT-4 in Fig. 11(b) showed its maximum
efficiency (88.5%) corresponding to a loading of 2.00 g L−1.
A possible degradation mechanism highlighting the role of
O2

− and OH· radicals during the photocatalytic process has
also been proposed and is displayed in Fig. 11(c). Awfa
et al.262 reported ∼60% photodegradation of
sulfamethoxazole by magnetic carbon nanotube–TiO2

composites. Martini et al.263 observed almost complete
reduction of toxicity using photocatalytic ozonation with
H2O2 and Fe/CNT.

3.3.5.2 g-C3N4-based composites. An Ag (5%)/P–g-C3N4

composite synthesized by thermal polymerization combined
with a photodeposition method completely degraded
sulfamethoxazole within 20 min under visible-light
irradiation.264 This is attributed to the formation of holes
and superoxide radicals acting as dominant active species. In
addition, the surface plasmon resonance effect (Ag) and the
formation of a Schottky barrier on the Ag/P–g-C3N4 interface
could facilitate the enhanced generation of electrons/holes as
well as accounting for the recombination of photogenerated
electron–hole pairs. A magnetic ZnO@g-C3N4 composite
under optimum conditions removed 90.4% of
sulfamethoxazole after 60 min.265 In addition, core–shell g-
C3N4@ZnO,266 peroxymonosulfate (PMS)/g-C3N4

267 and Ag/g-
C3N4

268 have also been reported in the photocatalytic
degradation of sulfamethoxazole.

3.3.5.3 Graphene-based composites. Visible-light-derived
rGO–WO3 composites showed 98% removal of
sulfamethoxazole within 3 hours.269 In another study,
Ag@Ag2O–graphene nanocomposites comprising variable
graphene concentrations (1.7, 2.5, and 3.4 wt%) were
prepared to study the degradation of sulfamethoxazole under
simulated solar light (λ > 280 nm) and visible-light
irradiation (λ > 400 nm), including the stability of the
photocatalyst and the mechanism of photocatalytic
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degradation.270 These findings indicated higher activity and
comparable stability for the first and second cycles in an
Ag@Ag2O–graphene photocatalyst loaded with 2.5 wt%
graphene. Possible charge transfer processes were suggested
to take place under visible-light irradiation, and holes were
major active species for Ag@Ag2O–graphene photocatalytic
degradation while Ag0 acted as an electron capture center.
Lin et al.271 observed 92% degradation of sulfamethoxazole
after subjecting an immobilized TiO2–reduced graphene
oxide (rGO) nanocomposite on optical fibers to 180 min of
UV irradiation. A visible-light-driven Cu2O/rGO photocatalyst
successfully degraded sulfamethoxazole.272

Nawaz et al.273 used graphene oxide and titanium dioxide
in combination with sodium alginate to synthesize a reduced
graphene oxide–TiO2/sodium alginate (rGOT/SA) aerogel.
They observed more than 99% removal of these
contaminants taking place within 45–90 min under UVA
light, corresponding to an optimal mass ratio of TiO2

nanoparticles with respect to graphene oxide of 2 : 1 in an

rGOT/sodium alginate aerogel in the presence of 1 wt%
sodium alginate solution. Zhou et al.274 investigated the
photocatalytic decomposition of SMX by Ag3PO4, Ag3PO4–

graphene and Ag/Ag3PO4–graphene under simulated solar-
light irradiation. They observed that the photocatalytic
activities of Ag3PO4–graphene and Ag/Ag3PO4–graphene were
no better than pure Ag3PO4. However, these studies indicated
the enhanced structural stability of Ag/Ag3PO4–graphene,
which would be more practical in real treatment processes.

3.3.6 Heterojunction and Z-scheme-based photocatalysts.
WO3–g-C3N4 (WCN) photocatalysts with different g-C3N4

amounts (referred to as WCN-4, WCN-6 and WCN-8) were
prepared by a hydrothermal method and evaluated for SMX
degradation under visible light.275 In view of this,
Fig. 12(a) and (b) show the degradation of SMX by (a) WCN-8
at various pH and (b) WCN-8 at different catalyst dosages
under visible light. The optimized WO3–g-C3N4 composite
(dosage: 1.0 g L−1) showed 91.7% removal efficiency for SMX
as a result of Z-scheme heterojunctions between g-C3N4 and

Fig. 11 (a) SMX degradation under visible-light irradiation by WO3, WT-2, WT-4 and WT-8. Conditions: catalyst: 0.50 g L−1, SM: 10 mg L−1. (b) SMX
degradation by WT-4 at different catalyst dosage (0.25, 0.50, 1.00 and 2.00 g L−1). Conditions: SMX: 10 mg L−1. (c) Schematic illustration of the
proposed mechanism for the enhanced degradation of SMX by WO3-CNT composites under visible-light irradiation. Reproduced from ref. 261 with
permission from Elsevier (2018).
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WO3 to account for the separation between photogenerated
electron–hole pairs. Alternatively, the role of the larger
surface area and better visible-light absorption capability of
the photocatalyst in enhancing the removal efficiency of SMX
cannot be ruled out. Fig. 12(c) is a schematic illustration of
the SMX photodegradation process over WCN composites
under visible-light irradiation. Rodrigues et al.276 observed
97% (120 min) photocatalytic efficiency for sulfamethoxazole
using Ce0.8Gd0.2O2−δ/TiO2 under UV light.

In another study, Ag2S/Bi2S3/g-C3N4 heterojunctions
exhibited 97.4% degradation of sulfamethoxazole in 90 min
in aqueous solution under visible light.277 The stable
hierarchical Fe2O3/Co3O4 heterojunction on nickel foam
exhibited enhanced photocatalytic degradation of
sulfamethoxazole.278 The photocatalyst was also studied to
evaluate its effectiveness in surface water, hospital
wastewater, and wastewater treatment. A magnetic quaternary
BiOCl/g-C3N4/Cu2O/Fe3O4 nano-heterojunction exhibited
99.5% photodegradation of sulfamethoxazole (100 μM) in 60
and 120 min under visible and natural sunlight,

respectively.279 Photocatalysts comprising graphene-
supported p–n heterojunction rGO@Cu2O/BiVO4 composites
with different Cu2O loadings (l, 5, 10, 15 and 20 wt%) were
prepared to study their photocatalytic degradation activity for
sulfamethoxazole oxidation under LED light at neutral pH.280

All the composites were found to be effective in
sulfamethoxazole oxidation owing to the electrical
conductivity of rGO and the p–n heterojunction between
Cu2O and BiVO4.

Zhang et al.281 evaluated the performance of a Bi2WO6/
TiO2 heterojunction for photocatalytic ozonation degradation
of sulfamethoxazole under simulated sunlight. They attained
97.1% removal rate of sulfamethoxazole corresponding to a
catalyst dosage of 0.2 g L−1, ozone concentration of 1.5 mg
L−1, sulfamethoxazole concentration of 10 mg L−1 and pH
5.25. These studies also established excellent recyclability
and stability, as evidenced through 5 cycle experiments. They
also proposed a new Z-scheme transfer pathway for electrons
and a degradation mechanism. A direct Z-scheme MIL-53(Co/
Fe)/10 wt% MoS2 heterojunction composite photocatalyst

Fig. 12 (a) Degradation of SMX by WCN-8 at various pH values under visible light: Conditions: catalyst = 0.5 g L−1, SMX = 10 mg L−1. (b)
Degradation of SMX by WCN-8 at different catalyst dosages under visible light: Conditions: SMX: 10 mg L−1, no pH adjustment. (c) Schematic
illustration of SMX photodegradation process over WCN composites under visible-light irradiation. Reproduced from ref. 275 with permission from
RSC (2017).
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displayed 99% removal of sulfamethoxazole (10 mg L−1) in
aqueous solution (pH: 6) following visible-light-driven
activation of peroxymonosulfate (initial concentration:
solution 0.2 g L−1).282 Bi2O3/C3N4/TiO2@C quaternary hybrids
(fabricated by a hydrothermal and calcination two-step
method) exhibited high photocatalytic activity, degrading
100% sulfamethoxazole (SMZ, 5 mg L−1) within 100 min
under visible-light irradiation.283 These investigations further
revealed the photocatalytic degradation rates of SMZ by a
Bi2O3/C3N4/TiO2@C junction to be 5.12, 2.87, and 1.35 times
higher than those with Bi2O3/C3N4, C3N4/TiO2@C, and Bi2O3/
TiO2@C junctions, respectively.

Ren et al.284 examined Ag (0.5, 1 and 2 wt%)
nanoparticles/g-C3N4/Bi3TaO7 as Z-scheme photocatalysts
prepared by combining hydrothermal and photodeposition
for visible-light-driven performance in the degradation of
sulfamethoxazole. It should be noted that the removal
efficiency for sulfamethoxazole by Ag (1 wt%)/g-C3N4/Bi3TaO7

was found to be about 98% after 25 min and adopted the
following order compared to g-C3N4, Bi3TaO7, g-C3N4–Bi3TaO7

and other Ag/g-C3N4/Bi3TaO7 composites: Ag (1 wt%)/g-C3N4/
Bi3TaO7 > Ag (2 wt%)/g-C3N4/Bi3TaO7 > Ag (0.5 wt%)/g-C3N4/
Bi3TaO7 > g-C3N4/Bi3TaO7 > g-C3N4 > Bi3TaO7. Such
improved performance of Ag (1 wt%)/g-C3N4/Bi3TaO7 is
attributed to the effective separation/transfer of photo-excited
electrons and holes. In another study, an in situ prepared
Ag3PO4/Bi4Ti3O12-20% heterojunction composite
photocatalyst under visible-light irradiation exhibited much
better photocatalytic activity in degrading sulfamethoxazole
and stability compared to Ag3PO4 or pure Bi4Ti3O12.

285 This
is attributed to the formation of a direct Z-scheme
improving the stability and activity of the Ag3PO4/Bi4Ti3O12

composite.
An Ag2O–KNbO3 (0.15Ag–Nb) composite fabricated by

an in situ deposition method exhibited improved
degradation of sulfamethoxazole under visible-light
irradiation compared to the corresponding pure KNbO3

and Ag2O.
286 The apparent rate constant of the composite

was found to be 0.40 and 8 times those of KNbO3 and
Ag2O, respectively. According to these studies, a type-I
heterojunction formed between KNbO3 and Ag2O
significantly enhanced the separation of photo-induced
holes and electrons and accounted for sulfamethoxazole
degradation. The rate constant value of the visible-light-
driven optimal 0D/1D AgI/MoO3 (0.13 min−1) Z-scheme
heterojunction photocatalyst in sulfamethoxazole
degradation was found to be ∼22.4 times and 32.5 times
those of MoO3 (0.0058 min−1) and AgI (0.0040 min−1),
respectively.287 In addition, Z-scheme Ag3PO4/g-C3N4,

288

Fe3O4–ZnO@g-C3N4,
289 CeO2/g-C3N4 (CeO2: 5% mass

ratio)290 and S-scheme-based N–SrTiO3/NH4V4O10
291

photocatalysts have also been evaluated for the removal of
sulfamethoxazole from water.

Table 4 records the performance data of different
photocatalysts on the removal of sulfamethoxazole in
wastewater.

3.4 Ibuprofen

Ibuprofen (IPF) is a drug belonging to the class of propanoic
acid derivatives and is extensively used in the treatment of
fever, pain in human beings, inflammatory disorders, muscle
problems, including migraines, rheumatoid arthritis,
analgesic and painful menstrual periods.22,292 It is slightly
soluble in water, stable, is eliminated from the body through
urine and does not undergo biodegradation. As a result, it
can be found in water samples of different origins originating
from municipal wastewater treatment plant effluents,
groundwater through leaching and natural water and cannot
be treated through conventional wastewater treatments. The
presence of ibuprofen even in low concentration through
water affects the reproduction of aquatic animals, including
the photosynthesis of aquatic plants. Ibuprofen can leach
into ground water and soil in daily life. In view of this,
several studies have been made using metal oxide and
graphitic material related photocatalysts to make wastewater
free from ibuprofen.293–357

3.4.1 Metal oxides. The photocatalytic degradation of
ibuprofen has been reported in the literature using TiO2,
ZnO and other metal oxides.294–306 Jallouli et al.294 used a
TiO2/UV-LED system to study the photocatalytic degradation
of ibuprofen present in ultrapure water (UP), the secondary
treated effluent of a municipal wastewater treatment plant
(WWTP) and pharmaceutical industry wastewater (PIWW).
They observed the removal of ibuprofen below the detection
limit in the case of UP and PIWW compared to municipal
water. Their investigations inferred the higher degradation of
IBU at near natural pH (5.3) of UP and PIWW compared to
acidic (3.0) and alkaline (9.0) pH. In another study, the
photocatalytic degradation of ibuprofen in water was carried
out using TiO2 nanoparticles/UV light.295 The emerging
findings established the faster depletion of ibuprofen with
TiO2/UV (pH: 5.05) and followed pseudo-first-order kinetics
(k: 1.0 min−1). TiO2 (0.03 g) resulted in almost 100% (5 min)
photodegradation of ibuprofen in aqueous solution (pH: 5.0)
on irradiation by a mercury lamp (125 W).296

The photodegradation of ibuprofen has been tested as a
function of catalyst type (TiO2 and ZnO), loading (50–500 mg
L−1), initial drug concentration (10, 40, 80 mg L−1) and
wavelength (200–600 nm) of irradiation.297 The photocatalytic
efficiency was found to be greater than 90% in 15 min under
UVA and visible-light irradiation corresponding to an initial
concentration of ibuprofen of 10 mg L−1 and amount of
photocatalysts (TiO2 and ZnO) of 100 mg L−1. These findings
also indicated over 90% conversion of the drug within 8 min
with k-values of 0.382 and 0.326 min−1 under UVA for TiO2

and ZnO, respectively, and it correspondingly decreased to
0.199 and 0.144 min−1 under visible light. Tanveer and
others298 used UV and solar irradiation to compare the
photocatalytic degradation of ibuprofen in water using TiO2

and ZnO. A much higher rate of degradation was observed in
UV for TiO2 (99%) compared to ZnO (86%) after 15 min
compared to solar degradation.
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The degradation of ibuprofen using a heterogeneous ZnO
photocatalyst irradiated with UVC achieved 82.97% removal
efficiency within a reaction time of 95 min under optimized
conditions (pH: 6.7, ZnO loading: 583 mg L−1, initial IBP
concentration: 1.5 mg L−1, humic acid concentration: 54 mg
L−1).299 The reactive species responsible for oxidizing
ibuprofen were found to be h+, O2·

−, H2O2, and ·OH. In
another experiment, ZnO–Ce (0.50 g L−1) showed 60%
removal of ibuprofen (20 ppm) under acidic conditions after
120 min under UVC irradiation.300 Holes played a vital role
in the degradation process of ibuprofen and it displayed
good degradation activity even after 3 cycles under UV light.
Hexagonal α-Fe2O3 flakes have removed up to 80% of
ibuprofen in a combination of adsorption treatment followed
by UV (265 nm) irradiation.301 TiO2 immobilized on glass
coupled with simulated solar irradiation also eliminated
ibuprofen and its derivatives.302 Investigations on the
photocatalytic activity of TiO2,

303,304 ZnO,304,305 and ZnO
membrane306 have also been reported in the remediation of
water from ibuprofen.

3.4.2 Doped metal oxides. N,S-co-doped TiO2 exhibited
high photocatalytic activity in the degradation of ibuprofen
under simulated solar irradiation due to the synergistic
effects of N and S co-doping in TiO2 owing to the separation
of photogenerated electrons and holes and higher visible-
light adsorption.307 Reusability tests of the N,S–TiO2

photocatalyst showed that its catalytic activity was not
significantly altered even after 6 cycles. C,N,S-co-doped TiO2

prepared by thermally treating hydrothermally prepared
mesoporous TiO2 (anatase/brookite) and thiourea in a 1 : 1
wt. ratio demonstrated complete degradation of ibuprofen
under visible light within 5 h in contaminated water.308

Bi (0.25 wt%) and Ni (0.5 wt%) doped TiO2 photocatalysts
synthesized by a sol–gel method under irradiation of solar
light for 6 h achieved degradation of ibuprofen by 89% and
78% repectively.309 The degradation of ibuprofen followed
kinetics in accordance with the Langmuir–Hinshelwood
model. In addition, La3+-doped TiO2 monolith,310 Cu-doped
LaFeO3,

311 Cu2O-doped TiO2 nanotube arrays,312 C,N-co-
doped mesoporous TiO2

313 and TiO2 co-doping with urea and
functionalized CNT314 photocatalysts also displayed
enhanced photocatalytic degradation of ibuprofen in aqueous
solution.

3.4.3 Metal oxide–metal oxide composites. Lin et al.315

prepared TiO2 nanofibers wrapped in BN nanosheets by an
electrospinning method, which were examined as a
photocatalyst for the removal of ibuprofen from
contaminated water under UV irradiation. The ibuprofen was
almost completely removed after 2 h owing to wrapping of
the BN nanosheets to facilitate improved light absorption
and efficient separation of the electron–hole pairs.
Investigations were also made on the reusability and
regeneration capability of the prepared photocatalyst on the
degradation of ibuprofen. Activated carbon (90 wt)%
impregnated with TiO2 showed 92% removal efficiency for
ibuprofen solution under UV light within 4 h due to the

synergy of adsorption and photodegradation.316 FeO,317 Fe3-
O4@MIL-53(Fe),318 Fe3O4/Bi2WO6,

319 BiOBr0.9I0.1/Fe3-
O4@SiO2,

320 and Ag/Ag2O
321 nanocomposites also displayed

enhanced removal of ibuprofen under visible-light
irradiation.

Ag and Fe3O4 co-modified WO3−x (Ag/Fe3O4/WO3−x)
composites were fabricated by hydrothermal and
photodeposition processes and showed almost complete
photocatalytic-Fenton degradation of ibuprofen (and
diclofenac), as evident from (Fig. 13(a) and (b)).322 This is
attributed to the surface plasmon resonance effect of Ag,
separation of photogenerated carriers and heterostructures of
Ag/Fe3O4/WO3−x. In addition, the possibility of absorption of
light greatly improving the photocatalytic-Fenton degradation
efficiency cannot be ruled out. The fabricated Ag/Fe3O4/
WO3−x also exhibited good photocatalytic-Fenton stability in
the photodegradation of ibuprofen (and diclofenac), as
indicated by the almost unchanged degradation rate of the
antibiotic in (Fig. 13(c) and (d)). The degradation and charge
transfer mechanism involved in the removal of the ibuprofen
and diclofenac have also been proposed and are displayed in
Fig. 13(e).

Fig. 13 Photocatalytic-Fenton degradation of (a) ibuprofen and (b)
diclofenac by Fe3O4, WO3–x, Fe3O4/WO3–x, and Ag/Fe3O4/WO3–x

samples. (c and d) Corresponding recycling study and stability of Ag/
Fe3O4/WO3−x. (e) Schematic illustration of the possible catalytic
degradation mechanism and charge transfer of Ag/Fe3O4/WO3–x under
light irradiation (modified image). Reproduced from ref. 322 with
permission from ACS (2021).
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Lenzi et al.323 showed that the photocatalytic degradation
of ibuprofen (10 ppm) solution (pH: 7) by 0.3 g L−1 of Ag/
ZnO/CoFe2O4 (5 wt%) exhibited removal efficiencies of 80%
and 47% under artificial and solar radiation, respectively.
These studies also confirmed the recovery and reuse of the
catalyst after 3 cycles without significant loss of catalytic
activity. Visible-light-driven mesoporous hierarchical BiOBr/
Fe3O4@SiO2 (dose: 1 g L−1) photocatalyst degraded ibuprofen
(initial concentration: 2 mg L−1) almost completely in 60
min.324 Further studies have shown BiOBr/Fe3O4@SiO2

maintaining its initial photocatalytic activity (∼80%) even
after five cycles. In another study, a magnetically separable
Fe3O4–SiO2-coated TiO2 composite demonstrated excellent
photocatalytic activity.325 An immobilized TiO2/ZnO-
sensitized copper(II) phthalocyanine heterostructure
displayed about 80% degradation of ibuprofen (initial conc.:
5 mg L−1) after 4 h of irradiation under 365 nm UV.326 The
studies revealed a small decline in the IBF degradation (77%)
after the 5th cycle. PANI-coated WO3@TiO2,

327

polyacrylonitrile (PAN)–MWCNT/TiO2–NH2,
328 TiO2

nanoparticles and C-nanofiber-modified magnetic Fe3O4

nanospheres (TiO2@Fe3O4@C-NF),329 carbon dots/Fe3-
O4@carbon sphere pomegranate-like composites,330 PVDF–
ZnO/Ag2CO3/Ag2O,

331 and PAN–MWCNT nanofiber
crosslinked TiO2–NH2 nanoparticles332 have also been
examined for their photodegradation performance for
ibuprofen.

3.4.4 Graphitic materials. Hernández-Uresti et al.333

observed the following order for the degradation of different
pharmaceutical compounds in aqueous solution (pH ∼ 5.5)
using g-C3N4 under UV-vis irradiation: tetracycline (86%) >

ciprofloxacin (60%) > ibuprofen (20%). Wang and
coworkers334 undertook investigations on the degradation of
pharmaceutical contaminants by bubbling a gas-phase
surface discharge plasma combined with g-C3N4

photocatalysis. These findings disclosed 82% and 100%
removal of ibuprofen and tetracycline hydrochloride after 25
min, corresponding to initial concentrations of 60 and 200
mg L−1, respectively. A photocatalytic study of hydrothermally
prepared reduced-graphene-oxide-loaded HoVO4–TiO2

revealed enhanced photodecomposition efficiency of rGO–

HoVO4–TiO2 (∼96%) compared to rGO–HoVO4 (75%), HoVO4

(67%), rGO–TiO2 (30%) or TiO2 (10%) in the removal of
ibuprofen over 60 min.335 The findings also showed
ibuprofen decomposition to depend mainly on superoxide
radicals photogenerated from rGO–HoVO4–TiO2 under
visible-light illumination.

Acidified g-C3N4/polyaniline/rGO@biochar (0.5 mg L−1)
nano-assemblies degraded ibuprofen (20 mg L−1) to the
extent of 98.4% in 50 min under exposure to visible
light.336 Such significant performance is attributed to
multiple reasons, such as highly separated charges,
enhanced visible absorption and diffusion. The major
reactive species in the degradation process for ibuprofen
involved hydroxyl and superoxide radical anions.
Akbarzadeh et al.337 explored the photodegradation of

ibuprofen solution in the presence of a hydrothermally
fabricated g-C3N4/Ag/AgCl/BiVO4 microflower composite as
photocatalyst under visible light and compared its
performance with BiVO4, g-C3N4/BiVO4 and Ag/AgCl/BiVO4.
These findings revealed remarkably enhanced degradation
efficiency of g-C3N4/Ag/AgCl/BiVO4 (94.7%) compared to g-
C3N4 (6.5%), BiVO4 (11.4%), g-C3N4/BiVO4 (68.6%), or Ag/
AgCl/BiVO4 (88.3%) in 1 h corresponding to a
photocatalyst dosage of 0.25 g L−1 and initial
concentration of 2 mg L−1. The reduced band gap energy
and recombination rate of the g-C3N4/Ag/AgCl/BiVO4

photocatalyst are ascribed to charge transfer along the
heterojunction. The photocatalytic degradation performance
of IPF increases with the (121)/(040) XRD plane intensity
ratio of BiVO4, Ag/AgCl/BiVO4, g-C3N4/BiVO4 and g-C3N4/Ag/
AgCl/BiVO4 and is found to be in good agreement with
the photoluminescence findings.

A hierarchical assembly of Ag (7%)/g-C3N4/kaolinite
composite fabricated following an in situ calcination and
photodeposition process exhibited 99.9% degradation of
ibuprofen (k: 0.01128 min−1) after 5 h under visible-light
irradiation compared to g-C3N4, g-C3N4/kaolinite and Ag/g-
C3N4.

338 This outcome is due to the stronger adsorption
property, efficient separation and transfer of electron–hole
pairs. In addition, the presence of monodispersed Ag
nanoparticles in the g-C3N4/kaolinite sheets led to more
active sites, accounting for this. The efficient photocatalytic
degradation of ibuprofen has also been reported in aqueous
solution using graphene quantum dots/AgVO3

nanoribbons,339 g-C3N4/MIL-68(In)–NH2 composites,340

graphene oxide and TiO2 heterostructures doped with F,341

reduced-graphene-oxide–TiO2/sodium alginate 3-dimensional
structure aerogel273 and Fe3O4/graphene/S-doped g-C3N4

342

also exhibited enhanced visible-light photocatalytic activity
for the degradation of ibuprofen.

3.4.5 Heterojunction and Z-scheme-based photocatalysts.
A TiO2/g-C3N4 (5%) photocatalyst exhibiting a sea urchin
morphology with interface effects was synthesized by a
solvothermal method.343 Its application in the photocatalytic
degradation of ibuprofen showed significantly enhanced
performance under irradiation by visible light for 60 min.
The formed superoxide radicals and holes were assigned as
the main active species involved in the photodegradation of
ibuprofen. The photocatalytic performance of this catalyst
after 5 cyclic experiments indicated its good stability. Wang
et al.344 fabricated atomic-scale g-C3N4/Bi2WO6 comprising
ultrathin g-C3N4 nanosheets and monolayer Bi2WO6

nanosheets (1 : 4 mol ratio) by a hydrothermal reaction. Such
an assembly of 2D/2D heterojunctions removed 96.1%
ibuprofen under visible-light irradiation within 60 min due
to a synergistic effect.

Kumar and others345 synthesized a magnetically recyclable
direct-contact Z-scheme g-C3N4/TiO2/Fe3O4@SiO2

heterojunction nanophotocatalyst and recorded 97% removal
of ibuprofen solution (pH: 3) after 15 min under irradiation
by visible light (∼330 W m−2). Such excellent performance of
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a magnetically recyclable direct-contact Z-scheme
nanophotocatalyst was attributed to the low recombination
rate of photogenerated e− and h+. Visible-light-assisted
persulfate activation by an SnS2 (0.5%)/MIL-88B(Fe) Z-scheme
heterojunction achieved 100% removal of ibuprofen in 120
min.346 This was found to be 54 and 4 times higher than
SnS2 and SnS2 (0.5%)/MIL-88B(Fe), respectively. Such findings
could be ascribed to the structure and crystallinity of the
photocatalysts. In another reported study, an optimized
Z-scheme based 1D/2D FeV3O8/g-C3N4 composite comprising
10% FeV3O8 achieved a maximum degradation rate for
ibuprofen of 95% at 85 min under visible-light irradiation.347

Kinetic studies established that the rate constant is 4 times
that of g-C3N4 nanosheets. However, the presence of 30%
FeV3O8 in g-C3N4 decreased the degradation efficiency to
52.8%.

