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17.1 Introduction

Antiviral drugs are a specific class of medications used to treat a selective or broad spec-
trum of viral infections. Usually, viral infections resolve themselves if the virus that attacked
humans is immune competent. However, incessantly, the world is witnessing the surge of
viral infections ending up as either an epidemic or a pandemic. Among the outbreak of in-
fluenza and other pandemics such as SARS-CoV-2 recently over the globe, viral infections
have been known as a significant reason for one group of death worldwide (Beck et al.,
2020; Vahidnia et al., 2017). The development of antiviral drugs was significantly concerned
with controlling the disease due to viral infections. In 1963, idoxuridine was recognized as the
first antiviral compound by the US Food and Drug Administration (FDA) for the treatment of
herpes simplex virus (HSV) keratitis (Weiner and Mason, 2019; Clercq, 2007; De Clercq and
Li, 2016). Antiviral drugs were then developed to treat various viral infections, including
influenza, HSV, hepatitis, human immunodeficiency virus (HIV), and coxsackievirus
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(Akram et al., 2018; He, 2013). However, antiviral drugs were also recognized as an emerging
anthropogenic pollutant reaching the environment similar to other allied compositions such
as personal care products (PCPs), pharmaceuticals, cosmeceuticals, biomedical, endocrine-
disrupting chemicals (EDCs), and flame retardants (Bilal et al., 2019). The contamination
of various classes of pharmaceuticals is raising concerns due to their effect on human health
(Nannou et al., 2020). These compounds may cause harm to humans if they have been ob-
served in the aqueous body (Ebele et al., 2017; Gogoi et al., 2018; Nannou et al., 2019, 2020;
Peng et al., 2014). It notes that these compounds have an ineffective degradation efficiency
in wastewater treatment plants (WWTPs) due to their hydrophilic character (Kosma et al.,
2019). Therefore, antiviral contamination into aquatic systems could be easy to happen
through WWTPs effluents (Funke et al., 2016). Among antiviral drugs degradation, advanced
oxidation processes (AOPs) are a potential option for the elimination of antiviral drugs with
greater efficiency. Heterogeneous photocatalysis is particularly advantageous because of
the stability of the photocatalyst, recoverability and reusability of photocatalyst, no require-
ment of additional chemicals, low energy consumption, mild operating conditions, and cost-
effectiveness (Hoffmann et al., 1995). Taking advantage of photocatalysis, many types of
photocatalytic materials have been developed and exhibited potential photocatalytic activity.
This chapter discusses the principles, mechanisms, as well as the pathway reaction and
intermediates of antiviral drugs degradation by heterogeneous photocatalysis. Besides, the
potential for real application of photocatalysis degradation of antiviral drugs is also discussed
in this chapter.

17.2 Situation of usage of antiviral drugs

17.2.1 Types of antiviral drugs

Antiviral drugs play a role in mitigating infectivity, syndrome, and minimizing the illness
period. Antiviral drugs act by arresting the viral replication cycle at different stages (Bagga
and Bouchard, 2014). Meanwhile, many antiviral infections are self-limited illnesses by the
individual immunocompetent system (Arruda et al., 1997; Boppana et al., 1992); they could
be solved without any medical care (Jin et al., 2018; Razonable, 2011). Nevertheless, viral in-
fections have led to an increasing rate of deaths more and more. The development of antiviral
drugs to control viral infection is necessary. Since 1963, there have been nine types of human
infectious diseases such as HIV, hepatitis B virus (HBV), hepatitis C virus (HCV), herpesvirus,
influenza virus, human cytomegalovirus, varicella-zoster virus, respiratory syncytial virus,
and human papillomavirus, which could be treated by 90 antiviral drugs (De Clercq and
Li, 2016). Based on the FDA database, there are 179 antiviral medications approved in the
United States over the 30years (1987-2017) (Chaudhuri et al., 2018).

Currently, antiviral drugs are categorized into three primary virus groups, including
herpes, hepatitis, and influenza viruses (Razonable, 2011), and other antiviral drugs for
HIV and coxsackievirus treatment. The notable antiviral drugs are listed in Fig. 17.1. The
antiviral drugs are divided into 13 functional groups with their mechanism to limit the
virus (De Clercq and Li, 2016). For 5-substituted 2'-deoxyuridine analogs, such as
5-trifluoromethyl-2’-deoxyuridine, the antiviral activity can result from the inhibition of
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FIG. 17.1 Main types of antiviral drugs.

