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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,
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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,
immobilization and heterostructure/heterojunction

metal loading, the formation of composites,

approaches. Finally, the review ends with future prospects for nanomaterial-based heterogeneous
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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." 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.”> 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.> In this regard, dye
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photocatalysts in the removal of pharmaceutical contaminants from water.

effluents, heavy metals and pesticides discharged as
wastewater from different industries contribute significantly
to water pollution.**?

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.*>?
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.™ 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."* 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.'”'® According to a

recent report, urban wastewater treatment plants are
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Fig. 1 Routes of pharmaceutical contaminants (PCs). Reproduced
from ref. 14 with permission from Elsevier (2022).

recognized sources for the dissemination of antibiotic
resistance in the environment."” 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.”® 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
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operational time.'® 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.’® > In this regard, a considerable amount of
research interest has focused mostly on TiO, and to some
extent on other semiconducting materials and transition
metal oxides as photocatalysts in the degradation of
pharmaceutical pollutants in water.>*>° 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.?® However, the potential of TiO, 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.**° 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
and properties are wused 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.*®**? 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.”®

According to the available literature, several reviews have
been published focusing on metal oxides,>° Ti0,,>'**
ZnO-based photocatalysts,** semiconductors,*® doped TiO,,**
hybrids,*” TiO,-carbon dot nanocomposites,® plasmonic
metal-TiO, composites,* carbonaceous/carbon-based
materials,”>*"  g-C;N,,*> MWCNT,* carbon dots,***
activated  carbon,”  graphene-based  composites,®**
graphene-TiO, and doped graphene-TiO, nanocomposites,*’
graphene-based  materials,” and  nanomaterial-based
heterogeneous photocatalysts® as photocatalysts for the

structures
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Table 1 Structure and uses of different pharmaceutical pollutants. Adopted from PubChem®®

Pollutant (formula) Structure Uses
Acetaminophen (CgHoNO,) H Nonprescription analgesic and antipyretic medication
NY for mild-to-moderate pain and fever
(0}
HO
Amoxicillin (C;6H;9N305S) NH, Bacterial infections, and dental abscesses
H
N
HO
o)
O
Sulfamethoxazole (C;oH;1N305S) o) Used in treatment of a variety of bacterial infections,

A\
S N—_
O
Q/ '}N4</K
/
HoN CH,

Ibuprofen (C;3H;50,)

Norfloxacin (C;6H;3FN303) ™ f

Ciprofloxacin (C;;H;gFN303) 0

Tetracycline (Cp,H,4N,05)

Diclofenac (C;4H;;,Cl,NO,)

Atenolol (Cy,H,,N,03) it

treatment of wastewater containing pharmaceuticals.
Alternatively, several review articles have reported on the
photodegradation of antibiotic contaminants in water,
such as amoxicillin®  ibuprofen,® tetracycline,”>*
: .. 53,54 « 54 oL . .

ciprofloxacin, and norfloxacin® antibiotics in wastewater

342 | RSC Appl. Interfaces, 2024,1, 340-429

including those of the urinary, respiratory, and
gastrointestinal tracts

Anti-inflammatory; analgesic; antipyretic

In treatment of urinary tract infections and prostatitis

Therapy of mild-to-moderate urinary and respiratory
tract infections caused by susceptible organisms

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

Therapy of chronic forms of arthritis and
mild-to-moderate acute pain

As a cardioselective beta-blocker that is widely used in
the treatment of hypertension and angina pectoris

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.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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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 TiO,, ZnO, and many other oxides,
their combination with graphitic-carbon nitride (g-C3;N,),
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 (Av) sufficiently
greater than the band gap energy of the photocatalyst (Fig. 2
(ref. 37)). Holes (hyg') and electrons (ecg ) are generated in
this manner in the valence band (VB) and the conduction
band (CB), respectively. The separated holes reacts with

O H,0 .
: é’ : Pollutants
PV (‘“’

