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Abstract: Antibiotics are pervasive contaminants in aqueous systems that pose an environmental
threat to aquatic life and humans. Typically, antibiotics are developed to counteract bacterial in-
fections; however, their prolonged and excessive use has provoked unintended consequences. The
presence of excessive amounts of antibiotics and anti-inflammatory, anti-depressive, and contracep-
tive drugs in hospital and industrial wastewater poses a significant threat to the ecosystem, with
groundwater containing drug concentrations of <1 mg/L to hundreds of ug/L. According to the liter-
ature, 33,000 people die directly from drug-resistant bacterial infections in Europe annually, which
costs EUR 1.5 billion in health care and productivity loss. Consequently, the continuous spread
of antibiotics in the ecosystem has led to greater interest in developing a sustainable method for
effective antibiotic removal from wastewater. This critical review aims to present and discuss re-
cent advances in the photocatalytic degradation of widely used drugs by ZnO-based nanostructures,
namely (i) antibiotics; (ii) antidepressants; (iii) contraceptives; and (iv) anti-inflammatories. This
study endows a comprehensive understanding of the degradation of antibiotics using ZnO-based
nanomaterials (bare, doped, and composites) for effective treatment of wastewater containing an-
tibiotics. In addition, the operational conditions and mechanisms involved during the photocatalytic
degradation process are systematically discussed. Finally, particular emphasis is devoted to future
challenges and the corresponding outlook with respect to toxic effects following the utilization of
ZnO-based nanomaterials.
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1. Introduction

Antibiotic use among human beings and animals has massively increased with the
swift evolution of the pharma and medical industries. Antibiotics can prevent the onset of
many illnesses by curing infections quickly [1]. The widespread use of antibiotics averts
bacterial infections in humans and animals, hence saving numerous lives. Apart from the
extreme water pollution, the persistence and difficult-to-degrade characteristics of antibi-
otics leads to important environmental issues, such as the development of drug-resistant
bacteria [2]. Pharmaceutical drugs are released further and further into the environment,
which is a serious threat to the environment. The presence of antibiotics in the water for a
prolonged time span will make it easier for bacteria to develop antibiotic resistance, posing
a more serious danger to human health and the efficacy of antibiotic medications [3]. The
current review aims to portray the response to the critical environmental challenges caused
by antibiotics, antidepressants, contraceptives, and anti-inflammatory drugs. In this con-
text, diverse approaches, including adsorption, photocatalysis, biodegradation, electro-
chemical treatment, and others, have been effectively employed to address the troubles
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brought on by antibiotic contamination [4]. As a unique and appealing catalytic technique
with several advantages, such as being green, eco-friendly, and economically viable, pho-
tocatalysis was developed to address issues with earlier catalytic technologies. Owing to
the desire to exploit abundant solar energy as a sustainable energy source, photocatalysis
has emerged as a hot topic in recent years [5-12]. Photocatalysis is a field of chemistry that
studies chemical reactions triggered by light and a photocatalyst (a semiconductor that en-
hances reaction kinetics). Photocatalysts change the reaction rate by absorbing light and
acting as a catalyst in chemical reactions [13].

The semiconductor ZnO has drawn great attention from scientists mainly because
of its energy band gap, which allows light to be absorbed for photocatalytic reactions to
take place [14]. In addition to photocatalysis, ZnO is a potential candidate in transparent
thin-film transistors, transducers, transparent ohmic contacts, light absorption amplifica-
tion structures for GaN-based light-emitting diodes (LEDs), and other possible optical de-
vices [15]. Numerous review and research papers addressing the synthesis and validation
of ZnO nanomaterial synthesis have previously been published. Therefore, the applicabil-
ity of ZnO nanomaterials to the degradation of antibiotics, antidepressants, contraceptives,
and anti-inflammatory drugs is significantly emphasized. The following review primarily
addresses the structural characteristics of ZnO and the photocatalytic degradation perfor-
mance of pristine, doped, and composite ZnO towards the aforementioned drugs under
diverse conditions, including temperature, pH, and irradiation contact time.

2. Principal Approaches Driving Photocatalysis

Photocatalysts are essentially semiconductors that catalyze the reaction upon expo-
sure to light. In recent years, photocatalysts evolved as benchmark green catalysts owing
to their hazardless nature, unlike other energy sources. Upon exposure to light, an electron-
hole pair is generated within the semiconductor material. The energy band gap is a major
determinant of the physical characteristics of semiconductors. The energy band gap (Eg)
represents the difference in energy between the valence band (HOMO) and conduction
band (LUMO) [16]. Figure 1 illustrates the energy band gaps of different materials.
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Figure 1. Material-based energy band gap (Eg).

Since it aids in resolving the issue associated with quick charge recombination,
semiconductor-mediated photocatalysis has attracted much interest and metal oxides pos-
sess the required characteristics, such as the necessary electronic structure, light-absorbing
capabilities, and charge transport characteristics. Figure 2 depicts a schematic illustration
of photocatalytic degradation by ZnO.
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Figure 2. Schematic representation of photocatalytic degradation by ZnO.

2.1. Degradation Mechanism of ZnO

Hermann et al. [17] demonstrated a detailed mechanism for the photocatalytic oxi-
dation steps involved in the use of ZnO: (i) initially, the pollutants disseminate from the
liquid phase to the outer surface of ZnO nanoparticles so adsorption takes place on ZnO.
(ii) During the adsorption process, redox reactions take place and desorption of the prod-
ucts occurs. (iii) Finally, the polluted products are removed from the interface region. Typi-
cally, when a ZnO photocatalyst is photo-induced by UV/solar light with a photonic energy
(hv) higher than the excitation energy (Eg), the electrons present in the filled valence band
(VB) are transferred to the empty conduction band (CB). During the photo-induced pro-
cess, electron-hole (e~ /h™) pairs are produced. These electron-hole pairs travel to the ZnO
surface to undergo redox reactions where H* combines with water and hydroxide ions to
generate hydroxyl radicals, while electrons combine with oxygen to generate superoxide
radical anions and then produce hydrogen peroxide. The generated hydrogen peroxide
reacts with superoxide radicals to produce hydroxyl radicals. Subsequently, the powerful
hydroxyl radicals, as oxidizing agents, attack the adsorbed contaminants present at the
surface of ZnO to rapidly generate intermediate compounds [18,19]. These compounds
are converted to produce H,O, CO,, and mineral acids. Figure 3 illustrates the detailed
mechanism of ZnO photocatalysis [20].
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Figure 3. Photocatalysis mechanism of ZnO.
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Therefore, the ZnO photocatalyst is controlled by its ability to generate photogener-
ated electron-hole pairs. However, the major limitation of ZnO photocatalysts is the high
rate of photogenerated electron-hole recombination, which complicates the photodegrada-
tion mechanism. The wide energy band gap of ZnO only adsorbs UV light, which limits
photocatalytic activity to the UV region. Hence, improving the efficiency of ZnO photocat-
alysts is a top research topic in recent decades.

2.2. Enhancing Semiconductor Performance: An Overview of Techniques and Approaches

There are four main approaches to improve a semiconductor’s performance, includ-
ing: employing a semiconductor with a low Eg; creating a localized state just above the va-
lence band or creating a localized state just beneath the conduction band; forming a color
center in the band gap; and surface modification. Consequently, the following techniques
are used to achieve the required modifications: (i) metal and non-metal doping, (ii) co-
doping, (iii) composites, (iv) substitution, (v) sensitization, and (vi) various other methods.

