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Abstract: The increasing presence of pharmaceuticals, particularly antiretroviral drugs
(ARVs), in wastewater has raised concerns regarding their environmental and health
impacts. Photocatalysis, driven by advanced photocatalysts, such as coloured TiO,, ZnO,
and composites with carbon-based materials, has shown promise as an effective method
for degrading these pollutants. Despite significant laboratory-scale success, challenges
remain in scaling this technology for real-world applications, particularly in terms of
photocatalyst stability, the formation of toxic degradation by-products, and economic
feasibility. This paper explores the current state of photocatalytic degradation for ARVDs,
emphasizing the need for further research into degradation pathways, the development of
more efficient and cost-effective photocatalysts, and the integration of photocatalysis into
hybrid treatment systems. The future of photocatalysis in wastewater treatment hinges on
improving scalability, reactor design, and hybrid systems that combine photocatalysis with
traditional treatment methods to ensure comprehensive pollutant removal. Innovations
in catalyst design and reactor optimization are essential for advancing photocatalysis as a
viable solution for large-scale wastewater treatment.
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1. Introduction

Since the late 1990s, the presence of pharmaceuticals in the environment has been
recognized as a substantial concern [1,2]. Among the 4000 active pharmaceutical ingredients
(APIs) prescribed globally [3], 771 have been identified within environmental matrices [4].
However, conventional wastewater treatment plants used in numerous countries remain
inadequate in their capacity to monitor and eliminate these contaminants, thus, permitting
their undetected entry into ecosystems [5]. Antiviral drugs, in particular, are ranked among
the most hazardous due to their documented toxicity to aquatic organisms such as algae,
daphnids, and fish, as noted by Sanderson et al. [6]. The persistence and bioaccumulation
of these pharmaceuticals has raised significant concerns regarding their enduring ecological
impacts and the potential for human exposure through contaminated water sources.

Pharmaceutical classes, such as antibiotics like tetracycline, oxytetracycline, and
sulfamethoxazole, have been shown to exhibit toxicity in algae, including Scenedesmus
obliquus and Chlorella vulgaris, and possess carcinogenic effects in animals [7]. Similarly,
non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin, ibuprofen, diclofenac,
and paracetamol are known not only to impair auditory functions in humans [8] but
also, at elevated doses, induce liver damage, toxicity, and potentially fatal outcomes [9].
Russo et al. [10] highlighted that pharmaceuticals of priority should encompass cyto-
toxic/genotoxic agents, estrogens, and hormones, given their propensity to persist in
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aquatic environments and sediments. This persistence enhances the probability of bioac-
cumulation, particularly among aquatic organisms, with the long-term effects remaining
inadequately understood [11]. In light of global initiatives advancing sustainable develop-
ment practices encompassing wastewater reuse in agriculture [12], soil amendment [13],
and material production [14], there is an imperative to eradicate pharmaceutical residues
from wastewater effluents to obstruct their perpetual cycling within human and environ-
mental systems.

Conventional wastewater treatment plants (WWTPs) have consistently demonstrated
inadequacies in the removal of emerging contaminants, necessitating the implementation of
advanced treatment technologies. Common alternatives, as seen in Figure 1, include physi-
cal methods (e.g., membrane filtration and adsorption), biological processes (e.g., activated
sludge and biofilm systems), and chemical methods (e.g., chlorination and ozonation).
However, these approaches often face limitations in completely eliminating persistent and
nonbiodegradable organic pollutants. This has driven increasing interest in advanced oxi-
dation processes (AOPs) [15], particularly photocatalysis, which has emerged as an effective
and environmentally friendly option. Photocatalysis facilitates the degradation of organic
pollutants and nonbiodegradable compounds through the generation of reactive oxidative
species [16] and has shown significant efficacy in the elimination of pharmaceuticals [17],
pesticides, humic substances, and other hazardous materials from wastewater [18]. Tita-
nium dioxide (TiOy), esteemed for its non-toxic characteristics, cost-efficiency, and chemical
stability, remains the most predominantly utilized photocatalyst [19]. Upon exposure to
light, TiO; initiates a photoreaction by the excitation of electrons from its valence band to the
conduction band, consequently producing reactive holes that promote redox reactions [20].
However, pristine TiO, exhibits certain limitations, notably rapid charge recombination and
a substantial band gap ranging from 3.0 to 3.2 eV, which confines its activity to ultraviolet
(UV) light, merely constituting approximately 5% of the solar spectrum [21].
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Figure 1. Advanced oxidation processes and conventional treatment processes employed for wastew-
ater treatment.

The discovery of hydrogenated coloured TiO, has revolutionized the field of photo-
catalysis by effectively addressing the performance limitations inherent in TiO,. Possessing
a reduced bandgap of approximately 1.5 eV, coloured TiO, demonstrates an enhanced
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capability for light absorption within the visible and infrared spectra, thereby considerably
augmenting its photocatalytic efficiency [22]. This significant advance has catalyzed a
global surge in research efforts, resulting in the development of a variety of synthesis
methodologies for the production of hydrogenated or reduced TiO,, which manifests in
different hues, such as yellow, blue, grey, and black, depending on the precursor materials
and reaction conditions used [23]. The unique structural attributes and enhanced perfor-
mance characteristics of coloured TiO; present promising opportunities for the removal
of APIs from aquatic environments. This review is intended to thoroughly examine the
potential of these cutting-edge photocatalysts in addressing pharmaceutical contamination
and in furthering sustainable wastewater treatment methodologies.

2. Occurrence of ARVs in Sub-Saharan Africa

Despite the limited literature on the occurrence of antiretroviral drugs (ARVDs) in
various waterbodies worldwide, there is a need to postulate the potential effects these
APIs may have on the environment. This can be based on measured environmental
concentrations (MECs) where data are available. In this study, ARVDs and their metabolites
were critically reviewed for their occurrence, ecotoxicity, and remediation. Data were
collected from studies conducted in five countries (Finland, Germany, Kenya, South Africa,
and Zambia), with 90 sites reported across a total of 12 articles. These studies were
used in several reviews on pharmaceuticals, emerging contaminants, and ARVDs in the
environment, both in Africa and globally. The aforementioned data were obtained after
thoroughly reading through numerous reviews from various scientific journals, primarily
from Science Direct and Google Scholar. This process was carried out between June 2023
and May 2024.

Globally, over 30 million people living with HIV /AIDS (PLWHIV) have access to more
than 30 ARVDs [24], that have been approved by the Food and Drug Administration (FDA),
as shown in Table 1 [25]. These drugs are used in various formulations for the treatment of
HIV/AIDS. Consequently, ARVDs are frequently identified among the pharmaceuticals
detected in waterbodies in regions where HIV / AIDS is prevalent, as highlighted in Figure 2.
Similarly to other pharmaceuticals, ARVDs are not fully absorbed by the human body
upon ingestion. Instead, they undergo metabolic transformation, resulting in the formation
of active or inactive metabolites. Certain portions of the parent compound and/or its
metabolites are subsequently excreted through urine and/or feces [26].
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Figure 2. Global statistics on people living with HIV receiving ART (UNAIDS, 2024).
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Table 1. Antiretroviral drugs used for the management of HIV /AIDS including their formulation
and doses prescribed to patients.

b Drug Name Formulation Dosage
rug Class : _
Generic Acronym Brand (mg/Tablet) (Tablet. d1)
Abacavir ABC Ziagen 300 2
Emtricitabine FTC Emtriva 200 1
Didanosine DDI Videx EC 250 1
TDF Viread 300 1
Fumarate
Stavudine d4T Zerit 60 1
Zalcitabine ddC Hivid 0.750 3
Zidovudine AZT, ZDV Retrovir 300 1
Doravirine DOR Pifeltro 100 1
Efavirenz EFV Sustiva 600 1
NNRTIs Etravirine ETR Intelence 200 2
Nevirapine NVP Viramune 200 2
Rilpivirine RPV Edurant 25 1
Atazanavir ATV Reyataz 300 1
Darunavir DRV Prezista 800 1
Fosamprenavir FPV Lexiva 700 -
Ritonavir RTV Norvir 100 -
Saquinavir SQV Invirase 200 -
Pls Tipranavir TPV Aptivus 250 -
Indinavir IDV Crixivan 400 -
Nelfinavir NFV Viracept 1250 2
Lopinavir LPV Kaletra 200 1
Amprenavir APV Agenerase - -
Cabotegravir CAB Vocabria 30 1
INIs Dolutegravir DTG Tivicay 50 1
Raltegravir RAL Isentress 400 2
Enfuvirtide T-20 Fuzeon 90 2
E&Fls Maraviroc MVC Selzentry 300 2
PEs Cobicistat COBI, ¢ Tybost 150 1

Dolutegravir (DTG) and tenofovir (TDF) exhibit excretion rates of 95% and 85%,
respectively, with excretion occurring primarily in unchanged form [27]. The occurrence of
these compounds in aquatic environments can be attributed to the inefficacies of wastewater
treatment plant (WWTP) processes, surface run-off, and the improper disposal of unused
ARVDs [28]. The limited efficacy of WWTP processes allows pharmaceuticals, along with
their metabolites and transformation products (TPs), to persist in surface waters, as these
substances are not effectively removed during treatment [29,30]. Table 1 presents ARVDs
used for the management of HIV/AIDS, their classification, generic names, acronyms,
brand names, formulations, and doses prescribed to patients.