Heterostructure g-C3N4/Bi2WO6/rGO nanocomposites
prepared by microwave- assisted treatment for 120 min in a
hydrothermal method undertook the maximum
photocatalytic degradation of ibuprofen (93.9%) under
visible-light illumination.348 In addition, g-C3N4@NiO/
Ni@MIl-101,349 Bi5O7I–MoO3,

350 AgSCN/Ag3PO4/C3N4,
351 N–

TiO2@SiO2@Fe3O4,
352 g-C3N4/CQDs/CdIn2S4,

353 direct
Z-scheme Co3O4/BiOI,

354 a double Z-scheme system of
α-SnWO4/UiO-66(NH2)/g-C3N4,

355 CdS/Fe3O4/TiO2
356 and Ag2-

CO3/Ag2O/ZnO
357 heterojunctions also exhibited excellent

photocatalytic degradation of ibuprofen.
Table 5 records the performance data of different

photocatalysts on the removal of ibuprofen from
wastewater.

3.5 Norfloxacin

Norfloxacin (NOR) is an effective antibacterial agent of the
fluoroquinolone family and is widely used as a drug in
clinical treatments for bacterial infections of urinary, biliary,
and respiratory tracts, and gastrointestinal and skin
infections.358–360 Norfloxacin has frequently been detected in
municipal/wastewater treatment plants, is difficult to
biodegrade and is predicted to be a potential risk to human
beings and the environment. Therefore, it is considered a
potential threat to the water environment and human
health.361–422

3.5.1 Metal oxides. Reduced TiO2 (TiO2−x) samples
comprising Cat.I-A (anatase), Cat.II-R (rutile) Cat.III-B
(brookite) and a series of Cat.IV-A&R (anatase/rutile phases)
mixed in different ratios showed about ∼100% photocatalytic
degradation of norfloxacin in visible light (>400 nm).361 Such
degradation of norfloxacin is guided by the specific surface
area, concentration of Ti3+ and the density of oxygen
vacancies of the photocatalysts. Haque and Muneer362

reported Degussa P25 (anatase: 75%, rutile: 25%) acting as
an efficient photocatalyst for the photodegradation of
norfloxacin in aqueous suspensions compared to other TiO2

powders. Cu2O particles prepared by a hydrothermal method
showed a high degradation rate for norfloxacin (79.8%) with

·OH and ·O2
− species playing major roles.363 The removal of

norfloxacin has also been explored in a broad operating pH
range via simulated solar-light-mediated bismuth tungstate
Bi2WO6.

364

3.5.2 Metal–metal oxides composites. Sayed et al.365

prepared immobilized {001}-faceted TiO2/Ti film by placing
Ti plate water/2-propanol solvent and 0.02 M HF (pH: 2.62)
under hydrothermal conditions at 180 °C for 3 h and
exhibited the following order for the degradation of
norfloxacin (10 mg L−1) under UV irradiation: Milli-Q-water
(70.5%, k: 0.0504 min−1) > tapwater (∼55.1%, k: 0.03 min−1)
> river water (44.9%, k: 0.009 min−1) > synthetic wastewater
(39.89%, k: 0.005 min−1). Triangular silver nanoplates (T-Ag)/
ZnO nanoflowers significantly enhanced the photocatalytic
degradation of norfloxacin under visible light due to
synergistic effects in the different water matrices.366 It was
concluded that the degradation efficiency for norfloxacin by
T-Ag/ZnO nanoflowers is guided by the choice of water
source. In another report, Zhang et al.367 prepared triangular
Ag nanoplate coated ZnO nanoflowers by a hydrothermal/
dual-reduction method and studied its performance in the
photocatalytic degradation of NF in aqueous solutions under
visible-light irradiation. It should be noted that the improved
photocatalytic degradation of NF activity could be ascribed to
the synergetic effect and the unique surface plasmon
resonance of triangular silver nanoplates in T-Ag/ZnO. In
addition, photogenerated holes are considered to be the
main oxidative species that account for the photocatalytic
degradation of NF by T-Ag/ZnO composites under visible
light. A chemically doped Prussian blue in CeO2 (doping
ratio: 10%) photo-Fenton catalyst showed 88.93%
degradation of norfloxacin in 30 min with ·OH acting as the
major reactive species.368

3.5.3 Doped metal oxides. The effect of ion doping on the
properties of photocatalysts has been receiving considerable
attention in exploring their better performance for
wastewater treatment applications.369 In this regard, the
photocatalytic degradation of norfloxacin has been studied
using an N-doped TiO2 catalyst under visible-light irradiation.
Jin et al.370 also fabricated TiO2 doped with nitrogen to
enhance its optical response through reduction in the band
gap and carried out the photocatalytic degradation of
norfloxacin under visible-light irradiation. These
investigations indicated almost complete removal of
norfloxacin within 30 min under optimum conditions (pH:
6.37, catalyst dose: 0.54 g L−1, norfloxacin: 6.03 mg L−1). Al-
doped TiO2 achieved 93% norfloxacin removal in 2 h which
was found to be ∼5 times higher than undoped TiO2

nanoflakes under visible light.371 The norfloxacin was
completely degraded by visible-light-mediated C-doped TiO2

in 20 min corresponding to a concentration of 0.0313 mM
and catalyst dosage of 2.0 g L−1.372 It was established that the
hydroxyl radical plays an important role in the degradation
process.

The photocatalytic degradation of norfloxacin (and
ciprofloxacin) was found to be 90–93% under optimized
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Table 5 Performance data on removal of ibuprofen in waste in water using variety of photocatalysts

Photocatalyst
Preparation
method IPF

Catalyst
dose pH Light source

%
degradation Rate constant

TiO2 Degussa P25
(80% anatase and 20% rutile)294

Commercial 213 mg
L−1

2.5 g L−1 5.0–5.3 UV-LEDs (10 W),
365 nm, 375 W m−2

100%
(5 min)

24 × 10−3

min−1

TiO2 nanoparticles
(Degussa P25)295

Commercial 5 μg mL−1

(50 mL)
134.5 mg 5.5 UV light: 15 W,

365 nm
100%
(10 mi)

1.0 min−1

TiO2 (Vetec, 98% of purity)296 Commercial 10−4 M
(100 mL)

0.03 g 5 Mercury lamp
(125 W)

100%
(5 min)

—

TiO2 P-25 Degussa
(75 : 25 w/w mixture of
anatase : rutile)297

Commercial 10 mg L−1 100 mg L−1 4 UVA ∼100%
(18 min)

0.382 min−1

ZnO Sigma Aldrich297 Commercial 10 mg L−1 100 mg L−1 4 UVA ∼100%
(18 min)

0.326 min−1

TiO2 P-25 Degussa
(75 : 25 w/w mixture of
anatase : rutile)297

Commercial 10 mg L−1 100 mg L−1 4 Visible ∼94%
(18 min)

0.199 min−1

ZnO Sigma Aldrich297 Commercial 10 mg L−1 100 mg L−1 4 Visible ∼90%
(18 min)

0.144 min−1

TiO2 (Sigma-Aldrich)298 Commercial 20 mg L−1 1.5 g L−1 3 UV lamp (40 W) 99%
(15 min)

0.54 min−1

ZnO (Sigma-Aldrich)298 Commercial 20 mg L−1 1.0 g L−1 7 UV lamp (40 W) 86%
(15 min)

0.31 min−1

ZnO (Nano pars Spadana)299 Commercial 5 mg L−1

(humic
acid: 50
mg L−1)

500 mg L−1 7 125 W medium-pressure
Hg lamp (UVC)

98%
(100 min)

—

ZnO–Ce300 Precipitation
method

20 ppm 0.5 g L−1 3 UV light: 125 W Hg
without bulb

60%
(120 min)

6.86 × 10−3

min−1

ZnO–Ce; H2O2:
0.5 m mole per L300

Precipitation
method

20 ppm 0.5 g L−1 3 UV light: 125 W Hg
without bulb

70%
(120 min)

—

TiO2 (Degussa P25)
dispersed powder302

Commercial 25 mg L−1 0.2 g L−1 4.5 Solar simulator exposed
to xenon lamp irradiation

∼95%
(150 min)

0.2378 mg L−1

min−1 (zero
order), 0.0251
min−1 (first
order), 0.0034
L mg−1 min−1

(second order)
TiO2 immobilized on
the active coated glass302

Chemical vapour
deposition

25 mg L−1 0.2 g L−1 4.5 Solar simulator and
exposed to xenon lamp
irradiation

100%
(1480 min)

0.0124 mg L−1

min−1 (zero
order), 0.0012
min−1 (first
order), 0.0001
L mg−1 min−1

(second order)
TiO2 Degussa (P-25)303 Commercial 4 mg L−1 20 mg L−1 7.8 125 W Hg vapor lamp,

10.75 mW cm−2
>98%
(30 min)

—

TiO2 Degussa P25
(ref. 304)

Commercial 5 mg
dm−3

50 mg dm−3 — Mercury lamp (150 W),
λ < 300 nm

∼89%
(60 min)

0.0425 min−1

ZnO Degussa P25
(ref. 304)

Commercial 1 mg
dm−3

50 mg dm−3 — Mercury lamp (150 W),
λ < 300 nm

60%
(30 min)

0.0328 min−1

ZnO nanoparticles305 Chemical
method

60 ppm 10 mg L−1 — Four UV-vis solarium lamps
(60 W)

24%
(180 min)

0.055 min−1

PVDF- ZnO/Ag2CO3/Ag2O
membrane306

Casting solution
using wet phase
inversion
method

10 ppm
(300 mL)

1.96 wt%
(membrane
area: 12.56
cm2)

— White light-emitting
diode lamp
(λ > 400 nm, 100 W)

49.96%
(180 min)

—

N,S-co-doped TiO2

nanoparticles307
Sol–gel and
hydrothermal
methods

5 mg L−1

(50 mL)
2.0 g L−1 6 Simulated solar

radiation: 350 W
xenon lamp

85%
(90 min)

0.062 min−1

C–N–S co-doped TiO2
308 Thermal

treatment
method

20 ppm
(200 mL)

0.5 g L−1 — LED lamp
(λmax: 420 nm,
1 mW cm−2)

∼100%
(300 min)

0.021 min−1

Bi (0.25 wt%) doped TiO2
309 Sol–gel method 25 ppm 2 g L−1 6 UV (36 W, 254 nm) 89%

(360 min)
0.0064 min−1

Ni (0.5 wt%) doped TiO2
309 Sol–gel method 25 ppm 2 g L−1 6 UV (36 W, 254 nm) 78%

(360 min)
0.0046 min−1
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Table 5 (continued)

Photocatalyst
Preparation
method IPF

Catalyst
dose pH Light source

%
degradation Rate constant

La3+(2%)-doped TiO2

monolith310
Sol–gel method 50 mg L−1

(70 mL)
0.1 g 5 Sunlight 96.9%

(150 min)
2.2 × 10−2

min−1

C,N-co-doped mesoporous
TiO2

313
Hydrothermal
method

20 ppm
(220 mL)

0.5 g L−1 — High-pressure Hg lamp
(150 W), λmax: 254 nm

98.9%
(120 min)

0.0377 min−1

C,N-doped mesoporous
TiO2

313
Hydrothermal
method

20 ppm
(220 mL)

0.5 g L−1 — LED lamp (visible light,
λmax: 420 nm, 1 mW cm−2)

100%
(120 min)

0.0207 min−1

N doped CNT COOH/TiO2

(anatase/rutile: 20/80)314
Hydrothermal 5 mg L−1

ppm
400 mg L−1 Natural

pH
LED light: 240 W,
40 mW cm−2 and 410 nm

85–86%
(120 min)

4.45 × 10−3–
1.22 × 10−2

min−1

Activated carbon
impregnated with TiO2

316
Sol–gel method 25 mg L−1

(20 mL)
1.6 g L−1 4.3 UV lamp: 15 W, 254 nm 92%

(240 min)
—

Fe3O4@MIL-53(Fe)318 Calcination (400
°C)

10 mg L−1

(50 mL),
H2O2 (20
mM)

0.4 g L−1 — Xenon lamp
(500 W with 420 nm
cut-off filter)

99%
(60 min)

4.71 × 10−2

min−1

Fe3O4/Bi2WO6
319 Two-step

approach
10 mg L−1

(70 mL)
70 mg 4.7 Solar light >80%

(120 min)
0.0144 min−1

Ag/Fe3O4/WO3−x/H2O2

(10 mM)322
Simultaneous
calcination

10 mg L−1

(30 mL)
30 mg — Xenon lamp (500 W) with

optical filter (λ ≥ 420 nm)
∼100%
(90 min)

—

Ag/ZnO/CoFe2O4
323 Coating CoFe2O4

with ag/ZnO
using Pechini
method

10 ppm 0.3 g L−1 7 UV light (125 W medium-
pressure Hg lamp)

80%
(60 min)

0.03905 min−1

BiOBr/Fe3O4@SiO2
324 Solvothermal 2 mg L−1 1 g L−1 (50

ml)
7 Fluorescent lamp

(visible light)
∼99%
(60 min)

0.08 min−1

TiO2/ZnO/copper
phthalocyanine (CuPc)326

Multiple steps 5 mg L−1

(50 mL)
Film 6.5 Hg lamp with 365 nm

cut-off filter, 1,2 W cm−2
80%
(240 min)

0.42 h−1

PAN–MWCNT/TiO2–NH2
328 Electrospinning 5 mg L−1

(100 mL)
15 mg L−1 2 UVA lamp (315–400 nm)

of 40 W
∼100%
(120 min)

—

Carbon dots/Fe3O4@carbon
sphere (in presence of
persulfate)330

Solvothermal
method

50 μmol
L−1

0.3 g L−1 — Xenon lamp (350 W)
with a glass filter
(λ > 420 nm)

96%
(120 min)

—

PAN–MWCNT/TiO2–NH2

composite nanofibers332
Multiple steps 5 mg L−1

(100 mL)
15 mg 2 Xenon lamp (125 W)

with cut-off filter
(λ > 400 nm), 0.1 W cm−2

100%
(210 min)

—

g-C3N4
333 Polycondensation 20 mg L−1

(200 mL)
200 mg 5.5 Xenon lamp (35 W) 20%

(4 h)
—

Reduced graphene
oxide–HoVO4–TiO2

335
Hydrothermal 10 mg L−1 40 mg L−1 7 Tungsten lamp (150 W),

(λ > 4900 nm)
∼96%
(60 min)

—

g-C3N/ag/AgCl/BiVO4
337 Hydrothermal 2 mg (50

mL)
0.25 g L−1 4 Visible light 94.7%

(60 min)
—

Ag (7%)/g-C3N4/kaolinite
338 Two steps 5 ppm

(50 mL)
50 mg — Xenon lamp

(500 W with 400 nm
cut-off filter)

99.9%
(300 min)

0.01128 min−1

Graphene quantum dots
(3 wt%)/AgVO3

339
Hydrothermal 10 mg L−1

(50 mL)
0.01 g — Xenon lamp

(350 W with λ > 420 nm)
∼100%
(180 min)

0.1678 min−1

g-C3N4 (10
wt%)/MIL-68(In)–NH2

composites340

In situ
solvothermal
assisted by
ultrasonication

20 mg L−1 0.15 g 4 Xenon lamp
(300 W with λ > 420 nm)

93%
(120 min)

0.01739 min−1

Graphene oxide/TiO2

doped with F
(BrO3

− 100 μg L−1)341

Hydrothermal 100 μg
L−1

0.05 g L−1 5.2 Low-pressure Hg lamp
(10 W), (26 μW cm−2)

∼100%
(60 min)

0.4504 min−1

rGO–TiO2/sodium alginate273 Hydrothermal 10 ppm
(200 mL)

0.5 g L−1 7 High-pressure Hg lamp
(100 W), (13.5 W m−2)

∼100%
(90 min)

0.047 min−1

TiO2/5% g-C3N4
343 Solvothermal 5 mg L−1 50 mg 7 Xenon lamp

(259 W)
∼90%
(60 min)

0.03833 min−1

g-C3N4/Bi2WO6

(1 :4 molar ratio)344
Hydrothermal 25 μM 0.2 g L−1 — Xenon lamp

(300 W) with 420 nm
cut-off filter

∼96.1%
(60 min)

0.062 min−1

g-C3N4/TiO2/Fe3O4@SiO2
345 Sol–gel method 2 mg L−1

(50 mL)
50 mg 7 Visible light, 330 W m−2 97%

(15 min)
—

FeV3O8 (10%)/g-C3N4
347 Dispersion,

grinding and
calcination

10 ppm
(30 mL)

10 mg — Xenon lamp
(300 W) with UV
cut-off filter
(λ: 420 nm)

95%
(85 min)

0.03 min−1
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conditions in B and Ce doped TiO2, irradiated by sunlight.373

Bi3+ and Fe2+ ion doped ZnO showed significant
photocatalytic degradation of norfloxacin with the addition
of HSO5

− under solar irradiation and followed pseudo-first-
order kinetics.374 The co-doped ZnO exhibited a lower band
gap, which accounted for the increased absorption of solar
irradiation and reduced electron and hole recombination,
which facilitated high norfloxacin degradation compared to
undoped ZnO. Fe-doped CeO2 exhibited about 95%
photocatalytic degradation of norfloxacin in aqueous solution
(pH: 8.0) within 180 min corresponding to an initial
norfloxacin concentration of 2.5 mg L−1 and catalyst dose of
0.1 g L−1.375 An Ag-doped TiO2/CFA (coal fly ash)
photocatalyst has also been used to monitor the
photocatalytic degradation of norfloxacin.376

3.5.4 Metal oxide–metal oxide composites. A mesoporous
Fe2O3–TiO2 photocatalyst showed complete norfloxacin
removal from aqueous solution (pH: 7) within 120 min under
UV illumination with a stoichiometric amount of H2O2.

377

Trang et al.378 used an ordered SBA-15 mesoporous silica
support synthesized by a sol–gel method using the triblock
copolymer Pluronic P123 and immobilized with different
amounts of photocatalyst TiO2 (TiO2 : SiO2 ratios of 0, 0.25,
1.0 and 5.0). Subsequent investigations on the removal of
norfloxacin revealed the better photocatalytic activity of
1.0TiO2/SBA-15 hybrid material in achieving 96.6%
degradation of norfloxacin in 150 min under UV-light
irradiation. Fe-complex/TiO2 composites comprising
[FeII(dpbpy)2 (H2O)2]/TiO2, [FeII(dpbpy)(phen)2]/TiO2 and
[FeII(dpbpy)(bpy)2]/TiO2 (dpbpy: 2,2′-bipyridine-4,4′-
diphosphoric acid, phen: 1,10-phenanthroline, bpy:
2,2-bipyridyl) photocatalysts exhibited 98.5% degradation of
norfloxacin in water under visible-light irradiation after 3
h.379 Further, the photocatalytic performance and cyclic

stability of these composites were found to be much better
than those of pure TiO2 or P25. An Ag2O/TiO2-zeolite
composite fabricated through a modified sol–gel method
exhibited high performance in the decomposition of
norfloxacin under simulated solar-light illumination.380 This
is a consequence of the narrow band gap of the
photocatalyst, its enhanced light absorbance ability in the
visible region and high charge separation efficiency.

FeVO4/Fe2TiO5 (2 : 1) synthesized via a one-pot
hydrothermal method exhibited high photocatalytic activity
and excellent stability for the removal of norfloxacin in
aqueous solution under visible-light irradiation.381 This is
ascribed to the synergistic effect of photogenerated electron–
holes with radical OH· and h+. MIL-101(Fe)–NH2 immobilized
on an α-Al2O3 sheet has also been investigated for effective
norfloxacin elimination via a photo-Fenton process.382 Ag/
AgCl–CeO2 composite photocatalysts fabricated by in situ
interspersal of AgCl on CeO2 and subsequent photoreduction
of AgCl to Ag exhibited enhanced photocatalytic activity in
the photodegradation of norfloxacin under visible-light
irradiation.383 Fig. 14(a) shows the highest degradation
efficiency (91%) for norfloxacin achieved by sample Ag/AgCl–
CeO2 composites with an Ag mass ratio of 13.94 wt%
(denoted AC-3) within 90 min under visible-light irradiation.
It is also apparent from Fig. 14(b) and (c) that the
photodegradation process followed a pseudo-first-order
kinetic model with the highest rate constant (0.02279 min−1)
for AC-3 compared to CeO2, Ag/AgCl, Ag/CeO2 and other AC
composites. Fig. 14(d) shows the time-dependent UV-vis
spectra of NOF solution for the AC-3 sample. ZnO/
ZnS@biochar,384 ZnFe2O4/hydroxyapatite–Sn

2+,385 (BiO)2CO3–

Bi–TiO2,
386 and Ag/AgCl/Ag2MoO4

387 composites have also
been reported as promising photocatalysts in the degradation
of norfloxacin in water under UV irradiation.

Table 5 (continued)

Photocatalyst
Preparation
method IPF

Catalyst
dose pH Light source

%
degradation Rate constant

g-C3N4/Bi2WO6/rGO
348 Microwave

assisted
hydrothermal
preparation

5 mg L−1 1.0 g L−1 4.3 Xenon lamp
(300 W),
λ > 420 nm

93%
(240 min)

0.011 min−1

g-C3N4/Bi2WO6/rGO
348 Microwave

assisted
hydrothermal
preparation

5 mg L−1 1.0 g L−1 4.3 Sunlight 98.6%
(240 min)

—

AgSCN/Ag3PO4/C3N4

(molar % of AgSCN: 11.3)351
Precipitation
reaction

5 mg L−1

(100 mL)
50 mg — Sunlight

(500 W halide lamp)
91%
(6 min)

0.46 min−1

N–TiO2@SiO2@Fe3O4
352 Sol–gel method 2 mg L−1

(50 mL)
50 mg — Fluorescent lamps (9 W),

320 μW cm−2
94%
(300 min)

—

g-C3N4/CQDs/CdIn2S4
353 Hydrothermal 80 mg L−1

(100 mL)
0.1 g — 300 W xenon lamp with

420 nm cut-off filter,
200 mW cm−2

91%
(60 min)

—

Co3O4/BiOI (1 : 2)
354 Solvothermal 10 ppm

(50 mL)
40 mg 11.3 60 W LED lamp with

420 nm cut-off filter
93.87%
(60 min)

0.0945 min−1

α-SnWO4/UiO-66(NH2)/g-C3N4
355 Solvothermal 10 mg L−1

(100 mL)
50 mg — Simulated sunlight using

high-pressure 300 W
xenon lamp

95.5%
(120 min)

0.017 min−1
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3.5.5 Graphitic composites
3.5.5.1 g-C3N4-based composites. Fei et al.388 investigated

the photocatalytic degradation of norfloxacin in the
presence of a sunlight-driven mesoporous g-C3N4. The
results showed 90% decomposition of norfloxacin in 1.5 h
under simulated sunlight irradiation. Co/g-C3N4, Co/g-
C3N4/H2O2 and Co/g-C3N4/PMS composite photocatalysts
exhibited better performance compared to pure g-C3N4 in
the photocatalytic degradation of norfloxacin under visible-
light irradiation.389 The optimization and variations of
different parameters have been used to study the
photocatalytic degradation of norfloxacin in the presence
of ZnO/g-C3N4/Fe3O4 under visible light.390 These findings
indicated a removal rate of norfloxacin greater than 90%
in 120 min for a catalyst concentration of 1.43 g L−1,
solution pH 7.12 and norfloxacin concentration of <8.61
mg L−1. Shuttle-like CeO2/g-C3N4 combined with
persulfate391 and NiWO4 nanorods anchored on g-C3N4

nanosheets392 also exhibited enhanced degradation of
norfloxacin under visible light.

3.5.5.2 Graphene-based composites. A TiO2/Bi2WO6/rGO
(0.5%) photocatalyst attained about 87.79% removal of
norfloxacin in water under visible-light irradiation after 60
min and was found to be superior to its individual
components under optimal conditions.393 Such enhanced
catalytic activity of TiO2/Bi2WO6/rGO arises due to the
ligand–metal electron transfer mechanism. According to
Zhao et al.,394 an rGO/Bi2WO6 composite exhibited
outstanding photocatalytic activity for norfloxacin
degradation in an aquatic environment under visible-light
irradiation, as evident from the time-dependent-UV spectrum
and time-dependent-HPLC spectrum displayed in
Fig. 15(a) and (b), respectively. Fig. 15(c) and (d) indicate
about 87.49% degradation of norfloxacin within 180 min
compared to Bi2WO6, under visible-light irradiation.
Additional investigations revealed ·OH and e− playing
dominant roles in the photocatalytic degradation of
norfloxacin. N-doped TiO2/graphene exhibited enhanced
photocatalytic degradation under UV-light irradiation.395 It is
suggested that graphene acts as an efficient “electron pump”,

Fig. 14 (a) Photocatalytic degradation NOF curves; (b) kinetic curves of NOF degradation; (c) apparent rate constants for the degradation of NOF;
(d) time-dependent UV–vis spectra of NOF solution for AC-3 sample (Ag/AgCl–CeO2). Reproduced from ref. 383 with permission from Elsevier
(2017).
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thereby promoting the separation of carriers to account for
the observed photodegradation.

Wu et al.396 reported a UV-assisted nitrogen-doped
reduced graphene oxide/Fe3O4 composite by a simple
hydrothermal–co-precipitation method and investigated the
degradation of norfloxacin with activated peroxodisulfate.
These findings demonstrated 100% degradation efficiency of
norfloxacin (pH: 3.0) within 13 min due to an excellent
synergistic effect at m(NGO–Fe3O4) :m(PDS) of 4 : 1, and
concentrations of NOR and S2O8

2− of 100 mg L−1 and 1 mM,
respectively. According to this, in situ generated ·OH was
considered to be the main active free radical. rGO-coupled
manganese oxynitride,397 immobilized Ag3PO4/GO on 3D
nickel foam398 and γ-Fe2O3-MIL-53(Fe)–GO399 photocatalysts
also displayed efficient degradation of norfloxacin.