2.3. Metal and Non-Metal Doping

Metal and non-metal doping is regarded as a component of energy band gap en-
gineering, which entails introducing an electron or hole into the semiconductor used in
photocatalysis. By introducing new energy levels (also referred to as the impurity state)
between the valence and conduction bands, metal and non-metal doping boosts the pho-
tocatalyst’s photoresponsiveness to the visible region. Metal dopants (impurities) such as
Cu, Zn [21], Mn [22], Co, Cr [23], Fe, Ni, Mo [24], etc., give rise to a new band below the con-
duction band, whereas non-metals such as N [25], P [26], F, Si, S, Cl, Se, Br, 1, etc., [27] give
rise to a new band above the valence band. The subsequent explanations highlight why
the addition of dopants to photocatalysts improves their performance. Doping prevents
electron-hole recombination, promotes surface area, increases particle size in porous struc-
ture, enhances crystallinity, and increases sensitivity across a diverse range [28]. Studies
have shown that non-metals, such as S, N, F, and C, can alter the energy band gap of ZnO
via doping, resulting in increased oxygen vacancy defects and enhanced photocatalytic
activity under visible light [29]. S-doping specifically modifies electrical, optical, and pho-
tocatalytic properties due to the difference in electronegativity and size between S and O.
Doping with sulfur is an effective method to narrow ZnQO’s energy band gap and shift its
threshold wavelength towards visible light [30].

2.4. Co-doping

Co-doping raises the valence band edge while dropping the conduction band edge to
minimize the band gap. This approach also enables the resolution of challenges such as
the host material’s lack of responsiveness to visible light, the carrier recombination solu-
bility limit, and poor carrier mobility. In contrast to pure TiO,, the integration of ZnO and
Fe,Os into TiO, improved the photodegradation of phenol. This TiO, co-doping led to
a coordinated rise in activity, which was attributed to the synergistic interaction between
the co-dopants and the energy bands of TiO, [31].

2.5. Composites

The fabrication of composites is an alternate approach to boost the photoresponsive-
ness of semiconductors in the visible range of the whole spectrum. The semiconductors
used to develop new composites must have varying band gaps. A semiconductor with
a small energy band gap and greater negative conduction band level is typically coupled
with a semiconductor with a large energy band gap. As a result, the conduction band elec-
trons are transferred from the semiconductor with a small energy band gap to the semi-
conductor with a large band gap. The ZnO/-Fe,O3 nanocomposite catalyst was found to
be easily removed from water after photocatalytic treatment due to the presence of param-
agnetic y-Fe,O3 nanoparticles. This made it simple to recover the catalyst and reuse it in
future degradation cycles with the application of a weak external magnetic field [32].
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2.6. Substitution

An additional approach to modify the activity of a photocatalyst is to replace one
metal with another, called substitution. For example, when W is replaced in WO; by an-
other metal of the same valency, such as Cr or Mo, the Eg decreases due to the movement
of the conduction band edge to the lower state. In contrast, the introduction of lower va-
lency metals, such as Ti, Zr, and Hf, causes an elevation in Eg owing to the upward move-
ment of the conduction band edge [33]. The results of a photocatalytic degradation exper-
iment showed that 5% Pb-substituted ZnO nanoparticles were an effective photocatalyst
for degradation [34]. When exposed to visible light irradiation, the photocatalytic degra-
dation of organic pollutants was significantly enhanced by substituting AI** with Zn?* at
Zn?" sites within the ZnO host lattice [35]

2.7. Sensitization

Organic and inorganic compounds that chemisorb or physisorb on the surface of semi-
conductors are known as sensitizers. Sensitization is another intriguing concept for pho-
tocatalyst surface modification. Because of their redox capabilities and sensitivity to vis-
ible light, dyes and complexes can be employed in photocatalytic devices, including so-
lar cells, to enhance the photocatalytic activity. Some chemical compounds containing
chromophores, such as dyes or natural pigments, might be employed to improve the pho-
tosensitivity of semiconductors. When photosensitizers are exposed to visible light, ab-
sorbed light injects electrons into the semiconductor’s conduction band, triggering a cat-
alytic process. Even when exposed to indoor vis-LED lighting, C-sensitized and N-doped
TiO; had the ability to purify and mineralize water by effectively removing any harmful
chemicals [36].

2.8. Other Methods

Undoped TiO; nanoparticles possess an energy band gap of 3.1 eV, which can be
narrowed significantly up to 2.2 eV by the formation of a midgap state-induced energy
gap during synthesis. Thus, undoped TiO, synthesized using the mixed phase solution
method eventually possessed greater surface area. The as-synthesized material possessed
enhanced photocatalytic activity [37]. The utilization of synthetic techniques for surface
functionalization is an efficient approach to address challenges such as chemical reactiv-
ity in solution and inherent flaws that impede the incorporation of catalysts into practical
applications. These techniques encompass everything from complete coverings to the uti-
lization of low-dimensional elements such as nanoparticles, photosensitive dyes, quantum
dots, and organic compounds. This straightforward and reliable method may be used to
modify the surface charge of different kinds of nano photocatalysts and enhance their pho-
tocatalytic activities. The photodegradation rate and adsorption effectiveness of a dye were
altered by employing TiO, nanoparticles with various surface charges [38].

3. Structural and Electronic Aspects of ZnO

ZnO is a discrete semiconductor with a suitable energy band gap (=3.30 eV) and an
unusually large exciton binding energy of 60 meV [39—42]. The greatest ionization en-
ergy of any element in the sixth group of the periodic table is oxygen, which leads to the
strongest bonding between Zn (3d) and O (2p) orbitals [43]. Substantial electromechanical
incorporating effects in piezoelectric and pyroelectric properties can be applied in piezo-
electric sensors and mechanical actuators owing to the deficiency of a center of symmetry
in ZnO’s wurtzite structure [44-48]. Due to its unique characteristics, ZnO has attracted
much attention, particularly because of its hexagonal wurtzite-type structure. Cubic rock-
salt and blende forms are two further structural variations ZnO, but the wurtzite form is
thermodynamically stable at moderate temperature and pressure [49]. High-temperature
and high-power operation, reduced noise production, larger breakdown voltages, and the
capacity to withstand strong electric fields are positive characteristics related to the large
bandgap of ZnO. For both low and high electric fields, electron transport in semiconduc-
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tors can be taken into account (i) in a suitably weak electric field that has no impact on
the energy distribution of electrons and (ii) in a suitably high electric field where electron
distribution function differs considerably from its equilibrium [15]. SEM at a magnifica-
tion of 10,000x was utilized to identify the surface morphological characteristics of the
materials prior to and after calcination (Figure 4) [50]. The uncalcined material’s morphol-
ogy (Figure 4a) showed the aggregation of particles. However, the morphology of the
calcined materials showed nanoprisms and nanorods at various temperatures. The TEM
images (Figure 4b) confirmed that the uncalcined material was agglomerated and great
homogeneity and crystallinity were observed when the temperature rose.

Figure 4. SEM (a) and TEM (b) images of ZnO at different annealing temperatures.

The Raman spectra of spherical and commercial ZnO particles in the range of
250-680 cm ™! are shown in Figure 5 [51]. No apparent Raman peaks of flower-like ZnO
were observed. Better optical quality was achieved in as-prepared ZnO crystals than in
commercial ZnO, which had a hexagonal wurtzite structure with four atoms per unit cell
and corresponded to the space group C46m (P63mc).