H,0

Fig. 2 Photocatalytic processes over a heterogeneous photocatalyst.
Reproduced from ref. 37 with permission from MDPI (2021).
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hydroxyl ions (OH") or water molecules (H,O) to produce
hydroxyl radicals (-OH). In addition, the separated electrons
reacts with dissolved O, in water to produce superoxide
radicals (-O, ), which upon further reaction, produce
-OH.>”** Subsequently, the active species generated in this
manner react with pharmaceutical pollutants on the surface
of the semiconductor catalyst to give H,O, CO, and other by-
products.

Semiconductor + v — hyp' + ecp”

hys" + H,O — H' + -OH

ecg +0p — -0y

-0, + H = HO,-

HO,- + HO,- — H,0, + O,

H,0, +-:0, — -:OH + OH + O,

H,O + hyg" — -OH + H'

hyg" + 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 O,
and N, into the solution and irradiation time.'*?%3*

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, TiO, 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.>* %’
However, its wide band gap (~3-3.2 eV),>* and the fast e -h"
recombination rate of photogenerated electron-hole pairs in
TiO, limit its applications. Semiconducting ZnO (band gap:
3.37 eV) has been used as another photocatalyst in water
treatment as an alternative to TiO,.°® Several other metal
oxides (ZrO,, Fe,03, y-Fe;0,4, SnO,, Mn,03;, WO3, CeO,, CuO,
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and NiO) have also been investigated as alternatives to TiO,
and Zn0.>° Nano-engineered metal-oxide-based
photocatalysts have also attracted a lot of attention in
wastewater treatment.”” However, metal oxide -catalysts
experience similar drawbacks to TiO,. 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,’® metal ferrites,”® and oxychlorides®® 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.®>®*> 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.®*®*

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.*>*" 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.** The
carbonaceous materials explored for this purpose include
carbon dots,*® g-C;N,,**®* activated carbon*>*® and carbon
nanotubes (CNTs).®” Graphene is another carbon-based
material composed of a one-atom-thick layer of carbon atoms
arranged in a hexagonal lattice.®® It is a semimetal with a
small degree of overlap between the valency band and the
conduction band.®® 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.*! Interestingly,
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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.*®®°

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.” 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.”®””* The schematic separation
of charges via electron migration from one semiconductor to
another in various heterojunction mechanisms is represented
in Fig. 3.>' 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.>> 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.>* 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-
I 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,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic illustration of various types of heterojunction: (a) straddling bandgap (type 1), (b) staggered bandgap (type Il), (c) broken bandgap
(type Il), (d) p-n type, (e) direct Z-scheme, and (f) S-scheme. Reproduced from ref. 51 with permission from Amer Sci Publ (2023).

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)°*
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.”® 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

© 2024 The Author(s). Published by the Royal Society of Chemistry

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

3 Removal of pharmaceutical
components using different
Photocatalysts

In this review article, we present the use of photocatalysts
based on bare metal oxides (TiO,, ZnO and other oxides) and
carbon-based materials (graphitic carbon nitride, g-C3N,,
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 paracetamol is
commonly used all over the world as a painkilling, anti-
inflammatory, analgesic, and antipyretic drug.”>”® 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

known as
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Granules

Fig. 4 Supporting materials used for the immobilization of photocatalysts.

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.”* %’

3.1.1 Metal oxides. Two titania photocatalysts prepared by
a sol-gel method showed higher photocatalytic activity than
commercial TiO,-P25 when tested for the photodegradation
of paracetamol in aqueous solution.”® Marizcal-Barba et al.®
studied the photocatalytic degradation of acetaminophen in
the presence of TiO, 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™ and a catalyst dose of 0.15 g of TiO,. Hollow
mesoporous TiO, 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.*" These findings showed
an increase in the conversion fraction of the drug to 94% in

346 | RSC Appl. Interfaces, 2024, 1, 340-429

Reproduced from ref. 51 with permission from Amer Sci Publ (2023).