thymidylate synthase after phosphorylation in the infected cells (Bernaerts, 1987). Other an-
tivirals contained nucleoside analogs group that inhibit viral proliferation by entering cells
through specific nucleoside transporters. Nucleoside analogs are phosphorylated by kinases
such as deoxycytidine kinase (DCK) or nucleoside monophosphate kinase (NMPK) and nu-
cleoside diphosphate kinase (NDPK) to the active 5'-triphosphate derivatives; or nucleoside
analogs can integrate with the synthesized DNA leading the chain termination and cell death.
Nucleoside analogs also block DNA replication by preventing the reduction of ribonucleotide
diphosphates (NDPs) to deoxyribonucleotide diphosphates (dNDPs). These functional
groups have their important role in therapeutic mechanisms to mitigate infectivity and symp-
toms and minimize the illness period. Accompanied by the spreading of novel virus strains
that are a threat to human life, the development in researching and manufacturing new types
of antiviral is essential. Therefore the number of antiviral drugs has increased day-to-day.

17.2.2 Development and usage of antiviral drugs

Antiviral drugs have been developed complexly. In comparison with antibiotics, they have
been advanced slowly. Currently, nearly more than 90 kinds of antiviral drugs are available in
the market for human use against viruses (Nannou et al., 2020). However, according to
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EvaluatePharma, antivirals are among the top five worldwide prescription drugs and over-
the-counter sales by evaluating the therapy area from 2018 to 2024. The worldwide antiviral
market was estimated at $38.9 billion in 2018, and it could reach $42.2 billion by 2024, the an-
nual growth rate at 1.4% (Urquhart, 2019). HIV medications were predicted to be placed in the
top 10 selling products worldwide in 2024, including bictegravir sodium, emtricitabine, and
tenofovir alafenamide fumarate antiretrovirals drugs. Otherwise, flu season is a recurring pe-
riod every year indicated by the prevalence of outbreaks of influenza (flu); the outbreaks of
influenza occur annually and reach epidemic levels at some part of the season. According to
the WHO data, there are around 650,000 deaths annually related to respiratory diseases from
seasonal influenza, and more than 3 million are severely infected (WHO, 2017). Therefore
influenza antiviral drugs are an equally important group, playing the critical component
of an influenza epidemic preparation plan.

However, the development of antivirals has been met with biothreat challenges. First, the
virus infection disease is endemic; some of the information about these exotic pathogens is not
available. It notes that there is relatively little considerable attention, and funding has been
paid to them until recently. Second, high biosafety level has been required for virus research,
and the biosafety level 4 (BSL-4) containment is necessary, but it has limited access and short
supply. Third, high mutation rates of RNA viruses result in potential antiviral drug resis-
tance. The final challenge is the development of antiviral products after researching. The
“Valley of Death” is the crucial middle phase of drug development between fundamental
research and final products; it lacks available funding to develop final drugs.

17.3 Antiviral drugs contamination

Antiviral drugs are a category of emerging contaminants used to treat various kinds of vi-
ral infections such as HIV, hepatitis, influenza A and B, herpes, Ebola, and others (Nannou
et al., 2020). The antiviral drugs metabolize in the human body and after their intended use
are mostly excreted through urine or feces as active metabolites, thus entering into WWTPs
(Nannou et al., 2020; Prasse et al., 2010, 2011). The possible sources of antiviral drugs released
to the environment are from WWTPs effluents, hospital wastes, pharmaceutical industrial ef-
fluents, disposal of unused drugs or expire-dated drugs, and animal excrements (An et al.,
2011; Jain et al., 2013). Many studies have found antiviral drugs on the surface and ground-
waters of the aquatic environment ( Jain et al., 2013; Nannou et al., 2020).

Antiviral drugs have been reported only partly removed during wastewater treatment
(Fick et al., 2007). Owing to the increasing consumption of antiviral and other PCPs, releasing
them into the environment is inevitable. Antiviral drugs were available in WWTPs effluents
in Germany. Acyclovir, lamivudine, and abacavir in treated wastewater were substantially
removed in WWTPs, whereas nevirapine, zidovudine, and oseltamivir were found in similar
concentrations in raw and treated wastewater (Prasse et al., 2010). They were detected in sur-
face water from rivers and streams, underground water, and even drinking water. Table 17.1
lists the contamination of the antiviral drugs in the water body in the world.

Prasse et al. (2010) discovered antiviral drugs, including acyclovir, abacavir, lamivudine,
nevirapine, oseltamivir, penciclovir, ribavirin, stavudine, zidovudine, and oseltamivir
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TABLE 17.1 Antiviral drugs contamination in the aquatic environment worldwide.