Nanoparticles are favored due to their increased surface area to volume ratio. This
property allows nanoparticles to absorb more energy and, as an outcome, generate more
hydroxyl groups, which aids in the oxidation of organic contaminants [52]. The fundamen-
tal drawback of ZnQO, like all other semiconductor materials, is that the recombination of
h*/VB—-e~/CB has an adverse influence on photocatalytic performance. Using simple con-
trol techniques, ZnO/Ag/CdO, FexZn;_,O, ZnO/CeO,, and certain nanocomposites were
synthesized. The photocatalytic efficiency undoubtedly increased since the surface of ZnO
was altered. ZnO has been synthesized through a variety of routes as a matrix material with
varied structure and forms. The catalytic performance of nanoparticles is significantly in-
fluenced by their shape. ZnO'’s enhanced photocatalytic performance is made possible by
its crystallinity and spherical form [53]. The photodegradation of tetracycline under visible
light irradiation showed maximum efficiency, which was related to the synergistic action
of tetracycline desorption because of its high surface area. Employing ZnO nanoparticles
will greatly enhance the economic future of photocatalysis by massively decreasing the re-
quired dosage due to its greater surface area and more active sites. For example, 50% of
ciprofloxacin was eliminated with just 20 mg/L of nano-ZnO. Moreover, utilizing 20 mg/L
of nano-ZnO achieved higher efficiency, i.e., 90% and 59% elimination of tetracycline and
ibuprofen, respectively [54].
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Figure 5. Raman spectra of spherical and commercial ZnO ( —Prominent peaks).

3.1. The Influence of pH and Zeta Potential on the Photocatalytic Degradation of Antibiotics in
Aqueous Solutions

The pH of a solution plays a crucial role in photodegradation processes as it affects
the size and charge of the photocatalyst [55]. For example, ZnO nanowires showed im-
proved photodegradation of cephalexin under alkaline conditions (pH 7.2-9.2). However,
the ZnO nanowires’ surface charge changed from positive to negative at pH 6.8, thereby
affecting the species involved in the oxidation process. The stability of colloidal solutions
depends on the zeta potential value, which is in turn influenced by the surface charge. The
calcination temperature can also affect the activity of photocatalysts, with the highest ef-
ficiency (82%) achieved at 4000 °C. However, higher calcination temperatures can reduce
photocatalytic activity due to a decrease in surface area and increase in crystal size [56].

3.2. Structural Stability and Reusability of ZnO as Photocatalysts

ZnO has a broad UV absorption spectrum and excellent photostability, biocompati-
bility, and degradability. Recyclability is a crucial factor to consider when examining the
structural stability and reuse of a photocatalyst. The ZnO photocatalyst synthesized us-
ing the solvothermal method to eliminate the antibiotic ofloxacin exhibited good cycling
stability and retained 95% efficiency even after three cycles. This showed the ZnO photocat-
alyst’s benefits of outstanding structural stability and enticing reusability [57]. Maximum
photocatalytic activity was shown by ZnO photocatalysts prepared using the hydrother-
mal method in the removal of the antibiotic ofloxacin even after undergoing a third cycle.
The ZnO photocatalyst continued to perform at a high level, demonstrating its superior
cycling capacity [58]. N,S-doped carbon quantum dot-embedded ZnO nanoflowers had
a high degree of stability and could be utilized repeatedly [59]. In five successive cycles,
the CrpO3@ZnO photocatalyst tested for the degradation of ciprofloxacin showed 100%
destruction and high reusability [60].

3.3. Corrosion Effects of ZnO

ZnQ'’s efficiency and stability as a photocatalyst are reduced when exposed to UV
radiation due to its susceptibility to corrosion. Thus, ZnO is being combined with carbon-
based compounds, noble metals, or other metal oxides in an effort to increase its perfor-
mance [61]. For instance, the durability and photocatalytic efficacy of ZnO nanoparticles
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were enhanced by coating them with reduced graphene oxide. ZnO can have improved
visible light responsiveness and greater photo corrosion resistance when doped with Ag,
Au, or Pt, as demonstrated by the Ag-ZnO photocatalyst’'s degradation of the antibiotic
ofloxacin [62].

4. Pristine ZnO Photocatalysts

Zinc oxide is a well-known n-type semiconductor that has garnered widespread use
as a photocatalyst. This is due to its high absorption efficiency and large exciton bind-
ing energy, which result in its exceptional mechanical, electrical, and optical properties.
The use of ZnO-based materials is widespread across a variety of applications, including
biological and catalytic processes. Among these materials, pristine ZnO nanoparticles are
particularly favored for their exceptional photocatalytic activity [63]. Furthermore, the pro-
duction cost of ZnO nanoparticles is much lower than that of other materials, as reported
by Liang et al. [64]. However, the incorporation of dopants in ZnO nanoparticles and the
fabrication of composite-based materials can achieve improved efficiency.

The combination of ZnO with other materials to produce a hybrid photocatalyst sys-
tem subsequently improves the separation of photogenerated electron-hole pairs [65,60].
Above all, nanostructured ZnO is divided into zero-, one-, two-, and three-dimensions
and each of these are subdivided into planar, dots, and quantum arrays. One-dimensional
ZnO arrays include nanofibers, nanotubes, nanorods, nanoneedles, and nanowires, while
two- and three-dimensional ZnO arrays include nanoflowers. Luo et al. [67] reported
that ZnO has a higher specific surface area, which is advantageous in the photocatalytic
degradation process as more pollutants can be easily adsorbed. Additionally, the lower
crystallinity of ZnO promotes the trapping of photoinduced electron-hole pairs, which en-
hances easy separation.

There are several approaches for the synthesis of ZnO nanostructures (Figure 6), but
vapor phase and solution-based approaches are primarily employed [68]. The solution-
based approach is the easiest and least energy-consuming technique to improve the mor-
phology and control the size of the nanostructure [69]. The techniques used to produce
Zn0 in a solution-based approach include hydrothermal, precipitation, solvothermal, sol-
gel, microwave, electrospinning, and wet chemical methods. Among them, sol-gel is the
most commonly used and effective technique due to its advantages [70]. Ciciliati et al.
used Fe-based ZnO nanoparticles for photocatalysis, which were synthesized using the sol-
gel method [71]. The vapor phase approach includes physical vapor deposition, plasma
enhanced chemical vapor deposition, and metal-organic chemical vapor deposition meth-
ods [72].