In many regions of Africa, WWTPs are primarily available in urban areas, leaving a
sizeable portion of the population without access to proper wastewater treatment. Conse-
quently, wastewater from peri-urban and rural regions is discharged directly into rivers,
thereby contaminating aquatic ecosystems [31,32]. ARVDs present in the environment
undergo structural transformations through both biotic and abiotic mechanisms, hence
altering the said compounds [33]. South Africa, which has the highest prevalence of
PLWHIV and administers the largest antiretroviral therapy (ART) programme servicing
approximately 8 million patients, has extensive documentation of these pharmaceuticals in
various aquatic environments [34].
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There is a growing body of evidence pointing to the presence of ARVDs in surface
waters, originating from sources such as manufacturing, human excretion, disposal or dis-
charge, urban discharge, runoff, and ineffectiveness of wastewater treatment processes [35].
WWTP effluent discharge constitutes the principal source of micropollutants in surface wa-
ter systems, in comparison to alternative sources [36]. Figure 3 illustrates the documented
concentrations of ARVDs globally, with South Africa exhibiting the highest prevalence of
these compounds in surface water. This phenomenon can be ascribed to the availability of
resources necessary for conducting such detailed research studies in South Africa, resulting
in a multitude of studies reporting diverse ARVDs within the country.
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Figure 3. Occurrence of antiretroviral drugs in global surface water matrices, specifically; Belgium (black),
Germany (green), Kenya (blue), South Africa (orange), and Zambia (red).

In a research study conducted by Horn et al. [37] in Gauteng, South Africa, the authors
concluded that all sampling sites downstream of the investigated WWTPs (Zeekoegat, Olifants-
fontein, Flip Human, Vlakplaats, Sunderland Ridge, Welgedacht, and Waterval WWTP) exhib-
ited elevated concentrations of all targeted ARVDs, compared to upstream sampling sites. The
dilution of contaminants in surface waters, such as river water, results in ARVDs being detected
at reduced concentrations relative to their presence in the effluent [38]. Therefore, the use of
dilution factors (DFs) offers a method to estimate probable concentrations of pharmaceuticals
in surface waters, in cases where data on consumption, seasonal precipitation, and excretion
among others are available [39].

For instance, there is a significant variation in contaminant concentrations between
the dry (high) and wet (low) seasons [40]. Furthermore, once introduced into the environ-
ment, these drugs undergo numerous processes, including biodegradation, photolysis, and
hydrolysis, which may contribute to lower ARVD concentrations in surface waters [41].
Studies conducted in Kenya have reported significantly high concentrations of efavirenz
(EFV), lamivudine (3TC), nevirapine (NVP), and zidovudine (AZT) [26,31], in contrast to
levels of these pharmaceuticals reported in South Africa [42,43]. For instance, the concen-
tration of EFV detected in River Ngong was measured at 167.10 ug/L [31], while notable
concentrations of NVP and AZT were recorded at 5.62 ug/L [5] and 7.68 ug/L [26], respec-
tively, in the same river. In Kenya, 3TC and NVP are utilized as first-line regimen drugs,
potentially explaining their elevated concentrations in surface waters [44].
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These concentrations originate from runoff in areas lacking sanitation, which is over
two million individuals residing along River Ngong near the Nairobi dam [45]. This
phenomenon elucidates the disparity in ARVD levels between Kenya and other regions
like South Africa, where the concentrations are less than 1 ng/L, despite South Africa
operating the most extensive ART programme globally. This discrepancy is predominantly
attributed to the differences in sanitation services between developed and developing
nations [44]. Elevated ARVD levels in surface waters across Sub-Saharan Africa (SSA)
are likely associated with the ART programme as seen in Figure 2 [46] and inadequate
sanitation facilities [47]. Consequently, populations in the SSA region, including those
undergoing ART, release pharmaceuticals, such as ARVDs, into surface waterways due to
insufficient sanitation infrastructure.

3. Risks Associated with Antiretroviral Drugs
3.1. Ecotoxicity of Antiretroviral Drugs

Historically, research has predominantly focused on the toxicity of ARVDs in mam-
malian systems [48]. It is only recently that studies have started to shed light on the
ecotoxicity of these pharmaceuticals, which explains the limited data available on ARVD
ecotoxicity [49]. The toxicity of ARVDs toward aquatic organisms, such as fish, algae,
daphnia, and bacteria, ranks among the 10 most toxic classes of pollutants [2,6]. For exam-
ple, Almeida et al. [50] reported that EFV exhibited half maximal effective concentration
(ECsp) and no observed effect concentration values (NOEC) of 0.026 mg/L and 0.016 mg/L,
respectively, following an eight-day exposure to Ceriodaphnia dubia. As a result, EFV can be
considered extremely toxic to C. dubia [50]. Moreover, Robson et al. [51] noted that 0.0103 pg/L
of EFV induced significant liver damage and consequently reduced long-chain triglyceride (Lct)
levels in Oreochromis mossambicus after 96 h exposure, an effect also observed in humans [52].

Similarly, chronic toxicity tests spanning 28 days, conducted by Pitso [53], demon-
strated distinctive renal and liver toxicity in O. mossambicus. Omotola et al. [54] found that
0.1 mg/L of 3TC resulted in 100% mortality in Daphnia magna after 48 h. Furthermore, 8-day
chronic toxicity assessments using 3TC on C. dubia revealed ECsy and NOEC values of
1.345 mg/L and 0.625 mg/L, respectively, highlighting the drug’s toxicity to daphnia [50].
Minguez et al. [55] exposed abacavir to D. magna and Pseudokirchneriella subcapitata for
48 and 72 h, respectively, and determined the EC5j values to be > 100 mg/L and 57.32 mg/L,
indicating non-harmful and harmful toxicity, respectively. In contrast, AZT was classified as
toxic to daphnia (C. dubia) with an ECsg of 5.671 mg/L [50].

Beyond the scarcity of data on individual drug toxicity, the combined effects of parent
drugs and their transformation products (TPs) may demonstrate increased toxicity towards
aquatic life [56]. However, data in this domain is critically lacking, despite the widespread use
of these drugs in SSA. This situation underscores the necessity for systematic investigations
into the toxicity of ARVDs across various biological organizational levels. Given the significant
costs and time required to comprehensively assess the risks associated with environmental
pollutants, including ARVDs, modelling approaches become essential for predicting their
predicted environmental concentrations (PECs) to gauge exposure levels [39]. Additionally,
models can be utilized to estimate the aquatic toxicity of most ARVDs via the Ecological
Structure Activity Relationships (ECOSAR) (v2.0) software, thereby assisting in the calculation
of predicted no-effect concentration (PNEC) values required for risk assessments.

3.2. Ecotoxicological Risk Assessment

The ecological risk assessment (ERA) is executed by calculating the risk quotient
(RQ). The RQ is defined as the ratio of measured (predicted) environmental concentrations
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(M(P)EC) of a specific chemical within a certain environmental matrix to the PNEC [57,58]
for taxa including fish, algae, daphnia, and bacteria, formulated as follows:

MEC or PEC
RQ=""pNEC @

To categorize risk, the framework proposed by Hernando et al. [59] was utilized; this
framework has been applied in the assessment of various pharmaceuticals by several researchers,
such as Kosma et al. [60], Molnar et al. [61], and Papageorgiou et al. [62]. According to
the framework, an RQ < 0.01 indicates that the specific pollutant presents no ecological risk,
pollutants with 0.01 < RQ < 0.1 present low risk, and pollutants with 0.1 < RQ < 1 present
minimal risk, while pollutants with an RQ > 1 present high ecological risk.