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

Zhang et al®* reported about 95% photocatalytic
degradation of acetaminophen in an aqueous solution of
TiO, (1.0 g L") 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™') has been investigated in the
presence of nanostructured TiO, catalysts with a nanotube-
type morphology using ultraviolet radiation (1: 254 nm) and
the removal efficiency was found to be 99% after 100 min.**
The photocatalytic degradation of acetaminophen in water
has also been reported using ZnO,** faceted-TiO,*> and
molecularly imprinted ZnO nanonuts.®®

3.1.2 Metal-incorporated metal oxides. The introduction of
metal species into TiO, 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

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metal-loaded metal oxides. Jiménez-Salcedo et al.®” applied
an organometallic approach for the preparation of Au-TiO,
nanohybrids and studied the degradation of paracetamol (0.3
mg L") under UVA light. These studies revealed 100%
degradation of paracetamol in 30 min for Au-TiO,
photocatalysts compared to TiO, (40 min). The Kkinetic
studies also supported these findings as being inevitable
from the higher rate constant of Au-TiO, photocatalysts (0.14
min™") compared to TiO, photocatalysts (0.12 min™) in the
degradation of paracetamol. In addition, Ag-, Au- and Pt-
loaded TiO, (Ag/TiO,, Au/TiO, and Pt/TiO,) 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.®®

Pd-decorated CuO nanostructured thin film showed
enhanced visible-light degradation of acetaminophen.®® The
influence of radical trappers revealed no role for -OH, -O," (or
10,) 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, ZnFe,O, (bandgap: 1.9 €V) is non-toxic
and exhibits good photostability.”® TIts 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®' reported the efficient
degradation of paracetamol during water treatment using Au
nanoparticles grown on ZnFe,O, as a visible light (200 W
halogen lamp, C-type R7s, A > 400 nm) assisted
photocatalyst. TiO,/BN/Pd nanofibers showed significantly
enhanced degradation of ACT (>90%), compared to pure
TiO, (20%) after 4 h under visible-light irradiation.’® This
was explained on the basis of the good dispersion of Pd
nanoparticles on TiO,-BN nanofibers to facilitate the transfer

of photoexcited hole carriers and a decrease in
11
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photogenerated electron-charge recombination. Reusability
studies and recycling tests on the TiO,/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 TiO, (20 mg)
degraded 69.31% paracetamol (4 mg L") under UV light and
70.39% under solar light in 120 min.”® According to Shaban
and Fallata,”* carbon-doped TiO, nanoparticles (2.0 g L™)
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 TiO,. In addition,
Mg-doped TiO, has also been reported in the
photodegradation of paracetamol.”® Accordingly, 25 wt% Mg-
doped TiO, produced 60% and 48.3% degradation of
paracetamol under UV and visible light, respectively. In all
likelihood, the Mg dopant in TiO, acts as a photosensitizer
for photocatalysts and hinders the recombination of
electron-hole pairs. In another study, TiO, and Ta-doped
TiO, 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.”®
Mn-doped TiO, 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 m* g™").°” Fe-doped TiO,,’® KAI(SO,),
and NaAlO,-doped TiO,,”® N-doped halloysite (HNT)/TiO,,"°
carbon-self-doped Ti0,,"”" Bi*'-doped Ti0,'*> and Bag.s
Big.05F€0.95CU0.0505 ' 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-ZnO'**
and La-doped ZnO'® photocatalysts under visible-light
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conditions: catalyst dosage: 1 mg mL™; concentration of pharmaceutical: 5 mg L™Y. Reproduced from ref. 106 with permission from Elsevier