3.5.6 Heterojunction, Z- and S-scheme-based composites.
Ni-doped ZnO/MWCNTs were tested for complete
degradation of norfloxacin corresponding to initial
concentrations in mg L−1 (time in min) of 10 (30), 20 (60), 50
(120), 100 (160) and 10 (40), 20 (70), 50 (150), 100 (200) under
visible and UV radiation, respectively.400 The findings also
suggested that MWCNTs can act as a charge transfer channel
for accelerating electron transfer between Ni and ZnO
nanoparticles. This could subsequently effectively decrease
the recombination of electron–hole pairs in the Ni-doped
ZnO/MWCNTs composite, accounting for the degradation of
norfloxacin by the Ni-doped ZnO/MWCNTs photocatalyst. A
Bi-containing glass–ceramic defect-rich heterojunction
photocatalyst originating from the removal of chloride ions
achieved 98%, 73%, and 36% degradation of norfloxacin

under UV-vis–NIR, vis–NIR, and NIR irradiation,
respectively.401 Guo et al.402 prepared Co3O4/Bi2MoO6 p–n
heterostructure photocatalysts via an in situ calcination
process and applied them to activate peroxymonosulfate
(PMS) in the degradation of norfloxacin under irradiated
visible light. These findings indicated 87.68% removal of
norfloxacin within 30 min by selecting a 5 wt% Co3O4/Bi2-
MoO6/PMS photocatalyst owing to the synergistic effect. A
CoTiO3/UiO-66-NH2 p–n junction mediated heterogeneous
photocatalyst showed 90.13% degradation of norfloxacin in 1
h under optimized conditions and followed a type-II p–n
heterojunction charge transfer mechanism.403 An LaOCl/LDH
Z-scheme heterojunction catalyst containing oxygen vacancies
showed a 82.5% (150 min) removal rate for norfloxacin owing
to the synergistic effect of the Z-scheme heterojunction and
oxygen vacancies.404 Further, the degradation of norfloxacin
followed pseudo-first-order kinetics with the rate constant of
LaOCl/LDH twice that of the individual components.

Z-Scheme ternary heterojunctions comprising phosphate-
doped BiVO4/graphene quantum dots/P-doped g-C3N4 (BVP/
GQDs/PCN) produced an 86.3% degradation rate for
norfloxacin under visible light.405 Such an excellent
performance of the photocatalyst is guided by interfacial
charge transfer efficiency and a broadened visible-light
response range compared to binary type-II heterojunction
phosphate-doped BiVO4/PCN. CoWO4 nanoparticles
assembled with g-C3N4 nanosheets fabricated by a
hydrothermal method showed 3.18 and 2.69 times higher
photocatalytic degradation of norfloxacin under visible light
compared to g-C3N4 and CoWO4, respectively.406 Such

Fig. 15 (a) The time-dependent UV spectrum, (b) the time-dependent-HPLC spectrum, (c) the photodegradation curve, and (d) photocatalytic
degradation rate of norfloxacin. Reproduced from ref. 394 with permission from Elsevier (2021).
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enhanced performance of CoWO4/g-C3N4 is attributed to the
synergism between CoWO4 and g-C3N4 inhibiting the fast
recombination of photogenerated electron–hole pairs.
Investigations involving radical scavengers suggested that
·OH rather than O2

−˙ plays a dominant role in the
degradation of norfloxacin. Fig. 16 shows the possible
mechanism responsible for the photodegradation of
norfloxacin by this synthesized CoWO4/g-C3N4, a
phenomenon driven through a Z-scheme mechanistic
pathway.

A Bi2Sn2O7/heated perylene diimide (PDIH) Z-scheme
heterojunction photocatalyst reached 98.71% degradation of
norfloxacin in 90 min under visible light.407 The apparent
rate constant of norfloxacin was found to be 3.65 and 20
times those of PDIH and Bi2Sn2O7, respectively. The
fabricated Bi2Sn2O7/PDIH heterojunction catalyst also
facilitated the separation of charge carriers and preserved the
redox capability. In another study, piezo-photocatalytic
degradation of norfloxacin by the S-scheme heterojunction
BaTiO3/TiO2 was found to be 91.7% (60 min) with a rate
constant of 43 × 10−3 min−1.408 Free radical trapping
investigations indicated h+ and ·OH to be the main active
species in the degradation process. The heterojunction also
showed excellent stability and cyclability, as evident after 5
cycles. An LaFeO3/g-C3N4 heterojunction showed 95%
photocatalytic degradation of norfloxacin under visible light
in 180 min, which was found to 9.32 times higher than
pristine g-C3N4.

409 Zhang et al.410 prepared an optimized
AgBr (3%)/LaNiO3 (30%)/g-C3N4 (100%) dual Z-scheme
composite system via ultrasound-assisted hydrothermal
method considering energy band matching and observed
92% photodegradation of norfloxacin within two hours under
visible light owing to a synergistic effect. These studies also

indicated an almost unaltered photodegradation rate (>90%)
even after six cycles.

Ag3PO4/CNTs exhibited an efficiency of about 93% for the
photoelectrocatalytic degradation of NOR within 30 min.411

This is explained based on the Z-scheme mechanism that
significantly promoted the separation of electron–hole pairs.
Further, h+ and ·O2

− made a major contribution to the
degradation process to oxidize NOR. An oxygen-vacancy-rich
CuWO4/BiOCl composite exhibited excellent photocatalytic
degradation of norfloxacin (96.69%) in 120 min under a 300
W xenon lamp due to a Z-scheme structure compared with
pure CuWO4 and oxygen-vacancy-rich BiOCl.412 A dual
Z-scheme mechanism has been proposed for Ag (0.3 wt%)
@BiPO4/BiOBr/BiFeO3 that enabled 98.1% and 99.1%
degradation of norfloxacin (20 mg L−1) in 90 min and in less
than 45 min under visible and UV light exposure,
respectively.413 It is suggested that the synergistic effects of
ternary nanoheterostructures heterojunctions, electron
capture and the surface plasmon resonance effect of Ag lead
to such high photocatalytic activity. Immobilized Z-scheme
CdS/Au/TiO2 nanobelts displayed 64.67% (60 min)
degradation of norfloxacin under xenon-light-simulated
sunlight irradiation which was ascribed to the synergistic
effect.414

The formation of an S-scheme in the heterojunction of a
photocatalyst facilitates the separation of photogenerated
electron–hole pairs and reduces the recombination of charge
carriers. In view of this, an S-scheme heterojunction
comprising N–ZnO/g-C3N4 prepared by calcining ZIF-L/g-C3N4

in a mass ratio of 15% showed more than 90% degradation
of norfloxacin in 90 min under a visible system.415 The
corresponding rate constant was 4.15 times and 4.65 times
higher than g-C3N4 and N–ZnO, respectively. The effective
light capture capacity and migration and separation of
carriers accounted for such behavior. Further, holes and
superoxide radicals are reported to be the active species in
the photodegradation of norfloxacin. The degradation rate of
norfloxacin on a 10% g-C3N4/Bi8(CrO4)O11 heterojunction
photocatalyst is about 1.38 and 2.33 times higher than that
of pure Bi8(CrO4)O11 and g-C3N4, respectively.

416

Efficient photocatalytic performance for norfloxacin
degradation has also been reported in chitosan/TiO2@g-
C3N4,

417 AgI/MFeO3/g-C3N4 (M: Y, Gd, La),418 Bi2Sn2O7/g-
C3N4,

419 Ag/graphitic carbon nitride quantum dots (CNQDs)/
g-C3N4,

420 BiOBr/iron oxides,421 and CdS QDs/CaFe2-
O4@ZnFe2O4

422 photocatalysts.
Table 6 records the performance data of different

photocatalysts on the removal of norfloxacin from
wastewater.

3.6 Ciprofloxacin

Ciprofloxacin (CIP) is a synthetic antimicrobial agent of the
fluoroquinolone class and considered to be a very promising
and efficacious drug for use in the treatment of various
community-acquired and nosocomial infections.360,423,424 It

Fig. 16 Schematic illustration of possible Z-scheme photocatalytic
mechanism. Reproduced from ref. 406 with permission from Elsevier
(2019).
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Table 6 Performance data on removal of norfloxacin in water using various photocatalysts

Photocatalyst Preparation NOR
Catalyst
dose pH Light type

Degradation
(time)

Rate
constant

TiO2−x
361 Combustion method 100 μM L−1 0.1 g L−1 7 Xenon lamp:

300 W (>400 nm)
∼100%
(240 min)

0.0361
min−1

Cu2O
363 Hydrothermal 20 mg L−1,

(50 mL)
50 mg — Xenon lamp

(500 W)
79.87%
(210 min)

0.0081
min−1

Bi2WO6 with [Fe3+]:
0.3 mmol L−1364

Ultrasonic spray pyrolysis 0.0313 mM
L−1 (100
mL)

0.5 g L−1 9 Xenon lamp:
300 W

89.7%
(20 min)

0.1006
min−1

TiO2/Ti film with exposed
{001} facets (HF: 0.02 M)365

Hydrothermal 10 mg L−1 — 2.62 Low-pressure mercury
lamp (10 W),
λmax: 254 nm

70.5%
(90 min)

0.0504
min−1

ZnO nanoflowers366 Sol–gel method 10 mg L−1 0.1 g L−1 11 Fluorescent lamp:
8 W
(0.55 mW cm−2)

∼72%
(100 min)

3.93 ×
10−2

min−1

Triangular Ag nanoplates
coated ZnO nanoflowers366

Sol–gel method 10 mg L−1 1.0 g L−1 11 Fluorescent lamp
(8 W), 0.55 mW cm−2

∼97%
(100 min)

3.93 ×
10−2

min−1

Triangular Ag nanoplates
coated ZnO nanoflowers367

Hydrothermal method and
dual-reduction method

10 ppm
(3 mL)

— — Fluorescent lamp
(8 W), 0.55 mW cm−2

92.2%
(270 min)

9.2 ×
10−3

min−1

Prussian blue doped CeO2

(ratio: 10%) with H2O2: 9 mM368
Physical and chemical
loading approaches

16 mg L−1

(50 mL)
0.6 g L−1 6 W fluorescent lamp

(0.55 mW cm−2)
88.93%
(30 min)

—

N doped TiO2
370 Hydrothermal method 6.03 mg L−1 0.54 g

L−1
6.37 Xenon lamp (300 W),

350–780 nm,
150 mW cm−2

99.53%
(30 min)

—

Al (1 Mol%)-doped
TiO2 nanoflakes

371
Solvothermal 2 × 10−4 M 15 mg

(50 ml)
10.1 Visible light 93%

(120 min)
0.0143
min−1

C–TiO2
372 Solution phase

carbonization method
0.0094 mM 0.2 g L−1 Neutral Low-pressure mercury

lamps (420 nm)
∼100%
(70 min)

5.44 ×
10−4

[NFX]0-1
+ 0.10
[C–
TiO2] −
1.99 ×
10−2

min−1

Bi3+ and Fe2+ doped ZnO374 Sol–gel method 10.0 mg L−1 1.0 g L−1 8 Xenon lamp (300 W),
45.2 mW cm−2

80%
(120 min)

—

Bi3+ and Fe2+ doped ZnO
(0.2 mM HSO5

−)374
Sol–gel method 10.0 mg L−1 1.0 g L−1 8 Xenon lamp (300 W),

45.2 mW cm−2
99%
(120 min)

9.8 ×
109 M−1

s−1

(·OH),
9.0 ×
109 M−1

s−1

(SO4·
−)

[FeII(dpbpy)(phen)2]/TiO2
379 Hydrothermal 0.313 mM 1 g L−1 5 Xenon lamp (300 W),

λ > 420 nm,
140 mW cm−2

98.5%
(180 min)

0.0412
min−1

Ag2O/TiO2–zeolite
380 Sol–gel method 5 mg L−1

(100 mL)
50 mg — Xenon lamp (35 W),

6.7 mW cm−2
98.7%
(60 min)

—

FeVO4/Fe2TiO5 (2 : 1)
381 One-pot hydrothermal

method
10 mg L−1

(50 mL)
0.05 g — 500 W Xe lamp 95%

(30 min)
—

Ag/AgCl–CeO2

(Ag mass ratio: 13.94 wt%)383
Via urea hydrolysis and
calcination

10 mg L−1

(50 mL)
30 mg — Xe lamp: 300 W

(equipped with a UV
cut-off filter)

91%
(90 min)

0.02279
min−1

ZnO/ZnS@biochar
(ZnSO4/poplar sawdust
ratio: 1 : 1)384

Impregnation-roasting
method

0.025 g L−1

(50 mL)
0.5 g L−1 7 UV-light 95%

(180 min)
0.021
min−1

Ag/AgCl/Ag2MoO4
387 In situ photoreduction 10 mg L−1

(50 mL)
30 mg — Xenon lamp: 300 W,

(λ > 420 nm)
∼65%
(90 min)

—

ZnO/g-C3N4–Fe3O4
390 Hydrothermal 8.61 mg L−1 1.43 g

L−1
7.12 Xenon lamp with

280 nm UV filter
>90%
(120) min

0.0117
min−1

CeO2/g-C3N4

(mass ratio of CeO2 to g-C3N4:5
and PS: 5 mM)391

Mixing method 10 mg L−1

(50 mL)
0.05 g 2 150 W high-pressure

xenon lamp with cut-off
λ of 420 nm

88.6%
(60 min)

0.03573
min−1

NiWO4 nanorods/g-C3N4
392 Hydrothermal followed 10 mg L−1 50 mg — W lamp (visible light), 97% 0.0547
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is not easily biodegradable and is considered a potential risk
to human health. The presence of ciprofloxacin in water acts
as pollutant and can be removed by means of a
photocatalytic approach.425–524

3.6.1 Metal oxides
3.6.1.1 TiO2. The photocatalytic degradation of

ciprofloxacin as a micropollutant in water has been receiving

considerable attention in the presence of metal oxides. Zeng
et al.424 used carbon-dot-doped TiO2 to investigate the
kinetics, mechanism and pathway following heterogeneous
photocatalytic ozonation degradation of ciprofloxacin. It was
noted that 1.0 wt% introduction of carbon dots enhanced the
degradation of CIP by 91.1% compared to pristine TiO2

(64%) in 30 min. Several studies have been made on

Table 6 (continued)

Photocatalyst Preparation NOR
Catalyst
dose pH Light type

Degradation
(time)

Rate
constant

by sonication (100 mL) 150 mW cm−2 (60 min) min−1

rGO/Bi2WO6
394 Hydrothermal 10 mg mL−1

(100 mL)
50 mg — Xenon lamp

(300 W)
87.79%
(180 min)

—

N–TiO2/graphene
395 Three-step method 30 mg L−1

(20 mL)
— — Mercury lamp

(250 W),
365 nm

50%
(160 min)

0.0051
min−1

N-doped rGO/Fe3O4

[m(N–GO–Fe3O4) :
m(peroxodisulfate)
= 4 :1]396

Hydrothermal-co-precipitation 100 mg L−1,
S2O8

2−: 1
mM

1 g L−1 3 UV lamp: 15 W,
254 nm,
44 μW cm−2

100%
(13 min)

0.238
min−1

Ni foam supported
Ag3PO4/GO (16.78 wt%)398

Dip-coating 15 mg L−1

(120 mL)
— — Xenon lamp (250 W)

with 400 nm cut-off filter,
100 mW cm−2

83.68%
(100 min)

0.426
min−1

γ-Fe2O3-MIL-53(Fe)–GO399 Multiple steps 10 mg L−1 20 mg — 500 W Xe lamp
(100 mW cm−2),
(420 nm cut-off filter)

92.8%
(90 min)

—

Ni-doped ZnO/MWCNTs400 Dispersion method 100 mgL−1

(100 mL)
— 6.8 UV 100%

(200 min)
—

Visible 100%
(160 min)

Bi contained glass–ceramic401 Multiple steps 20 mg L−1

(20 mL)
20 mg — UV-vis–NIR ∼53%

(180 min)
6.76 ×
10−3

min−1

Bi contained glass–ceramic401 Multiple steps 20 mg L−1

(20 mL)
20 mg — Visible ∼35%

(180 min)
2.52 ×
10−3

min−1

Bi contained glass–ceramic401 Multiple steps 20 mg L−1

(20 mL)
20 mg — UV ∼52%

(180 min)
4.05 ×
10−3

min−1

LaOCl/LDH404 Precipitation method 10 mg L−1

(50 mL)
20 mg 7 Xenon lamp: 300 W 85%

(80 min)
0.014
min−1

Phosphate-doped BiVO4/graphene
quantum dots/P-doped g-C3N4

405
Hydrothermal 20 mg L−1

(50 mL)
50 mg 9.6 Xenon lamp (300 W)

with a 420 nm
cut-off filter

86.3%
(120 min)

0.0148
min−1

CoWO4/g-C3N4
406 Hydrothermal method,

followed by ultrasonication
10 mg L−1

(100 mL)
50 mg — 250 W halogen lamps

(visible light)
91%
(80 min)

0.0283
s−1

LaFeOx/g-C3N4
409 Ultrasound assisted

hydrothermal method
20 mg
(100 mL)

20 mg
L−1

— Xenon lamp with
420 nm cut-off filter

95%
(180 min)

0.01371
min−1

3 wt% AgBr/30 wt%
LaNiO3/100% g-C3N4

410
Ultrasound-assisted
hydrothermal method

20 mg L−1

(100 mL)
20 mg 7 Xenon lamp (500 W)

with a 420 nm
cut-off filter

92%
(120 min)

0.01790
min−1

0.3 wt%
ag@BiPO4/BiOBr/BiFeO3

413
Precipitation-wet
impregnation-photo
deposition method

20 mg L−1 0.3 g 7.3 Visible 98.1%
(90 min)

0.04123
min−1

0.3 wt%
ag@BiPO4/BiOBr/BiFeO3

413
Precipitation-wet
impregnation-photo
deposition method

20 mg L−1 0.3 g 7.3 UV 99.1%
(45 min)

0.07023
min−1

Immobilized CdS/au/TiO2
414 Multiple steps 5 mg L−1

(35 mL)
4 cm3 — Xenon lamp (35 W) 64.67%

(60 min)
0.018
min−1

AgI/LaFeO3/g-C3N4
418 Ultrasound-assisted

hydrothermal approach
20 mg L−1

(100 ml)
0.2 g — Xenon lamp (500 W),

(40 mW cm−2)
95%
(180 min)

0.0188
min−1

20% Bi2Sn2O7/g-C3N4
419 Ultrasound-assisted

hydrothermal method
20 mg L−1

(100 mL)
0.02 g — 500 W xenon lamp

with a UV cut-off filter
94%
(180 min)

0.01261
min−1

BiOBr/iron oxides421 In situ co-precipitation
method

10 mg L−1

(50 mL)
0.5 g ∼7 800 W xenon lamp

with 420-nm cut-off filter
99.8%
(90 min)

∼0.076
min−1
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ciprofloxacin degradation using commercial TiO2 as a
photocatalyst irradiated with simulated solar light,425,426

artificial sunlight,426 simulated sunlight427 and UVA/LED428

and UVC radiation.429 TiO2 nanoparticles irradiated with UVA
light demonstrated removal of ciprofloxacin (300 μg L−1) from
water in less than 6 minutes.430 The hydrothermally
synthesized mesoporous TiO2 exhibited 96% photocatalytic
degradation of ciprofloxacin hydrochloride (CIP·HCl) under
artificial sunlight compared to that prepared by calcination
of a titanium glycolate precursor and subsequent
hydrothermal-calcination.431 This is ascribed to the higher
electron–hole separation and charge transfer capability.

Li et al.432 fabricated 3D tripyramid TiO2 (TP-TiO2)
architectures and rod-like morphology of TiO2 (RL-TiO2) and
studied their application in the photocatalytic degradation of
ciprofloxacin hydrochloride under UV-vis-light irradiation. They
observed relatively superior removal efficiency (90% within 60
min) for ciprofloxacin and its significantly higher rate
constants in the presence of TP-TiO2 compared to RL-TiO2.
This is ascribed to the key role played by superoxide radicals
and photogenic holes in the degradation of ciprofloxacin.
Usman et al.433 used TiO2 nanoparticles (50 mg) in the ∼91%
degradation of ciprofloxacin aqueous solution (pH: 5.5) on
irradiation by a white mercury UV lamp for 5 hours.

3.6.1.2 ZnO and other oxides. ZnO (125 nm) is found to be a
very effective photocatalyst in removing 300 μg L−1

ciprofloxacin from aqueous solution treated by UVA in less
than 6 minutes.430 ZnO nanoparticles prepared by a chemical
precipitation method on irradiation with UV light (365 nm) for
60 min degraded ciprofloxacin (∼48%) in aqueous solution
(pH: 10) and also followed pseudo-first-order kinetics
(∼0.00437 min−1).434 ZnO nanoparticles synthesized by a sol–
gel method were used to examine the degradation of
ciprofloxacin in contaminated water under UVC light.435 These
findings showed complete photodegradation in 140 minutes
corresponding to an initial concentration of ciprofloxacin of 10
mg L−1, pH 5, ZnO loading of 0.15 g L−1 and irradiation time of
140 min. According to Ulyankina et al.,436 UVA-irradiated ZnO
nanoparticles synthesized by a pulse alternating current
electrochemical method reached 93.6% removal efficiency in
30 min under optimal conditions (initial CIP concentration: 5
mg L−1, pH: 6.5, catalyst dosage: 0.5 g L−1, UV light intensity:
2.0 mW cm−2). Such performance of ZnO nanoparticles is
attributed to their higher surface area and increased charge
carrier separation compared to commercial ZnO. In another
study, ZnO nanoparticles prepared by chemical precipitation
immobilized on a glass plate showed 69.5% degradation
efficiency for an aqueous solution (pH: 6.8) of ciprofloxacin (10
mg L−1) under UVC irradiation (180 min).437 A ZnO
nanostructure prepared by a pyrolysis method achieved 95.5%
ciprofloxacin degradation in 60 min under visible light.438

A ZnO nanotube photocatalyst on irradiation with the
terrestrial solar spectrum showed about 2.9 times faster
degradation of ciprofloxacin compared to TiO2 Degussa
P25.439 The flower-like ZnO architectures assembled with
nanorods displayed 96% efficiency (240 min) for the

degradation of ciprofloxacin (initial conc.: 0.015 μM) in
aqueous solution under a UV lamp as a light source.440

Finčur et al.441 undertook comparative studies by examining
the photocatalytic properties of TiO2, ZnO and MgO
nanopowders prepared by a sol–gel method in the removal of
ciprofloxacin from water under UV/simulated sunlight. The
corresponding efficiencies of 93.4%, 86.9% and 59.6%
suggested TiO2 to be most efficient nanopowder for this.
The photocatalytic activity of CdO nanoparticles synthesized
via a green route imparted 95% degradation of
ciprofloxacin in aqueous media under sunlight (60
minutes).442 In another work, ZnO nanorod irradiated with
UV lamp recorded 92% degradation of ciprofloxacin in 60
minutes.443

3.6.2 Metal–metal oxides. A photocatalyst of mesoporous
TiO2 modified with Fe (1.5%) and N (2.5%) degraded nearly
70% of ciprofloxacin under visible light in 6 h.444 Ag (0.5 to
4%) nanoparticles grown on the surface of TiO2 exhibited
highly enhanced degradation of ciprofloxacin under solar
light at low pH.445 A mechanism has also been proposed
based on the formation of intermediates identified during
the oxidation of ciprofloxacin. A simple reduction method
has been used to prepare Cu@TiO2 hybrids of varying Cu/
TiO2 wt. ratios (0.1–50) and their photocatalytic performance
was examined for ciprofloxacin hydrochloride under sunlight
simulated by a 500 W xenon lamp.446 These findings revealed
its complete removal in 3 h, corresponding to a Cu/TiO2 wt.
ratio of 0.1 in Cu@TiO2 due to the best charge separation
and transfer efficiency of photogenerated electrons and holes
compared to pure TiO2.

TiO2 modified with monometallic and bimetallic
nanoparticles comprising 1.5%-Au/TiO2, 1.5%-Ag/TiO2, 1.0%-
Cu/TiO2, 1%Au–0.5%Ag/TiO2 and 1.0%Au–0.5% Cu/TiO2 were
fabricated by a deposition–precipitation method and used as
photocatalysts in the degradation of ciprofloxacin in pure
water under UVC-light irradiation.447 These investigations
revealed 100% degradation of ciprofloxacin for all these
modified TiO2 catalysts corresponding to 60, 30, 60, 90 and
45 min, respectively. This is ascribed to the lower
recombination of the hole–electron pairs arising from the
electron trap effect by metal nanoparticles.

3.6.3 Doped metal oxides. The removal of ciprofloxacin
from water has been studied in the presence of metals,
nonmetals and conducting polymers as dopants in metal-
oxide-based photocatalysts. Suwannaruang et al.448 used a
hydrothermal method to synthesize nitrogen (12.5%) doped
TiO2 particles by selecting urea as a source of nitrogen.
Subsequent investigation of its photocatalytic activity showed
maximum degradation of ciprofloxacin (94.29%) after 4 h of
UV-light irradiation. This is attributed to the integration of
nitrogen into the TiO2 lattice and the increased formation of
OH radicals. Nitrogen-doped TiO2 (N/Ti wt. ratio: 0.34%)
prepared by a sol–gel method and immobilization on glass
spheres resulted in 93.5% removal of ciprofloxacin in 90 min
under visible-light irradiation.449 The photodegradation of
ciprofloxacin followed first-order-kinetics and the
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photocatalyst exhibited excellent stability even after 5 cycles.
Visible-light-irradiated P-doped TiO2 with surface oxygen
vacancies (SOVs) exhibited 100% degradation efficiency for
ciprofloxacin.450 This is explained on the basis of the
synergistic effect as a result of P doping and SOVs on TiO2

significantly enhancing the transfer and separation efficiency
of photogenerated charge carriers. Polyaniline (PANI)-doped
ZrO2 on UV-light irradiation showed 96.6% photodegradation
of ciprofloxacin under optimum conditions (PANI/ZrO2: 30
mg, ciprofloxacin conc: 4 × 10−5 M) in 120 min.451

A ZnO-modified g-C3N4 photocatalyst removed 93.8%
ciprofloxacin from water, corresponding to an amount of
0.05 g L−1 and pH value of 8.452 Further studies have shown
the degradation rate of ciprofloxacin by ZnO-doped g-C3N4 to
be 4.9 times faster than that of undoped g-C3N4. The
photocatalyst also exhibited high reusability, as evident from
89.8% efficiency after 3 cycles. Boron-doped TiO2 and
cerium-doped TiO2 demonstrated about 90–93%
photocatalytic degradation of ciprofloxacin and norfloxacin
under solar light.373 Such enhanced photocatalytic activity
was explained on the basis of the narrowed band gap and
electron–hole separation. In addition, metal-doped metal
oxides, such as Fe0/TiO2,

453 Fe-doped ZnO454 Zn-doped
Cu2O,

455 and Cu-doped ZnO,456 have also been successfully
reported in the photodegradation of ciprofloxacin.