The PNECs for various matrices are estimated using the effective (lethal) concentration
(E(L)Csp) values derived from ecotoxicity data for four taxonomic groups: fish, daphnia,
algae, and bacteria, coupled with an assessment factor (AF) [59]. Additionally, PNECs
derived from species sensitivity distribution curves [61], experimental no observed effect
concentrations (NOEC), and (E(L)Csg are predominantly used to facilitate the estimation
of practical RQ values. Due to the scarcity of published laboratory toxicity data for most
ARVDs, as elaborated prior, ECOSAR models, as presented in Figure 4, were applied
in the absence of laboratory-generated data [6]. Furthermore, to address the substantial
uncertainties linked with toxicity data produced using ECOSAR and E(L)Csq values, AF of
1000 was applied [63]. The PNEC is calculated as shown in Equation (2).

NOEC or E(L)C
PNEC = (L)Cso )
AF
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Figure 4. Calculated PNECs for ARVDs using acute (full circle) and chronic (open circles) toxicity
data for fish (blue), algae (green), and daphnia (orange).

Currently, reports on the ecological risks of ARVDs are limited, with several illustrative
examples being outlined. Ngumba et al. [26] calculated the risk quotients (RQs) for various
ARVDs and found that 3TC did not pose a significant risk to aquatic organisms. Conversely,
NVP and AZT were found to present ecotoxicological risks to fish, daphnia, and algae in
the Nairobi River basin, Kenya. Notably, both ARVDs exhibited the highest risk (RQ > 10)
to algae, with NVP showing moderate risk (RQ > 1) to fish and daphnia [26]. Secondly,
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efforts by Muriuki et al. [64] to estimate the RQs of 3TC, NVP, and AZT in surface water in
Juja, Kenya, resulted in reported RQ values of 0.3, 850, and 1702, respectively.

Due to the lack of specificity regarding aquatic organisms used in the study by Muriuki
and colleagues [64], definitive conclusions could not be made. Lastly, Cid et al. [65] assessed
the ecological risk of atazanavir (ATV), EFV, and NVP on Echinometra lucunter (sea urchin) at
Santos Bay, Brazil. Results indicated that EFV posed a high risk (RQ = 4) to the species, while
the risk from ATV and NVP was negligible (RQ < 1). In a review by Guo et al. [66], the authors
concluded that the risk posed by ATV, 3TC, and NVP to algae was minimal (RQ < 0.01). A
similar review by Gani et al. [44], based on three trophic levels, yielded comparable findings,
with the RQ of EFV, 3TC, NVP, TDF, zalcitabine, and AZT being less than one, while stavudine
distinctly exhibited an RQ greater than ten. According to Reddy et al. [33], the following aquatic
species, Raphidocelis subcapitata, Desmodesmus subcapitata, Vibro fischeri, Artemia salina, Skeletonema
marinoi, and D. magna are employed as biological models.

3.3. Environmental Risk Characterization

The environmental risk assessment was conducted by quantifying the RQ of various ARVDs
across three trophic levels, fish, Daphnia, and algae, using Equation (1). To categorize the varying
levels of calculated risk, the framework established by Hernando et al. [59] was utilized, and the
findings are illustrated in Figure 4. These findings indicate that ARVDs exhibit highly variable
levels of risk to specific or all taxonomic groups in surface water.

Of the seven ARVDs quantified in Gauteng, South Africa, FTC, 3TC, and propargyl
ethers from STV concentrations exhibited no threat to any of the three trophic levels
assessed in this study. However, EFV and NVP exhibited toxicity ranging from moderate
to high among fish, Daphnia, and algae at all locations where these drugs were detected.
AZT demonstrated high toxicity towards algae but posed moderate to no significant risk to
fish and Daphnia. Carbonyl ureas from STV were found to be highly toxic to algae at all
three locations where they were detected, which contradicts Russo et al. [10], who reported
that STV had an insignificant impact on algae.

In the Eastern Cape Province, three out of four detected ARVDs, namely TDF, DDI, and
ddC, along with their transformation products, displayed an RQ < 1, thereby presenting
an insignificant risk to fish, Daphnia, and algae. Conversely, AZT posed no threat to
fish and Daphnia but was highly toxic to algae, with an RQ of 94.5. Among the three
ARVDs detected and quantified in KwaZulu-Natal (KZN) NVP, EFV, and FTC levels were
non-toxic to all three taxonomic groups referenced in this study. Meanwhile, both NVP
and EFV exhibited moderate toxicity toward fish and Daphnia while posing minimal risk
to algae. This is supported by Reddy et al. [33], who indicate that algae can endure high
concentrations of ARVDs in aquatic environments. Further substantiating this, NVP levels
posed no risk to algae, whereas EFV was found to be moderately toxic to algae with an RQ
of 2.011. In Limpopo, NVP showed moderate toxicity to all species analyzed in this review.

Finally, the MECs of the five ARVDs assessed across seven locations in the Northwest
revealed that AZT and ddC exhibited moderate toxicity in fish. In contrast, both TDF
anilines and pyrroles at Hartbeespoort Dam were non-toxic. EFV was found to be mod-
erately toxic to fish at the majority of locations, except for the Magalies River, where the
risk quotient (RQ) was below 1. Nonetheless, Cayman Chemicals [67] identifies EFV as
hazardous to the environment, attributing its persistence and toxicity to aquatic organisms.
Robson et al. [51] investigated the acute exposure of 0.0103 ug/L EFV to O. mossambicus,
determining that EFV inflicted severe hepatic damage, which may lead to future organ loss
and overall degradation of fish health. Conversely, NVP ranged from moderate toxicity in
fish to presenting no threat to Daphnia and algae, except at Hartbeespoort Dam in 2011 and
2014, where it was moderately toxic. Vogt et al. [68] identified LPV as having the highest
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hazard, and our findings corroborate this as the drug exhibited extreme toxicity across all
three trophic levels.

Concentrations of 3TC across all three locations in Kisumu, Kenya were found to pose
no threat to fish and algae. This is corroborated by the research of Guo et al. [66], which
determined the ECs of P. subcapitata exposed to 3TC for 72 h to be 96,900 ug/L. Conversely,
3TC exhibited moderate toxicity towards Daphnia in River Ngong and River Kisat, while
showing no toxicity in River Auji. AZT, EFV, and NVP, also detected in Kisumu, displayed
toxicity ranging from moderate to extreme across all three taxonomic groups, with NVP
being the most toxic to fish and Daphnia. In contrast, AZT was identified as the most
toxic to algae, with RQ values ranging from 1300 to 2300 across three locations in Kisumu.
This aligns with the findings of Russo et al. [10], which showed AZT’s higher toxicity to
R. subcapitata, resulting in approximately 25% growth inhibition.

In Mathare, Kenya, the concentrations of 3TC across all seven locations with reported
occurrence data were non-toxic to all trophic levels examined in this review. By contrast, NVP
and AZT varied from moderately toxic to extremely toxic, as documented by Ngumbea et al. [26],
indicating that both NVP and AZT may have potentially ecotoxicological consequences in
Daphnia, algae, and fish. AZT concentrations were found to be moderately toxic to fish in
most areas within Mathare but exhibited extreme toxicity to fish in the Mathare River near the
entrance of the Mathare slum and in Bondeni. Generally, AZT ranged from insignificantly toxic
to moderately toxic on algae and Daphnia.

Conversely, NVP demonstrated extreme toxicity to algae in all locations in Mathare,
was moderately toxic to fish, and posed no significant risk to Daphnia. In Nairobi, the
concentrations of 3TC in all 23 locations were not toxic to any taxonomic groups included
in this study. However, the levels of NVP within the Nairobi basin were highly toxic to all
three taxa, fluctuating between moderately and highly toxic across the other 22 locations
in Nairobi, particularly affecting fish and Daphnia. In European countries, specifically
France, Germany, and Poland, the concentrations of ARVDs detected predominantly posed
minimal risk (RQ < 10) to all three biomarkers in surface water, with the exception of AZT
and STV, which posed the highest acute risk, as depicted in Figure S1, and chronic risk in
Figure S2 (RQ > 100) to fish in Germany.