(2019).
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irradiation. Abri et al'°® 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.'” 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 x 10" ions per cm?) doped ZnO NRA sample
(referred to as N-ZnO,) showed maximum degradation
efficiency (98.46%) of acetaminophen (20 ppm) in the
presence of sunlight under 120 minute duration. The linear
variation in In(Cy/C) versus irradiation time followed pseudo-
first-order  degradation kinetics for acetaminophen.
Furthermore, the superior photocatalytic activity of the N-
ZnO, catalyst was inevitable from the high value of its rate

Fig. 6
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constant (0.038 min~') compared to pristine ZnO NRAs
(0.0045 min™"). In addition, further investigations also
revealed a more or less unaltered degradation efficiency
(98.46% to 97.63%) of N-ZnO, after five repeated cycles. The
findings of the effect of scavengers on the photocatalytic
degradation of acetaminophen in the presence of N-ZnO,
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 O,. 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 Fe,0;-TiO,
nanocomposites exhibited higher degradation (95.85%) of
acetaminophen compared to bare TiO, under stimulated
solar radiation (optimal conditions: initial concentration of
ACT: 30 mg L'; catalyst loading: 1.25 g L™"; initial pH: 11)."%®
Khasawneh et al.'® synthesized a hematite (a-Fe,03)-doped
TiO, 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

\'B—f:-;- —L

Punatase TiO, (B)

(a) Schematic of the possible charge separation and photocatalytic mechanism of TiO,-Bi,Osl, composite under visible-light irradiation.

Reproduced from ref. 114 with permission from Elsevier (2020). (b) Schematic diagram of charge transfer in the photoexcited TiO,/Fe,Os core-
shell photocatalyst. Reproduced from ref. 117 with permission from Elsevier (2017).
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investigated using montmorillonite nanosheets modified
with TiO, under UV radiation."'® These findings revealed
100% removal efficiency for acetaminophen in aqueous
solution corresponding to pH 7, catalyst dose of 0.75 g L™,
acetaminophen concentration of 2 mg L' and contact time
within 120 min.

Magnetic TiO,/Fe;0, (1.16 g L") and Ti0,/SiO,/Fe;0,
(1.34 g L™ nanoparticles degraded acetaminophen,
antipyrine, caffeine, and metoprolol pharmaceuticals on
illuminating its aqueous solution (pH: 7, ACT concentration:
30 mg L)' TiO,/SiO,/Fe;0, nanoparticles also showed
good reusability, as evidenced within four repeated
experiments. Czech and Tyszczuk-Rotko''? explored the
visible-light (centered at 500-550 nm) driven photocatalytic
removal of acetaminophen from water using MWCNT (1.72
wt%)-TiO,-Si0, nanocomposites and observed ~82%
efficiency due to the key role played by photogenerated holes.
In another study, Fernandes et al.'™® selected combinations

of Fe,O; and Fe;O, 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' solution in 45 min
(and 60 min) and it remained almost unaltered over five
cycles. A ternary heterogeneous anatase-TiO, (B) biphasic
nanowires/Bi,OsI, composite exhibited 95% degradation of
acetaminophen in 6 min under visible-light irradiation."*
This is ascribed to the multiphase structure, including the
synergistic effect of anatase TiO, and Bi Osl,. A schematic of
the possible charge separation and photocatalytic mechanism
of the TiO,-Bi,OsI, composite under visible-light irradiation
is displayed in Fig. 6(a).

Chau et al'® synthesized a Cu,O/WO;/TiO, ternary
composite in view of the narrow band gaps of Cu,O (2.20 eV)
and 2.70 eV (WOj3) 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™
compared to pure TiO, 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.''®
Abdel-Wahab et al.''” prepared flower-like core-shell TiO,/
Fe,O; photocatalysts instead of TiO,/Fe;O, due to the
photostability of Fe,O; compared to Fe;O, 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 TiO,. This is ascribed to the separation of the
photogenerated electron-hole pairs accomplished by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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coupling the narrow band gap with the wide band gaps of
Fe,0; and TiO,, respectively. A schematic diagram of charge
transfer in the photoexcited TiO,/Fe,O; core-shell
photocatalyst is displayed in Fig. 6(b). Jallouli et al.'*® used
TiO, nanoparticles and TiO,/cellulosic fiber to carry out the
photocatalytic degradation of paracetamol under UV and
sunlight irradiation. WO,/Ti0,/Si0,""° and Ti0,/ZSM-5 (ref.
120) also exhibited enhanced photocatalytic degradation of
acetaminophen in contaminated wastewater.