Chemical Synthesis of ZnO nano particles
Solvothermal Sol-gel
method method

|
Hydrothermal Microemulsion
Method method

Precipitation/

coprecipitation Colloidal

method R

"= Vapour phase

synthesis N, — R Gas Condensation

method

Figure 6. Methods used for the synthesis of ZnO nanostructures.
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5. Metal/Non-Metal-Doped ZnO Photocatalysts

The improvement of ZnO as a photocatalyst can be achieved via metal doping and
fabrication of composites. Generally, ZnO contains a tetrahedral bonding configuration
with a largely ionic nature that is classified between a covalent and ionic semiconductor.
The ZnO photocatalyst forms three crystalline structures, including hexagonal wurtzite
(P63mmc), cubic rock-salt (Fm3m), and cubic zinc-blende (F43m). ZnO hexagonal wurtzite
is the most stable at ambient conditions [73]. Metal doping has been adopted to modify
the physicochemical properties of ZnO such as to alter the valence band energy upward
and minimize the energy band gap to the ultraviolet-visible region. On the other hand,
non-metal doping is also used to shift the bandgap of ZnO. Specifically, fluorine, oxygen,
carbon, and nitrogen interfere with lattice interstices and bind to atoms via the oxidation
process. Among all, carbon is an effective candidate as a non-metal dopant due to its ex-
plicit properties, such as good mechanical strength and chemical resistance, and electronic
properties. Moreover, the incorporation of metal/non-metals produces greater OH- rad-
icals, thereby leading to enhanced photocatalytic degradation of pollutants [74]. This is
owing to the fact that the metal/non-metal dopants act as scavengers, control the recombi-
nation of electron-hole pairs, and produce H+ for the formation of OH" radicals. Transition
metal incorporation into the ZnO crystal lattice is highly regarded due to its tunability of
the energy band gap of ZnO to produce an effective visible light photocatalyst. The tran-
sition metal can significantly modify the particle size and shape of ZnO and controls ZnO
growth, which leads to the generation of ultrafine nanostructures with higher surface area.
Transition metal oxides such as Fe and Cu have oxidation states that improve the photocat-
alytic activity of the doped ZnO catalyst [75]. The Ag-doped ZnO catalyst is a commonly
used photocatalyst. Li et al. reported that the properties of Ag helped to improve the
doped ZnO photocatalyst in which Ag acted as an electron acceptor [76]. Mn is another
efficient material that enhances the photocatalytic activity of the doped ZnO photocatalyst
due to changes in the optical properties. The charge transfer between the valence band and
Mn-induced levels and d-d transition in the crystal field induces visible-light irradiation.
The charge carrier defect eliminates the photo-induced electron/hole pair, thereby increas-
ing the lifetime of the photocatalyst [77]. Copper is a cost-effective element that can be
easily incorporated in substitutional sites of ZnO, which helps to modify the emission and
absorption spectra into the visible-light region [78]. Polat et al. synthesized a Cu-doped
Zn0O photocatalyst for effective dye degradation [79]. Fu et al. utilized a Cu-doped ZnO
photocatalyst to examine degradation under UV light. However, the addition of high con-
centrations of copper acted as a recombination center, which decreased the photocatalytic
activity [80]. Likewise, Mohan et al. demonstrated that Cu-doped ZnO produced more
holes, which were a surface defect that enhanced the photocatalytic activity. The cobalt-
doped ZnO catalyst has received enormous attention due to its great response as photo-
catalyst [81]. The incorporation of Co in the ZnO lattice shifts the optical absorption edge
toward the visible-light region and narrows the energy band gap. The addition of Co hin-
ders the growth of ZnO nanoparticles, thus producing a smaller particle size and favoring
photocatalytic activity. Fe doping is similarly used for ZnO modification [82]. Fe doping
of ZnO causes a narrow energy band gap and increases the electron excitation rate. The
introduction of Fe reduces the crystallite size and increases the oxygen vacancies, which en-
hances the electron/hole separation efficiency [83]. Yu et al. demonstrated that Al-doped
ZnQO adsorbed large amounts of organic pollutants compared to pure ZnO [84]. The incor-
poration of Al in ZnO generates more oxygen defects, which increase the charge density
of ZnO and therefore enhance its performance. Alam et al. reported that magnesium-
doped ZnO produced a higher response than pure ZnO due to the unpaired electrons [85].
Mrindha et al. showed that Al-doped ZnO exhibited a better photocatalytic response than
the pristine ZnO [86]. Further, Dai et al. produced Cu-doped ZnO nanoparticles with
improved photocatalytic activity over five consecutive cycles [87]. However, crystal dis-
tortion and high levels of metal concentrations reduced the photocatalytic activity.
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6. ZnO Composite Photocatalysts

The commercialization of ZnO as a photocatalyst is constrained by the effects of pho-
tocorrosion, which can be prevented by preparing composites of ZnO with other metal
oxides [88]. The composites have the tendency to modify the energy band gap and effi-
ciently allow visible light. Wang et al. synthesized the MnO-ZnO nanocomposite with a
reduced energy band gap that moved the absorption from UV to visible light and enhanced
the photocatalytic activity [89]. Sigh et al. demonstrated the preparation of the CuO-ZnO
nanocomposite and produced lower energy band gap [90]. Carbon-based nanocompos-
ites are attractive materials owing to their improved activities in many applications. Wang
et al. developed the ZnO-rGO nanocomposite as a visible light photocatalyst [91]. The
photogenerated electrons in the conduction band of ZnO migrated to rGO, thereby sup-
pressing their recombination with the hole in ZnO. Similarly, Tran et al. synthesized the
ZnO-rGO nanocomposite with a reduced energy band gap for the effective photocatalytic
degradation of dye under visible light. Spinel ferrite-based ZnO photocatalysts are com-
monly used as effective photocatalysts [92]. Azar et al. developed the ZnAl,0O4—ZnO
nanocomposite with improved photocatalytic activity [93]. Similarly, Dlugosz et al. used
the combination of magnetic and catalytic activities to improve the degradation activity
of dye [94]. Zhang et al. synthesized the SnO,/ZnO composite with a reduction of the
energy band gap for improved photocatalytic activity of dye [95]. Trakulmututa et al. de-
veloped the CuO/ZnO composite with modified optical properties for the degradation of
antibiotics [96]. A study by Hemnil et al. produced a novel Fe;O3/ZnO nanocomposite
with high absorbance in the ultraviolet and visible regions and proposed the synthesized
photocatalyst with a suitable energy band gap for effective photodegradation [97]. Kr-
ishnan et al. delivered a suitable MOS;/ZnO nanocomposite for biological photocatalytic
degradation under visible light [98]. Zhang et al. proposed a tertiary ZnO/ZnFe;O4/TiO,
nanocomposite with enhanced photocatalytic activity under visible light degradation [99].
The ZnO/SiO; nanocomposite developed by Fatimah et al. was found to be an effective
reusable photocatalyst with a reduced energy band gap for improved photocatalytic degra-
dation of dye pollutants [100]. Sabri et al. fabricated a novel ZnO/CuBi;O4 nanocomposite
for the photocatalytic degradation of dye contaminants under visible light. The proposed
photocatalyst had improved photocatalytic activity due to its larger surface area, forma-
tion of a heterojunction at ZnO and CuBi;O4 and better absorption of visible light. The
small energy band gap significantly absorbed visible light, and the nanocomposite was
effectively utilized as an efficient composite-based photocatalyst [101].

7. Impact of Antibiotic and Pharmaceutical Pollution on the Environment and
Human Health

Antibiotics are pharmaceutically active compounds (PACs) that alleviate bacterial ail-
ments and are necessary to protect overall survival [102]. Antibiotics are spilling into the
ecosystem to a greater extent and are becoming a prominent contributor to water contami-
nation. The menace that antibiotic waste poses to the purity of aquatic systems and human
health is one of the greatest ecological concerns of the twenty-first century [103]. Tetracy-
clines (TC) are a category of expansive antibiotics prevalently prescribed to combat nu-
merous infectious diseases in both people and animals [104]. More than 70% of TC de-
ployed for pharmacologic therapy is eliminated through renal excretion in metropolitan
wastewater and animal liquid effluents due to inefficient adhesion and metabolic activity
by animals and people. Tetracyclines have a plethora of repercussions on soil microbes
and photosynthetic marine creatures, which correlate with the surge in substantial human
health complications and antibiotic-resistant pathogens [105-107]. The World Health Or-
ganization (WHO) cited antibiotic resistance as a global health concern in 2019 [108] and
estimated that veterinary utilization accounted for over 80% of all antibiotic consumption.
The United Nations General Assembly has highlighted livestock consumption of antibi-
otics as one of the major factors contributing to the escalation in antibiotic resistance, with
an anticipated total usage of 200,000 tons annually [109,110]. Antibiotic-resistant genes can
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be acquired by bacterium when antibiotic dosages are very low, barring them from affect-
ing the bacterium. In turn, other bacterial spores can accumulate these genes. If the pre-
vailing trend continues, 10,000,000 people may perish annually by 2050 from contagious
diseases spurred by bacterium with diverse impedances [111-114]. Macrolides, primarily
spiramycin (SPY), serve as the most ubiquitous antibiotics in industrial effluents. As a re-
sult of their putative assimilation by crops fertilized with product from sewage treatment
plants, antibiotics may impede recycling of waste in agriculture [115,116].