It is apparent that five ARVDs are of primary concern: 3TC, EFV, and NVP due to
their high usage; and LPV and RTV because of their very low PNEC values, thereby pre-
senting elevated risks despite their limited use. It should be noted that the risk assessment
provided in this study does not accurately reflect the actual risk in the environment. As in
complex ecological systems, receptors are exposed to parent ARVDs, their metabolites, and
transformation products as mixtures; therefore, the combined effect inevitably enhances
the overall risk of these drugs [69]. Additionally, ARVDs like NVP are recognized for their
environmental persistence [25]. Collectively, these considerations highlight the substantial
and imminent threat that ARVDs present to the environment, emphasizing the pressing
need for their effective elimination from surface water matrices.

4. Mechanisms of Photocatalytic Degradation
4.1. Basic Principles of Photocatalytic Degradation Processes

Advanced oxidation processes (AOPs) have been recognized as a notably promising
technological method for the degradation of soluble organic contaminants that are present
in wastewater matrices. The prevalent chemical characteristic that defines the wide variety
of AOPs is their ability to generate reactive oxygen species (ROS), with a particular focus
on the hydroxyl radical (¢OH), which is recognized as an exceptionally potent oxidizing
agent owing to its second highest oxidation potential (2.8 eV) [70]. These reactive species
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can be generated in situ and exhibit the capability to oxidize and subsequently mineralize
persistent pollutants into benign end products, such as carbon dioxide and water [71].

A variety of AOPs, including Fenton [72], photo-Fenton [73], ozonation [74], ultra-
sound radiation [75], photolysis [76], and photocatalysis [77], have been employed for the
remediation of multiple pharmaceutical pollutants found in wastewater. However, the
effectiveness of these methods often shows significant variability depending on the specific
type and concentration of the pollutants present. Likewise, tertiary treatment approaches,
such as electrodialysis [78], activated carbon adsorption [79], chemical removal [80], co-
agulation [81], and membrane filtration [82], have been studied for their effectiveness in
eliminating pharmaceutical compounds that remain in wastewater following secondary
treatment. Despite their implementation, these techniques often demonstrate inconsistent
and critically variable removal efficiencies.

Presently, heterogeneous photocatalysis has arisen as one of the most distinguished,
comprehensively investigated, and promising AOPs for the efficient removal of persistent
contaminants [77]. The process of heterogeneous photocatalysis is initiated when a pho-
tocatalyst is irradiated by photons that possess energy that correspond to or exceed its
bandgap energy, thereby allowing for the excitation of electrons from the valence band
to the conduction band [83]. This excitation phenomenon results in the generation of
electron-hole pairs that travel to the surface of the irradiated photocatalyst, where they
engage in redox reactions with adsorbed species. Consequently, these reactions culminate
in the production of ROS such as ¢OH and superoxide anions (O,e ™), which play a piv-
otal role in the oxidative breakdown of organic pollutants. Among the diverse range of
photocatalysts, titanium dioxide (TiO;), particularly the anatase phase and Degussa (a
combination of anatase and rutile), stand out as the most extensively researched due to
their advantageous characteristics, including high stability, cost-efficiency, and exceptional
photocatalytic activity under UV irradiation [84].

Numerous studies have investigated the reaction mechanisms underlying the het-
erogeneous photocatalysis process using TiO; [85]. Figure 5 illustrates the simplified
mechanisms for the photoactivation of the semiconductor photocatalyst TiO,. As depicted
in Figure 5, the valence and conduction bands of TiO; are separated by a band gap. To
initiate the degradation process, TiO, requires photoexcitation with light at wavelengths
of ca 387 nm for the anatase phase (bandgap of 3.2 eV) and ca 410 nm for the rutile phase
(bandgap of 3.0 eV) [86]. In essence, photocatalysis of TiO; is initiated by the absorption
of photons with energy equal to or greater than its band gap, facilitating the promotion
of electrons from the valence band to the conduction band. This transition results in the
generation of a positive valence band hole (h*) and a negative conduction band electron
(e7). Upon irradiation, TiO, can function as either an electron donor or molecules acceptor.
The powerful oxidant h* oxidizes water and hydroxide ions (OH™) to produce ¢OH, while
the reductant e~ reduces molecular oxygen (O;) to ¢O,~. The superoxide radical then
reacts with hydrogen ions (H*) to yield hydrogen peroxide radicals (¢HO;), which, upon
further protonation by H*, can produce hydrogen peroxide (H>O;). These oxidation and
reduction processes occurring on the surface of the photoexcited semiconductor not only
generate a plethora of ROS, including ¢OH, ¢O,~, ¢HO,, and H,O,, that participate in
contaminant degradation but also mitigate the recombination of h* and e~. Equations
(3)—(9) outline the key steps involved in the photocatalytic mechanism of TiO,, including
photoexcitation, charge carrier dynamics, and subsequent degradation processes [87].

Photoexcitation : TiOp +hv — e~ +h™ 3)

Entrapment of free electrons : e~z — e 4)
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Entrapment of free electrons : h{,rB — h{R 5)

Charge carrier recombination : e + h{,rB — ecp + heat 6)

Photoexcited electron scavenging : (O3),4s +€¢ — O5 ()

Oxidation of hydroxyl : OH™ +h* — -OH 8)

Photodegradation by hydroxyl radicals : R —H + -OH — R’ + H,O )
—~ ( g

Photo-reduction = 2
) g ,_} -

,
25 = e

- 25 =
K —8-CaN,
- KA_Ti0, Gutile) |
7ZnO, TiO, (anatase) b =
NSy —,

———— ]

Figure 5. Mechanism for photoactivation of coloured TiO,, g-C3Ny, TiO;, and ZnO semiconductors.

The eOH generated from Equation (8) facilitate the conversion of organic pollutants
into intermediate compounds, which are then further degraded through the same reaction
pathway until carbon dioxide (CO;) and water are ultimately produced as the final by-
products (Equation (9)). The detailed photocatalytic degradation process consists of various
fundamental stages [88]. Initially, organic pollutants are transferred from the bulk liquid
phase to the surface of the photocatalyst. Upon arrival at the surface, the pollutants engage
in adsorption onto the photon-activated photocatalyst, where the production of reactive
oxygen species, including ¢OH radicals and H,O,, triggers the oxidative degradation of
the adsorbed contaminants. This mechanism persists until the contaminants are either
decomposed into intermediate compounds or entirely mineralized into CO, and water. The
intermediate or ultimate degradation products are then desorbed from the photocatalyst
surface, followed by their transfer back into the bulk liquid phase.

4.2. Factors Influencing the Photocatalytic Degradation of Organic Pollutants

The efficiency of photocatalytic degradation of organic pollutants relies on several
operational parameters, with oxidation rates governed by factors such as pollutant proper-
ties, catalyst amount, solution pH, surface morphology, reaction temperature, inorganic
ions, light intensity, and dissolved oxygen. The pollutant’s nature, concentration, and
interaction with other compounds in the water matrix significantly influence degradation
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rates. For instance, only the pollutants adsorbed on the photocatalyst’s surface contribute
to degradation, while pollutants in the bulk solution do not. High pollutant concentrations
can saturate the photocatalyst’s surface, reducing photonic efficiency and potentially deacti-
vating the catalyst [89]. Additionally, the chemical structure of the target pollutant impacts
degradation efficiency, as complex compounds, such as 4-chlorophenol, require longer irra-
diation times due to intermediate transformations before complete mineralization, unlike
simpler compounds like oxalic acid [90].

The amount of photocatalyst also plays a vital role in photodegradation efficiency,
which increases with catalyst quantity due to the higher number of active sites available
for generating «OH that drive the degradation process. However, beyond an optimal
amount, further increases can cause turbidity, blocking UV radiation and thereby reducing
degradation efficiency [91]. Solution pH alters the surface charge of the photocatalyst
and shifts catalytic reaction potentials, affecting pollutant adsorption and reaction rate.
Under acidic conditions, TiO, surfaces are positively charged, enhancing the adsorption of
anionic dyes through Lewis acid-base interactions [92]. Conversely, in alkaline conditions,
competitive adsorption by hydroxyl groups and columbic repulsion from the negatively
charged surface inhibit dye adsorption. Equations (10) and (11) demonstrate how the
surface of Titania can be protonated and deprotonated, respectively. Adsorption is minimal
when the solution pH is at the photocatalyst’s isoelectric point, where the surface has no
net charge.