TiO, immobilized on glass spheres (sunlight)'*' and ZnO-
polystyrene (UV-LED)'**> photocatalysts effectively removed
acetaminophen and  paracetamol, respectively. The
photodegradation of acetaminophen is also reported with
zeolite-supported TiO, and ZnO under UV and sunlight,'?’
bi-modified titanate nanomaterials (visible light),"** BaTiO,/
TiO, composite (UV-vis),"*> and Ag/AgCI@ZIF-8 (visible

light).">*
3.1.5 C3N,; and C-dot-based composites. The rapid
photocatalytic ~ degradation of acetaminophen (and

levofloxacin) targeted by modifying g-C;N, bulk material to g-
C;N, nanosheets under solar-light irradiation reached 99% in
60 min compared to bulk g-C;N, (38% in 240 min)."*” Such
performance of g-C3N, nanosheets could be assigned to
multiple contributions, such as smaller particle size, rich
carbon surface and lower band gap. Contemporary studies on
exfoliated g-C3;N, have also been reported for the degradation
of paracetamol (and ibuprofen) in an aqueous environment
under visible light."*® A ZnO/Ph-g-C;N,; nanocomposite acted
as an efficient visible-light-active catalyst for the
photodegradation of paracetamol in aqueous suspension.'*’
The findings revealed hydroxyl and superoxide radical anions
to be responsible for the degradation process.

Heterostructures comprising a-Fe203/g-C3N4130 have been
examined for the photocatalytic = degradation  of
acetaminophen. The photocatalytic activity of g-C3N,
combined with UiO-66-NH, in different proportions (25%-g-
C3N4/Ui0-66-NH,, 50%-g-C;N,/UiO-66-NH,, 75%-g-C3N,/UiO-
66-NH,) was tested for the removal of acetaminophen from
an aqueous solution under given experimental conditions
(ACT]: 5 mg L™, [Catl: 0.5 g L™, V: 350 mL)."*" The
corresponding findings on the temporal evolution of
acetaminophen with the different samples and their pseudo-
first-order rate constants (k.,s) are displayed in
Fig. 7(a) and (b). These findings depict complete removal of
acetaminophens by the 75%-g-C3N,/UiO-66-NH,
heterostructure in 120 min with a pseudo-first-order rate
constant of 2 h™. It is suggested that incorporation of UiO-
66-NH, in g-C;N; enhanced the separation of the
photogenerated charges. Silica-carbon quantum dots (1 wt%)
decorated TiO, as a sunlight-driven photocatalyst completely
removed acetaminophen 33.3% faster than pure TiO,.””
Gupta et al'® studied the augmented photocatalytic
degradation of acetaminophen using hydrothermally treated
2-C3N, and persulfate under LED irradiation.

3.1.6 Graphene and its composites. Khavar et al'*?
observed the complete degradation of acetaminophen (pH
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Fig. 7 (a) Photocatalytic degradation of acetaminophen with different g-C3N4/UiO-66-NH, samples. (b) Pseudo-first-order rate constant (kops) Of

different g-C3N4/UiO-66-NH, samples. Experimental conditions: V = 350 mL; T = 20 °C, Cace = 5 mg L™ Ccar = 0.5 g L™%. 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).