A prevalent antibiotic, tetracycline hydrochloride (TC-HCI), is produced in enormous
quantities and holds second place in usage worldwide. Through the metabolic pathways
of individuals and livestock, and pharmaceutical corporation waste, TC-HCl is transferred
into the ambient aquatic system and then reaches the food system of humans. Drug-
resistant infectious diseases have evolved as a consequence of the deposition of TC-HC], as
well as other pharmaceuticals, resulting in a serious influence on both public welfare and
marine life [117,118]. The World Health Organization (WHO) stated in 2014 that the inclu-
sion of gemifloxacin (GMF), a quinolone drug, in numerous ecosystems could result in sig-
nificant health and ecological risks, such as cytotoxic effects and bacterium development
of resistance [119]. Investigations conducted in Spain, Germany, Australia, Italy, Brazil,
Canada, Greece, and the United States have revealed that more than 80 distinct types of
pharma drugs and metabolites produced as a consequence of consuming multiple medica-
tions have contaminated marine ecosystems. Substantial concentrations of pharma drugs
per liter were observed in materials collected from surface fluids downstream of urban
sewage treatment facilities, inlet effluent, and contaminated water [120,121].

Naproxen (NAP) and ibuprofen (IBU) are non-steroidal, anti-inflammatory pharma-
ceuticals implicated in health risks to people, such as renal dysfunction and intestinal
problems, as per toxicity testing [122]. One of the most pervasive hazardous pollutants
is diclofenac (DCF), a non-steroidal, anti-inflammatory medicine frequently employed to
relieve arthritis or rheumatism. Despite having a low toxic effect, diclofenac can incen-
tivize the emergence of drug-resistant pathogens that pose a risk to human wellbeing and
aquatic creatures and are thus destructive to the ecosystem and mankind [123].

The tricyclic antidepressant that receives the most usage is amitriptyline hydrochlo-
ride (AMI). Moreover, itis also employed in the treatment of sleeplessness, acute headaches,
and migraines [124,125]. In France, amitriptyline hydrochloride has been found in drink-
ing water at a concentration of 1.4 ng/L, whereas ground waterways in the UK have been
found to contain amitriptyline hydrochloride at a concentration of 0.5 to 21 ng/L. Further-
more, AMI was detected in solid sewage treatment effluent in Canada at a concentration
of 448 ng/g [126-128].

Humans, aquatic life, and other species in the environment are gravely endangered by
water pollution by endocrine-disrupting pollutants such as estrone, estradiol, ethinylestra-
diol, and estriol steroid hormones [129]. Endocrine-disrupting compounds (EDCs) are
agents that interfere with the synthesis, secretion, transport, binding, action, or elimination
of natural hormones in the body that are responsible for the maintenance of homeostasis,
reproduction, development, and behavior [130,131]. Waterways in the Czech Republic
have been reported to possess steroid hormones at 3441 ng/L [132]. Most frequently en-
countered in oral contraceptive tablets, artificial hormones such as 17x-ethinylestradiol
(EE2) are also utilized to cure prostatic disease and irregular menstrual cycles. They re-
main active as an outcome of interactions between hormone residues in the environment
and the ensuing deconjugation of EE2 during incomplete degradation at wastewater plants,
and their leftovers are also a substantial pollutant in the environment [27,133]. The impacts
of EE2 encompass testicular weight reduction in Japanese quail, rapid development in fe-
male fish, and reproductive issues [134]. Comparable effects, including lowering of sperm
counts and elevated risks of ovarian and breast cancer, are reported in humans [135].
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8. Photocatalytic Degradation of Antibiotics

Various methods, including carbon filtration, ozonation [136], catalytic membranes [137],
Fenton-like catalysis [138], sorption, and biodegradation [139] have been employed to elim-
inate such enduring antibiotic substances. As a result, wastewater accumulates effluents
from corporations, clinics, and farmland. Sewage treatment is typically regarded as the pre-
ferred method for treating these antibiotics. However, investigations have demonstrated
that the established methods do not eliminate these pollutants, which are primarily water-
soluble but neither volatile nor compostable [140,141].

Photocatalysis has gained a lot of interest as an effective method for eliminating an-
tibiotic contaminants since it is inexpensive, effective, and environmentally benign as it
eliminates antibiotics in sunlight and under ambient conditions [142,143]. The reactions
endured by a semiconductor and the potential to absorb photons with energies higher
than its energy band gap is called “photocatalytic degradation” [144]. The degradation
of antibiotics by photocatalysis can be categorized into five major steps: (1) the passage
of antibiotics from the fluid to the surface, (2) antibiotic sorption, (3) change during the
adsorption phase, (4) desorption of the product, (5) and product separation from the inter-
face area [145,146]. Due to their superior light absorption under UV, visible light, or both,
together with their biocompatibility, safety, and stability when subjected to various circum-
stances, metal oxide-based photocatalysts have recently attracted much attention [147].

8.1. Antibiotic Degradation Utilizing Pristine ZnO Photocatalyst

ZnO has multiple benefits because of its antigen-free, antimicrobial, antitumor, and
wound-healing characteristics [148]. ZnO is an affordable material with minimal technical
aspects, rendering it the more beneficial choice compared to TiO, as a photocatalyst. ZnO
has a significant exciton binding energy of 60 meV and good capacity to absorb UV irradia-
tion. ZnO exhibited better photocatalytic performance than TiO; due to its photogenerated
electron-hole pairs, mobility, and isolation [149].

Effective photodegradation of ciprofloxacin (CIP) was exhibited by ZnO nanoparti-
cles synthesized using an ethanolic root extract of Japanese knotweed with specific opera-
tional conditions, as shown in Table 1. A UV-vis spectrophotometer at 271 nm was used to
analyze the level of CIP while the degradation process was being carried out under ultra-
violet light (Amax = 365 nm). It is necessary to highlight that the Amax of CIP changed from
272 to 265 nm from the start to completion of degradation, emphasizing the disturbance of
the chromophoric conjugation network. The perfect nanoparticle size of 14 nm had a per-
ceived rate constant (kapp) of 0.038 min~! and completely degraded CIP during exposure
for 100 min [150]. The degradation of CIP in water solutions with varied pH values under
exposure to UV light was examined with ZnO nanoparticles synthesized using a chemical
precipitation method. After 60 min of exposure, the maximal recorded CI antibiotic degra-
dation efficacy was around 18% at pH 4, 42% at pH 7, and 50% at pH 10. Pseudo-first order
kinetics govern the photocatalytic degradation of ciprofloxacin. The free hydroxyl ions in-
teract with holes (h*) and generate hydroxyl radicals (OH") that possess strong oxidizing
potential, thereby enhancing the photocatalytic degradation of ciprofloxacin. At pH 10,
ZnO nanoparticles notably demonstrated enhanced degradation of ciprofloxacin (Table 1).