Several investigations have also been reported on co-
doped metal oxides for their applications as photocatalysts in
the removal of ciprofloxacin from water. According to Nguyen
and others,457 the UV-visible-light-driven photocatalytic
degradation of ciprofloxacin hydrochloride (30 mg L−1) by N,
S-co-doped TiO2 exhibited a removal efficiency of 78.7% at
pH 5.5 for a catalyst dose of 0.05 g. The synthesized N,C-co-
doped TiO2 under optimum conditions demonstrated the
highest photocatalytic activity in the removal of ciprofloxacin
in water under visible light.458 It was concluded that
photogenerated holes and superoxide radicals play an active
role in the degradation of ciprofloxacin. ZnO nanowires
doped with copper and cerium oxides displayed 88.9%
removal of ciprofloxacin under UV irradiation.459

3.6.4 Metal oxide composites. In recent years, several
studies have been reported on the photodegradation of
ciprofloxacin using a variety of composite materials.460–471 A
graphitized mesoporous carbon–TiO2 nanocomposite
facilitated an almost complete photocatalytic performance in
the degradation of ciprofloxacin under UV irradiation.460 A
Co/Mn oxide photocatalyst (1.00 g L−1) prepared by a sol–gel
method displayed maximum discoloration (56.3%) of
ciprofloxacin (10.00 mg L−1) in water (pH: 4) at about 120
min under sunlight.461 TiOF2/TiO2 prepared at 160 °C under
hydrothermal conditions exhibited 95.3% degradation of
ciprofloxacin hydrochloride under simulated solar light after
90 min.462 In all likelihood, such a combination of TiO2 and
TiOF2 composites generates more charge carriers, including
an improvement in the transmission and separation
efficiency of photogenerated electron–hole pairs. TiO2/
Montmorillonite,463 3D γ-Fe2O3@ZnO core–shell464 and rGO–

BiVO4–ZnO
465 photocatalysts have also shown enhanced

degradation of ciprofloxacin.
Teixeira et al.466 made an assessment of the optimization

and reusability of Fe3O4/SiO2/TiO2 magnetic photocatalytic
particles in the degradation of ciprofloxacin. These studies
have shown 95% degradation of ciprofloxacin (pH: 5.5) after
90 min under UV with no significant loss even after five uses.
Ternary core–shell Fe3O4/SiO2/TiO2 nanocomposite
photocatalysts showed good synergistic properties on the
removal efficiency for ciprofloxacin under UVA-light
irradiation.467 The photocatalytic degradation of ciprofloxacin
hydrochloride by Ag–SrTiO3/TiO2 composite nanostructures
under simulated sunlight resulted in 97.6% degradation of
ciprofloxacin due to an increase in the carriers and
separation between electron–hole pairs.468

Metal oxide/hydroxyapatite,469 CuFe2O4@methyl
cellulose,470 TiO2-modified Bi2MoO6

471 and Ag2O/Ag2CO3/
MWNTs472 have also been examined successfully as
composite photocatalysts for the enhancement of
ciprofloxacin degradation in water under UV, UVC and visible
light, respectively.

3.6.5 Carbonaceous-material-based composites
3.6.5.1 g-C3N4 and carbon-dot-based composites. Hernández-

Uresti et al.333 used polymeric g-C3N4 powder and observed
60% degradation of ciprofloxacin in aqueous solution (pH:
5.5) after 240 min under UV-vis irradiation. Recent studies on
exfoliated g-C3N4 (2 g L−1) showed 78% degradation of
ciprofloxacin (20 ppm) irradiated under solar light for 1 h.473

In another finding, a 3D g-C3N4/TiO2/kaolinite heterogeneous
composite displayed ∼92% degradation efficiency for
ciprofloxacin in 240 min under visible-light irradiation.474

This is ascribed to the larger surface area and the availability
of more reactive sites, and the efficient separation and longer
lifetimes of photogenerated electron–hole pairs. Chuaicham
et al.475 observed 98% decomposition of ciprofloxacin (10 mg
L−1) within 120 min after irradiation with visible light of a
Zn–Cr layered double oxide/fly ash composite photocatalyst
in aqueous conditions. The formation of new electronic levels
accounted for such enhanced photocatalytic performance. In
situ synthesized 3D g-C3N4/La–N–TiO2 also showed complete
degradation of ciprofloxacin (5 mg L−1 starting concentration)
at a pH of about 6.5 in about 60 min under exposure to
simulated solar light.476 Carbon dots/Bi4O5Br2

477

nanocomposites also displayed improved visible-light
photocatalytic degradation of ciprofloxacin.

3.6.5.2 Composites of graphene oxide and graphene.
Graphene oxide and reduced graphene have been used to
fabricate binary and ternary composites and they have been
used as photocatalysts in the removal of ciprofloxacin from
water. Sponza et al.478 prepared nano-GO–Fe3O4

nanocomposites by adding water-dispersed Fe3O4

nanoparticles to an aqueous solution of GO. This irradiated
with sunlight produced 80% removal efficiency for
ciprofloxacin in water under optimum conditions (initial
conc. of ciprofloxacin: 1 mg L−1, original pH: 6.5, nano-GO/M
concentration: 2 g L−1, irradiation time: 250 min). ZnO-
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particle-coated carboxyl-enriched GO (ZnO@cGO) degraded
almost 100% ciprofloxacin in water (pH: 7) within about 5
min under visible irradiation (initial concentration of CIP: 25
μg mL−1, catalyst: 0.5 mg mL−1).479 It was concluded that
degradation of ciprofloxacin depends mainly on O2

− and h+.
An rGO-supported BiVO4/TiO2 heterostructure nanocomposite
achieved 80.5% degradation rate for ciprofloxacin in acidic
ambient (pH: 5) within 150 min, 2.06 times higher than
BiVO4/TiO2.

480 A nanostructured ZnO–CdO incorporated rGO
photocatalyst showed degradation of ciprofloxacin of around
99.28% in 75 min under UV light.481 This is attributed to the
effective separation of charge carriers consequential on the
production of more reactive oxygen species after
incorporation of rGO nanosheets with ZnO–CdO.

The performance of ZnAl mixed metal-oxide (MMO)/rGOx

(x: wt% of rGO) composites was tested and compared with
ZnAl MMO and pure ZnAl MMO in the photodegradation of
ciprofloxacin hydrochloride in aqueous solution under visible
light.482 It was found to show the following order of
photodegradation efficiency at the end of 2 h of irradiation
time: ZnAl MMO/rGO20 (∼90.58%) > ZnAl LDH/rGO20
(∼67.74)% > ZnAl MMO (50.96%) > ZnAl LDH (36.47%).
Such enhanced performance of the ZnAl MMO/rGO20
photocatalyst has been ascribed to the synergistic effect of
the heterogeneous structure. The degradation mechanism of
ciprofloxacin has been clearly explained based on the
heterostructure that accounts for efficient charge separation
and inhibition of the recombination of photogenerated
carriers. It is believed that O2· radicals and h+ predominantly
contribute to the degradation of ciprofloxacin. TiO2 (64.3
wt%)-pillared multilayer graphene nanocomposites showed
better photodegradation efficiency of 78% than TiO2 (42%)
under light-emitting diode irradiation for 150 min.483 The
photodegradation followed pseudo-first-order kinetics with
the rate constant of graphene/TiO2 composite about 3.89
times that of pristine TiO2. The graphene/TiO2 composite
also exhibited high stability and reusability even after five
consecutive photocatalytic cycles. Urus et al.484 used a
GO@Fe3O4@TiO2-type core@shell@shell nanohybrid (10 mg)
as a catalyst to remove 91.5% of ciprofloxacin (10 ppm) from
water solution (pH: 7) after 240 min. In addition, the
photocatalytic removal of ciprofloxacin has also been
evaluated using 3D-structured flower-like bismuth tungstate/
magnetic graphene nanoplates485 and Ag2CrO4/Ag/
BiFeO3@rGO photocatalysts.486

Huo et al.487 synthesized an N-doped ZnO/CdS/graphene
oxide ternary composite via a two-step method and tested
its photocatalytic activity in the degradation of ciprofloxacin
hydrochloride under visible light and compared it with
pure CdS, N–ZnO, and N–ZnO : CdS (2 : 1, 1 : 1, 1 : 2, 1 : 3).
The highest degradation rate of about 86% was shown for
the 2 : 1 molar ratio of N–ZnO and CdS. This is explained
in terms of heterostructure and the contribution from GO
in N–ZnO/CdS promoting photogenerated electron transfer
and suppressing the recombination of electron–hole pairs.
The proposed schematic suggested that charge transfer

and holes played a major role in the photocatalytic
system.

3.6.6 Heterostructures, heterojunctions and Z-scheme-
based photocatalysts. An Ag3PO4/TiO2 heterojunction has
been fabricated following the corn-silk-templated synthesis of
TiO2 nanotube arrays with Ag3PO4 nanoparticles.488 Its
application as a photocatalyst in the removal of ciprofloxacin
showed degradation efficiency of 85.3% within 60 minutes
under simulated solar-light irradiation. Deng et al.489

observed 92.6% removal efficiency for ciprofloxacin by Ag-
modified P-doped g-C3N4/BiVO4 nanocomposites under
visible-light irradiation (>420 nm). It was suggested that a
synergistic effect could account for such improvements as a
result of reduced electron–hole recombination. ZnO–Ag2O/
porous g-C3N4 ternary composites achieved 97.4%
degradation efficiency for ciprofloxacin compared to ZnO
(8.2%), g-C3N4 (25.4%), Ag2O (42.3%), and ZnO–Ag2O (69.4%)
within 48 min under visible-light irradiation.490

Magnetic g-C3N4/MnFe2O4/graphene composites have been
examined for the photocatalytic degradation of ciprofloxacin
in the presence of persulfate as an oxidant under visible-light
irradiation.491 Graphene-layer-anchored TiO2/g-C3N4 showed
enhanced photocatalytic performance (degradation rate:
61.7%, k: 0.01675 min−1) under visible light compared to
graphene-layer-anchored TiO2, g-C3N4 and g-C3N4/TiO2.

492

This is explained on the basis of accumulation of g-C3N4

electrons with high reduction capability and TiO2 holes with
high oxidation capability. Enhanced photocatalytic activity
has also been displayed by a visible-light-driven mesoporous
TiO2@g-C3N4 hollow core@shell heterojunction in the
degradation of ciprofloxacin.493

A heterostructure comprising Ag nanoparticles deposited
on the surface of ZnO nanoplates and Fe2O3 nanorods
exhibited superior solar-light-driven photocatalytic activity in
ciprofloxacin degradation (76.4%) under optimized
conditions (initial ciprofloxacin concentration: 10 mg L−1; pH
4; catalyst loading: 0.3 g L−1).494 The e−, h+, ·OH and ·O2

−

played important roles as reactive species in the
photocatalytic degradation process. The efficient separation
of charge carriers and migration of e−/h+ across the
heterostructure interface accounted for this. Zhao et al.495

achieved 95.6% removal of ciprofloxacin under visible-light
irradiation for 40 min by a ternary Mn2O3/Mn3O4/MnO2

(molar ratio of 3 : 1 : 2) valence state heterojunction with dual
heterostructures under visible light. Such a performance is
derived from its enhanced surface area, light absorption and
charge separation of the Mn2O3/Mn3O4/MnO2

heterostructure. Further studies established that holes and
superoxide radicals play an important role in the degradation
of ciprofloxacin. Other studies comprising a unique 2D/3D/
2D rGO (3%)/Fe2O3 (4%)/g-C3N4 heterojunction showed
almost 100% degradation of ciprofloxacin (pH: 7) compared
to pristine g-C3N4 nanosheets under visible-light irradiation
for 40 minutes.496 Such photocatalytic properties of a
heterojunction nanocomposite system are accounted for in
terms of enhanced charge migration and separation.

RSC Applied Interfaces Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

4.
02

.2
6 

3:
24

:2
3.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lf00142c


384 | RSC Appl. Interfaces, 2024, 1, 340–429 © 2024 The Author(s). Published by the Royal Society of Chemistry

Chen et al.497 noted the enhanced degradation of
ciprofloxacin over Bi2O3/(BiO)2CO3 heterojunctions compared
to pristine (BiO)2CO3 and Bi2O3 in the presence of simulated
solar light. The decay process for ciprofloxacin followed
pseudo-first-order kinetics with the rate constant increasing
with decreasing concentration of CIP. In addition, CdS/
BiOBr,498 Cu2O/Cu2(PO4)(OH),499 Sm-doped g-C3N4/Ti3C2-
MXene,500 CeO2/La2O3/TiO2,

501 g-C3N4/NH2-MIL-88B(Fe)502

and a polypyrrole-sensitized ZnFe2O4/g-C3N4 n–n
heterojunction503 have also displayed enhanced
photocatalytic degradation of ciprofloxacin.

Costa et al.504 observed ∼98% photodegradation of
ciprofloxacin (initial concentration: 5 ppm) at neutral pH in
the presence of a Z-scheme TiO2/SnO2 nanostructure
photocatalyst. These findings also revealed the active role of
oxygen singlets, holes, and superoxide radicals as the main
species in the photodegradation of ciprofloxacin. Li et al.505

prepared an oxygen-vacancy-rich TiO2/Ta3N5 composite by a
solvothermal method and used it as a direct Z-scheme
heterojunction photocatalyst. They observed 95.7% (90 min)
degradation rate of ciprofloxacin hydrochloride under visible-
light irradiation. It was suggested that oxygen vacancies form
an intermediate energy level in TiO2 that accounts for the
separation of photogenerated electrons and holes. In
addition, the formation of a Z-scheme energy band structure
by oxygen-vacancy-rich TiO2 and Ta3N5 is likely to enable
more photogenerated carriers to participate in the
photocatalytic reaction. This was also inevitable from the
excellent photocatalytic degradation of ciprofloxacin
delivered by an oxygen-vacancy-rich TiO2/Ta3N5 composite
under visible light. CeO2/ZnO nanocomposites prepared by a
co-precipitation method displayed twice the activity in the
photocatalytic degradation of ciprofloxacin compared to
undoped ZnO and was ten times more active than pristine
CeO2.

506 Such enhanced formation of a Z-scheme
heterojunction is attributed to the migration of photo-excited
electrons from the conduction band of ZnO to the valence
band of CeO2.

N-doped carbon quantum dot (NCQD)-decorated Bi2O2-
CO3 heterojunction nanosheets exhibited remarkably
enhanced photocatalytic activities for ciprofloxacin
photodegradation mediated by radiation in the ultraviolet
to near-infrared region.507 It is suggested that NCQDs act
as photosensitizers (hole reservoirs) to harvest solar light
and a type-II heterojunction facilitates efficient charge
carrier separation to account for this. The mechanisms
and pathways of ciprofloxacin degradation mediated by
different lights were also discussed. N-doped carbon dots
(NCDs) decorated onto a Bi2MoO6/g-C3N4 (BMCN)
nanocomposite photodegraded ciprofloxacin by 98% (30
min) under visible-light irradiation.508 It is proposed that
NCDs play a role as a mediator to transfer electrons from
the conduction band to the valence band of Bi2MoO6 and
g-C3N4, respectively. The findings also revealed ·OH and
·O2

− radicals acting as the dominant reactive species. The
photocatalyst also displayed good stability and reusability

after five consecutive cycles of ciprofloxacin
photodegradation.

A Z-scheme involving a TiO2 nanorod/g-C3N4 (30 wt%)
nanosheet nanocomposite showed 93.4% degradation of
ciprofloxacin (initial concentration: 15 mmol L−1) aqueous
solution (pH: 6.3) under simulated sunlight irradiation in 60
min.509 It was also concluded that h+ and ·OH played a major
role in the degradation of ciprofloxacin. In another study, a
biochar@ZnFe2O4/BiOBr Z-scheme heterojunction
photocatalyst prepared by a solvothermal method under
visible-light irradiation (λ > 420 nm) showed no significant
degradation efficiency for ciprofloxacin (65.26%).510 Wen
et al.511 fabricated CeO2–Ag/AgBr composite photocatalysts
with a Z-scheme configuration by following the in situ
interspersal of AgBr on CeO2 and subsequently studied the
photodegradation of ciprofloxacin under visible-light
irradiation (Fig. 17(a)). According to this, CeO2 itself has
almost no ability to degrade ciprofloxacin, though it can be
partly eliminated in the presence of pristine Ag/AgBr.
However, CIP concentration decreased further to some extent
for CeO2 decorated with Ag/AgBr in CeO2–Ag/AgBr composites
with 21.26 wt% of Ag (denoted CAB-21.26) exhibiting the
most pronounced photocatalytic activity. This is ascribed to
the accelerated interfacial charge transfer process and the
improved separation of the photogenerated electron–hole
pairs. Furthermore, the kinetic behavior followed pseudo-
first-order kinetics and exhibited higher k-values for the
CeO2–Ag/AgBr hybrids (Fig. 17(b)). Another Z-scheme-based
AgBr/Ag/Bi2WO6 heterostructure achieved 57% (5 h)
photocatalytic degradation of ciprofloxacin under visible-light
irradiation in pure water.512 Such a performance was ascribed
to the synergistic effect of the AgBr/Ag/Bi2WO6

heterostructure compared to its single components.
Z-Scheme-guided g-C3N4/Bi2WO6,

513 Fe3O4/Bi2WO6,
514 g-

C3N4/Ti3C2/MXene/black phosphorus,515 g-C3N4/Ag3PO4/
chitosan,516 Ag/AgVO3/g-C3N4,

517 CeO2/Co3O4 p–n
hetrojunctions,518 Bi nanodots/2D Bi3NbO7 nanosheets,519

Bi2WO6/Ta3N5,
520 g-C3N4@Cs0.33WO3,

521 ZnO/SnS2,
522 g-C3N4/

rGO/WO3,
523 and CuS/BiVO4

524 have also displayed enhanced
photocatalytic degradation of ciprofloxacin.

Table 7 records the performance data of different
photocatalysts on the removal of norfloxacin from
wastewater.

3.7 Tetracycline

Tetracycline (TC) is invariably used as an antibiotic against
different bacterial infections, such as urinary tract infections,
acne, gonorrhea, chlamydia, mycoplasma, rickettsia, cholera,
brucellosis, plague and syphilis.52 It finds extensive
application in the medical field, for veterinary purposes, and
as a feed additive in the agricultural sector. However,
extensive applications of tetracycline mean its presence in
surface water, groundwater, wastewater, domestic wastewater
and other source-related environments, causing a serious
threat to the environment. Therefore, several approaches
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have been made to develop a highly efficient approach to
remove antibiotics by a photocatalysis approach.525–662

3.7.1 Metal oxides
3.7.1.1 TiO2. Several investigations have been reported

using TiO2 as a photocatalyst in water treatment for the
removal of tetracycline. According to Palominos et al.,527 an
aqueous suspension of TiO2 has been used to facilitate the
photocatalytic oxidation of tetracycline on irradiation with
simulated solar light. Studies indicated the rapid degradation
of tetracycline, undergoing 100% completion after 15 min
under optimum conditions (tetracycline: 20 mg L−1, TiO2: 1.5
g L−1, pH: 8.7). The mechanism of photocatalytic tetracycline
oxidation involved active roles for holes and OH radicals. The
nanosized TiO2 achieved more than 95% removal of
tetracycline within 40 min under UV irradiation for a
tetracycline concentration of 40 mg L−1 and catalyst dose of
1000 mg L−1.528 Safari et al.529 also used nanosized TiO2 (1.0 g
L−1) to study the degradation kinetics of a tetracycline
hydrochloride (TC·HCl) aqueous solution (55 mg L−1, pH: 5)
under ultraviolet irradiation. They observed 100%
degradation after 30 min on adding H2O2 (100 mg L−1)
compared to 91.4% degradation after 90 min for TiO2/UV. The
photocatalytic degradation of tetracycline over commercial
TiO2–P25 showed 94.8% (120 min) removal efficiency under
visible light (λ = 700 nm).530 Recently, a crosslinking method
has been followed for immobilizing TiO2 (P25) nanoparticles
in chitosan film, which showed promising photocatalytic
activity in the purification of water containing tetracycline
hydrochloride under UV irradiation.531 The stability and
reusability of this composite film in four consecutive cycles
revealed a significant decrease in removal efficiency after the
second run, from 87% to 57%. Tetracycline hydrochloride
degradation has also been studied using a green and low-cost
approach, involving the preparation of immobilized titania
samples by depositing two successive TiO2 layers on two
different commercial supports.532

3.7.1.2 ZnO and other oxides. Palominos et al.527 carried
out the photocatalytic oxidation of tetracycline in an aqueous
suspension containing ZnO and found its performance
comparable to TiO2 (∼100% degradation) under simulated
solar light. According to the suggested mechanism, the
contribution towards photocatalytic tetracycline oxidation on
ZnO is mainly guided by hydroxyl radicals. UV-irradiated
ZnO/peroxymonosulfate has shown about 95.6% degradation
of tetracycline (10 mg L−1, pH: 7) in 90 min compared to UV/
ZnO (50.14%), attributed to the formation of SO4·

−.533 In
addition, HSO5

− acts as an electron acceptor and inhibits
electron–hole pair recombination, thereby allowing the
formation of more ·OH radicals. Iron oxide nanoparticles,534

nanospherical α-Fe2O3 supported on 12-tungstosilicic acid,535

SnO2 hollow microspheres,536 polyaniline coated on magnetic
MoO3

537 and BiFeO3
538 have also been studied in the

photocatalytic degradation of tetracycline aqueous solutions.
3.7.2 Metal-loaded metal oxides. A solution casting

method has been used to fabricate membranes by mixing
previously prepared core–shell Au (0.1, 0.3, 0.5 g)–TiO2

nanocomposites and PVDF and they were examined for their
performance in the degradation of tetracycline under the
influence of visible light.539 It is inferred that an Au (0.3)–
TiO2/PVDF nanocomposite enhanced the photocatalytic
degradation rate by 75% within 120 min under visible light.
These findings clearly ensured first-order kinetics for Au–
TiO2/PVDF composites, following the order: Au (0.3)–TiO2/
PVDF (0.00599 min−1) > Au (0.1)–TiO2/PVDF (0.00449 min−1)
> Au (0.5)–PVDF (0.01212 min−1). Excellent regeneration
stability and its easy separation have also been achieved by
this method. Gold-containing zinc–titanium oxide films540

and Ag/Bi2O3
541 have also been reported in the photocatalytic

degradation of tetracycline in aqueous media.
Liu et al.542 studied the photoactivity of an Au–ZnO

nanomotor system based on vertically aligned ZnO in the
photocatalytic degradation of tetracycline as a function of

Fig. 17 (a) Photocatalytic degradation CIP curves and (b) apparent rate constants for the degradation of CIP solution for a CAB-21.26 sample.
Reproduced from ref. 511 with permission from Elsevier (2018).
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Table 7 Data on performance data on removal of ciprofloxacin using different photocatalysts

Photocatalyst Preparative method CIPa/CIP·HClb
Catalyst
dose pH Light source

Degradation
(time)

Rate
constant

P25 TiO2 (anatase : rutile = 80 :
20), [H2O2]: 82.5 mg L−1 425

Commercial 0.030 mmol L−1 a

(500 mL)
0.5 g L−1 6 Simulated solar

irradiation, 800
W xenon lamp

∼100%
(90 min)

0.022
min−1

Degussa P-25 TiO2

(80:20% w/w anatase-to-rutile)426
Commercial 100 mg L−1 b 1 g L−1 9 Simulated solar

irradiation (850
W cm−2)

∼100%
(160 min)

0.108
min−1

Degussa P-25 TiO2 (80 :20% w/w
anatase-to-rutile)428

Commercial 20 mg L−1 a

(100 mL)
100 mg
L−1

6.0 UVA/LED lamp
(3 W), 10 mW
cm−2, λ > 365
nm

— 0.2217 ±
0.0179
min−1

TiO2 (80% anatase and 20%
rutile) immobilized on glass
plates429

Multiple steps 60 μmol L−1 a

(500 mL)
TiO2

(7.5 g L−1)
9 UVC lamp: 15

W 254 nm
∼98%
(120 min)

∼25 ×
10−3

min−1

TiO2 P25 and ZnO430 Commercial 300 μg L−1 a

(50 mL)
1 g L−1 — UVA (1.6 to 1.7

mW cm−2)
100%
(6 min)

—

Mesoporous TiO2

nanoparticles431
Hydrothermal 160 mg L−1 b

(40 ml)
0.01 g — Xenon lamp

(500 W),
200–1000 nm

96.05%
(360 min)

0.45
min−1

3D tripyramid TiO2

architectures432
Hydrothermal method 32.6 μMa

(50 mL)
5 mg — UV-vis light 90%

(60 min)
4.03 ×
10−2

min−1

ZnO nanoparticles434 Chemical precipitation
method

4 mg L−1 a

(3 mL)
20 mg
L−1

10 Xenon lamp
(365 nm)

∼48%
(60 min)

0.0043 ±
0.003
min−1

ZnO nanoparticles435 Sol–gel method 10 mg L−1 a 0.15 g L−1 5 Low-pressure
mercury-vapour
lamps (9 W)

100%
(140 min)

0.032
min−1

Nano-ZnO436 Pulse electrochemical
synthesis

5 mg L−1 a 0.5 g L−1 6.5 UV light (2.0
mW cm−2)

93.6%
(30 min)

—

Immobilized ZnO
nanoparticles437

Heat attachment method 10 mg L−1 a 14 × 14 ×
5 cm3

6.8 UV lamp (15 W,
42 W m−2)

69.5%
(180 min)

∼0.008
min−1

ZnO nanotubes439 Modified published
protocol

2 × 10−5 mol
L−1 a (0.4 L)

14 mg 8.0 300 W xenon
lamp with
AM1.5 filter
(1000 W m−2)

12%
(120 min)

9.61 ×
10−4

min−1

Flower-like ZnO440 Thermionic vacuum arc 0.015 μMa ZnO
deposited
on 2 × 2
cm2 (Si
wafer)

— UV lamp, 1 W
m−2, 253.7 nm

96%
(240 min)

14.8 ×
10−3

min−1

TiO2
441 (NH4)2S2O8: 0.125 mM Sol–gel method 0.05 mMa 0.5 mg

mL−1
— High-pressure

Hg lamp (125
W), 1.4 × 10−2

W cm−2 in UV
region

93.4%
(60 min)

—

ZnO441 Sol–gel method 0.05 mMa 0.5 g L−1 — High-pressure
Hg lamp (125
W) in UV
region, 1.4 ×
10−2 W cm−2

86.9%
(60 min)

—

CdO442 Green approach 10 ppma

(50 mL)
50 mg — Sunlight 95%

(60 min)
0.04722
min−1

ZnO–Ag-Graphite443 Hydrothermal method 5 mg L−1 a

(50 mL)
0.3 g L−1 — 24 W UV lamp,

λ: 254 nm
98%
(60 min)

0.05983
min−1

2.5% N-1.5% Fe–TiO2
444 Hydrothermal method 20 mg L−1 a

(300 mL)
0.3 g — LED

illumination
source

70%
(360 min)

5.52 ×
10−3

min−1

Ag nanoparticles@TiO2
445 Sonicating TiO2 and aq.