5.4) for 3 wt% rGO@TiO, under visible UVA-LED irradiation
within 50 min. A graphene-oxide-supported bioinspired CuO
photocatalyst (50 wt%) showed 96.2% acetaminophen
degradation.® 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."® Tao et al.™*® synthesized nanocomposites
comprising 5% graphene/TiO, nanotubes by a hydrothermal
method and observed a 96% degradation rate for
acetaminophen (5 mg L™") 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.,"*” coal fly ash (CFA) decorated with graphene
oxide nanorods with Pb*"-ion-loaded spent adsorbent
exhibited 93% degradation of acetaminophen on subjection
to photocatalysis. Ni@TiO,: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."*® Subsequent findings suggested that
acetaminophen degradation was mainly caused by reactive
oxygen species, such as -OH radicals and h'. Reusability

350 | RSC Appl. Interfaces, 2024, 1, 340-429

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/BiOBr'*® and vitamin-C-assisted synthesis of rGO-Ag/
PANI**® 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®° fabricated a Bi,O3/MnO, Z-scheme
heterojunction and achieved 94.3%  photocatalytic
degradation efficiency (0.0202 min™) for acetaminophen in
120 min. This was found to be about 3.5 and 3.8 times higher
than MnO, and Bi,03, 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@TiO, with UiO-66-NH, in
different ratios was used to construct Sr@TiO,/UiO-66-NH,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Performance data on removal of acetaminophen in water using variety of photocatalysts
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Catalyst Degradation Rate
Photocatalyst Preparative method ACT dose pH Light source and time constant
TiO,-rutile”® Precipitation 20ppm  0.1g 9 Tungsten halogen lamp 68% —
(50 mL) (400 W), 0.0146 W cm > (60 min)
TiO,-anatase’® Thermal precipitation 20ppm  0.1¢g 9 Tungsten halogen lamp 60% —
method (50 mL) (400 W), 0.0146 W cm > (60 min)
Zno’® Thermal precipitation 20ppm  0.1¢g 9 Tungsten halogen lamp ~100% —
method (50 mL) (400 W), (0.0146 W cm™) (60 min)
inth
TiO,: 80% anatase + 20%  Commercial 40mgL™" 2gL™ — UV lamp (15 W) 97% —
rutile (Degussa P25)”” (250 mL) (300 min)
TiO,/Ag (5%)"* Photodeposition method 20 pg L™ 1gL™ — UV radiation (365 nm) 94.50% —
(0,: 100 (240 min)
em’
min™")
TiO,” Sol-gel method 50 ppm  1.33 gL' — TQ159-ZO lamp (150 W) ~50% 0.0056
(750 mL) (180 min)  min™"
TiO,* Sol-gel method 35mgL" 0.15¢g 10 UV lamp with a wavelength ~ 99% —
of 256 nm, 1 mW cm™> (180 min)
Solid TiO, spheres®' Template-free 50mg L™ 01gLt — Mercury lamp (500 W) 90% 0.075
solvothermal route (60 min) min~"
Mesoporous TiO, Template-free 50mg L™ 01gL™" — Mercury lamp (500 W) 94% 0.043
microspheres®' solvothermal route (60 min) min™"