Table 1. Photocatalytic degradation of antibiotics by pristine ZnO as photocatalyst.

Temperature Degradation

Catalyst Antibiotic (T) °C and pH Light Source Efficiency (%) Duration Ref.
- Paracetamol T=25°C o
ZnO (thin film) 15 ppm pH = 5.58-6.69 UV lamp (18W) 14% 4h [150]
ZnO powder Ciprofloxacin _ UV light o .
20 mg 10 mg/L T/pH=n.a. (15 W) 100% 100 min [150]
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Table 1. Cont.
e Temperature . Degradation .
Catalyst Antibiotic (T) °C and pH Light Source Efficiency (%) Duration Ref.
ZnO Spiramycin T=20°C Xenon arc lamp o .
1g/L 10 mg/L pH=55 (450 W) 95-99% 80 min [151]
ZnO Ofloxacin (OFL) T=n.a. UV light irradiation o .
25 to 75 mg 5-20 ppm pH=10 (Mercury lamp, 125 W) 95% 120 min [151]
Nano ZnO Ciprofloxacin T=n.a. o .
0.02 g/L 5 mg/L pH =10 Xenon lamp 50% 60 min [152]
e Chloramphenicol T=25°C o
ZnO (thin film) 8 ppm pH = 5.31-6.49 UV lamp (18W) 40% 4h [153]
Nano ZnO Metronidazole pH=n.a. . - o .
0.02 g/L 10 mg/L T=30°C Ultrasound irradiation 100% 27 min [154]
710 nanorod Tetracycline
o hydrochloride T/pH=n.a. Xenon light (500 W) 69.80% 140 min [155]
array 10 mg/mL

n.a., not available.

From the above findings, it can be inferred that the pH might modify the photocata-
lyst’s surface charge features and presumably the chemical morphology of the molecule; as
a corollary, the photocatalysis process is pH-dependent. It has been revealed that thin ZnO
films possessed photocatalytic performance in the photocatalytic decomposition of the
drugs chloramphenicol (levomycetin) and paracetamol with conditions (Table 1). When
the catalyst is irradiated by ultraviolet light with either an energy equal to or higher than
that of the energy band gap, an electron-hole pair is formed. Water adsorption over the
ZnO layer or hydroxyl groups occurs in connection with photo-induced holes at the va-
lence band. The outcome of such activity is the powerful OH" radical. Conduction band
electrons react with electrophiles, such as O,, deposited on the surface or dispersed in
the water, leading to the production of super oxide radicals. By reacting with paraceta-
mol and chloramphenicol, the ensuing strongly reactive radicals produced intermediates
that degraded to give ionic species. The degradation efficiency for paracetamol and chlo-
ramphenicol under UV light was 14% and 40% with conditions (Table 1) [153]. Table 1
also summarizes numerous ZnO photocatalysts that effectively photodegraded various
drug compounds, such as spiramycin (95-99%), ofloxacin (95%), metronidazole (100%),
and tetracycline hydrochloride (69.8%), respectively.

8.2. Antibiotic Degradation Utilizing Metal-Integrated ZnO Photocatalysts

ZnO nanoparticles have several beneficial usages in piezoelectric devices, semicon-
ductors, photovoltaic cells, polymers, skincare, and pharmaceuticals. However, they have
specified drawbacks, such as: (i) potential to degrade in water solutions as a consequence
of the photocorrosive effect; (ii) scattering of light, which can be minimized by modifying
the catalyst dosage rate; (iii) a high energy band gap facilitates performance in ultraviolet
light, which may not be realistic for massive sewage treatment; (iv) due to the recombina-
tion pathway being more rapid than the surface redox reaction, impulsive e~ /h" recombi-
nation in the photocatalyst; (v) minimal reuse. In an attempt to tackle these issues, ZnO
nanomaterials have been doped with metal nanoparticles. By adding defective modes and
tunning the active energy band gap, doping helps to improve the surface region of ZnO
nanoparticles and also boosts their ability to absorb photons. Platinum (Pt), gold (Au),
and silver (Ag) are the noble metals utilized as dopants. Noble metals easily absorb in
the visible part of the electromagnetic spectrum through the surface plasmon resonance
(SPR) mechanism. ZnO becomes a visible light-sensitive photocatalyst by incorporating
noble metals into its crystal lattice or on its interface [156]. Transition metals, alkali metals,
alkaline earth metals, as well as heavy metals such as lanthanides have also been utilized
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to dope ZnO photocatalysts in addition to noble metals. For instance, the minor misalign-
ment between magnesium (Mg) and ZnO crystal structures leads to the dopant raising
the energy band gap of ZnO. The basic pathway of antibiotic photodegradation by metal-
doped ZnO is as follows: (i) the antibiotic drug adheres to the photocatalyst’s surface;
(ii) production of electron-hole pairs; and (iii) reactive oxygen species (ROS) are caused by
redox processes to decompose the antibiotic [157].

Comparing the photocatalytic activity of the ZnO photocatalyst under UV light ir-
radiation (duration: 120 min) and the Ag-ZnO photocatalyst under solar light irradiation
(duration: 80 min) against the antibiotic ofloxacin revealed that 95% degradation efficiency
was achieved by the ZnO photocatalyst and 100% degradation efficiency was achieved by
Ag-7Zn0O photocatalyst (5 wt% silver) under similar operating conditions. Due to its higher
electron-hole separating efficacy than pure ZnO, the Ag-doped ZnO photocatalyst exhib-
ited complete degradation of ofloxacin. The Schottky barrier arises at the Ag/ZnO inter-
face as metal silver is coated onto the ZnO photocatalyst, which leads to better photocat-
alytic activity and greater quantum efficacy [150,158]. Under ideal conditions, the Ag-ZnO
photocatalyst exhibited significant degradation rates for medicinal residues, i.e., 70.2% for
atenolol (ATL) and 90.8% for acetaminophen (ACT) (Table 2).

Table 2. Photocatalytic degradation of antibiotics by metal-integrated ZnO as photocatalyst.

Temperature

Degradation

Catalysts Antibiotic (T) °C and pH Light Source Efficiency (%) Duration Ref.
Ag-doped ZnO Ofloxacin T=n.a. . . .. o .
25'mg to 75 mg 5-20 ppm pH =5-9 Solar light irradiation 100% 80 min [150]
High-pressure Hg
Mlg/z/ilo AE)PS’; Zoﬁm T/pH =n.a. lamp 87% 10 min [154]
& wem (125 W)
Ag/ZnO Tetracycline T=n.a. Visible light tungsten o .
0.25 g/L 15 mg/L pH=5-9 lamp (60 W) 100% 30 min [155]
Ce-ZnO Nizatidine T=25°C UV-B mercury lamp o
crystals 1 g/L 5mg/L pH=67 BW) 96% 4h [159]
Ce-ZnO .
Levofloxacin T=25°C UV-B mercury lamp
crystals _ 96% 4h [159]
TglL 5mg/L pH=5.6 8W)
Ce-ZnO
Acetaminophen T=25°C UV-B mercury lamp
crystals _ 65% 4h [159]
TglL 5mg/L pH=6.8 8W)
Fe%*-doped 2-Chlorophenol T=28-38°C Solar radiation o .
ZnO1g/L 50 mg/L pH=na (23 W/m2) 85% 90 min [160]
F-ZnO Sulfamethoxazole T=21+1°C UVC lamp o .
148 g/L (SMX) pH=47 (10 W) 7% 30 min [161]
Visible light
Paracetamol _ irradiation (20 W) o
La-doped ZnO 100 mg/L T/pH=n.a compact fluorescent 99% 3h [162]
lamp
_ Visible light Tungsten
Ag'%n(/)LNPS Ate‘;"}gl /(LATL) ;‘:“;'9 halogen lamp 70.20% 120 min [163]
& & P (300 W)
Acetaminophen _ Visible light Tungsten
Ag'%n(/)LNPS (ACT) ;‘:“&_ﬁ'g halogen lamp 90.80% 120 min [163]
& 5 mg/L P (300 W)