TiOH + H" — TiOH; (10)

TiOH + OH™ — TiO~ + H,0 (11)

Surface morphology, such as particle size and surface texture, significantly influences
photocatalytic degradation, as a larger surface area provides more active sites, enhancing
pollutant interaction and degradation efficiency. Nanostructured TiO, with grain sizes
below 20 nm is particularly effective, as its larger surface area increases the number of
active sites. Marin et al. [93] and Pascariu et al. [94] have demonstrated that materials like
Cu-TiO, nanocomposites exhibit higher degradation rates for organic pollutants compared
to TiO, due to rough and zigzag surfaces that improve pollutant adsorption. Temperature
is another critical parameter, as increased temperatures typically accelerate photocatalytic
reactions but also diminish degradation efficiency by disfavouring pollutant adsorption [95].
Reaction temperatures between 20 °C and 80 °C are generally considered ideal for effective
photodegradation without excessive recombination.

The presence of inorganic ions, such as magnesium, iron, zinc, and chloride, in wastew-
ater also affects the degradation process by blocking the catalyst’s active sites and, in some
cases, scavenging reactive species like hydroxyl radicals [96]. While ions such as copper
and iron can inhibit photocatalytic efficiency at certain concentrations, ions like calcium
and magnesium exhibit minimal inhibition due to their stable oxidation states. Chlorides
and other anions (e.g., carbonates, sulphates) can also hinder catalyst activity by decreas-
ing colloidal stability, which diminishes pollutant—catalyst contact and, in turn, reduces
degradation efficiency. Some anions, such as chloride, carbonate, and phosphate, act as
scavengers for holes and hydroxyl radicals, further inhibiting the photocatalytic process as
shown in Equations (12) and (13). Pre-treatment options, such as ion exchange, have been
shown to mitigate these inhibitory effects by reducing fouling of the photocatalytic surface.

Cl” 4+ eOH — Cle + OH™ (12)

Cl~ +h™ = Cle (13)
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Light intensity and irradiation time are crucial factors as well. At low light intensi-
ties (0-20 mW /cm?), the degradation rate increases linearly with intensity; at moderate
intensities (around 25 mW /cm?), the rate depends on the square root of light intensity; and
at high intensities, it becomes independent, as electron-hole recombination increases and
competes with photocatalytic reactions [97]. Dissolved oxygen is typically introduced as
an electron acceptor to prevent electron-hole recombination, promoting the stabilization
of radical intermediates and aiding in mineralization [98]. It also supports the cleavage
of aromatic rings in complex pollutants, ensuring a more efficient breakdown of organic
pollutants in aqueous systems.

4.3. Various Photocatalysts Used in the Degradation of Pharmaceuticals
4.3.1. Titanium Dioxide

TiO; has emerged as one of the most extensively studied and utilized photocatalysts for
the degradation of pharmaceutical pollutants due to its outstanding photochemical stability,
non-toxicity, and cost-effectiveness [99]. The advantages of TiO, are primarily derived from
its capacity to degrade a broad spectrum of organic contaminants when exposed to UV
light, whereby it initiates oxidation reactions that decompose pollutants into less harmful
by-products [100]. Additionally, TiO, is environmentally benign, as it does not generate
hazardous by-products during the photocatalytic process [101]. Its anti-microbial properties
ensure that TiO; can also be used to disinfect water [102]. However, a significant limitation
of TiO, as a photocatalyst is its high bandgap (~3.2 eV), which confines its activation to
ultraviolet (UV) light, a region comprising only a minor part of the solar spectrum [103]. This
constraint restricts its practical application in outdoor or natural light settings, necessitating
modifications to extend its photocatalytic activity to the visible light spectrum.

To address the limitation of TiO,’s narrow light absorption, various strategies, such
as doping with metals and non-metals and forming heterojunctions with other materials,
have been employed. Metal doping (e.g., Ag, Cu, and Fe) has been observed to reduce
the bandgap of TiO, and enhance its charge separation efficiency, resulting in improved
photocatalytic performance [104]. Non-metal doping, especially with nitrogen (N) or
carbon (C), further enhances its photocatalytic activity under visible light conditions by
introducing energy levels within the bandgap that facilitate electron excitation with lower
energy light [105]. Furthermore, combining TiO, with other materials, such as graphene
oxide (GO) and carbon nanotubes (CNTs), has proven effective in improving its charge
carrier dynamics and overall photocatalytic efficiency [106].

Despite these advancements, the plausible electron-hole recombination in TiO, re-
mains a concern, potentially diminishing its degradation efficiency. The mechanism of TiO,
photocatalysis in pharmaceutical degradation is predominantly based on the generation
of ROS, such as ¢OH, O, ™, and hole (h*) formation upon light exposure [107]. When
TiO; is irradiated by UV or visible light, electrons are excited from the valence band to the
conduction band, creating electron-hole pairs. These charge carriers subsequently interact
with water and oxygen molecules on the TiO, surface, producing ROS that can attack
organic pollutants and break them down into simpler, less toxic compounds [108]. The
efficiency of TiO; in degrading pharmaceuticals is influenced by several factors, including
the type of pollutant, catalyst loading, light source, and environmental conditions such as
pH and temperature [109].

Previous studies have documented the degradation of pharmaceutical pollutants
through the use of P25 (80% anatase and 20% rutile) as a photocatalyst. In the study,
conducted by Wu et al. [110], the authors examined the photocatalytic degradation of TC
facilitated by TiO, under conditions of both visible light and UV illumination, achiev-
ing a removal efficiency of 25.1% and 35.7%, respectively, after an exposure period of
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120 min. The observed degradation efficiency under visible light exposure was attributed
to the increased sensitivity of TiO, induced by TC, which facilitated the formation of a
surface complex conducive to visible light absorption. Furthermore, the generation of
o0, species as a result of the photoexcitation of the surface complex was identified as
pivotal in the photocatalytic degradation occurring under visible light. Conversely, the
degradation facilitated by UV irradiation was attributed to the higher energy levels associ-
ated with UV photons and the significant roles played by the active species ¢O,~ and h*
a in the process. In another study, Yang et al. [111] employed TiO; for the photocatalytic
degradation of sulfachlorpyridazine, sulfapyridine, and sulfisoxazole, achieving removal
efficiencies of 85.2%, 92.5%, and 85.0%, respectively, following 60 min of UV light exposure.
The researchers ascribed the high removal rates primarily to h* and eOH, noting that other
ROS contribute insignificantly to the degradation process.

4.3.2. Black Titanium

Since its discovery in 2010, hydrogenated coloured titanium (coloured TiO,) has been
utilized for the degradation of numerous pollutants, achieving remarkable degradation
in the shortest possible time [22]. Under visible and infrared irradiation, the presence of
oxygen vacancies in the material influences the recombination efficiency of photogenerated
electron-hole pairs, thereby extending the carrier lifespan and enhancing photocatalytic
performance [112]. For instance, Zou et al. [113] attributed the tenfold increase in the pho-
tocatalytic evolution rate in coloured TiO; to hydrogen-induced oxygen vacancies, which
promote the separation and transfer of electron-hole pairs. In a study by Qiang et al. [114],
a 0.5% RuTe2/B-TiO; catalyst calcined at 400 °C demonstrated exceptional degradation
performance, with Zeng et al. [115] attributing this to the crystal structure of coloured TiO,
achieved at 400 °C. Similarly, Andronic et al. [116] observed that colouredTiO; reduced
by NaBH4 and calcined at 400 °C was the most effective photocatalyst, achieving 100%
degradation of amoxicillin (AMX).

Interestingly, the catalytic dosage of coloured TiO; is not inherently advantageous. Ac-
cording to Qiang and colleagues’ [114] observations, increasing the catalytic dosage from 20 to
40 and 80 mg diminishes the degradation rate of diclofenac (DCF). This result is attributed to
reduced light transmission caused by turbidity induced by the catalyst [117,118]. Additionally,
the pH of the reaction system serves an auxiliary but essential function in dictating the catalytic
efficacy and stability of semiconductor-based photocatalysts. Influencing particle stability and
aggregation, Fermi-level shifts, which determine the reduction potentials of electrons and band-
edge positions, and lastly, the electrostatic interactions of electron donors and acceptors. The pH
dictates the surface charge of the photocatalyst, which is governed by its point of zero charge
(PZC). At pH values below PZC, the surface of the photocatalyst assumes a positive charge,
thereby promoting the adsorption of negatively charged species (anions). In contrast, at pH
values above the PZC, the surface acquires a negative charge, which favours the adsorption of
positively charged species (cations). Effective adsorption amplifies the interaction between the
pollutant and reactive species, thereby enhancing the degradation efficiency [119].