TiO, (High Techn. Nano Commercial 50 uM 1.0gL™" 9 Metal halide lamp ~95% —
co. Ltd)* (250 W), 2 > 365 nm (100 min)
ZnO powders (Fluka)®* Commercial (thermally 50 mgL™ 0.25¢ — UV-lamp (315-400 nm), ~97% 0.0136
calcined at 100 °C) (0.25 1) P.D: 0.66 mW cm > (240 min)  min™"
ZnO nanonuts® Chemical method 5x10° ~1.0mg 7.2 UV lamp: 4 mW c¢cm 2, ~92% 1.32 x
M 368 nm (180 min) 107
min™"
TiO, (Degussa P25)%” Commercial 0.3 mg 40.5 mg Neutral LED lamp - UVA light 100% 0.12
L (70 mL) (15 W), 365 nm (40 min) min~'
Au-TiO,% Mixing tempered 0.3 mg 40.5 mg Neutral LED lamp - UVA light 100% 0.14
colloidal solution of au L~ (70 mL) (15 W), 365 nm (32 min) min~"
and TiO, in water
Au-g-C;N,* Reflex method 0.3mg  40.5mg 59 Visible light 100% 0.17
L (70 mL) (25 min) min™'
Ag(1 wt%)/TiO,** Sonicating mixture of 20mg L™ 04gL” 6.3 Simulated solar light ~98% 0.019
TiO, and aqueous xenon lamp (1000 W), (180 min) min™"
AgNO;, stirring and 50.0 mW cm 2
irradiating with 450-W
ACE lamp for 1 h
Au(1 wt%)/TiO,*® Sonicating mixture of 20mg L™ 04gL™” 6.3 Simulated solar light xenon ~93% 0.016
TiO, and aqueous lamp (1000 W), 50.0 mW cm™> (180 min)  min™'
H,AuCl, stirring and
irradiating with 450 W
ACE lamp for 1 h
Pt(1 wt%)//Ti0,*® Sonicating mixture of 20mg L™ 04gL™” 4.2 Simulated solar light xenon ~100% 0.020
TiO, and aqueous lamp (1000 W), 50.0 mW cm™ (180 min) ~ min™"
H,AuCls, stirring and
irradiating with 450 W
ACE lamp for 1 h
Pd/Cu0®’ Deposition and 10mgL™" 15()x15 — Xenon arc lamp: 150 W, ~90% 0.796
sputtering (20 mL)  (w)x1 () A > 420 nm (240 min) h™
mm film
TiO,/BN/Pd** Electrospinning and 1mgL™? 05gL" 6.8 Medium-pressure metal 100% 0.019
atomic layer deposition (250 mL) halide UV lamp (400 W) (10 min) min™"
TiO,/BN100/Pd100° Electrospinning and 1mgL? 05gL" 68 400 W halogen linear lamp ~ 98% 0.28
atomic layer deposition (250 mL) (visible irradiation) (180 min) min™"
C,N-co-doped TiO,”? Peroxo-gel method 4mgL™ 20mg — UV-light (10 W), 4: 365 nm 69.31% —
(120 min)
C-doped TiO,” Sol-gel method 2.0ppm 2.0gL™" 7 Low UV lamp pressure 100% 0.0817
(15 W), 365 nm, (90 min) min™"
65 W m >
Supported titania-based Industrial petrochemical 20 mg L™ 0.7 g L™ 4.3 UV lamp: 365 nm, 60% —
catalysts (25 wt% mg (source) (25 mL) 30 Wm™> (60 min)
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Table 2 (continued)
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Catalyst Degradation Rate
Photocatalyst Preparative method ACT dose pH Light source and time constant
doping)”® Mercury vapour lamp 48.3% —
(125 W), (202 W m?) (60 min)
TiO,” Hydrolysis of Ti 35mgL™" 05gL™" 55 UV irradiation: HG500 ~84% 12.4 +
isopropoxide (sol-gel lamp (30 mW cm?) (120 min) 0.2 x
method) 107
min™
Ta-doped TiO, Hydrolysis of Ti 35mgL™" 05gL" 55 UV irradiation: HG500 ~70% 9.4 +0.1