n.a., not available.
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ATL and ACT degradation is governed by pseudo-first-order kinetics. Increased sur-
face area, improved charge transport with both ZnO and Ag, and their synergistic influ-
ence were the main factors that contributed to the increase in efficiency. An additional
finding about the photocatalyst mechanism revealed that the main method for remov-
ing ATL and ACT was the OH' pathway [151]. The Ag/ZnO synthesized using the rapid,
one-pot, surfactant-free, microwave-assisted, aqueous solution method showed complete
degradation of the antibiotic tetracycline (TC) in 30 min under visible light [154]. Sil-
ver nanoparticles act as an electron sink in Ag-doped ZnO nanoparticles, improving the
charge separation. This enhances the generation of hydroxyl radicals in the reaction me-
dia and consequently improves the photocatalytic performance of ZnO nanoparticles [146].
Employing a conventional solid-state process, Mg-doped ZnO nanocrystallites were syn-
thesized and exhibited an 87% alprazolam degradation rate. Mg-doped ZnO annealed
at 700 °C showed excellent photocatalytic properties, reaching 100% degradation within
20 min. Meanwhile, under similar conditions, bare ZnO showed 78% removal of alprazo-
lam. Due to excellent electron-hole separation and good textural characteristics, doping
ZnO nanoparticles with Mg enhanced the photocatalytic performance triggered by sun-
light and the results indicated that doping ZnO with Mg promoted alprazolam elimination
by 10% [153]. Under UV light, a hydrothermally prepared Ce-doped ZnO photocatalyst
demonstrated 96% degradation rates for nizatidine and levofloxacin and a 65% degrada-
tion rate for acetaminophen [159]. Research revealed that the metal doping of ZnO was
necessary for controlling the ZnO nanoparticle surface and optical features. It must be
highlighted that the photodegradation of metal-doped ZnO depends on the light source.
This is due to ZnO's ability to absorb UV light whereas metal-doped ZnO absorbs light
primarily in the visible spectrum. Therefore, due to the fact that sunlight carries UV along
with visible light, the excitonic formation under solar irradiation may arise by either ZnO
or the doped metal [146].

8.3. Antibiotic Degradation Utilizing ZnO Composites Photocatalysts

The major concern with ZnO in photocatalysis is mainly its high rate of electron-
hole recombination. With the aim of enhancing the performance of photocatalysis, hetero-
junction semiconductors have been developed and used to prevent electron-hole recombi-
nation [147], consequently enhancing the degradation efficiency with better regeneration
and recycling.

The photodegradation of tetracycline by the ZnO/y-Fe,O3 composite showed 88.52%
degradation efficiency under UV-visible light over 150 min. Both the catalyst’s surface
and pore volume were increased by the inclusion of iron oxide in its structure, thereby
promoting the analyte’s adsorption on the nanostructure’s surface, which is a crucial step
in improving photocatalytic degradation. Additionally, it was observed that ZnO served
a vital function in the photocatalytic degradation supported by y-Fe,Os, raising the rate of
TC degradation to 20% [163]. The photodegradation activity of the ZnO globular-gC3zNy
nanocomposite showed that 78.4% of tetracycline degraded in 50 min and 63.5% of oxyte-
tracycline degraded in 50 min. Reactive species were regarded as the primary cause in
the photodegradation mechanism [160]. As Ag loading rose during the photocatalytic
degradation of the antibiotic tetracycline hydrochloride, the catalytic performance of the
Ag@ZnO/BiOCl composite first rose and then fell. ZnO has minimal photocatalytic per-
formance and achieved a degradation rate 0f38.5% over 80 min. The degradation rate
achieved by ZnO/BiOCl was moderately greater, attaining 42.7%. It is noteworthy that
the degradation rates of Ag-loaded samples were better than that of ZnO/BiOCl, and the
Ag nanocomposite achieved the maximum degradation rate with 80.4% removal of tetra-
cycline hydrochloride (Table 3).
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Table 3. Photocatalytic degradation of antibiotics by ZnO nanocomposites as photocatalysts.

e Temperature . Degradation Duration
Catalyst Antibiotic (T) °C and pH Light Source Efficiency (%) (min) Ref.
ZnO/g-C3Ny Tetracycline (TC) B .. . o
20 mg 20 mg/L. T/pH=n.a. Visible light (300 W) 78.40% 50 [162]
ZnO/g-C3Ny Oxytetracycline _ 1 o
20 mg 20 mg/L T/pH =n.a. Visible light 63.50% 50 [162]
ZnO/y-Fe, O3 . .. .
; Tetracycline (TC) T=RT UV-visible light
composite _ ©5 88.52% 150 [163]
0.5 mg/mL 30 mg/L pH=67 (100 mW cm™7)
Ag Loaded Tetracycline T=025°C
ZnO/BiOCl hydrochloride Simulated solar light 80.40% 80 [164]
pH=8
32mg 20 mg/L
SnO,/ZnO . .
. Ciprofloxacin _ Mercury lamp o
nanocomposite 20 mg/L T/pH=n.a. (300 W) 91.23% 60 [165]
50 mg
SnO,/ZnO .
. Ofloxacin _ Mercury lamp o
nanocomposite 20 mg/L T/pH=n.a. (300 W) 91.26% 60 [166]
50 mg
Sn0,/Zn0O Norfloxacin
nanocomposite T/pH=n.a. Mercury lamp (300 W) 88.39% 60 [167]
20 mg/L
50 mg
nza;gc/:ocrgggfitse Cefxime trihydrate =~ T=40.0+1°C UV-A irradiation 869 60 [168]
0532 g/L 20.13 mg/L pH=4.03 (15W)
GO@Fe304/
ZnO/SnO, Azithromycin T=na. . . o
composite 30 mg/L pH=3 UV-C irradiation (6 W) 90.06% 120 [169]
1g/L
Ag-ZnO/GP Metronidazole _
composite (MNZ) T=na. UV-lamp 88.50% 60 [170]
P pH=9 (100 W)
0.5 g/L 30 mg/L
Ag-ZnO/GP Metronidazole T=n.a Solar irradiation
composite (MNZ) o 97.30% 180 [170]
P pH=9 (500 W)
0.5 g/L 30 mg/L

n.a., not available.