Numerous pharmaceutical pollutants show pH-dependent speciation attributable
to the presence of functional groups such as carboxylic acids and amines. At varying
pH levels, the ionization state of these groups is altered, influencing their interaction with
the photocatalyst surface. For example, ionized forms may exhibit stronger adsorption
on surfaces with opposite charges, leading to increased degradation [120]. The formation
of ROS, particularly eOH, is contingent on pH. At lower pH values, radical protonation
may occur, diminishing their reactivity. In contrast, within a pH range of 6 to 8, OH™ can
be transformed into -OH radicals by oxidation, thus improving degradation rates. Conse-
quently, optimal pH for photocatalytic degradation frequently balances ROS generation
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and pollutant adsorption [121]. Extreme pH values can deactivate active sites on the photo-
catalyst by instigating surface corrosion or precipitate formation, such as hydroxides, which
obstruct reactive sites. Therefore, maintaining an appropriate pH range is paramount for
sustainable photocatalytic activity [122].

In the study by Sarafraz et al. [123], the degradation of ciprofloxacin (CIP) using
coloured TiO, showed a slight increase with rising pH, reaching its optimal degradation
at approximately pH 6.7. The authors accredit this performance to CIP’s existence in a
zwitterionic form at neutral pH ranges, which enables increased electrostatic interactions
between CIP and the positively charged coloured TiO,, therefore concomitantly enhancing
the rate of reaction. The improved photocatalytic degradation at a neutral pH was further
ascribed to the hydrophobic interactions, as zwitterionic CIP is highly hydrophobic in
nature [124].

4.3.3. Zinc Oxide

Zinc oxide (ZnO) is extensively employed as a photocatalyst in various photocatalytic
processes pertinent to water treatment applications [125]. Functioning as an n-type semicon-
ductor, ZnO is characterized by a substantial exciton binding energy of 60 meV and a broad
bandgap of 3.2 eV at ambient temperature [126]. Moreover, it demonstrates remarkable
photochemical stability, piezoelectric characteristics, and biocompatibility [127]. Given
that its bandgap is nearly equivalent to that of TiO,, as seen in Figure 5 the photocatalytic
efficiencies of these two materials are anticipated to be similar [128]. However, parameters
such as morphology, charge-transfer kinetics, and surface interactions can considerably
influence the efficacy of semiconductors in photocatalytic applications [129]. ZnO exhibits
superior electron mobility, approximately 10 to 100 times greater than that of TiO,, coupled
with an elevated quantum yield, rendering it an efficient catalyst and a viable alternative to
TiO; [128]. The augmented electron mobility of ZnO is particularly advantageous when the
catalyst operates as an electron acceptor, thereby facilitating the transfer of electrons from
photoexcited organic pollutants to dissolved oxygen under visible light irradiation [130]. In
this process, the excited organic molecules transfer electrons to the conduction band of the
catalyst, while the organic pollutants themselves are converted into their respective cationic
radicals. The injected electrons subsequently engage in reactions with oxygen adsorbed
on the surface of the catalyst, leading to the formation of reactive oxygen species such as
0,7, HyO, and OHe [131].

Several studies have indicated superior removal efficiencies for ZnO in comparison to
TiO, under designated operational parameters [128,132]. For example, Han et al. [133] illus-
trated that, when subjected to optimized operational conditions, the UV /ZnO combination
exhibits markedly enhanced efficacy relative to the UV /TiO, in the decontamination of
pharmaceutical compounds. The mechanism that governs the photocatalytic process in
the presence of UV light is based on the excitation of the semiconductor through photon
absorption, assuming that the photon energy is compatible with or exceeds its bandgap.
This leads to the promotion of electrons from the valence band to the conduction band,
generating electron-hole pairs as shown in Equation (14). Equations (14)—(18) describe the
key steps involved in the photocatalytic degradation process using ZnO, including the
generation of charge carriers, the formation of reactive oxygen species, and the oxidation of
organic matter.

ZnO +hv — ZnO(h,, +e_) (14)
ey, +Oz(ads) — O, (15)
h}, +HO(ads) — H' + eOH (16)

h +OH (ads) — «OH (17)
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h, + organic matter(OM) — OM™" + oxidized products (18)

The electron-hole pairs produced during the photocatalytic mechanism have the
potential to either engage in direct reactions with organic contaminants (Equation (18))
or indirectly trigger the generation of reactive radicals (Equations (15)—(18)), which sub-
sequently facilitate the degradation of organic substances. Under optimal operational
conditions, organic pollutants can undergo complete mineralization into carbon dioxide,
water, and harmless anions. However, in some cases, complete mineralization remains
unattained, resulting in the formation of intermediate by-products. A key drawback of
ZnO photocatalysts lies in the fast recombination of photogenerated electron-hole pairs,
which adversely impacts their overall efficiency [125]. As a result, structural modifications
to ZnO, intended to augment its activity under visible light, may present a promising and
sustainable strategy for enhancing its performance. Such developments could position
ZnO as a potent photocatalyst for a diverse array of environmental applications. Several
cases of ZnO used in the degradation of pharmaceuticals have been reported. For example,
Ravbar et al. [134] illustrated that ZnO, synthesized utilizing an ethanolic extract from
the roots of Japanese knotweed, effectively facilitated the degradation of ciprofloxacin
(CIP), attaining a degradation efficiency of 100%. Similarly, Vigmanti et al. [80] reported
on the complete elimination of spiramycin and ofloxacin (OFL), while Zhang et al. [135]
exhibited the total degradation of metronidazole, all employing ZnO in the capacity of
a photocatalyst.

4.3.4. Graphitic Carbon Nitride-Based Photocatalysts for the Removal of Pharmaceutical Contaminants

Graphitic carbon nitride (g-C3Ny) is an eco-friendly and cost-effective metal-free
semiconductor photocatalyst known for its high physicochemical stability and favourable
electronic properties, including a medium band gap of 2.7 eV [136]. Its unique attributes,
such as a high mesoporous volume, large surface area, conjugated porous polymeric struc-
ture, visible light responsiveness, and strong adsorption capacity, make it a promising
candidate for the catalytic removal of hazardous organic pollutants from aqueous envi-
ronments. Structurally, g-C3Ny consists of two-dimensional sheets of tris-s-triazine units
connected via tertiary amines and can be synthesized from widely available materials,
including dicyandiamide, cyanamide, melamine, urea, and thiourea, through calcination
at elevated temperatures [137]. Research indicates that the choice of precursor significantly
influences the properties of g-C3Ny. For example, a study by Attri et al. [138] and Nejad et al. [139]
examined how precursors such as cyanamide, melamine, urea, and thiourea affect the photophys-
ical properties of g-C3Nj for tetracycline (TC) degradation under visible light. The photocatalytic
efficiency followed the following order: urea-derived g-C3N4 (U-CN) > thiourea-derived g-C3Ny
(T-CN) > cyanamide-derived g-C3Ny4 (C-CN) > melamine-derived g-C3N4 (M-CN). Urea-derived
g-C3N, demonstrated superior photocatalytic activity, which was attributed to its high surface
area and reduced charge carrier recombination. Upon exposure to visible light, photogener-
ated electrons in the conduction band of g-C3Ny react with molecular oxygen to form ¢O, ™,
which, together with holes in the valence band, decompose tetracycline molecules, as demon-
strated by studies using radical scavengers such as isopropanol, AgNOj3, benzoquinone,
and triethanolamine.

Various studies have explored the degradation of pharmaceutical pollutants using
g- C3Ny. For instance, polymeric g-C3Ny synthesized via the polycondensation of melamine
was found to degrade pharmaceuticals like tetracycline, ciprofloxacin, salicylic acid, and
ibuprofen under UV-visible light irradiation [140]. The polymeric g-C3Ny4 exhibited better
degradation efficiency for tetracycline (86%) and ciprofloxacin (60%) compared to sali-
cylic acid (30%) and ibuprofen (20%) in acidic conditions. The mineralization order for
these drugs was tetracycline > salicylic acid > ciprofloxacin > ibuprofen. Recent studies
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have provided insights into the enhanced photodegradation of pharmaceuticals, including
naproxen (NPX), indomethacin (IDM), diclofenac (DCEF), carbamazepine (CBZ), triclosan
(TCS), ofloxacin (OFX), enrofloxacin (ENR), and sulfamethoxazole (SME), by improving
the crystallinity of g-C3Ny [141]. The improved crystallinity facilitates oxygen absorp-
tion and promotes direct oxygen reduction through a two-electron pathway, leading to
increased HyO, production and more hydroxyl radicals, which aid in the decomposition of
pharmaceuticals, as supported by experimental and computational analyses.