(Ti/Ta molar ratio: 1%)°®  isopropoxide (sol-gel lamp (30 mW cm™?) (120 min)  x 107
method) followed by Ta min~"
doping through
impregnation method
TiO,”® Hydrolysis of Ti 35mgL™" 05gL™" 55 UV irradiation: HG500 ~70% 9.3 +0.1
isopropoxide in presence lamp (30 mW cm?) (120 min)  x107?
of CH;COOH min*
Ta-doped TiO, Hydrolysis of Ti 35mgL™" 05gL™" 55 UV irradiation: HG500 ~73% 10.4 +
(Ti/Ta molar ratio: 1%)°®  isopropoxide in presence lamp (30 mW cm?) (60 min) 0.1 x
of CH;COOH followed 10°
by ta doping through min~’
impregnation method
Mesoporous MnO,-TiO,%”  Sol-gel method 25ppm  01gL" — Continuous sonication 26% —
(150 mL) (20 W) and UVA radiation (180 min)
(160 W m™)
IL-Fe-doped TiO, with Fe  Sol-gel method 10mgL™" 065gL" 7 UV lamps 90.35% 0.25
to Ti molar ratios (%): 2°° (200 mL) (90 min) min™"
Synthetic TiO, doped with  Sol-gel method 0.10mM 1.0gL™" 6.9 Visible light: source 95% 5.20 x
(KAI(SO,),)*° (light emitting diodes) (540 min) 1073
with 4 > 440 nm min~"
Carbon-self-doped TiO,'**  Sol-gel method (product 0.1 mM  1.0gL™" 6.9 LEDs (1 > 440 nm) ~96% 5.0 X
calcined at 300 °C) (500 mL) (540 min) 107
min~"
Bi**(10%)-doped anatase Hydrolysis method 10* M 01gL™" 5 Source: UV-vis, ~100% 0.97 h™*
Tio,'” (100 mL) (4 Wem™) (240 min)
Ba,_,BiFe,;_,Cu,0;, Pechini method 50mgL" 0.75gL" 9 Metal halide efficacy 98.1% —
(x =0.05)"'* lamp (120 min)
Ag/ZnO'* Chemical method 5mgL? 1gL™ 8.5 Tungsten halogen lamp 90.8% 0.020
(500 mL) (300 W) (120 min)  min™"
1.0 wt% La-doped ZnO'®  Precipitation method 100mg 0.1g — Compact fluorescent 99% —
L™ (500 lamps: 20 W (3h)
mL)
1% Ce-doped ZnO'*® Hydrothermal method  5mgL™" 1mgmL™" 6.8 UV-B mercury lamp 68% 0.0058
(8 W) (240 min)  min™"
N-Implanted ZnO nanorod ZnO NRAs by two-step 20 ppm 10 x 10 — Visible-light irradiation 98.46% 0.038
array (NRA)'"’ process followed by N (5 mL) mm (120 min) min~
implantation by low aligned
energy ion beam ZnO NRA
Ti0,/Si0,/Fe;0,"™" Ultrasonic-assisted 30mgL™" 1.34gL" 7 Low-pressure mercury ~97% 1.7 x
sol-gel method (400 mL) lamp: /: 254 nm, (300 min)  10° M™
3.8x10°EinL"'s™ st
MWCNT (1.72 wt%) Sol-gel method 10mgL" — Nearly High-pressure mercury 81.6% 0.0113
TiO,-Si0,""* neutral lamp, 500-550 nm, (60 min) min™"
7.31-7.53 mW m >
Magnetite-hematite'"? Hydrothermal 20 mg 013gL"  — Medium-pressure hg ~100% —
vapour lamp (400 W) (45 min)
TiO, (438 mg)-Bi,OsI,'"*  In situ calcination 3 ppm 25 mg — Xenon lamp with a ~95% 0.425
method light filter of 400 nm (6 min) min~
Cu,0/WO,/TiO,""? Hydrothermal 1mgL™" 20mg 9 Solar-light irradiation 92.5% 4.42 %
(80 mL) (source) (60 mL) 1072
min™
Flower-like 50% Modified ultrasonic 50mg L™ 0.1gL™" — Medium-pressure Hg 87.8% 0.0219
TiO,/Fe,0;'"” assisted sol-gel method (50 mL) lamp (450 W) (90 min) min™"
3% WO,/Ti0,/Si0,""? Solution method 10mgL™" 1.0gL™" 9 Xenon la