This was achieved as a result of enhanced absorption of visible light, better charge
separation as a function of surface plasmon resonance, the potential of Ag to capture elec-
trons, and enhanced surface catalysis. Hence, adding noble metals to a semiconductor
with a wide energy band gap is a practical approach to improving its photocatalytic per-
formance [164]. A simple hydrothermal method was utilized to synthesize the SnO,/ZnO
nanocomposite investigated for the photocatalytic degradation of quinolone antibiotics
(ciprofloxacin, ofloxacin, and norfloxacin). Over 60 min, ciprofloxacin, ofloxacin, and nor-
floxacin were all degraded at rates of 91.23%, 91.26%, and 88.39%, respectively. Strong
oxidation potential is present in SnO,, whereas high reduction ability is found in ZnO.
This can substantially increase the separation efficacy of photo-induced e ~'h*. Therefore,
a simple method for improving the photocatalytic properties is to combine SnO; with ZnO
to produce a composite photocatalyst [165]. The photodegradation of the most used antibi-
otics by several ZnO nanocomposites is summarized in Table 3. Ag-ZnO/GP composite,
Sn0O,/ZnO nanocomposite, GO@Fe30,4/ZnO/SnO, composite, and ZnO/y-Fe,O3 compos-
ite are recognized for exhibiting the maximum degradation for the frequently prescribed
antibiotics metronidazole, ciprofloxacin and ofloxacin, azithromycin, and tetracycline, re-
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spectively. Therefore, ZnO nanocomposites are potential and effective preferences for the
photocatalytic degradation of antibiotics.

9. Photocatalytic Degradation of Anti-Depressives, Anti-Inflammatories,
and Contraceptives

Pharmaceuticals and endocrine-disrupting compounds (EDCs) constitute a substan-
tial category of emerging contaminants (ECs) that are ingested in enormous quantities
around the world. These pollutants are pervasive in the environment, primarily as a re-
sult of their limited degradability and high resistance. Therefore, it is critically necessary
to find effective strategies for removing or lowering the concentrations of such developing
pollutants. Because of its nontoxicity, accessibility, lack of mass transfer restriction, chem-
ical stability, and potential functioning at room temperature, photocatalytic degradation
has been proven to be a viable approach.

ZnO is probably the most common catalyst for the photocatalytic removal of organic
contaminants [171]. The advantages and mechanisms of ZnO photocatalysts have already
been mentioned above. The most popular tricyclic antidepressant is amitriptyline hy-
drochloride (AMI), which is used to treat migraines, sleepiness, and severe headaches. The
ZnO photocatalyst in the degradation of AMI showed 94.3% degradation efficiency under
solar irradiation with variable operating parameters (Table 4).

Table 4. Photocatalytic degradation of antidepressants, anti-inflammatories, and contraceptives by
ZnO/Zn0O based nanomaterials as photocatalysts.

Temperature

Degradation

Catalyst Antibiotic (T) °C and pH Light Source Efficiency (%) Duration Ref.
ao, v T W ssx mme i
1()Z()n8g Napigxlf]r{;/(i\] A pHT:nreljt.ral I(Jgsfa;‘iizﬁtt 98.70% 120 min [172]
Estrogenic hormqnes
BON' e bdel | Tpiiona  UVign  set @me
0.8 mg/L
Lo ﬁ;)mL Hyd?ﬁfiffﬁg r(1,:M1) 2;25 ; S - asgil;trion 94.30% 60 min [174]
0.0300 mmol/L
A
. o L
0 e e MRS e ame o
A;g{gz/’L‘O 4“;3;‘;;‘:"“01 T/pH = n.a. UV-light 100% 3h [177]
Znoa?:ar;or()d 1.85 x Els()tfgriimol/L T/pH=na. irr;gl\i{*ﬁion 0% 6h [178]
Znoa?:;lor()d 1.851Z<Bi](:;it?f aniliﬁi)l/L T/pH =n.a. irrz:il\i]aptzon 80% 6h [178]
Znoa?:ar;or()d 1.85%2?515? Srllrﬁol/L T/pH=na. irre]t;gl\igicxion 75% 6h [178]

n.a., not available.
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The increased mobility, production, and separation of e~ /h* pairs might be the cause
of ZnO’s enhanced photocatalytic activity [169]. Under ultraviolet (UV) light irradiation,
the ZnO photocatalyst degraded ibuprofen (IBU) and naproxen (NAP) with high rates of
94.5% and 98.7% after 120 min, respectively [167]. Aquatic life, mankind, and other species
in the ecosystem are greatly threatened by water contamination with endocrine-disrupting
compounds such as estrone (E1), estradiol (E2), 17-ethinylestradiol (EE2), and estriol (E3),
which are steroid hormones. ZnO nanoparticles are extremely potent at eliminating estro-
genic hormones through photodegradation. The degradation rate of endocrine-disrupting
compounds by ZnO nanoparticles was 84-93% altogether, indicating a propensity for fast
photocatalytic degradation [168]. Endocrine-disrupting compounds (EDCs), namely es-
trone (E1), 17-estradiol (E2), 17-ethinylestradiol (EE2), and bisphenol A (BPA) were pho-
todegraded using ZnO nanorod arrays. The simplest EDC to eliminate over six hours
was estrone (E1), followed by 17-ethinylestradiol (EE2) and 17-estradiol (E2) with a simi-
lar trend. Bisphenol A (BPA) degraded the least quickly of all EDC substances. Electrons
will shift from the valence band to the conduction band as ZnO nanorods are exposed to
UV light with a light energy greater than or equivalent to their energy band gap, thus cre-
ating electron-hole pairs. In subsequent reaction with water, the electrons and holes will
produce hydroxyl radicals (OH'). The reactive oxidative species, called OH' radicals, will
target EDCs and break them down into CO, and water. Additionally, the EDCs may be
effectively oxidized by the holes.

10. Conclusions and Future Prospects

This review highlighted the repercussions of hazardous, non-biodegradable medica-
tions (antibiotics, antidepressants, anti-inflammatories, and contraceptives). A compre-
hensive overview of the photocatalytic degradation of such widely used drugs using bare
ZnO, metal- and non-metal-doped ZnO, as well as ZnO-based nanocomposites is provided.
ZnO demonstrated superior photocatalytic performance because of its photogenerated
electron-hole pairs, mobility, and isolation. In practice, heteroatom doping is utilized to
improve the catalyst’s photocatalytic performance, especially when metal atoms are used
as dopants. Moreover, it must be mentioned that metal dopants may act as recombination
centers at higher concentrations, which can decrease the effectiveness of a photocatalyst.
Consideration should be given to operating parameters such as pH, temperature, catalyst
dosage, and pollutant concentration on the complete photodegradation rate. There are
limited studies on the photocatalytic activity of ZnO-based catalysts in the degradation of
developing pollutants, such as non-biodegradable medicines. Extensive research on multi-
component photocatalytic degradation is required to assess probable competition among a
variety of pollutants for the photocatalyst, light absorption, and interactions with oxidizing
agents. Decreased rapid recombination and photocorrosion should be addressed because
they influence the photocatalyst’s potential to effectively degrade pollutants, regenerate,
and its lifecycle.

Economic Evaluation of Degradation Techniques

The average retail price of electricity in the United States is approximately USD
0.13 per kilowatt-hour (kWh) and it may vary based on the provider and local regions [179].
A lamp that operates at 500 watts will consume 0.5 kilowatt-hours (kWh) of electricity per
hour, and this usage will cost USD 0.07. The cost of a UV lamp can vary greatly depending
on the type of lamp, its size, the manufacturer, and the intended application. On average,
a simple handheld UV lamp can cost between USD 20 to 100. On average, ZnO nanopar-
ticles cost USD 4.6 per gram, which may vary based on the purity of the chemicals and
supplier. The cost of photocatalytic degradation studies can vary depending on several
factors, such as the location, size of the study, type of equipment used, and duration of
the study.
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