Despite its advantages, g-C3Njy suffers from limitations such as a high recombination
rate of photogenerated charge carriers and a low specific surface area, which reduce
its photocatalytic efficiency. Several approaches have been employed to address these
drawbacks, including the introduction of vacancy defects and heteroatoms [69], metal and
non-metal doping [126], and coupling with narrow bandgap semiconductors [142].

4.3.5. Composite Photocatalysts for Application in Remediation of Pharmaceuticals

The advancement of heterogeneous photocatalysis has seen significant progress
through the development of photocatalysts that are environmentally sustainable, cost-
effective to synthesize, responsive to visible light, and possess enhanced durability. These
advancements are often achieved through modifications such as doping and sensitization
of conventional photocatalysts, as well as fabricating novel heterojunction photocatalysts
by combining regular photocatalysts. Notably, doping with metal ions or co-doping with
metals and non-metals, along with modifying metal oxides using capping agents, have
proven to be effective strategies to minimize charge carrier recombination. For example,
Pazoki et al. [143] investigated the degradation of dexamethasone using a TiO, /Ag photo-
catalyst under visible and UV light irradiation, achieving a degradation efficiency of 82.3%
under UV and 71.5% under visible light. Similarly, co-doped (Ag, Cu) TiO; photocatalysts
synthesized via the sol-gel method achieved a 98% removal efficiency of acyclovir, which
was 2.34 times greater than that of pure TiO,.

Heterojunction semiconductors have gained attention as a promising method for
improving photocatalytic systems, particularly in optimizing visible light utilization.
Graphene oxide (GO), due to its two-dimensional structure, large surface area, and excellent
conductivity, is highly effective in enhancing photocatalytic performance through pollutant
adsorption, charge separation, and extended light absorption. Evgenidou et al. [144] syn-
thesized GO-TiO; nanocomposites and reported high photocatalytic efficiency for abacavir
degradation, with a composite containing 2% GO completely degrading the compound
within just 20 min.

In another study, a composite photocatalyst of TiO; nanoparticles and multi-walled
carbon nanotubes (TNPs-MWCNTs) was synthesized using a soft-template hydrother-
mal method, with its composition optimized through a central-composite design (CCD)
approach [145]. Under optimal conditions, this composite demonstrated a remarkable
acyclovir degradation efficiency of 98.6%. Ayodhya [146] developed a Z-scheme catalyst,
CuO@Ag@Bi2S3, achieving 92.14% stavudine removal within 30 min, and 87.4% for zi-
dovudine. The superior efficiency is attributed to the enhanced adsorption capacity and the
presence of active species such as O, and holes (h*) during the photocatalytic process.

Bhembe et al. [147] synthesized an FL-BP@Nb20O5 photocatalyst and demonstrated
enhanced NVP degradation due to the reduction in bandgap at the BP-Nb,Os interface,
which promoted electron migration and surface reactivity. Optimized conditions revealed
that the lowest NVP concentration (5 ppm), with a catalyst loading of 15 mg at pH 3,
resulted in the highest degradation efficiency. Tabana et al. [148] investigated the removal
of EFV and NVP using an Ag-AgBr-LDH composite photocatalyst. Using response surface
methodology (RSM), they identified significant interactions between photocatalyst loading,
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initial pollutant concentration, and pH, as summarized in Figure 6. The study demon-
strated over 80% degradation of EFV and 100% degradation of NVP under neutral pH and
visible light within 12 and 8 h, respectively. A summary of heterojunction semiconductor
performances for the degradation of ARVDs and other pharmaceuticals is presented in
Table 2.

Table 2. Degradation of pharmaceutical contaminants using heterojunction semiconductor photocatalysts.

Pharmaceutical Photocatalyst Catalyst Dosage (g/L) Irradiation Removal Efficiency (%)  Reference
3TC P25 1 365 UV >95 [147]
ABC GO-TiO, 0.1 500 W m~2 99 [142]
ACE Black TiO, 3 uv 99 [148]
ACE OVPTCN 05 l\gﬁge: 300 W Xe 9% [149]
ACV TNPs-MWCNTs 0.02 125 W Hg lamp 98.6 [143]
ACV g-CN/TiO, 0.03 300 W Xe lamp 100 [150]
ACV AgrMoO,/g-C3Ny 0.25 300 W Xe lamp 100 [151]
ACV BidVOsCl 1 300 W Xe lamp 100 [152]
ACV TNPs-MWCNTs 04 365 98 [143]
ACV g-CN/TiO, 0.3 >420 100 [150]
ACV AgrMo0Oy/g-C3Ny 0.25 >420 100 [151]
ACV BiVO,Cl 0.05 200-700 100 [152]
AMX Black TiO, 0.6 F18W /T8, UVA 100 [116]
AMX AC/TixOy 0.01 100 W/m2 LED lamp 92 [153]
Antipyrine Defective-TiO; 0.01 Visible: 36 W lamp 100 [154]
Arbidol .
Hydrochloride TizCoMXene/g-C3Ny 0.1 >420 99 [155]
AZT 5%BZONPs 0.1 8 WUV lamp 100 [156]
AZT g“;mo'%Fel'%o“@g' 0.12 Visible 715 [157]
3Ny
AZT CuO@Ag@Bi,S;3 0.02 200 UV-A 874 [144]
AZT g“ng'OGFel'%O‘*@g' 12 >420 72 [157]
3Ny
AZT CuO@Ag@Bi,S; 0.02 200 UV-A 87 [144]
Carbamazepine BTN@PCs 0.6 Visible: Xe lamp 63 [158]
cp CSs/TiO,x@gC3N, 1 l\gﬁizle: 1000WXe g, [159]
CIP BTN@PCs 0.6 Visible: Xe lamp 84 [123]
DCF RuTe2/B-TiO, 0.3 250W Xe lamp 95.2 [158]
Doxycycline . Visible: 300 W Xe
Hydrothloride RGO/BTiO, /2D-ZIF-8 0.1 Tamp 76 [114]
EFV Ag-AgBr-LDH 2 84 [160]
IBP B-N-TiO, 04 Jisible: 5 WLED 9% [146]
amp

Ammonium molybdate
LPV (WU and WW 04 500-550 95 [123]

photocatalysts)
LVEX NTTC 0.3 Visible: Xe lamp ~60 [161]
Norfloxacin BTN@PCs 0.6 Visible: Xe lamp 45 [162]
NVP FL-BP@Nb,Os 0.1 >420 68 [158]
NVP Ag-AgBr-LDH 2 100 [145]
Oseltamivir P25 0.5 365 UV 96 [146]
Oxytetracycline BTN@PCs 0.6 Visible: Xe lamp 94 [163]
Oxytetracycline . .
Hydrochloride Dark brown TiO, spheres Natural sunlight 80 [158]
PAR AC/TixOy 0.01 100 W/m2 LED lamp 100 [164]
RBV Bi,VO,Cl 0.05 200-780 100 [153]

(WU and WW .
RTV photocatalysts) 0.4 500-550 95 [152]
STV CuO@Ag@Bi,S; 0.02 200 UV-A 92.1 [161]
Sulfisoxale C-doped TiO,-x 0.4 Visible: CEL-HXF300 ~70 [144]

Xe lamp

Sulfisoxale BTN@PCs 0.6 Visible: Xe lamp 75 [165]
TC Black anatase-TiO, 02 Eﬁile: 1000WXe g6 r [158]
TC v-Fe203 /b-TiO, 0.3 Solar: 300 W Xe lamp  99.3 [166]
TC BTN@PCs 0.6 Visible: Xe lamp 90 [167]
TC RGO@BT 0.2 Solar 94 [149]
TC Ag/La-TiO, —x 05 300 W Xe 98 [168]
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Figure 6. Factors influencing the photocatalytic degradation efficiency of variant contaminants.

5. Challenges and Limitations

The principal challenge in the application of photocatalytic technologies for wastew-
ater treatment is scalability [169,170]. Although all the aforementioned photocatalysts
exhibit exceptional photocatalytic activity in laboratory-scale investigations, their efficacy is
markedly diminished in extensive, real-world scenarios. Factors such as light penetration,
mixing efficiency, and the surface area of the photocatalyst become increasingly complex at
larger scales, posing difficulties in achieving consistent photocatalytic reactions [112,171].
Furthermore, the degradation of pharmaceuticals in real wastewater, which contains com-
plex mixtures of organic and inorganic substances, can hinder photocatalytic performance
due to interference from co-contaminants and light-blocking materials [172,173].