AgNO3 + aq. Na2CO3

1.0 mMa

(100 mL)
1.0 mg
L−1

7 UV light (120 W
Hg lamp)

85.21%
(14 500 s)

1.53 mM
s−1

Ag nanoparticles@TiO2
445 Sonicating TiO2 and aq.

AgNO3 + aq. Na2CO3

1.0 mMa

(100 mL)
1.0 mg
L−1

7 Sunlight 75.58%
(14 500 s)

1.210
mM s−1

Mesoporous Cu (0.1 wt%)
@TiO2

446
Reduction method 40 mg L−1 b

(40 mL)
0.01 g — 500 W xenon

lamp (sunlight)
∼100%
(3 h)

1.16 h−1

1.5%-Au/TiO2
447 Deposition–precipitation

method
30 mg L−1 a

(250 mL)
0.5 g L−1 — UVC light

irradiation (15
W low-pressure

100%
(60 min)

0.06
min−1
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Table 7 (continued)

Photocatalyst Preparative method CIPa/CIP·HClb
Catalyst
dose pH Light source

Degradation
(time)

Rate
constant

Hg lamp, 254
nm 44 W m−2)

1.5%-Ag/TiO2
447 Deposition–precipitation

method
30 mg L−1 a

(250 mL)
0.5 g L−1 — UVC light

irradiation (15
W low-pressure
Hg lamp, 254
nm 44 W m−2)

100%
(30 min)

0.117
min−1

1.0%-Cu/TiO2
447 Deposition–precipitation

method
30 mg L−1 a

(250 mL)
0.5 g L−1 — UVC light

irradiation (15
W low-pressure
Hg lamp, 254
nm 44 W m−2)

100%
(60 min)

0.072
min−1

1% Au–0.5% Ag/TiO2
447 Deposition–precipitation

method
30 mg L−1 a

(250 mL)
0.5 g L−1 — UVC light

irradiation (15
W low-pressure
Hg lamp, 254
nm 44 W m−2)

100%
(90 min)

0.053
min−1

1.0% Au–0.5% Cu/TiO2
447 Deposition–precipitation

method
30 mg L−1 a

(250 mL)
0.5 g L−1 — UVC light

irradiation (15
W low-pressure
Hg lamp, 254
nm 44 W m−2)

100%
(45 min)

0.099
min−1

N (12.9%) doped–TiO2

nanorice particles448
Hydrothermal method 20 ppma 0.3 g L−1 5.5 UVA lamps: 20

W, 365 nm,
0.493 mW cm−2

94.29%
(240 min)

—

N doped–TiO2 (N/Ti wt
ratio:0.34%) immobilized on
glass spheres449

Sol–gel method followed
by immobilization

20 mg L−1 a

(20 mL)
3 g L−1 — Xenon lamp:

500 W and λ >
420 nm

93.5%
(90 min)

0.02859
min−1

P-doped TiO2 (using 50 mg
NaH2PO2)

450
Heat treatment under
flowing NH3

5 ppma

(50 mL)
25 mg — Visible-light

irradiation
100%
(60 min)

0.065
min−1

Polyaniline doped ZrO2
451 In situ oxi. Polym. 4 × 10−5 Ma

(100 mL)
30 mg — UV-light

irradiation (λ >
400 nm)

96.6%
(120 min)

—

TiO2/Fe
0453 Liquid-phase reduction

process
30 mg L−1 a 1.0 g L−1 3.0 UV-lamp: 10 W,

254 nm, 2.0 W
m−2

94.6%
(60 min)

—

Fe doped ZnO
nanoparticles454

Precipitation route 5 mg L−1 b 150 mg
L−1

9 Sunlight, 650 W
m−2, 80 000 ±
3000 lux

∼80%
(210 min)

—

Zn-doped Cu2O (by adding
0.05 g of ZnCl2)

455
Solvothermal method 20 mg L−1 a

(50 mL)
30 mg — 500 W metal

halide lamp, λ
< 400 nm filter

94.6%
(240 min)

0.0038
min−1

N-S-doped TiO2
457 Sol–gel method 30 ppma 0.05 mg 5.5 Halogen lamp:

500 W (360–780
nm)

78.7%
(220 min)

0.0065
min−1

Graphitized mesoporous
carbon–TiO2

460
Extended
resorcinol-formaldehyde
method

15 mg L−1 a

(200 mL)
70 mg — 14 W UV lamp,

254 nm
100%
(120 min)

0.102
min−1

Mo/co oxides461 Sol–gel method 10 mg L−1 a 1 g L−1 4 Sunlight 56.3%
(180 min)

7.9 ×
10−2

min−1

TiOF2/TiO2
462 Hydrothermal (160 °C) 20 mg L−1 b

(50 mL)
50 mg — Xenon lamp:

300 W with a
UV-cut-off filter
(420 nm)

∼95%
(90 min)

0.034
min−1

Core–shell 3D
γ-Fe2O3@ZnO464

Hydrothermal-sintering
and atomic layer deposition

10 mg L−1 a

(100 mL)
0.5 g L−1 5.8 Xenon lamp

(300 W)
92.5%
(60 min)

0.0419
min−1

rGO–BiVO4–ZnO
465 Hydrothermal method 4 × 10−5 Ma

(100 mL)
30 mg — W lamp (150

mW cm−2), (λ <
400 nm)

98.4%
(60 min)

—

Fe3O4/SiO2/TiO
466 Sol–gel synthesis

(calcined at 600 °C)
5 mg L−1 a 1 g L−1 5.5 UV irradiation,

(365 nm, 1.6
mW cm−2)

95%
(90 min)

0.032
min−1

Core–shell
Fe3O4/SiO2/TiO2(100 °C)467

Microwave-assisted
synthesis

10 mg dm−3 a

(100 cm3)
50 mg 6.5 UVA lamp (365

nm)
94.0%
(120 min)

0.0158
min−1
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Table 7 (continued)

Photocatalyst Preparative method CIPa/CIP·HClb
Catalyst
dose pH Light source

Degradation
(time)

Rate
constant

Ag–SrTiO3/TiO2
468 Hydrothermal/photoreduction 20 mg L−1 b

(50 mL)
20 mg — 300 W xenon

lamp
97.6%
(60 min)

0.070
min−1

TiO2/hap (with 40% by wt% of
oxide:Hap)469

Soft chemical method 20 ppma

(100 mL)
2 g L−1 — HPK 125 W

lamp- UV light
100%
(15 min)

—

ZnO/HAp (with 40% by wt%
of oxide:Hap)469

Soft chemical method 20 mg L−1 a 2 g L−1 — HPK 125 W
lamp-UV light

100%
(20 min)

—

CuFe2O4@methyl cellulose470 Microwave-assisted
method

3 mg L−1 a 0.2 g 7 UVC lamps (low
pressure, 6 W,
Philips)

72.87%
(90 min):
real sample

0.902
min−1

TiO2/Bi2MoO6 (TiO2 content:
0.41 wt%)471

Solvothermal–calcination
process

10 mg L−1 a

(50 mL)
30 mg — Xenon lamp

350 W with a
UV cut-off filter

88%
(150 min)

∼8 ×
10−3

min−1

Ag2O/Ag2CO3/MWNTs472 Calcination (10 min) 10 mg L−1 a

(100 mL)
0.05 g — Xenon lamp:

300 W (visible
light)

76%
(60 min)

—

g-C3N4
333 Polycondensation of

melamine
10 mg L−1 a 200 mg

(200 mL)
— Xenon lamp (35

W): UV-vis
radiation
source

60%
(240 min)

4 × 10−5

s−1

Exfoliated g-C3N4
473 Green route 20 ppma 1 gL−1 — Solar-light

irradiation
78%
(60 min)

23 ×
10−3

min−1

g-C3N4/TiO2/kaolinite
474 Sol–gel method/chemical

stripping/self-assembly
10 ppma

(100 mL)
0.2 g — Xenon lamp (90

mW cm−2 with
400 nm cut-off
filter)

∼92%
(240 min)

0.00813
min−1

Zn–Cr LDH/fly ash (molar
ratio = 2 : 1)475

Coprecipitation method
followed by dispersion
method

10 ppma

(50 mL)
1.0 g L−1 Xenon lamp

(500 W) with
UV cut-off filter

∼98%
(150 min)

—

g-C3N4/La–N–TiO2
476 In situ synthetic method 10 mg L−1 a 0.75 g L−1 ∼6.5 Xenon lamp;

(300 W), λ >
420 nm

96.8%
(60 min)

—

Nano graphene
oxide–magnetite478

Mixing and dispersion 1 mg L−1 a 2 g L−1 6.5 Sunlight
irradiation at 80
W power

80%
(250 min)

—

ZnO–CdO/rGO481 Refluxing method 10 mg L−1 a

(50 mL)
10 mg 7 UV light, 800 W

xenon lamp
with 420-nm
cut-off filter

99.28%
(75 min)

—

ZnAl mixed metal
oxides/rGO482

Hydrothermal combined
with calcination

10 mg L−1 a

(50 ml)
10 mg — 800 W xenon

lamp with 420
nm cut-off

90.58%
(120 min)

0.01893
min−1

TiO2 (64.3 wt%)-pillared
multilayer graphene (35.7
wt%)483

Hydrothermal 15 mg L−1 a

(40 mL)
20 mg 5.8 LED lamp (5

W), λ > 420 nm
78%
(150 min)

0.99111
min−1

GO@Fe3O4@TiO2
484 In situ method 10 ppma

(100 mL)
10 mg 7–8 Solar simulator:

300 W
91.5%
(240 min)

0.0079
min−1

Ag2CrO4/Ag/BiFeO3@8% wt
ratio of rGO486

Dispersion method 10 mg L−1 a 0.2 mg
mL−1

7 Xenon lamp
(300 W) with
400 nm cut-off
filter, 450 mW
cm−2

96%
(60 min)

0.0638
min−1

N–ZnO/CdS/GO487 Hydrothermal 15 mg L−1 a

(100 mL)
50 mg — Xenon lamp

(300 W) with λ
> 420 nm

86%
(60 min)

—

0.6Ag3PO4/TiO2 nanotube
arrays (600 °C)488

In situ growth method 10 mg L−1 a

(40 mL)
40 mg — Xenon lamp

(300 W), 200
mW cm−2

85.3%
(60 min)

0.02499
min−1

P-doped ultrathin
g-C3N4/BiVO4

489
Impregnated process 10 mg L−1 a 1 g L−1 6.72 Visible-light

irradiation (λ >
420 nm)

92.6%
(120 min)

0.0203
min−1

ZnO–Ag2O/porous g-C3N4
490 Hydrothermal 20 mg L−1 a

(100 mL)
50 mg — W lamp (500

W), λ ≥ 420 nm
97.4%
(48 min)

0.057
min−1
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Table 7 (continued)

Photocatalyst Preparative method CIPa/CIP·HClb
Catalyst
dose pH Light source

Degradation
(time)

Rate
constant

Graphene layers anchored
TiO2/g-C3N4

492
In situ calcination method
using 40 g of Ti3C2

3 mg L−1 a

(100 mL)
60 mg — Xenon lamp

(300 W), λ >
400 nm, 300
mW cm−2

61.7%
(60 min)

0.01675
min−1

Ag/Fe2O3/ZnO
494 Ultrasonic-assisted

hydrothermal method
10 mg L−1 a

(100 mL)
0.3 g L−1 4 Solar

illumination
76.4%
(210 min)

0.3036
h−1

Mn2O3/Mn3O4/MnO2
495 Hydrothermal and in situ

method
10 mg L−1 a

(120 mL)
0.2 g L−1 7 Xenon lamp

(300 W), 900
mW cm−2

95.6%
(40 min)

—

rGO/Fe2O3/g-C3N4
496 Embedding approach 50 mg L−1 a 100 mg 7 Halogen lamp:

500 W
∼100%
(40 min)

1.0878
min−1

Bi2O3/(BiO)2CO3
497 Hydrothermal/calcination 10 mg L−1 a 0.5 g L−1

(100 mL)
7 Xenon lamp:

300 W, 0.641 W
cm−2

93.4%
(30 min)

0.476
min−1

CdS/BiOBr-1 : 3498 Solvothermal route 10 mg L−1 a

(200 mL)
50 mg 7 Sunlight 99.1%

(240 min)
0.00692
min−1

Cu2O/Cu2(PO4)(OH)499 Reflex method 20 mg L−1 a

(100 mL)
100 mg — Direct sunlight

irradiation
∼98%
(120 min)

—

CeO2/La2O3/TiO2
501 Sol–gel followed by

calcination
10 ppma

(50 mL)
50 mg 6–7 Visible light

using tungsten
lamp (300 W
cm−2)

100%
(120 min)

—

TiO2/SnO2
504 Hydrothermal and ion

exchange
2.5 × 10−3 g L−1 a 2.5 × 10−3

g
Neutral UVC lamps with

35 W each (253
nm)

92.8%
(120 min)

22.4 ×
10−3

min−1

CeO2/ZnO
506 Co-precipitation method 15 mg L−1 a

(100 mL)
0.25 g L−1 3.2 200 W

mercury-xenon
lamp with 365
nm filter

∼60% (60
min)

0.0130
min−1

5 wt% N-doped carbon
quantum dots decorated
Bi2O2CO3

507

Hydrothermal method 10 mg L−1 a

(80 mL)
40 mg — UV-vis light 91.1%

(60 min)
∼0.0325
min−1

Visible 92.8%
(60 min)

∼0.02
min−1

Bi2MoO6/g-C3N4
508 Hydrothermal method 5 mg L−1 a 1.0 g L−1 8 Visible lamps

(77 mW cm−2)
98%
(30 min)

0.12
min−1

TiO2 nanorod/30 wt% g-C3N4

nanosheets509
Mixing followed by
ultrasonication

15 μmol L−1 a

(50 mL)
10 mg 6.3 Xenon lamp:

500 W
93.4%
(60 min)

0.0381
min−1

5 wt%
biochar@ZnFe2O4/BiOBr

510
Solvothermal/photodeposition/
precipitation

15 mg L−1 a 50 mg
(100 mL)

— Xenon lamp:
300 W

65.26%
(60 min)

—

CeO2-21.26 wt% Ag/AgBr511 In situ 10 mg L−1 a

(50 mL)
50 mg — Xenon lamp

(300 W) with a
UV cut-off filter

93.05%
(120 min)

0.02011
min−1

Bi2WO6/ag/AgBr
512 Precipitation followed by

dispersion
30 mg L−1 a

(250 mL)
125 mg — Phillips lamp

(50 W), λ =
380–800 nm

57%
(5 h)

—

g-C3N4/Bi2WO6
513 Solvothermal and grind

calcination method
15 mg L−1 a

(100 mL)
0.1 g — Xenon lamp:300

W, λ < 400 nm
98%
(120 min)

—

Fe3O4/Bi2WO6 (4% iron
content)514

Hydrothermal method 10 mg L−1 a

(100 mL)
30 mg — Visible-light

irradiation (λ >
420 nm)

∼99.7%
(15 min)

—

g-C3N4/Ti3C2 MXene/black
P515

Calcination process 20 mg L−1 a

(100 mL)
20 mg — Xenon lamp:

300 W, λ > 420
nm

>99%
(60 min)

0.048
min−1

g-C3N4/Ag3PO4/chitosan
516 Multiple steps 20 mg L−1 a 2.0 mg 7 Visible light 90.34%

(60 min)
0.01771
min−1

0.5 wt% Ag/AgVO3/g-C3N4
517 Wet-impregnation method 10 ppma

(100 mL)
0.1 g — Halogen lamp

(500 W): visible
light

82.6%
(120 min)

—

Bi (7%) nanodots/Bi3NbO7

nanosheets519
Two-step wet chemical
reaction

10 mg L−1 a

(100 mL)
50 mg — Xenon lamp:

300 W with 400
nm cut-off filter

86%
(120 min)

0.01427
min−1

Bi2WO6/Ta3N5 (1.0/1 mole
ratio)520

Electrospinning–calcination–
solvothermal route

20 mg L−1 a

(100 mL)
40 mg 3 Xenon lamp:

300 W with a
cut-off filter (λ
> 400 nm), 97
mW cm−2

81.1%
(120 min)

0.0105
min−1
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Table 7 (continued)

Photocatalyst Preparative method CIPa/CIP·HClb
Catalyst
dose pH Light source

Degradation
(time)

Rate
constant

g-C3N4@Cs0.33WO3
521 Solvothermal 20 ppm 20 mg

(100 mL)
3 Xenon lamp

(500 W), λ:
230–2500 nm,
0.25 W cm−2

97%
(145 min)

14.9 ×
10−3

min−1

g-C3N4/rGO/WO3
523 Photo reduction method 20 mg L−1 a

(50 mL)
10 mg — High-pressure

xenon arc lamp
with 400 nm
cut-off filter
and 100 mW
cm−2

85%
(180 min)

—

CuS/BiVO4 (mass ratio: 7%)524 In situ 10 mg L−1 a

(100 mL)
100 mg — Xenon lamp

(300 W) with a
420 nm cut-off
filter

86.7%
(90 min)

0.02151
min−1

Fig. 18 Photocatalytic degradation of TC. (a) Dynamic curves of different photocatalysts (initial conditions: 40 mg L−1, TC, 0.2 g L−1 photocatalyst,
and 350 mW cm−2 UV light). (b) The impact of UV light intensity (initial conditions: 40 mg L−1 TC and 0.2 g L−1 Au–ZnO nanomotors). (c) Cycling
tests (initial conditions: 30 mg L−1 TC: 0.2 g L−1, Au–ZnO nanomotors, and 350 mW cm−2 UV light). (d) Proposed photocatalytic mechanism for TC
degradation. Reproduced from ref. 542 with permission from RSC (2022).
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different photocatalysts, UV light intensity and cycling tests,
as presented in Fig. 18(a)–(c), respectively. The findings
revealed that the respective degradation rates of tetracycline
within 30 min and rate constants corresponding to pseudo-
first-order kinetics follow the order: Au–ZnO nanorod motors
(Au–ZnO-M): 99.3% > Au–ZnO nanorod array (Au–ZnO-A):
95.5% > ZnO (86.5%), and k ‘Au–ZnO nanorod motors (k
(Au–ZnO-M): 0.1451 min−1 > k (Au–ZnO-A): 0.1120 min−1 > k
(ZnO): 0.0542 min−1). It was suggested that the Au layer in
the Au–ZnO heterojunction nanoarrays acted as an electron
reservoir to facilitate charge separation, thereby lowering the
possibility of photogenerated carrier recombination. A
possible photocatalytic mechanism for the photocatalytic
degradation of tetracycline by Au–ZnO nanomotors under
UV-light irradiation is displayed in Fig. 18(d). According to
this, electrons in Au could react with O2 to form ·O2

−,
accounting for the degradation of tetracycline. In contrast, h+

in the VB of ZnO could directly degrade tetracycline to a
stable product.

3.7.3 Doped photocatalysts
3.7.3.1 Doped TiO2 and ZnO. Several studies have been

carried out on the performance of doped TiO2 and ZnO
photocatalysts and subsequently used in the removal of
tetracycline from water.543–546 Red mud and modified red
mud originating from industrial solid waste discharged
from the aluminum industry have been investigated as low-
cost, effective photocatalysts under irradiated visible
light.543 Xu et al.544 developed a C-doped TiO2–

polymethylsilsesquioxane (PMSQ) aerogel followed by
thermal treatment at 400 °C in air. They used it to achieve
98% removal of tetracycline hydrochloride from aqueous
solution in 180 min and ascribed it to enhanced charge
separation. In another study, hydrothermally prepared
carbon (3 wt%)-doped TiO2 with metal (Ni/Co/Cu) nitrate
hydroxide was used as a nanocomposite photocatalyst.545

The photocatalytic activity of this catalyst displayed 97%
removal of tetracycline hydrochloride within 60 min. TiO2

doped with acetylene black,546 N-doped TiO2/diatomite,547

P-doped carbon nitride tubes combined with
peroxydisulfate (PDS),548 N,S-doped TiO2 and N,S-doped
ZnO modified chitosan,549 and C,N,S-tri-doped TiO2

550

photocatalysts have also been investigated for the
degradation of tetracycline.

Metal-doped photocatalysts have also received a lot of
attention for their application in the photocatalytic
degradation of tetracycline in aqueous solution. Nb-doped
ZnO (Nb : Zn molar ratio: 1 : 1) showed 93.2% degradation
efficiency for tetracycline in 180 min under visible light and
also possessed superior recyclability and stability.525 Zhang
et al.551 fabricated Ag-doped TiO2 (Ag

+ : Ti4+ mole ratio: 0, 0.5,
1.0, 2.0, 3.0, and 5.0%) hollow microspheres following an
applied hydrothermal process by a template-free method. It
was noted that Ag-doped TiO2 (Ag+ : Ti4+ mole ratio: 3.0%)
exhibited maximum removal of tetracycline hydrochloride
following first-order kinetics with OH· and h+ playing an
active role. Ce (2%)-doped TiO2/halloysite nanotubes and Ce

(2%)–TiO2/halloysite nanotubes enabled about 78%
tetracycline removal within 60 min under visible-light
irradiation.552 TiO2 composite nanofibers doped with CuO
were also studied for the photocatalytic degradation of
pharmaceutical wastewater.553 Bembibre et al.554 used Ca-
doped ZnO nanoparticles in the removal of tetracycline under
a visible-light-driven sonocatalytic process.

3.7.3.2 Doped graphitic materials. Doped graphitic
materials have attracted a lot of attention as photocatalysts
in the removal of tetracycline from water.555 Nitrogen-self-
doped g-C3N4 nanosheets prepared by a combination of N-
self-doping and thermal exfoliation showed higher
photocatalytic activity for tetracycline degradation than bulk
g-C3N4, N-self-doped g-C3N4 or g-C3N4 nanosheets.556 This is
attributed to the enlarged visible-light absorption ability,
reduced recombination and prolonged lifetime of
photogenerated charge carriers. Chen et al.557 reported the
removal of tetracycline hydrochloride from wastewater (pH:
5) using an S–g-C3N4/PTFE membrane under irradiated
visible light. These findings indicated 98.1% photocatalytic
degradation corresponding to an initial concentration of
tetracycline hydrochloride of 10 mg L−1, catalyst dosage of 1 g
L−1, and S–g-C3N4 loading of 50 mg. Further, the S–g-C3N4/
PTFE membrane displayed good recovery performance and
photocatalytic stability. Ba (2%)-doped g-C3N4 demonstrated
significant influence on the photocatalytic activity owing to
its low band gap and the effective separation of photo-
induced e−–h+.558

Er-doped g-C3N4,
559 Cd-doped g-C3N4,

560 S-doped carbon
quantum dot loaded hollow tubular g-C3N4,

561 single-atom
Ni,S-co-coped g-C3N4,

562 nitrogen defect/boron dopant
engineered tubular g-C3N4,

563 Ag–g-C3N4,
564 Bi-nanoparticle-

decorated g-C3N4 nanosheets (10 wt%),565 Co-doped TiO2-
rGO,566 rGO-doped ZnAlTi-LDH,567 and graphene oxide/
magnetite/cerium-doped titania568 photocatalysts also acted
as efficient photocatalysts in the degradation of
tetracycline.

3.7.4 Metal oxide composites. Several studies have been
reported on the evacuation removal of tetracycline from water
using a combination of metal oxides. Wang et al.526 observed
81% (10 min) photocatalytic degradation of tetracycline by
irradiating a 5% carbon quantum dots/TiO2 composite
prepared by a hydrothermal method with visible light. Such
performance of the composite is attributed to the improved
separation efficiency of photogenerated electrons and holes.
According to Liu et al.,569 excellent catalytic performances is
observed for 3%-CuOx/γ-Al2O3 in the simultaneous
degradation of tetracycline hydrochloride in a wide pH range
of 3.10–9.47 under irradiation by a 300 W xenon lamp (190–
1100 nm). In another study, a sol–gel-synthesized calcite/TiO2

photocatalyst accounts for 90% tetracycline removal under
UV light in aqueous solution (pH: 7) corresponding to 1.5 g
L−1 of catalyst and 50 mg L−1 of tetracycline.570 Hunge
et al.571 studied the effect of catalyst loading for the MoS2 (20
wt%)/TiO2 composite and solution pH, in the degradation of
tetracycline under UV-vis irradiation of composites and
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observed its superior performance (95%) compared to TiO2

and MoS2. ZnO/γ-Fe2O3 demonstrated an important role in
achieving ∼89% degradation efficiency for tetracycline in
water under UV-visible light after 150 min.572

The degradation of tetracycline in water has been
investigated on TiO2 decorated on magnetically activated
carbon as a function of different parameters under ultraviolet
and ultrasound irradiation.573 These findings revealed 93%
tetracycline removal at the end of 180 min under optimum
conditions corresponding to an optimum intensity of 70 W
US power, pH 6.0, catalyst loading of 0.4 g L−1, and initial
concentration of tetracycline of 30 mg L−1. ZnO rod-activated
carbon fiber,574 Fe3O4/FeP,

575 spatially confined Fe2O3 in
hierarchical SiO2@TiO2 hollow spheres,576 La-enriched
titania–zirconia oxide,577 Ni(OH)2-decorated TiO2,

578 IO–

TiO2–CdS,
579 and WO2.72/ZnIn2S4

580 have also been
demonstrated as efficient photocatalysts for the removal of
tetracycline from water.

Wang et al.581 converted harmful algae into bio-
nanohybrid materials by immobilizing Microcystis aeruginosa
cells onto PAN–TiO2/Ag hybrid nanofibers. They observed
about 96% degradation efficiency for tetracycline
hydrochloride under visible light compared to PAN/TiO2/Ag
nanofiber (77%) and M. aeruginosa (49%) due to a synergistic
effect. It is suggested that enhanced degradation in M.
aeruginosa/PAN–TiO2/Ag could be caused by algae facilitating
the effective separation of photogenerated electron–holes on
TiO2. The presence of ZnO, carbonaceous layers and Ag
nanoparticles improved the optical absorption property in
the Ag/ZnO/C structure, resulting in 95.8% (35 min) and
90.6% (280 min) degradation of tetracycline hydrochloride
under UV- and visible-light irradiation, respectively.582 This is
ascribed to efficient photogenerated electron separation and
transportation and an increase in the active reaction sites.
According to Wei et al.,583 an SiO2–TiO2–C (nC : nTi mol ratio:
3.5) aerogel composite displayed 80.01% degradation
efficiency for tetracycline hydrochloride within 180 min
under visible light and also retained its high stability and
reusability. ·O2

− and ·OH were considered as the active
species responsible for the photocatalytic degradation of
tetracycline. In addition, ternary chitosan comprising
chitosan–TiO2–ZnO over graphene,584 palygorskite-supported
Cu2O/TiO2,

585 CuO/Fe2O3,
586 ZnO@zeolitic imidazolate,587

and bimetallic oxide/carbon588 have also been tested for the
photocatalytic degradation of tetracycline in water.