The economic feasibility of photocatalytic degradation versus conventional treatment
methodologies continues to pose a substantial impediment to its extensive implemen-
tation [174]. Conventional treatment approaches, such as activated carbon adsorption,
ozonation, and biological treatments, are well-established, cost-effective, and more facile to
deploy on a large scale [175]. Conversely, the production of advanced photocatalysts, like
ZnO, frequently entails the use of costly materials and processes that demand considerable
energy [176]. Additionally, the requirements for ultraviolet or visible light sources to acti-
vate these photocatalysts can escalate operational expenditures, particularly in regions with
limited sunlight exposure. Consequently, the equilibrium between material costs, energy
consumption, and overall operational expenses in contrast with environmental advantages
persists as a challenge.

A significant challenge in the application of photocatalysts lies in their temporal
stability [177]. The deactivation of photocatalysts may result from the accumulation of
reaction intermediates on the catalyst surface [112], which occludes active sites, thus re-
ducing the efficiency of the photocatalyst [178]. This issue is particularly pronounced in
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the degradation of pharmaceuticals, wherein complex organic molecules can form fouling
layers on the catalyst [179]. Regeneration strategies, including thermal treatment or chemi-
cal washing, may restore activity but can also induce structural alterations or leach active
components, thereby diminishing the catalyst’s long-term viability [180]. Consequently,
achieving stable photocatalytic performance with minimal regeneration demands remains
a persistent research challenge.

6. Future Research Directions

A significant research gap in the photocatalytic degradation of pharmaceuticals, par-
ticularly ARVDs, lies in the insufficient understanding of the degradation pathways and
resultant by-products. Although studies have validated the effectiveness of photocata-
lysts such as coloured TiO;, ZnO, and others in degrading ARVDs, the identification of
toxic intermediates, even more toxic than the parent drugs [181] raises concerns as these
degradation products remain largely unexplored. This understanding is essential to ensure
that the photocatalytic process does not result in the formation of harmful by-products.
Furthermore, the photocatalytic efficiency in real wastewater matrices, where the presence
of organic matter and other contaminants may impede the degradation process, warrants
further investigation. The long-term stability and reusability of these photocatalysts also
necessitate greater attention, particularly within continuous flow systems.

The advancement of novel and more efficient photocatalysts is crucial for progression
in this domain. Ongoing research on doped or modified catalysts, such as coloured TiO,
and composites with graphene or other carbon-based materials, demonstrates potential
in augmenting visible-light absorption and charge separation, thereby enhancing photo-
catalytic performance. Future innovations may entail the exploration of hybrid catalysts
that integrate semiconductor materials like ZnO with plasmonic metals or co-catalysts to
improve both light absorption and degradation kinetics. Furthermore, the development of
photocatalysts with tenable surface properties capable of selectively degrading pharma-
ceuticals without interference from other wastewater contaminants represents a promising
avenue for future research.

Another key challenge lies in integrating photocatalytic systems into existing wastew-
ater treatment frameworks. Although photocatalysis demonstrates efficacy in degrading
pharmaceuticals such as ARVDs, it is crucial to amalgamate it with traditional method-
ologies including biological treatment, filtration, or adsorption to augment the overall
treatment efficiency. Prospective research should emphasize the optimization of hybrid
systems that incorporate photocatalysis as a polishing step or as an element of a multi-stage
process, ensuring the comprehensive removal of both parent compounds and degradation
by-products. Furthermore, achieving cost-effective scalability of photocatalytic systems for
practical use requires the development of innovative reactor designs that can handle large
volumes of wastewater under natural sunlight or low-energy artificial lighting.

7. Conclusions and Recommendations
7.1. Conclusions

The environmental persistence of ARVDs in aquatic matrices highlights the urgent
need for advanced remediation technologies. These pharmaceuticals, including EFV, 3TC,
and NVDP, culminate in the environment due to incomplete human metabolism and inade-
quate removal by conventional WWTPs, posing ecotoxicological risks to aquatic organisms
and plausible human health impacts. Risk quotient analyses reveal elevated toxicity levels
in several regions, with the SSA region, particularly for EFV and NVDP, necessitating urgent
intervention. Photocatalysis emerges as a viable solution, with coloured TiO,, ZnO, and
various carbon-based composites demonstrating superior performance due to their modi-
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fied bandgap structure, which enhances visible and infrared light absorption compared
to pristine TiO,. This property, combined with improved charge separation efficiency and
stability under prolonged illumination, position these photocatalysts as leading candidates
for scalable applications. Coloured TiO, in particular possesses substantial potential for
the remediation of ARVDs in wastewater; its cost-effectiveness, facilitated by boron dop-
ing, and compatibility with hybrid treatment systems further strengthen its potential for
integration into existing infrastructure.

While laboratory studies highlight coloured TiO;’s efficacy in degrading ARVDs,
challenges persist in translating these findings to real-world scenarios. A major concern
involves the incomplete elucidation of degradation pathways and the potential formation of
toxic transformation products, which could exacerbate secondary pollution. Additionally,
reactor design limitations, such as inefficient light penetration and catalyst dispersion in
complex wastewater matrices, require optimization to ensure practical viability. Synergistic
approaches combining photocatalysis with biological treatment, adsorption, and membrane
filtration may enhance degradation efficiency. Coloured TiO;'s stability and prolonged lifes-
pan under solar irradiance make it particularly suitable for multi-stage systems, especially
in regions with abundant sunlight. This review bridges the gap between laboratory innova-
tion and practical implementation, emphasizing the urgency of advancing catalyst design,
reactor engineering, and integrated treatment strategies. Through sustained interdisci-
plinary efforts, photocatalysis, particularly coloured TiO; holds transformative potential to
mitigate ARVD contamination, safeguarding both aquatic ecosystems and human health.
By addressing these challenges, society can transition from experimental success to scalable
solutions, ultimately reducing the environmental burden of pharmaceutical pollutants and
fostering sustainable water management practices.

7.2. Recommendations

Future research should focus on addressing the existing gaps in understanding degra-
dation mechanisms and their by-products, particularly in real wastewater scenarios. The
identification and assessment of the toxicity of degradation intermediates are crucial to
ascertain those photocatalytic methodologies do not inadvertently generate deleterious
compounds. Furthermore, the pursuit of more efficient, resilient, and economically vi-
able photocatalysts continues to be a significant research imperative. The exploration of
hybrid catalysts that merge semiconductor materials with plasmonic metals or different co-
catalysts shows significant potential for advancing photocatalytic capability under visible
light conditions. In addition, the development of this technology and the integration of
photocatalytic processes in hybrid treatment systems will require significant advancements
in reactor design and methodologies for process optimization. Concurrently, regulatory
frameworks must evolve to mandate advanced treatment technologies for pharmaceutical
pollutants, ensuring proactive environmental stewardship. The integration of photocatal-
ysis into multi-stage treatment systems that incorporate conventional methods such as
biological treatment and adsorption holds considerable promise for substantially improving
the overall effectiveness and practicality of removing pharmaceutical pollutants. Ultimately,
achieving a balance between performance indicators and operational costs, notably in re-
gions with scarce solar radiation, is key to realizing the full potential of photocatalysis in
wastewater treatment globally.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal15040381/s1, Figure S1: Acute risk characterization of
ARVDs (nevirapine (green), zidovudine (orange), lamivudine (blue), efavirenz (yellow), emtric-
itabine (grey), stavudine (red), tenofovir (purple), zalcitabine (brown), didanosine (pink), lopinavir
(black), darunavir (green open circles), ritonavir (blue open circles), and abacavir (orange open circles))
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obtained using measured concentrations in surface waters across the globe (F—France, G—Germany,
K—Kenya, P—Poland, S—South Africa, and Z—Zambia) relative to no-effect concentrations for
(a) fish, (b) algae, and (c) daphnia taxonomical groups. And Figure S2: Chronic risk characterization of
ARVDs (nevirapine (green), zidovudine (orange), lamivudine (blue), efavirenz (yellow), emtricitabine
(grey), stavudine (red), tenofovir (purple), zalcitabine (brown), didanosine (pink), lopinavir (black),
darunavir (green open circles), ritonavir (blue open circles) and abacavir (orange open circles)) ob-
tained using measured concentrations in the surface water across the globe (F—France, G—Germany,
K—Kenya, P—Poland, S—South Africa, and Z—Zambia) relative to no-effect concentrations for
(a) fish, (b) algae, and (c) daphnia taxonomical groups.
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