3.7.5 Graphitic materials
3.7.5.1 g-C3N4. Insufficient sunlight usage, low surface

area and rapid charge recombination of electron and hole
pairs are a major hinderance contributing towards the low
photocatalytic performance of g-C3N4.

65 As a result, several
investigations have been made into the photodegradation of
tetracycline using g-C3N4 and its composites. Hernández-
Uresti et al.333 prepared a graphite-like C3N4 photocatalyst by
the polycondensation of a melamine precursor and observed
the following trend for the photodegradation of four different
pharmaceuticals in aqueous solution under UV-vis

irradiation: tetracycline > ciprofloxacin > salicylic acid >

ibuprofen. The active species responsible for the degradation
of tetracycline were considered to be photogenerated holes,
OH radicals and H2O2. Self-assembly-based g-C3N4

nanoflakes showed up to 70% removal efficiency for
tetracycline (20 ppm) within 180 min under light irradiation
(420 nm).589

Shi et al.590 studied the degradation performance of
tetracycline in real water systems by metal-free g-C3N4

microspheres under various conditions through visible-light
catalysis and PMS activation synergy. According to this, the
rate constant values for the degradation of tetracycline by
photocatalysis, Fenton-like catalysis, and photo-Fenton-like
catalysis are 0.013, 0.025, and 0.028 min−1, respectively. The
observed superior degradation performance of photo-Fenton-
like catalysis is attributed to the synergetic effect between
PMS activation and photocatalysis. In another study, Wang
and others591 used graphitic carbon nitride microspheres
and recorded 80.54% degradation efficiency for the removal
of tetracycline hydrochloride under visible-light irradiation
for 2 h, corresponding to a photocatalyst dose of 1.0 g L−1,
initial concentration of tetracycline hydrochloride solution of
10 mg L−1 and initial pH 7. Porous g-C3N4,

592 GQDs/g-
C3N4,

593 S-doped graphitic carbon nitride,594 hexagonal BN/g-
C3N4,

595 poly-o-phenylenediamine (POPD)/g-C3N4,
596 and N–

CNT/mesoporous g-C3N4
597 photocatalysts have also been

evaluated for the removal of tetracycline.
Jiang et al.598 studied the degradation of tetracycline in

aqueous solution using P and S doped g-C3N4 under visible
light (λ ≥ 420 nm) and showed higher photocatalytic than
bare g-C3N4 or single-doped g-C3N4. According to this, P and
S doping in g-C3N4 inhibited the recombination of electron–
hole pairs and facilitated the efficient separation of
photogenerated charges. The h+ and ·O2

− were the dominant
active species responsible for the degradation of tetracycline.
Porous g-C3N4/TiO2 (g-C3N4 : TiO2 mass ratio: 12 : 1)
photocatalysts removed 88.43% of tetracycline from aqueous
solution under a xenon lamp for 90 min, which was ascribed
to the synergistic effect.599 In another study, a ZrO2-
embedded MoS2/g-C3N4 nanocomposite exhibited 94.8%
tetracycline degradation in aqueous solution in 90 min under
visible light owing to the dual charge-transfer channel
between the layers of MoS2/g-C3N4 and ZrO2 nanoparticles.

600

Poly-N-isopropylacrylamide (PNIPAM)/Fe3O4/g-C3N4 prepared
by a hydrothermal method and thermal photoinitiation
under visible-light irradiation decomposed tetracycline into
harmless small molecules.601 The catalytic activity remain
more or less unaltered even after 5 repeated uses and could
be easily separated. In addition, CDs/g-C3N4/BiPO4,

602 ZnO/N-
doped g-C3N4,

603 and g-C3N4/H3PW12O40/TiO2
604 exhibited

enhanced photocatalytic degradation performance for
tetracycline under visible light.

3.7.5.2 Graphene. Binary and ternary graphitic composite
materials have been reported as photocatalysts in the
removal of tetracycline from aqueous solution.605–621

According to Ren et al.,605 a red mud/graphene oxide (mass
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ratio: 93 : 7) composite attained the best degradation rate for
tetracycline (79.8%) compared to raw red mud under visible
light within 80 min owing to its enhanced specific surface
area, light absorption and charge separation. Porous
hydroxyapatite (Hap) hollow microspheres as a source of
cheap and green photocatalysts have been harnessed in
fabricating rGO/Hap composites.606 Investigations revealed
significantly enhanced photocatalytic activity of rGO (1.5
wt%)/Hap in tetracycline degradation (92.1%, 30 min) under
a xenon lamp (300 W) for full-spectrum irradiation. This is
explained on the basis of the photogenerated electrons
accumulating at rGO (acting as an electron acceptor) that
could interact with O2 to form ·O2

−. In addition, separated
positive holes in the VB of porous hollow Hap (acting as an
electron donor) microspheres directly participate in the
oxidation of tetracycline.

Heteropoly acid (H3PMo8W4O40)/graphene oxide
nanocomposites based on UiO-66 have been synthesized
following an in situ growth hydrothermal method and tested
as photocatalysts in tetracycline photodegradation under
visible-light irradiation.607 The photocatalytic degradation
efficiency for tetracycline was found to be significantly higher
(95%: 120 min) compared to GO or heteropoly acid. An
Fe3O4/GO/ZnO magnetic nanocomposite showed 74% (100
min) degradation of tetracycline hydrochloride under visible-
light irradiation.608 This is explained on the basis of ZnO and
Fe3O4/GO in Fe3O4/GO/ZnO contributing to the generation of
the electron–hole pairs under visible light and promoting the
transfer of photogenerated electrons, respectively. In another
study, graphene quantum dot decorated ZnO–ZnF2O4

nanocage ternary composites, prepared by a one-step
deposition method exhibited superior performance in the
degradation of tetracycline hydrochloride under visible light
compared to ZnO or ZnO–ZnFe2O4.

609 According to
Chakraborty et al.,610 an rGO–ZnTe (1 : 1) photocatalyst
facilitated the degradation of tetracycline due to a synergistic
effect. It is suggested that the 2D wrinkled surface of rGO
contributes in minimizing the recombination probabilities of
photoinduced electron–hole pairs. N-doped TiO2

nanoparticles deposited on rGO exhibited more pronounced
photodegradation activity for tetracycline hydrochloride than
pure TiO2 or N-doped TiO2.

611 Subsequent studies on the
reusability of N-doped TiO2/rGO also established the stability
of the composite photocatalyst.

Kumar et al.612 fabricated ZnO quantum dots (1.5 wt%)/
rGO by a hydrothermal method and observed 68% removal of
tetracycline from wastewater (pH: 5) after 120 min under
visible light. Fe3O4/g-C3N4/rGO exhibited 86.7% degradation
rate of tetracycline hydrochloride, following pseudo-second-
order kinetics.613 The proposed mechanism suggested ·O2

−

and ·OH radicals as the most reactive species in the
photocatalytic degradation of tetracycline. Ghoreishian
et al.614 reported sonophotocatalytic degradation of
tetracycline using a flower-like rGO/CdWO4 composite under
simulated visible-light irradiation. These findings under
optical conditions (pH: 5.7, initial concentration of

tetracycline: 13.54 mg L−1, catalyst dosage: 0.216 g L−1, time:
60 min) revealed its photocatalytic catalytic activity to be 1.5
and 3 times higher than that of commercial nano-ZnO and
TiO2, respectively.

Interfacial growth of a TiO2–rGO composite by the
Pickering emulsion approach showed 94% removal efficiency
for tetracycline hydrochloride (10 ppm) after 40 min under
the visible light.615 Such significant enhancement in the
photocatalytic efficiency of TiO2–rGO is ascribed to its 2D
sandwich-like structure. Porous hollow hydroxyapatite
microspheres decorated with rGO,616 rGO–CdS,617 rGO–CdS/
ZnS,72 Ag/TiO2 nanosheets/rGO,618 Ag/TiO2 nanosheets,619

Ag/TiO2 nanosheets–rGO,620 and TiO2/rGO/activated
carbon621 have also been harnessed as photocatalysts in the
degradation of tetracycline in aqueous solution.

3.7.6 Heterojunction-based photocatalysts. Heterojunction
photocatalysis have attracted attention for the degradation/
removal of tetracycline in aqueous solution by various
heterojunctions.51 In this regard, a core–shell g-C3N4@Co–
TiO2 heterostructured nanofibrous membrane exhibited
excellent visible-light-driven degradation of tetracycline
hydrochloride.622 Huang et al.623 observed 74.7% degradation
efficiency for tetracycline hydrochloride within 30 min by a
hierarchical Au (2%)–g-C3N4–ZnO heterostructure under
xenon lamp irradiation. Mesoporous TiO2-modified ZnO
quantum dots (8%) immobilized on linear low-density
polyethylene (LLDPE) under fluorescent light irradiation
showed 89.5% removal of tetracycline (initial concentration:
40 mg L−1) from water (pH: 9) within 90 min.624 g-C3N4/CuO
(7%)625 and ZnO globular (15 wt%)/g-C3N4

626 showed 55%
and 78.4% degradation of tetracyclines in 60 and 50 min
under simulated solar light (λ > 365 nm) and artificial visible
sunlight illumination (λ ≥ 400 nm), respectively.

Ti0.7Sn0.3O2/g-C3N4 (mass ratio: 10 wt%) achieved 83%
degradation of tetracycline hydrochloride in 40 min under
irradiated visible light.627 This is explained on the basis of an
S-scheme between Ti0.7Sn0.3O2 and g-C3N4 to increase and
transport photogenerated charges. The ultrasonic-assisted
precipitation method has been used to fabricate a ZnO (20
wt%)/GO (2 wt%)/Ag3PO4 heterojunction and it has been used
as a photocatalyst in the elimination of tetracycline
hydrochloride from wastewater.628 These findings showed
96.32% (75 min) degradation under visible light
corresponding to initial concentration of tetracycline of 30
mg L−1 and catalyst dose of 1.0 g L−1.

The degradation rate of tetracycline was found to be about
10 times higher in a g-C3N4/C/Fe3O4 ternary nanocomposite
compared to its individual or binary components under
simulated solar light.629 The degradation process followed a
first-order kinetics model with a much higher apparent rate
constant for g-C3N4/C/Fe3O4 (0.0063 min−1) compared to g-
C3N4 (0.0029 min−1) or carbon (0.0003 min−1). The
photoinduced h+ and ·O2

− free radicals are suggested to act
as the main active components in the degradation. The
enhanced activity of g-C3N4/C/Fe3O4 in tetracycline
degradation is attributed to heterojunction formation and is
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due to the effective separation of the photocarriers. In
addition, the introduction of C into g-C3N4/C/Fe3O4 facilitates
an enhancement of the optical response range and effective
electron transfer.

Liao et al.630 examined the utility of a core–shell BiFeO3/
TiO2 heterostructure with a p–n heterojunction as a
photocatalyst prepared by forming nanospheres of TiO2 on
BiFeO3 (nanocubes) in tetracycline degradation under visible-
light irradiation. The findings indicated much higher
degradation efficiency of BiFeO3/TiO2 (72.2%) compared to
BiFeO3 (64.9%) and TiO2 (38.3%) after 180 min of visible
illumination. A BiFeO3/TiO2 p–n heterojunction photocatalyst
showed superior degradation efficiency for tetracycline due
to its enlarged specific surface area and higher sensitivity to
visible light, improved separation and transfer efficiency of
photoelectron–hole pairs and a synergistic effect. Fiber-
shaped Ag2O/Ta3N5 p–n heterojunctions designed as efficient
photocatalysts showed enhanced photocatalytic activity with
good stability in photocatalytic activity for tetracycline under
visible light (λ > 400 nm) due to the synergistic effect.631 It is
anticipated that photogenerated holes and superoxide
radicals played prominent roles in the photocatalytic process.

Chen and others632 fabricated an α-Bi2O3/g-C3N4

heterostructure modified by plasmonic metallic Bi and
oxygen vacancies and observed a remarkably high
degradation rate for tetracycline (90.2%) under visible light
after 180 min. Such enhancement is attributed to the
formation of a p–n junction arising from a combination of
n-type (g-C3N4) and p-type (α-Bi2O3) semiconductors, which is
beneficial in a ternary photocatalyst. It is suggested that Bi
nanoparticles and the presence of oxygen vacancies favor the
consumption and separation of the photogenerated electrons
and holes in the ternary heterojunction photocatalyst. Several
other heterojunction photocatalysts, such as C3N4@MnFe2-
O4–rGO,

491 BiVO4/TiO2/rGO,
633 porous g-C3N4/AgBr/rGO,

634

C3N4-supported WO3/BiOCl,
635 BiOI/exfoliated C3N4,

636

CuO@ZnO,637 ZnO/SnO2,
638 Cu2O–TiO2,

639 MoS2/Ag/g-
C3N4,

640 g-C3N4/ZrO2−x,
641 and needle SnO2 nanoparticles

anchored on exfoliated g-C3N4
642 have also shown

enhancement and stability in the degradation of tetracycline.
N-doped ZnO–MoS2 binary heterojunctions have been

fabricated by a hydrothermal method and used to study its
photocatalytic activity for the degradation of tetracycline
under visible-light irradiation.643 Fig. 19(a)–(d) show

Fig. 19 (a) Kinetic curves for the degradation of TC, (b) ln(C/C0) vs. time curve for the degradation of TC, (c) a histogram showing a comparative
degradation rate (%) of TC under visible light illumination and (d) a bar graph showing the values of rate constants for all the photocatalysts (N-
doped ZnO nanorods loaded 0.2, 0.5, 1, 2 and 3 wt% of with MoS2 nanoflowers (MNF) are referred to as NZM0.2, NZM0.5, NZM1, NZM2, and
NZM3, respectively). Reproduced from ref. 643 with permission from RSC (2017).
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corresponding findings based on variations in the
degradation of TC with time, corresponding ln(C/C0) vs. time
plots, a histogram showing a comparative degradation rate
(%) of TC under visible light illumination and a bar graph
showing the values of rate constants for all the
photocatalysts. It should be noted that photocatalytic
degradation of tetracycline followed pseudo-first-order
kinetics. In addition, fabricated semiconductor
heterojunctions demonstrated enhanced performance for the
degradation of tetracycline due to the synergistic effect.
Furthermore, the enhanced photostability of the
photocatalyst over three cycles for a period of 360 min is
ascribed to the transfer of holes from the valence band of
N-doped ZnO to the valence band of MoS2.

A novel type-II Bi2W2O9/g-C3N4 heterojunction has been
fabricated and studied for its photocatalytic performance in
the removal of tetracycline under simulated solar irradiation
and it was compared with Bi2W2O9 and g-C3N4, as displayed
in Fig. 20(a).72 It is inferred that Bi2W2O9/g-C3N4 yields high
photodegradation (∼95%) compared to the degradation
observed for pristine g-C3N4 (75%) or Bi2W2O9 (∼60%). This
is attributed to the Bi2W2O9 semiconductor acting as a trap
for photogenerated holes and electrons. A photocatalytic
mechanism has also been proposed for the Bi2W2O9/g-C3N4

system in Fig. 20(b).
Z-scheme WO3/g-C3N4 composite hollow microspheres

fabricated by an in situ hydrolysis and polymerization process
showed an enhanced degradation rate towards tetracycline
hydrochloride (82% in 120 min) under visible-light
irradiation.644 The enhanced separation of photoinduced
electrons and holes and the synergistic effect of g-C3N4 and
WO3 are considered to be a few reasons for this. In addition,
the presence of hollow cavities could enable trapping of the
incident photons and facilitate availability of more electrons

and holes in the photocatalytic process. In another study, a
Z-scheme mesoporous Sn3O4/g-C3N4 heterostructure
exhibited superior photocatalytic performance in degrading
tetracycline hydrochloride present in water.645 A possible
photocatalytic reaction mechanism has also been examined
in detail for this. In another study, BiOI/g-C3N4/CeO2 (3 wt%)
photocatalyst possessed the best photocatalytic activity for
degradation of tetracycline (91.6%) under visible-light
irradiation.646 It is anticipated that CeO2/g-C3N4 and BiOI/g-
C3N4 catalysts block the recombination of photoinduced
electron–hole pairs through the formation of a
heterojunction.

Dai et al.73 in situ prepared 3D-20% polyaniline/perylene
diimide (PANI/PDI) and found the degradation rate for
tetracycline under visible-light irradiation in a static system,
by 15.3 times and 17.0 times those of pure PDI and PANI,
respectively. The main reactive species in the degradation of
tetracycline comprised superoxide radicals, hydrogen
peroxide and holes. Fig. 21(a) and (b) schematically show the
electron–hole pair separation process and TC degradation
mechanism of a 3D 20%-PANI/PDI heterojunction under
visible-light irradiation. Scanning electron microscopy images
of 3D PANI/PDI in Fig. 21(c and d) indicate a significant
decrease in size after the dissolution/assembly process and
the PDI are uniformly/orderly dispersed in the 3D network
structure of PANI.

In addition, TiO2−x/ultra thin g-C3N4/TiO2−x,
647 K-doped g-

C3N4/TiO2/CdS,
648 γ-Fe2O3 nanospheres anchored on g-C3N4,

649

CQDs/g-C3N4,
650 Ag3PO4/MIL-88A(Fe),651 BiOBr/MoS2/GO,

652 g-
C3N4/MnO2/GO,

653 BiVO4@polypyrrole/g-C3N4,
654 AgI/BiOBr/

rGO,655 graphene-bridged Ag3PO4/Ag/BiVO4,
656 g-C3N4

nanoparticles/WO3 hollow microspheres,657 CuIn2S2/g-C3N4,
658

Ag3PO4/g-C3N4/ZnO,
659 g-C3N4 nanosheet/Ag3PO4/α-Bi2O3,

660

LaNiO3-modified C3N4
661 and ultrafine TiO2 nanoparticle

Fig. 20 (a) Photocatalytic degradation of tetracycline antibiotic (C0 = 10 mg L−1, pH = 4.89) as a function of irradiation time over Bi2W2O9, g-C3N4

and Bi2W2O9/g-C3N4 samples. (b) Proposed photocatalytic mechanism for the Bi2W2O9/g-C3N4 system under solar-like irradiation. Reproduced
from ref. 72 with permission of Elsevier (2020).
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modified g-C3N4
662 heterojunction photocatalysts have also

been harnessed in the removal of tetracycline in water.
Table 8 records the performance data of different

photocatalysts used in the removal of tetracycline from water.

3.8 Diclofenac

Diclofenac (DCF), an important non-steroidal anti-
inflammatory drug, finds multifaceted applications as a
painkiller primarily for dysmenorrhea, rheumatoid arthritis
and inflammation.663,664 The intake of diclofenac even at low
levels by humans and other living organisms is reported to
have an adverse biochemical effect. The solubility and high
polarity of diclofenac in water and lower degradability
account for its water pollution. Further, it can accumulate in
food chains owing to its migration through the aquatic
medium (surface water, drinking water, underground water)
in food chains. In view of this, the following photocatalytic
methods have been used in the removal of diclofenac from
water.665–748

3.8.1 Metal oxides. Rizza et al.667 studied the degradation
of diclofenac sodium by UV/TiO2 for a wide range of initial
DCF concentrations (5–80 mg L−1) and photocatalyst loadings
(0.2–1.6 g L−1) in a batch reactor system. These results
showed 100% removal of DCF compared to ∼3% and 14%
for TiO2 (dark conditions) and photolysis (UV) corresponding
to the initial concentration of 5 mg L−1 and catalyst dosage of
0.2 g L−1. The photocatalytic degradation of real
pharmaceutical wastewater (pH: 9) including diclofenac and
other drugs by TiO2/H2O2 was found to be 45.11% under UV-
mediated irradiation within 120 minutes.668 TiO2 nanofilm
membranes fixed on glass panels have also been explored in

Fig. 21 (a) Morphological structure of PANI/PDI. (b) Photocatalytic
mechanism of PANI/PDI heterojunction photocatalysts under visible-
light irradiation: direct Z-scheme heterojunction mechanism. (c and d)
Scanning electron microscopy images of 3D PANI/PDI. (Modified)
Reproduced from ref. 73 with permission of Elsevier (2020).
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the removal of diclofenac sodium from wastewater under UV
irradiation.669 Schulze-Hennings et al.670 studied the
durability of the coating containing TiO2 on glass for the
photocatalytic degradation of diclofenac sodium in water
using UVA irradiation. The effectiveness of ZnO and V2O5 has
also been tested in the photocatalytic degradation of
diclofenac sodium in water under solar and UV
irradiation.671 The emerging findings indicated 100%
photodegradation efficiency for V2O5 compared to ZnO under
UV and solar irradiation corresponding to the initial DCF
concentration of 300 mg L−1, catalyst dosage of 1.0 g L−1 and
pH 4. The relatively higher rate constant values of V2O5 under
UV (k: 0.0196 min−1) and solar (k: 0.0141 min−1) irradiation
compared to the corresponding values for ZnO in the
photodegradation of DCF also supported this. In another
report, investigations were made to study the factors affecting
diclofenac decomposition in water by UVA/TiO2

photocatalysis.672 According to Bagal et al.,673 UV/TiO2/H2O2

fabricated by a hydrodynamic cavitation approach showed
95% degradation of diclofenac sodium under the optimized
operating conditions.

ZnO showed highly active photodegradation of
diclofenac sodium in aqueous solution under UV lamp
irradiation compared to solar radiation.674 Mimouni
et al.675 investigated the effect of heat treatment on the
photocatalytic activity of α-Fe2O3 nanoparticles towards
diclofenac elimination. The findings in Fig. 22(a) and (b)
show the highest degradation for α-Fe2O3 (calcinated at 300
°C) and the value of the degradation rate constant
corresponds to 0.060 min−1. The generation of extremely
active OH· radicals is responsible for the total
photodegradation of DCF, as schematically described in
Fig. 22(c). Meroni et al.676 achieved 70% degradation of
diclofenac (25 ppm) by a piezo-enhanced sonophotocatalytic
approach based on ZnO (0.1 g L−1) subjected to UV-light
irradiation for 360 min. In addition, ZnO modified with

Fig. 22 (a) Conversion plots for photodegradation of DCF in the presence of α-Fe2O3 calcinated at different temperatures. (b) The degradation
rate of different samples at 120 min. (c) Schematic presentation on the generation of OH· radicals in α-Fe2O3. Reproduced from ref. 675 with
permission from Springer (2022).
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rare earth elements (Ce, Yb) and Fe,677 NixZn1−x Fe2O4 (x =
0, 0.3, 0.7),678 cobalt ferrite,679 MgO,680 and WO3

681

photocatalysts have also been investigated for the removal
of diclofenac from aqueous solution.

3.8.2 Metal–metal oxides. Chakhtouna and coworkers682

reviewed the role of Ag nanoparticles in enhancing the
photocatalytic activity of Ag/TiO2 in the removal of
pharmaceutical pollutants from aqueous solutions under UV
and visible light. Espino-Estévez et al.683 synthesized Ag and
Pd nanocomposites of TiO2 (TiO2–Ag and TiO2–Pd) by a sol–
gel method and observed almost 100% (120 min)
photocatalytic degradation of diclofenac sodium salt in water
under a UV light source. It was also noted that photocatalytic
degradation of DCF follows first-order kinetics. In another
study, Ag@Ag2O/WO3 and Ag@Ag2S/WO3 were prepared by
following a deposition hydrothermal route and used as
photocatalysts.684 Subsequent studies have shown high
degradation of DCF (60 mg L−1, pH: 12) in the presence of
H2O2 (1 × 10−4 M) under visible light (λ > 420 nm, 160 W) in
the presence of Ag@Ag2O/WO3 (k = 32.0 × 10−3 min−1) and
Ag@Ag2S/WO3 (k = 7.3 × 10−3 min−1) catalysts. Further
investigations have also revealed that ·O2

− plays an important
role in the degradation of DCF.

3.8.3 Doped metal oxides. Nguyen et al.685 removed
diclofenac from wastewater using a submerged photocatalytic
membrane reactor comprising immobilized N–TiO2 under
visible irradiation. It was also noted that DCF removal
efficiency is enhanced under visible irradiation by coupling
H2O2 with the photocatalytic process. C-doped TiO2

synthesized by a microwave digestion method showed almost
complete removal of diclofenac after about 160 min under
visible light corresponding to diclofenac concentration of 50
mg L−1, catalyst concentration of 250 mg L−1 and light
intensity of 8000 lx.686 The doping of titania with 25 wt% Mg
resulted in 55% and 48% degradation of diclofenac sodium
under UV and visible irradiation, respectively.95 An Mn (0.6
mol%) and Ag (0.5 mol%) co-doped TiO2 aerogel exhibited
86% removal of diclofenac under UVA-light irradiation after 4
h.687 The photodegradation rates followed first-order kinetics
with a highest apparent rate constant of 0.0064 min−1.

The photocatalytic performance of a sodium diclofenac
solution (pH: 6.5) in F-doped (20 wt%) ZnO under simulated
solar radiation indicated the complete degradation of
diclofenac sodium of concentration: 10 mg L−1 under the
optimized experimental conditions (ZnO–F concentration: 1 g
L−1).688 The enhanced photocatalytic activity of F-doped TiO2

is ascribed to the reduction in the recombination rate of
electron–hole pairs. In another similar study, fluorine (0.25,
0.5 and 1 at%)-doped ZnO nano- and meso-crystalline ZnO
showed high rates of diclofenac degradation in water
compared to bare ZnO.689 Chaudhari and others690 used a
sol–gel method to prepare Mn/CeO2, Cu/CeO2 Ag/CeO2 (metal
semiconductors) and Agl/CeO2 (an n–p semiconductor–
semiconductor) by doping with Mn, Cu, Ag and AgI,
respectively. Further investigations have been made to
compare their photocatalytic degradation for diclofenac

sodium in water under the same optimal conditions (pH: 7,
diclofenac concentration: 10 ppm) within 90 min exposure to
UV light. It is noted that AgI-doped CeO2 (1 g L−1) exhibited
higher degradation of diclofenac sodium solution (95%)
compared to Mn/CeO2, Cu/CeO2 or Ag/CeO2, such
enhancement in the photocatalytic activity of AgI/CeO2 is
attributed to its larger surface area and charge separation
efficiency.

In addition, Ce@TiO2,
691 granular activated carbon

modified with N-doped TiO2,
692 C,N-co-doped TiO2,

693 Ce,
Mn-co-doped TiO2,

694 N,S-co-doped carbon quantum dots/
TiO2,

695 TiO2 doped with B, F, N, P,696 and S,N,C-tri-doped
TiO2

697 photocatalysts have been investigated for the removal
of diclofenac from aqueous solution.

3.8.4 Metal oxide composites. Alalm et al.182 investigated
the solar photocatalytic degradation of pharmaceuticals,
namely amoxicillin, diclofenac, and paracetamol, using TiO2

immobilized on powdered activated carbon (TiO2/AC).
According to this, degradation corresponding to the initial
concentration of pharmaceuticals of 50 mg L−1 and TiO2/AC
dosage of 1.2 g L−1 followed the order: amoxicillin (100%: in
120 min) > diclofenac (83% beyond 180 min) > paracetamol
(70% in 180 min). TiO2–WO3 (molar ratio: 10 : 1) synthesized
by a hydrothermal method was the most effective catalyst in
the photocatalytic removal of diclofenac under visible-light
irradiation compared to pure TiO2.

698 The composite catalyst
successfully degraded diclofenac almost completely in 270
min corresponding to pH 5, initial diclofenac concentration
of 25 mg L−1 and catalyst concentration of 0.6 g L−1.
Subsequent studies showed the catalyst retained 80% catalyst
efficiency after four consecutive reaction cycles. N-doped
WO3/TiO2 synthesized by a sol–gel method enhanced the
degradation of diclofenac sodium using simulated solar light
owing to the synergistic effect and narrowing of the
bandgap.699 The visible-light-irradiated photocatalytic
degradation of diclofenac sodium using ZnO–WO3 has shown
better catalytic activity than bare ZnO.700 These studies
revealed ZnO–WO3 (Zn :W mole ratio: ≈10 : 1) exhibiting
∼76% degradation efficiency at a given pH (6), DCF
diclofenac concentration (20 mg L−1) and catalyst loading (0.8
g L−1).

Cordero-García et al.701 studied the effect of carbon
doping on WO3/TiO2 on the photocatalytic degradation of
diclofenac sodium and observed its higher photocatalytic
activity compared to WO3/TiO2 and TiO2. Hydroxyapatite/TiO2

(dose: 4 g L−1) in water degraded DCF (initial concentration:
5 ppm) by 95% in 24 h on irradiating it with simulated solar
light.702 According to Sun et al.,703 the intensity of UV
irradiation plays a more significant role in the significant
removal of diclofenac by a nano-TiO2/diatomite composite in
a photocatalytic reactor. According to this, diclofenac
degraded completely at 30 min under higher UV irradiation
intensity at a flux of 3.0 L h−1. A visible-light-responsive TiO2/
Ag3PO4 (10 : 1) nanocomposite immobilized in a spherical
polymeric matrix showed almost complete removal of
diclofenac (k: 0.018 min−1) in 120 min corresponding to
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initial drug concentration of 20 mg L−1 bead loading of 10 g
L−1, and reaction volume of 0.8 L.704 The ·OH radical and h+

are reported to be the primary reactive oxygen species in the
photodegradation of diclofenac.

An Ag–Ag2O/reduced TiO2 nanophotocatalyst
demonstrated 99.8% degradation of diclofenac after 50 min
of visible irradiation.705 This is attributed to the effective
charge separation, enhanced visible light absorbance and
localized SPR of nanocrystalline Ag0. Silvestri et al.706

synthesized PPy–ZnO (25 : 1) via a polymerization method
and studied the degradation of DCF under simulated solar
light. In this regard, the composite catalyst (1 g L−1)
facilitated 81% (60 min) degradation of diclofenac (10 mg
L−1) with h+ the main reactive species involved in the
reaction. This performance is ascribed to the mesoporous
structure, superior surface area and reduced band gap of
PPy–ZnO. According to Das et al.,707 a titania–zirconia (Zr/Ti

mass ratio of 11.8 wt%) composite catalyst exhibited a
reasonably higher removal of DCF (∼92.41%) compared to
the anatase form of titania without zirconia.

Attempts have been made to eliminate diclofenac sodium
from wastewater through the photocatalytic degradation of
hydrothermally prepared TiO2–SnO2 (Ti–Sn molar ratio: 1 : 1,
5 : 1, 10 : 1, 20 : 1 and 30 : 1) under various operating
conditions.708 The results indicated the TiO2–SnO2 catalyst
with a molar ratio of 20 : 1 to be the most effective
photocatalyst compared to the other binary composites. The
catalyst achieved complete degradation of diclofenac under
optimum conditions comprising initial drug concentration of
20 mg L−1, catalyst loading of 0.8 g L−1 and pH 5. The
photocatalyst also displayed excellent repeatability and better
stability over repeated reaction cycles. Fe3O4/TixOy/activated
carbon,709 Fe3O4 (nanosphere)/Bi2S3 (nanorod)/BiOBr
(nanosheet)710 TiO2@ZnFe2O4/Pd,

711 nanotubular titanium

Fig. 23 (a) Ct/C0 versus time plots of different photocatalysts. (b) Respective kinetic curves (inset) and apparent reaction rate constants of
diclofenac (conditions: [DCF]0 = 10 mg L−1, [Catal.] =1 g L−1, no pH adjustment and pHinitial = 5.05) and (c) possible mechanism for the
photodegradation of DCF and CBZ under LED lamp irradiation over 30% BCCNT composites. Reproduced from ref. 719 with permission from
Elsevier (2019).
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dioxide–polyethersulfone (PES) membrane,712 Al2O3–

Nd2O3,
713 and TiO2–zeolite

714 based photocatalysts have also
been evaluated for the photocatalytic degradation of
diclofenac.

3.8.5 Graphitic materials
3.8.5.1 g-C3N4 and its composites. Carbon quantum dot

(CQD)-modified porous g-C3N4 (dose: 200 mg L−1)
synthesized using 20 mL of CQD stock solution showed
almost complete degradation of diclofenac solution (pH: 9)
of an initial concentration of 10 mg L−1 in 12 min under
visible light.715 This is attributed to the tuning of the band
structure and enhanced separation of charge carriers. The
studies also suggested DCF degradation to be dominated by a
photosensitization-like mechanism. The CQD/g-C3N4

photocatalyst also exhibited excellent reusability, as evident
from studies in the 5th cycle (>90%). Pd quantum dots (1
wt%) deposited on g-C3N4 (dose: 0.5 g L−1) achieved 100%
removal of diclofenac solution (initial concentration: 1 mg
L−1, pH: 7) within 15 min under solar light.716 The rate
constant (0.72 min−1) was found to be 8 times higher than
that of g-C3N4. Such enhanced photocatalytic activity has
been explained based on its narrowed bandgap, reduction in
the recombination of photogenerated charge carriers and
availability of a photosensitization-like electron transfer
pathway.

Graphite-like C3N4-modified Ag3PO4 nanoparticles
exhibited highly enhanced photocatalytic activity under
visible-light irradiation owing to the synergistic effect.717 This
is mainly ascribed to the matching band potentials between
Ag3PO4 and g-C3N4, effectively suppressing recombination of
electron–hole pairs and promoting their separation efficiency.
Diclofenac sodium and ibuprofen (5 mg L−1) achieved
complete degradation (180 min) in the presence of carbon
microspheres (dia: 0.9–1.9 μm) supported on an anatase
phase of TiO2 (mass ratio TiO2 to C microspheres: 2)
heterostructure photocatalyst under solar light.718 Further
studies revealed the high performance of the photocatalyst
even after five successive cycles (80%) as evident from the
findings in the first cycle (94%).

Hu et al.719 fabricated eco-friendly 2D heterojunction
photocatalyst composites (BCCNT) comprising C-doped
supramolecule based g-C3N4 (BCCN) layers and TiO2

nanoparticles and corresponding findings are displayed in
Fig. 23(a). It should be noted that degradation of diclofenac
solution (10 mg L−1, initial pH: 5.05) by 1 g L−1 of 30%
C-doped supramolecular based g-C3N4 (BCCNT) reached
98.92% within 30 min under LED lamp illumination owing
to ·O2

− and h+ as the main active species. Further
investigations established that the degradation kinetics of
DCF fitted the pseudo-first-order equation (Fig. 23(b)) with
an apparent reaction rate constant (kapp: 0.1796 min−1) about
29.4 times higher than BCCN (0.0061 min−1). A possible
mechanism for the photodegradation of DCF under LED
lamp irradiation is also displayed in Fig. 23(c).

An AgI/gC3N4 (AgI molar mass ratio: 45%) composite
photocatalyst exhibited almost complete degradation of

diclofenac sodium in 6 min under visible-light irradiation
compared to AgI and g-C3N4.

720 The reaction rate constant
value of AgI/gC3N4 (k: 0.561 min−1) was found to be ∼12.5
and 43.2 times higher than those achieved by AgI (0.045
min−1) and g-C3N4 (0.013 min−1). The photocatalytic
degradation of diclofenac was guided by photogenerated
holes and superoxide anion radicals as the main reactive
species. Such enhanced photocatalytic activity of AgI/g-C3N4

is ascribed to the heterojunction between g-C3N4 and AgI that
facilitated interfacial charge transfer and prevented the
recombination of electron–hole pairs. Ag/g-C3N4 (mass ratio
of Ag: 54%) heterostructure photocatalysts prepared by
photodeposition under ambient conditions showed complete
degradation of DCF compared to g-C3N4 under visible-light
irradiation and followed pseudo-first-order kinetics. The rate
constant was k = 0.0429 min−1.721 The rate constant of
diclofenac degradation over Ag/g-C3N4 was almost 3.1 times
higher than that of pure g-C3N4. Further investigations also
revealed generated holes as the main reactive species in
diclofenac degradation and also established the excellent
stability of Ag/g-C3N4. CNT–Ni@TiO2:W nanoparticles722 and
C3N4/NH2-MIL-125 (ref. 723) have also shown remarkable
performance in the removal of diclofenac present in water.

3.8.5.2 Graphene composites. The removal of diclofenac
(and amoxicillin) has been reported by maltodextrin/reduced
graphene and maltodextrin/reduced graphene/copper oxide
nanocomposites.724 Kovacic et al.725 fabricated S-doped TiO2/
rGO by a one-pot solvothermal method to study the removal
of diclofenac sodium in aqueous medium (pH 4) under
simulated solar irradiation. These findings revealed strong
dependence on rGO loading of the photocatalytic
performance of S–TiO2/rGO in the degradation of DCF.
Accordingly, 5 wt% rGO in TiO2 showed improved diclofenac
photocatalytic activity compared to bare TiO2 owing to the
effective photogenerated charge separation, as inferred from
a photoluminescence study. John et al.726 investigated
sunlight-mediated removal of diclofenac sodium from water
(25 mg L−1) using TiO2–reduced graphene oxide (75 mg L−1)
and persulfate (20 mg L−1). They achieved an efficiency of
more than 98% within 30 min under sunlight illumination.
The diclofenac degradation followed the Langmuir–
Hinshelwood mechanism and pseudo-first-order kinetics
with a pseudo-first-order rate constant (99.4 × 103 min−1)
about twice that of TiO2–rGO (50.9 × 10−3 min−1). A
hydrothermally synthesized BiOCl–GO composite showed
100% and 47.88% removal of DCF from solution (25 mg L−1)
under UV light and visible spectrum solar light,
respectively.727 Li et al.728 also used a hydrothermal method
to synthesize an Ag–BiOI–rGO nanocomposite. They observed
the complete removal of diclofenac (10.0 mg mL−1) by 5
mol% Ag–BiOI–rGO (5 wt%) in 80 min under visible-light
irradiation compared to pure BiOI, Ag–BiOI or BiOI–rGO
photocatalysts (50 mg in 50 mL). This is attributed to the
enhanced charge separation and reduced recombination of
photogenerated charge carriers due to Ag and rGO in BiOCl.
Other studies reported ∼93% decomposition of diclofenac
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sodium (25 mg L−1) solution (pH: 6) within 6 min by cubic
Ag/AgBr/GO (0.030 g) on illumination with sunlight.729 It is
suggested that the large surface area of the catalyst as well as
the superior charge separation and transfer efficiency
accounted for this. UV-light-assisted activation of persulfate
by rGO–Cu3BiS3 (30 mg) reportedly achieved 81%
degradation of DCF in 60 min.730 An AgFeO2–graphene/
Cu2(BTC)3 MOF heterojunction has also been studied under
sunlight for the degradation of diclofenac in aqueous
solution.209

3.8.6 Heterojunctions, S- and Z-scheme-based composites.
Co3O4/WO3 nanocomposites were fabricated by dispersing
WO3 in a solution of cobalt acetate (pH: 7) followed by
heating at 90 °C.731 It showed 90.8% degradation of
diclofenac sodium salt (15 ppm) solution (pH: 10.7) under
visible-light irradiation. According to this, the formation of a
monoclinic phase of WO3 and a p–n heterojunction
maximizing the generation of non-selective OH radicals and
reducing electron–hole pair combination and the strong
absorption of visible light account for such a performance. A
solar-active Fe3O4@SrTiO3/Bi4O5I2 heterojunction
photocatalyst imparted 98.4% diclofenac removal in 90 min
under simulated solar-light irradiation.732 A vis–NIR-driven S-
scheme, an WO3−x/S-doped g-C3N4 nanocomposite, exhibited
∼99.5% degradation rate for diclofenac.733 g-C3N4/BaBiO3

heterojunctions contributed enhanced photocatalysis of
diclofenac sodium under visible light through interfacial
charge transfer.734 The photocatalytic activity of g-C3N4/
BaBiO3 is reported to be 6.5 and 5 times higher than BaBiO3

and g-C3N4, respectively. Visible-light-responsive N,S-co-
doped TiO2@MoS2,

735 S,B-co-doped g-C3N4

nanotube@MnO2,
736 oxygen-doped-g-C3N4/ZnO/

TiO2@halloysite nanotubes,737 and Pt–TiO2–Nb2O5
738 also

displayed enhanced photocatalytic degradation of diclofenac.
The optimal BiOCl/CuBi2O4 exhibited a 90% degradation

rate for aqueous DCF in 60 min under visible-light
irradiation.739 The degradation followed pseudo-first-order
kinetics (k: 0.03539 min−1), much higher than CuBi2O4 (k:
0.00139 min−1) or BiOCl (k: 0.00319 min−1). Such enhanced
photocatalytic performance of BiOCl/CuBi2O4 is most likely
to be due to the upgraded charge separation and transfer
caused by the formation of an S-scheme heterojunction and
the presence of oxygen vacancies. Chen et al.740 investigated
the photocatalytic performance and mechanism of a
Z-scheme CuBi2O4/Ag3PO4 photocatalyst in the degradation
of diclofenac sodium under visible-light irradiation. Studies
have also been reported on Z-scheme CuBi2O4/Ag3PO4 to
study the effects of pH, H2O2, and S2O8

2− on the visible-light-
driven degradation of diclofenac sodium.741

Visible-light-driven TiO2/g-C3N4 achieved maximum
degradation efficiency (93.49%) for the removal of diclofenac
sodium from aqueous solution (5 ppm) and the process
followed pseudo-first-order kinetics.742 Such a Z-scheme
photocatalyst successfully prevents the fast recombination of
electron–hole pairs. Elangovan and others743 prepared a
TiO2–CdS heterojunction following a two-step hydrothermal

treatment. Subsequent use of this as a photocatalyst achieved
86% diclofenac degradation within 4 h under visible-light
irradiation. It was suggested that the direct Z-scheme
heterojunction structure accounts for the direct charge
transfer between heterojunction catalysts. Investigations of a
TiO2–CdS photocatalyst in five successive reaction cycles
established its appreciable photochemical stability and
reusability. ZnSnO3/Bi2WO6,

744 Ag3PO4/g-C3N4,
745 V2O5-B-

doped g-C3N4,
746 MoS2/Cd0.9Zn0.1S

747 and MoO3@ZrO2
748

photocatalysts have also shown enhanced degradation of
diclofenac and diclofenac sodium.

Table 9 records the data on the performance of metal
oxides and carbonaceous materials based photocatalyst in the
removal of diclofenac from water under optimum conditions.

3.9 Atenolol

Atenolol (ATL) belongs to the group of β-blockers and is
extensively used in the treatment of cardiovascular diseases,
such as hypertension, coronary arterial disease and cardiac
arrhythmia.749 As a result, it has been widely detected in
sewage effluent, surface water and wastewater treatment
plants on its release into the environment through urban
discharges. Atenolol can prevent the growth of human
embryonic cells and is toxic to water species. Therefore, it is
essential to develop simple and cost-effective technologies for
the effective removal of ATL in wastewater before release into
natural water.750–780

3.9.1 Metal oxides. Several studies have been done into
carrying out the degradation of atenolol using commercial as
well as synthetic TiO2 compared to ZnO.750–752 Hapeshi
et al.753 used a variety of commercially available TiO2 as
photocatalysts and found the following relative catalytic
activity for the conversion of atenolol: Degussa P25 (67%) >
Hombicat UV 100 (39%) > Tronox A-K-1 (30%) > Aldrich
(15%) > Tronox TRHP-2 (10%) > Tronox TR (9%) In another
study, nano-TiO2 crystal phase (anatase TiO2, rutile TiO2, and
mixed phase) coupled with UV-LED was used to study the
influence of several parameters on atenolol
photodegradation.754 It was noted that the mixed phase
completely degraded atenolol in 60 min under UV-LED (365
nm) corresponding to the ATL concentration of 18.77 μM,
catalyst dosage of 2.0 g L−1, light intensity of 774 μW cm−2

and pH 7.6. This is in all likelihood due to several
contributions originating from the large specific surface area
of the catalyst, excellent charge separation efficiency, and the
influence of light absorption. The photodegradation of
atenolol followed pseudo-first-order kinetics (k: 0.064 min−1).

Among the different commercial TiO2 catalysts, TiO2

(Degussa P25) aqueous suspensions (250 mg L−1) delivered
80% photocatalytic conversion of atenolol (10 mg L−1) under
irradiation by a 1 kW Xe-OP lamp in 120 min.755 TiO2

(Degussa P25) has been tested for the removal by degradation
of atenolol, acetaminophen, sulfamethoxazole in hospital
wastewater.756 Rimoldi et al.757 evaluated the degradation of
tetracycline hydrochloride, paracetamol, caffeine and
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Table 9 Performance data on removal of diclofenac in water presence of various photocatalysts

Photocatalysts Preparative method DCF
Catalyst
dose pH Light source

Degradation
and time

Rate
constant

TiO2
665 Sol–gel method 5 ppm

(100 mL)
50 mg 6 Xenon arc lamp, 300 W,

70 mW cm−2, λcut-off: 420
nm

∼80%
(120 min)

—

TiO2
665 Sol–gel method 5 ppm

(100 mL)
50 mg 6 Natural sunlight ∼72%

(120 min)
—

TiO2P25
666 Commercial 2 mg L−1 200 mg L−1 — Blacklight Philips TLK05

(40 W), 290–400 nm
100%
(60 min)

∼0.09
min−1

TiO2SG
666 Commercial 2 mg L−1 200 mg L−1 — Blacklight Philips TLK05

(40 W), 290–400 nm
100%
(30 min)

∼0.13
min−1

TiO2 aerogel P25
(Degussa)667

Commercial 5 mg L−1

(100 mL)
0.2 g L−1 — 125 W black light

fluorescent lamp:
300–420 nm

100%
(80 min)

4.24 ×
10−2

min−1

TiO2 nano thin film on
glass slide669

Chemical bath
deposition

10 ppm 25 × 75 mm
deposited
film

2 UV lamp 26%
(12 min)

—

TiO2 immobilized on
glass670

Solution method 0.5 mg L−1 Film of area
144 cm2

6.2–7.2 UVA lamp: 15 W (300–400
nm)

∼100%
(26 h)

0.15 h−1

ZnO (Merck)671 Commercial 300 mg L−1 1.0 g L−1 4 UV 90.7%
(180 min)

0.0144
min−1

ZnO (Merck)671 Commercial 300 mg L−1 1.0 g L−1 4 Solar 56.5%
(190 min)

0.0044
min−1

V2O5 (Merck)671 Commercial 300 mg L−1 1.0 g L−1 4 UV ∼100%
(180 min)

0.0196
min−1

V2O5 (Merck)671 Commercial 300 mg L−1 1.0 g L−1 4 Solar ∼100%
(180 min)

0.0141
min−1

TiO2 immobilized on
activated carbon182

Temperature
impregnation method

50 mg L−1

(4 L)
1.2 g L−1 10 Solar irradiation ∼85%

(180 min)
0.010
min−1

Degussa P25 TiO2

(75% A:25% R)/H2O2:
1.4 mM672

Commercial 5 mg L−1 250 mg L−1 — UVA lamp (9 W lamp) ∼99.5%
(60 min)

—

TiO2 (anatase and
rutile)673

Commercial 20 ppm (5 L) 0.3 g L−1 4 UV lamp: 250 W 80.25%
(120 min)

0.0152
min−1

TiO2 (anatase and
rutile)/H2O2: 0.3 g L−1 673

Commercial 20 ppm (5 L) 0.3 g L−1 4 UV lamp: 250 W 95.7%
(120 min)

0.0273
min−1

ZnO674 Commercial 30 μM 0.25 g L−1 3 UV lamp: 40 W, 254 nm 95%
(5 min)

0.403
min−1

α-Fe2O3 nanoparticles
(calcinated at 300 °C)675

Drying followed by heat
treatment

15 mg L−1

(100 mL)
1 g L−1 — UVC lamp: 15 W, 254 nm 96%

(120 min)
0.04
min−1

MgO nanoparticles680 Direct precipitation
method

10 mg L−1 0.1 g 6.5 UV light source (254 nm) 100%
(60 min)

0.1191
min−1

TiO2–Pd
683 Sol–gel method 50 g L−1

(0.20 L)
1 g L−1 5 UV light source (15 W),

300–400 nm
100%
(120 min)

∼0.05
min−1

TiO2–Ag
683 Sol–gel method 50 mg L−1

(0.20 L)
1 g L−1 5 UV light source (15 W),

300–400 nm
100%
(120 min)

∼0.04
min−1

Ag/Ag2O/WO3 (H2O2: 1 ×
10−4 mM)684

Deposition/hydrothermal 0.006 g
(100 mL)

0.1 g 12 Mercury lamp (160 W), λ
≥ 400 nm

85%
(60 min)

32.0 ×
10−3

min−1

C-doped TiO2 (anatase
phase)686

Microwave digestion
method

50 μg L−1 250 mg L−1 7.5 High-pressure W visible
lamp (150 W), λ > 400
nm, 8000 lx

∼100%
(150 min)

0.0334
min−1

Mg (25 wt%)-doped
SiO2

687
Mixing of Mg/SiO2 with
MgCl2

20 mg L−1

(25 mL)
0.7 g L−1 4.3 UV light 55%

(60 min)
—

Mg (25 wt%)-doped
SiO2

687
Mixing of Mg/SiO2 with
MgCl2

20 mg L−1

(25 mL)
0.7 g L−1 4.3 Visible light 48%

(60 min)
—

F (0.25)-doped ZnO
nano689

Hydrothermal approach 10 mg L−1

(100 mL)
1.0 g L−1 — UV-LEDs strip: 10 W, 365

nm
85%
(30 min)
and ∼99%
(180 min)

0.06
min−1

Mn doped CeO2
690 Sol–gel 10 ppm 1.0 g L−1 7 Mercury vapour lamp

(125 W) with cut-off
wavelength of 455 nm

48%
(60 min)

—

Cu doped CeO2
690 Sol–gel 10 ppm 1.0 g L−1 7 Mercury vapour lamp

(125 W) with cut-off
wavelength of 470 nm

50%
(60 min)

—
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Table 9 (continued)

Photocatalysts Preparative method DCF
Catalyst
dose pH Light source

Degradation
and time

Rate
constant

Ag doped CeO2
690 Sol–gel 10 ppm 1.0 g L−1 7 Mercury vapour lamp

(125 W) with cut-off
wavelength of 510 nm

57%
(60 min)

—

AgI/CeO2
690 Sol–gel 10 ppm 1.0 g L−1 — Mercury vapour lamp

(125 W) with cut-off
wavelength of 460 nm

88%
(60 min)

1.758 ×
104 L
Mol−1

min−1

Ce@TiO2
691 Precipitation method 5 μM

(100 mL)
75 mg — UV light ∼100%

(80 min)
—

1% Ce–0.6% Mn/TiO2
694 Sol–gel method 10 mg L−1 50 mg L−1 6 UV lamp: 30 W, λ: 254 nm 94%

(240 min)
0.012
min−1

N,S
co-doped-CQDs/TiO2

695
Via in situ phase
inversion method

10 ppm
(200 mL)

1.5 g (25
cm2

membrane
area)

— Visible-light irradiation (λ
> 400 nm)

62.3%
(150 min)

—

UV light (λ < 380 nm) ∼55%
(150 min)

—

B (5 wt%) doped TiO2
696 Sol–gel method 15 mg dm−3 250 mg

dm−3
— UV lamp ∼30%

(120 min)
0.0035
min−1

P (5 wt%) doped TiO2
696 Sol–gel method 15 mg dm−3 250 mg

dm−3
— UV lamp ∼24%

(120 min)
0.0019
min−1

F (5 wt%) doped TiO2
696 Sol–gel method 15 mg dm−3 250 mg

dm−3
— UV lamp ∼27%

(120 min)
0.0021
min−1

C–S–N-tri-doped TiO2

(thiourea/Ti molar ratio:
0.2 : 1)697

Sonochemical method 25 mg L−1

(50 mL)
0.05 g L−1 Neutral

pH
Sunlight 76.48%

(90 min)
0.0632
min−1

TiO2–WO3 (10 : 1 molar
ratio)698

Hydrothermal method 25 mg L−1

(100 mL)
0.6 g L−1 5 Metal halide lamp, 400

W, visible light
100%
(210 min)

—

Hydroxyapatite–TiO2
702 Annealing of Ti salt and

hydroxyapatite
5 mg L−1

(50 mL)
4 g L−1 — UV lamp, λ: 365 nm, 1.80

mW cm−2
95% (24 h) —

Nano TiO2/diatomite703 Hydrolysis, precipitation
and roasting of
diatomite and TiCl4

400 μg L−1 0.5 g L−1 — UV lamps: 16 W, 254 nm,
1.17 mW cm−2

100%
(30 min)

—

Immobilized (12 wt%
TiO2)/Ag3PO4 (10 : 1)

704
Sol–gel method 20 mg L−1 10 g L−1

(beads), 0.8
L

— Visible light source ∼90%
(120 min)

0.018
min−1

4.25-Ag–Ag2O/r-TiO2

-0.130705
One-step solution
reduction strategy

5 mg·L−1

(100 mL)
30 mg — Visible light 100%

(50 min)
0.04767
min−1

PPy : ZnO (25 : 1)706 Via polymerization
method

10 mg L−1

(100 mL)
1 g L−1 6 Xenon lamp (250–800

nm)
81%
(60 min)

0.986
min−1

TiO2–SnO2 (molar ratio:
20 to 1)708

Hydrothermal method 20 mg L−1 0.8 g L−1 5 UV lamp 100%
(300 min)

0.0147
min−1

Fe3O4/Bi2S3/BiOBr (with
Bi2S3 mass ratio of
4%)710

One-pot solvothermal 10 mg L−1

(50 mL)
0.03 g L−1 5 LED lamp (50 W), 475 nm 93.81%

(40 min)
0.0527
min−1

TiO2@ZnFe2O4/Pd
711 Photodeposition

technique
10 mg L−1 0.03 g L−1 4 Solar light 84.87%

(120 min)
0.0172
min−1

Nanotubular
TiO2-PES

712
Via anodization of TiO2

nanotubes on
polyethersulfone
membrane

5 mg L−1 Circular
membranes
(Dia: 47
mm)

— UVA sunlamp (7.6 mW
cm−2)

∼94%
(240 min)

9.96 ×
10−3

min−1

Al2O3-(15%) Nd2O3
713 Sol–gel method 80 ppm 200 mg (200

mL)
— UV lamp, 254 nm, 4400

μW cm−2
>92.0%
(40 min)

9.5 ×
10−2

min−1

CQDs (50 mL) modified
g-C3N4

715
Mixing method 10 mg L−1

(50 mL)
200 mg L−1 9 Xenon arc lamp (300 W)

with UV cut-off filter (λ ≥
400 nm), 150 ± 5 mW
cm−2

100%
(12 min)

0.47
min−1

TiO2–carbon
microspheres (CMS)
with Ti : CMS molar
ratio = 2718

Solvothermal treatment 5 mg L−1

(50 mL)
250 mg L−1 6.0 Xenon lamp (500 W m−2).

With light correction
filter (λ ≤ 350 nm)

100%
(180 min)

—

30% TiO2-hybridize
C-doped based
g-C3N4

719

In situ method 10 mg L−1

(100 mL)
1 g L−1 5.05 LED lamp: 50 W, 380–780

nm
98.92%
(30 min)

0.1796
min−1

AgI/g-C3N4 (molar ratio
of AgI: 45%)720

Deposition–precipitation
method

1 mg L−1

(100 mL)
10 mg — Xenon lamp (300 W), λ ≥

400 nm, 100 mW cm−2
100%
(6 min)

0.561
min−1
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atenolol, both as individual pollutants and in
mixtures, using UV and simulated-solar-mediated TiO2.
According to Ponkshe and Thakur,758 degradation of
atenolol (2 × 10−4 M) using different commercially
available TiO2 (0.03 g L−1) as photocatalysts in a 100 mL
reaction solution (natural pH) under UV light for 120 min
followed the order: Aeroxide TiO2 P25 (94%) > TiO2

Hombikat UV 100 (68%) > Merck TiO2 (60%) > TiO2

Kronoclean 7000 (45%). Rogé et al.759 prepared ZnO
nanowires by metal organic chemical vapor deposition and
investigated their photocatalytic activity in a solution

containing atenolol and sulfadimidine under low-power
365 nm UV light (2.28 mW cm−2). The corresponding
pseudo-first-order rate constants in these pollutants were
found to be 6.5 × 10−3 and 2.3 × 10−3 min−1. Several other
studies also reported the photocatalytic degradation of
atenolol in aqueous solution using Degussa TiO2 P25
suspension,760 TiO2,

761 TiO2/salicylaldehyde–NH2-MIL-
101(Cr)762 and ZnO.763

3.9.2 Metal-doped and metal–metal oxides. Ramasamy
et al.104 fabricated an Ag-doped ZnO photocatalyst to study
its performance as a photocatalyst in the visible-light region

Table 9 (continued)

Photocatalysts Preparative method DCF
Catalyst
dose pH Light source

Degradation
and time

Rate
constant

Ag modified g-C3N4

(mass ratio of Ag:
54%)721

Photodeposition 100 mg L−1

(100 mL)
10 mg — Xenon lamp: 300 W with

cut-off filter (λ ≥ 400
nm), 100 mW cm−2

∼100%
(120 min)

0.0429
min−1

TiO2–rGO in presence of
persulfate726

Solvothermal treatment
(using 5 wt% GO)

25 mg L−1

(50 mL),
(persulfate:20
mg L−1)

75 mg L−1 4 Sunlight (1.25 × 106 lx) >98%
(30 min)

99.4 ×
10−3

min−1

BiOCl–GO727 One-pot hydrothermal
method

25 mg L−1

(100 mL)
1 g L−1 5 Visible spectrum solar

light (17.38 mW cm−2)
47.88%
(180 min)

—

5 Mol% Ag–BiOI–rGO 5
wt%728

Hydrothermal strategy 10.0 μg mL−1

(50 mL)
50 mg — Halogen lamp: 300 W 100%

(80 min)
0.026
min−1

Ag/AgBr/GO729 Sonochemical route 25 mg L−1

(25 mL)
0.030 g 6.2 Sunlight irradiation ∼93%

(6 min)
—

rGO–Cu3BiS3 (15%)/PS
(5 mM)730

Solvothermal process 10 mg L−1

(50 mL)
30 mg — UV LED light (15 W) 85%

(60 min)
3.8 ×
10−2

min−1

Co3O4/WO3

(annealed)731
Dispersion method 15 ppm

(50 ml)
30 mg 6.8 Mercury lamp (80 W) with

cut-off of 420 nm
90.8%
(180 min)

0.1412
min−1

Fe3O4@SrTiO3/Bi4O5I2
732 In situ hydrothermal

route
10 mg L−1 0.3 mg

mL−1
6 Xenon lamp (300 W) 98.4%

(90 min)
0.06214
min−1

N,S co-doped
TiO2@MoS2

735
Hydrothermal method 0.15 mg L−1 0.98 g L−1 5.5 Visible LED light

irradiation
98%
(150 min)

0.002
min−1

S–B-co-doped g-C3N4

nanotubes–MnO2 (PMS:
0.06 mM)736

Hydrothermal 20 mg L−1 0.5 g L−1 7 Visible light (8 × 8 W),
460 nm

99%
(10 min)

—

Pt–TiO2–Nb2O5
738 Multiple steps 12.5 mg L−1

(100 mL)
0.5 g L−1 — UV-LED 100%

(20 min)
0.446
min−1

BiOCl/CuBi2O4 (mass
ratio: 40%)739

Solvothermal process 50 mg L−1

(40 mL)
1 mg mL−1 — Xenon lamp (300 W), λ >

420 nm
∼90%
(60 min)

0.03539
min−1

CuBi2O4/Ag3PO4 (1 : 1)
740 Combination of

hydrothermal and in situ
deposition

10 mg L−1

(50 mL)
0.025 g — Xenon lamp (300 W) with

cut-off filter at λ ≥ 400
nm

∼90%
(120 min)

0.0143
min−1

CuBi2O4/Ag3PO4 (mass
ratio of 3 : 7)741

Hydrothermal synthesis
and in situ deposition
method

10 mg L−1 25 mg (50
mL)

4.42 Xenon lamp (300 W), λ >
400 nm

82%
(60 min)

0.0072
minc

CuBi2O4/Ag3PO4 (mass
ratio of 3 : 7)/S2O8

2−: 1–
06 mM741

Hydrothermal synthesis
and in situ deposition
method

10 mg L−1 25 mg (50
mL)

4.42 Xenon lamp (300 W), λ >
400 nm

100%
(60 min)

0.0272
min−1

CuBi2O4/Ag3PO4 (mass
ratio of 3 : 7)/H2O2: 1
mM741

Hydrothermal synthesis
and in situ deposition
method

10 mg L−1 25 mg (50
mL)

4.42 Xenon lamp (300 W), λ >
400 nm

98.40%
(60 min)

0.0162
min−1

TiO2/g-C3N4
742 Wet impregnation

method
5 ppm 0.3 g 5 W halogen lamp (1000 W) 93.49%

(90 min)
0.0324
min−1

Ag3PO4/g-C3N4 (30%)745 Deposition–precipitation
method

1 mg L−1

(100 mL)
0.1 g L−1 — Xenon lamp (300 W) with

filter (λ ≥ 400 nm)
∼100%
(12 min)

0.453
min−1

50% V2O5–g-C3N4

(molar ratio: 30%)746
Mixing method 10 mg L−1 0.2 mg

mL−1
>7 Monochromatic blue

lamps (8 W), 465 ± 40 nm
100%
(<105 min)

∼0.53
min−1

MoS2/Cd0.9Zn0.1S
747 One-step hydrothermal

method
20 μM
(50 mL)

25 mg — Xenon lamp (300 W) with
420 nm cut-off filter

86%
(30 min)

—
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for the photocatalytic degradation of atenolol (and
acetaminophen) in a water medium. The corresponding
removal efficiencies were found to be about 70 and 91% for
[ATL]int = [ACT]int: 5 mg L−1, pH: 8.5, time: 120 min, and Ag–
ZnO: 1 g L−1. These findings also confirmed that the removal
process takes place through the OH· pathway in the removal
of the pollutants. Fe–TiO2 and Ag–TiO2 mediated visible-light
photocatalysis removed atenolol from aqueous solution
under optimum conditions by 75.5% (98 min) and 68.3%
(120 min), respectively.764

Atenolol has been removed from domestic
wastewater effluent using green-synthesized Fe (0–5%)-
doped TiO2 (Fe–TiO2) under visible-light irradiation.765

These findings showed 85% removal of atenolol in
the presence of Fe (2 wt%)–TiO2 after 105 min at
solution pH 9, initial atenolol concentration of 10 mg
L−1 and catalyst dose of 1.25 g L−1. The degradation
of atenolol by visible-light-activated Fe–TiO2 was
attributed to the cleavage of the ether bond,
hydroxylation of the aromatic ring and oxidation of
amine moieties. Alternatively, the enhanced
photocatalytic activity for atenolol by Fe-doped TiO2

due to the reduced band gap of TiO2 cannot be
ruled out.

Ag–TiO2 (Ag/Ti molar ratio: 2%) microtubes showed
enhanced degradation of atenolol under UV-light
irradiation (λ: 365 nm, power: 0.111 mW cm−2).766

Further investigations revealed Ag acting as a good
photogenerated electron acceptor for photocatalysis.
Cobalt-doped TiO2 nanoparticles (dose: 2.0 g L−1)
exhibited about 90% photodegradation (ATL: 15 mg L−1,
H2O2: 2.0 mL, pH: 2) of atenolol in 40 min under UV
irradiation.767 The photodegradation of atenolol followed
first-order kinetics, and the process involved the

formation of hydroxyl free radicals and superoxide
oxygen anions as active species.

3.9.3 Metal oxide composites. A Bi2O3/TiO2 composite was
successfully synthesized by a solvothermal method and its
photocatalytic performance was tested for the removal of
atenolol removal from aqueous solution under UVC and
visible-light irradiation.768 The investigations revealed the
decomposition of atenolol to be better for Bi2O3/TiO2

(68.92%) than Bi2O3 (22.58%) after 60 minutes under
optimum conditions (pH: 7, catalyst dosage: 400 mg L−1 and
initial concentration of atenolol: 10 mg L−1). Stojanović
et al.769 fabricated a TiO2/zeolite composite by a solid-state
dispersion method and investigated the photocatalytic
degradation of atenolol from an aqueous solution (pH ∼ 6.5)
under simulated solar light. These findings indicated ∼94%
and 88% degradation of atenolol after 70 min for ZSM-5
combined with P25 TiO2 and ZSM-5/TiO2 nanocrystals,
respectively. Corchero et al.770 prepared Fe3O4@AgCl and Fe3-
O4@TiO2 nanocatalysts using an ionic liquid. Subsequent
evaluation of their effectiveness as photocatalysts under UV
light (30 min) showed the degradation of atenolol by 66.0%
and 43.7%, respectively. The photocatalytic degradation of
atenolol has also been reported using BiOCl@Fe3O4

771 and
immobilized titania/silica on glass slides.772

3.9.4 Graphitic material composite. A hydrothermally
prepared graphene oxide–TiO2 (1.5 g L−1) composite showed
72% degradation of atenolol (25 ppm) solution (pH: 6) under
visible-light irradiation after 1 h.773 The inclusion of
graphene oxide in the composite facilitated enhanced
electron–hole pair separation. The photocatalytic activities of
immobilized graphene–TiO2

774 and graphene oxide/ZnO
composite775 have also been examined for the photocatalytic
degradation of atenolol under UV and solar irradiation,
respectively. A metal-free exfoliated g-C3N4 photocatalyst

Fig. 24 (a) Photocatalytic activities of photocatalysts for atenolol degradation of Ag3PO4, Y–Ag3PO4, BiVO4, Y–Ag3PO4/BiVO4, Y–Ag3PO4/CQDs
and Y–Ag3PO4/CQDs/BiVO4 for the degradation of atenolol and (b) Z-scheme photocatalysis mechanism for atenolol degradation by Y–Ag3PO4/
CQDs/BiVO4. Reproduced from ref. 779 with permission from Elsevier (2020).
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showed the efficient removal of atenolol from urban
wastewater under visible light.776 In another study,
carbon nitride modified by graphene quantum dots
exhibited 86% photocatalytic degradation efficiency for
atenolol, which still remained above 83% after five
cycles.777

3.9.5 Heterojunctions and Z-scheme-based photocatalysts.
Kumar et al.778 used recycled LiFePO4 from batteries in
combination with B@C3N4 and CuFe2O4, which were
harnessed as sustainable nanojunctions to study xenon-
lamp-mediated atenolol degradation and showed 99.5% and
85.3% (60 min) degradation efficiency by B@C3N4/LiFePO4/
CuFe2O4 and B@C3N4/LiFePO4/CuFe2O4 (30%)
photocatalysts. Z-Scheme Y–Ag3PO4/CQDs/BiVO4 exhibited
90.9% degradation efficiency for atenolol under visible light
(6 h) compared to Y–Ag3PO4 and BiVO4 (Fig. 24(a)).779 This
could be attributed to an increase in the visible-light
absorption and electron mediators as a result of the
synergistic effect. The kinetic constant in the photocatalytic
degradation of atenolol was found to be ∼2.8 times that of
pristine Ag3PO4 in the presence of Y–Ag3PO4/CQDs/BiVO4

and a possible mechanism has also been proposed, as
shown in Fig. 24(b). Both Y–Ag3PO4 and BiVO4 generated
photogenerated carriers under visible-light illumination.
CQDs not only increase the visible-light absorption of Y–
Ag3PO4/CQDs/BiVO4 but also act as electron mediators.
Simultaneously, oxygen defects caused by the doping of Y3+

into Ag3PO4 are a capture centre for photogenerated
electrons to generate ·O2

−, inhibiting the recombination of
photogenerated electron–hole pairs. In another study, a
double Z-scheme rGO/CuFe2O4/CdS/Bi2S3 QDs
nanoheterojunction exhibited ∼76.5% degradation of
atenolol photo-Fenton-assisted photocatalytic degradation of
atenolol in 360 min under visible-light irradiation.780 The
degradation of atenolol was attributed to enhanced surface
oxygen vacancies, the formation of OH· and h+ and the
photo-Fenton reaction.

Table 10 records data on the performance of different
photocatalysts on removal of diclofenac from water under
optimum conditions.

4 Future scope and perspectives

Pharmaceutical pollutants found in water supplies through
human and animal consumption of antibiotics, antipyretics,
analgesics, etc. are considered potential hazards to the
environment, humans and aquatic life.781 However,
conventional wastewater treatment methods are ineffective in
eliminating them completely. In view of this, the
photocatalytic degradation of these pharmaceutical
pollutants using semiconducting materials is considered an
effective method.

An efficient semiconducting material acting as an efficient
photocatalyst is guided by enhanced visible-light absorption,
facilitating charge carrier migration and a reduced
recombination rate. In view of this, TiO2, WO3, ZnO, Fe2O3,

CdS, MoS2 etc. are widely used photocatalysts for the
photodegradation of pharmaceutical pollutants in water.23–39

However, the large band gaps of photogenerated charge
carriers, i.e. rapid recombination rate (i.e., short lifetimes) of
photogenerated charge carriers, instability in an aqueous
medium, reusability of the photocatalyst and poor absorption
ability for visible light, are a few drawbacks that limit the
practical applications of metal oxide as photocatalysts.
Therefore, increasing attention has been focused on
achieving the effective separation of photogenerated charge
carriers, improvements in the visible-light response and other
factors782 through designing and constructing advanced light
energy harvesting assemblies for environmental
remediation.783 This problem has been overcome by
modifying semiconducting metal oxides through doping,
composite formation, immobilizing semiconducting
materials on supports and heterojunction formation for the
removal of drugs from contaminated water. In addition, the
combination of these semiconducting metal oxides with
carbon-based materials, such as activated carbon, biochar,
carbon nanotubes, carbon dots, g-C3N4 and graphene, has
also attracted a lot of attention in the removal of
pharmaceutical pollutants present in wastewater. However,
there are still several research gaps in the removal of
antibiotics by photocatalysts. These future challenges are
described below.

The expensive precursors used in the synthesis of metal
oxides limit their large-scale application. Therefore, it is
desirable to realize the simple, facile, affordable, low-cost
synthesis of photocatalysts. The specific surface area,782

crystallite size,784 size, shape and overall structure785 of
photocatalysts play important roles in the photocatalytic
activity of emerging pollutants. This needs to be correlated
with light trapping, charge separation and pollutant
adsorption ability parameters under optimized operational
conditions.

Carbon-based materials have also attracted significant
interest in recent years due to their unique physicochemical,
optical and electrical properties following band-gap tuning,
composite formation and heterojunction construction,
etc.40–50 The enhanced photo-efficiency of the corresponding
nanocomposites is ascribed to improvement in visible-range
absorption, fast charge carrier migration and reduced
recombination rate. However, their choices are limited to
batch experiments at the laboratory scale rather than the
pilot scale. As a result, there is a gap between on-going
research and its application.

The literature revealed considerable interest in
investigating the photocatalytic degradation of individual
pharmaceutical pollutants in water. However, wastewater
could contain complex pollutant mixtures, including other
organic and inorganic species originating from heavy metals,
dyes, personal care products, pesticides and other
sources.757,786–794 This can affect the degradation process for
pharmaceutical pollutants through interference and matrix
effects. Therefore, attention also needs to be focused on
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developing photocatalysts capable of simultaneously
removing pharmaceuticals even in the presence of other
pollutants/interfering substances in the wastewater. Recovery,
reusability, and stability remain other issues in the
development of high-performing photocatalysts in wastewater
treatment. Toxicity assessment is considered to be one of
important parameters in the treatment of wastewater by
photocatalysis.795 This could be ascribed to the formation of

carcinogenic secondary metabolites due to the incomplete
mineralization of targeted contaminants.

Nanomaterial-based photocatalysts have shown great
promise due to their superior adsorptive and photocatalytic
properties in the removal of pharmaceutical pollutants.51,57

In this regard, leaching of toxic components could adversely
affect the quality of the water environment. This aspect
remains a matter of great concern and as a consequence,

Table 10 Performance data on removal of atenolol in water in the presence of different photocatalysts

Photocatalyst
Preparation
method ATL Catalyst dose pH Light source Degradation (time) Rate constant

TiO2: mixed phase (source:
Shandong Xiya Chemical
Co)754

Commercial 18.77
μM

2 g L−1 7.6 UV-lamp (365 nm) and
I0: 774 mW cm−2

100% (60 min) 0.064 min−1

TiO2 (75% A + 25% R)
Degussa P25755

Commercial 10 mg
L−1

250 mg L−1 8 Xenon-OP lamp (1 kW),
I0: 272.3 W m−2

80% (120 min) —

Degussa P25756 Commercial 10 mg
L−1

1.0 g L−1 — Natural solar irradiation 100% (400 kJ m−2) —

Degussa TiO2 P25
758 Commercial 37.6

mM
2.0 g L−1 (25
mL)

6.8 High-pressure Hg lamp
(125 W), 365 nm, 31.3
mW m−2

∼100% (60 min) 0.0570 min−1

Degussa P25 TiO2
760 Commercial 37.6 μM 2.0 g L−1 7 UV light 100% (60 min) —

TiO2 immobilized on the
clinoptilolite nano particles
support762

Dispersion
method

10 mg
L−1 (25
mL)

1.5 g L−1 — UV lamp (80 W) 75% (60 min) —

TiO2 immobilized on
Salicylaldehyde-NH2-MIL 101
(Cr) support762

Dispersion
method

10 mg
L−1 (25
mL)

1.5 g L−1 — Xenon lamp (100 W) 82% (60 min) —

ZnO nanoparticles763 Synthetic
method

20 mg
L−1

10 mg L−1 7 9 W UVC lamp 100% (120 min) —

Fe–TiO2
764 Green

method
5 mg
L−1 (100
mL)

1005 mg L−1 8 Xenon arc lamp, 300 W,
λ: 650 nm

71.2% (98 min) —

Ag–TiO2
764 Green

method
5 mg
L−1 (100
mL)

1065 mg L−1 8 Xenon arc lamp, 300 W,
λ: 650 nm

65.7% (120 min) —

Ag–ZnO microtubes104 Solution
method

5 mg
L−1

1 g L−1 8.5 W halogen lamp (300 W) 70.2% (120 min) 0.01 min−1

Fe–TiO2
765 Green

synthesis
10 mg
L−1

1.25 g L−1 9 300 W halogen lamp 85% (105 min) 0.013 min−1

Ag–TiO2 microtubes (Ag/Ti
molar ratio: 2%)/O3

766
Calcination 20 mg

L−1
0.2 g 9.11 Medium-pressure Hg

lamp: 365 nm and 0.111
mW cm−2

92.23% (9 min) 0.3275 min−1

Co doped-TiO2 (H2O2: 2.0 mL
L−1)767

Mixing
followed by
calcination

15 mg
L−1

2.0 g L−1 2 UV (200 nm) 90% (40 min) 0.059 min−1,
1.75 × 10−4 g
mg−1 min−1

Bi2O3/TiO2
768 Solvothermal

method
10 mg
L−1

400 mg L−1 7 UVC (visible-light
irradiation)

68.92% (60 min) —

TiO2/zeolites
769 Solid-state

dispersion
method

50 mg
L−1

1 g L−1 (40
mL)

6.5 Lamp (Osram Vitalux
(300 W))

∼94% (70 min) 0.132 ± 0.001
min−1

TiO2@Fe3O4
770 Mixing

method
10 ppm 0.75 g L−1 5.5 Low-pressure Hg vapour

lamp (UVC. l: 280 nm)
43.7% (30 min) —

Fe3O4@AgCl770 Mixing
method

10 ppm 0.75 g L−1 5.5 Low-pressure Hg vapour
lamp (UVC. l: 280 nm)

66% (30 min) —

Fe3O4@TiO2
770 Mixing

method
10 ppm 0.75 g L−1 5.5 Low-pressure Hg vapour

lamp (UVC. l: 280 nm)
66% (30 min) —

BiOCl@Fe3O4 with [PS]: 1.0
mM771

Precipitation
process

2.5 mg
L−1

0.1 g L−1 6.5 Xenon lamp (simulated
sunlight): 500 W

∼99% (60 min) (5.34–6.04) ×
10−2 min−1

Graphene oxide–TiO2
773 Hydrothermal 25 ppm 1.5 g L−1

(150 mL)
6 1000 W xenon arc lamp,

750 mW cm−2
72% (60 min) —

Y–Ag3PO4/CQDs/BiVO4
779 Mixing

method
10 mM
(50 mL)

5 mg
photocatalyst

— 250 W xenon lamp with
UV cut-off filter, λ > 420
nm

90.9% (6 h) 0.50 h−1
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extensive investigations are needed to fully understand the
role of various photocatalyst nanoparticles and their toxicity
risks in aquatic environments.796,797 Therefore, it remains
challenging to recover and separate the nanoparticle-based
photocatalysts invariably used in water treatment. Recently,
this difficulty has been overcome by immobilizing the
photocatalysts on various support materials. Therefore, in the
future innovations will be needed for effective, eco-friendly,
and sustainable immobilization techniques for the
separation/recovery and reuse of photocatalytic materials.
Existing research has also invariably focused on laboratory-
scale photocatalysis in the degradation of emerging
pharmaceutical pollutants without much implementation in
real water systems. More studies need to be focused at the
pilot and industrial scale levels for its commercialization.
The fabrication of economical, environmentally friendly and
effective photocatalysts taking into account many of these
aspects remains a major challenge in this field.

5 Conclusions

Antibiotics have been invariably used in different fields, such
as the medical field, agriculture, and veterinary medicine for
the purpose of killing or preventing bacterial growth.
However, the presence of these pharmaceutical pollutants on
entering surface water and groundwater are a potential threat
to human and marine lives and need to be eliminated.
Considering this, various conventional processes have been
developed for the removal of these pharmaceutical
pollutants. However, their choice is limited due to their high
cost as well as incomplete elimination of contaminants from
the contaminated water.

In view of this, the current review highlights recent
advances in the applications of different photocatalysts to the
removal of emerging pharmaceutical pollutants in
wastewater. As a result, the performance of several metal
oxides, carbonaceous materials, composites including surface
modification, doping with metals/nonmetals, heterojunction
formation, and immobilization using support materials,
homo- or hetero-materials composed of two or more
inorganic phases, inorganic semiconductors coupled with
carbon-based materials, inorganic semiconductors hybridized
with 2D materials as excellent photocatalysts have been
reviewed to find out the optimum removal efficiency for the
pollutants (acetaminophen, amoxicillin, sulfamethoxazole,
acetaminophen, norfloxacin, ciprofloxacin, tetracycline,
diclofenac and atenolol) in water. However, secondary pollution
produced by the formation of by-products during the
photocatalytic process, leaching of dopants/active components
of the photocatalysts, and the generation of excess CO2 during
the photocatalysis process are additional challenges that need
to be addressed in future. Further, most of these findings are
reported on the laboratory scale, and real-world and industrial-
scale applications have yet to be fully realized. The further
development of low-cost, robust photocatalysts utilizing
semiconductors and renewable visible/solar light to solve both

the world crises of energy supply and environmental pollution
remains a pressing demand for industrial application.
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