Antiviral drugs Concentration ng/L(min-max)  Country References

Wastewater treatment plant

Influent Effluent
Abacavir ND ND Germany Prasse et al. (2010)
Acyclovir 1780-1990 27-53
Lamivudine 210-720 ND
Nevirapine 4.8-21.8 7-32
Oseltamivir 0-11.9 9-16
Oseltamivir carboxylate =~ 29.7-42.7 12-17
Penciclovir 19.5-42.8 ND
Ribavirin ND ND
Stavudine 11.6-22.8 ND
Zidovudine 310-380 98-564
Abacavir ND ND Boulard et al. (2018)
Abacavir carboxylate ND 20-170
Acyclovir ND 0-250
Emtricitabine ND 130
Emtricitabine ND 120-1000
carboxylate
Emtricitabine S-oxide ND 0-380
Lamivudine ND 0-58
Abacavir 60-140 0 Funke et al. (2016)
Abacavir carboxylate 180-500 100-280
Descyclopropylabacavir ~ 0-80 ND
Emtricitabine 100-980 59-170
Emtricitabine 24-25 140480
carboxylate
Emtricitabine S-oxide 0-68 ND
Ganciclovir 0-72 0-27
Acyclovir 520-4980 0-270
Acyclovir carboxylate 1004150 490-3420
Lamivudine 180-370 048

(n=5)

Continued
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TABLE 17.1 Antiviral drugs contamination in the aquatic environment worldwide—cont’d

Antiviral drugs

Concentration ng/L(min-max)

Country

References

Wastewater treatment plant

Influent Effluent
Lamivudine 75-220 0-84
carboxylate
Lamivudine S-oxide ND ND
Zidovudine 82-390 76-150
Zidovudine carboxylate ND ND
Abacavir 0-14,000 ND KwaZulu-Natal, South Abafe et al. (2018)
Maraviroc 82-320 0-39 Africa
Zidovudine 6900-53,000 87-500
Nevirapine 670-2800 540-1900
Raltegravir 61-17,000 0-3500
Darunavir 69-43,000 130-17,000
Saquinavir 0-180 ND
Atazanavir 64-1400 78-740
Indinavir 260-590 25-42
Ritonavir 1600-3200 460-1500
Lopinavir 1200-2500 1900-3800
Lamivudine 840-2200 0-130
Efavirenz 24,000-34,000  20,000-34,000
Efavirenz 17,400 7100 Gauteng, South Africa Schoeman et al. (2015)
Nevirapine 2100 350
Acyclovir 0-406 0-205 Guangzhou, China Peng et al. (2014)
Ganciclovir ND ND
Ribavirin ND ND
Stavudine ND ND
Zidovudine ND ND
Oseltamivir ND ND
Oseltamivir carboxylate ~ ND ND
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TABLE 17.1 Antiviral drugs contamination in the aquatic environment worldwide—cont’d

Antiviral drugs Concentration ng/L(min-max)  Country References

Wastewater treatment plant

Influent Effluent
Atazanavir ND ND Norway Ferrando-Climent et al.
Oseltamivir 75-346 54-266 (2016)
Oseltamivir carboxylate  47-240 42-233
Underground water
Concentration ng/L (min-max)
Abacavir ND Germany Boulard et al. (2018)
Abacavir carboxylate 0-11
Emtricitabine 0-3.9
Emtricitabine carboxylate 5-370
Emtricitabine S-oxide 0-23
Lamivudine 0-1.8
Acyclovir ND
Abacavir ND South Africa Swanepoel et al. (2015)
Didanosine ND
Lopinavir ND
Nelfinavir 0-0.9
Nevirapine 20-1600
Saquinavir 0-13
Stavudine 0-0.9
Tenofovir 0-2.4
Efavirenz 2-5 Rimayi et al. (2018)
Lamivudine 22.5 United States Fisher et al. (2016)
Nevirapine 27.73
Surface water
Concentration ng/L Water
(min-max) type
Abacavir 0-1.4 River Germany Prasse et al. (2010)
Lamivudine ND
Nevirapine 0-3.8
Zidovudine 0-170
Oseltamivir 0-17

Continued
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TABLE 17.1 Antiviral drugs contamination in the aquatic environment worldwide—cont’d

Surface water

Concentration ng/L Water
(min-max) type
Oseltamivir 0-21
carboxylate
Acyclovir 2.6-190
Penciclovir 0-7
Efavirenz 3-354 South Africa Rimayi et al. (2018)
Emtricitabine 1-45
Indinavir ND Wood et al. (2015)
Acyclovir 0-112 Guangzhou, Peng et al. (2014)
China
Drinking water
Concentration ng/L
(min-max) Water type
Abacavir ND Treated drinking Germany Boulard et al.
. water (2018)
Abacavir carboxylate  ND
Acyclovir ND
Lamivudine ND
Emtricitabine ND
Emtricitabine ND
carboxylate
Emtricitabine S-oxide =~ ND
Acyclovir 41 Funke et al. (2016)
carboxylate
Emtricitabine 80
carboxylate
Lamivudine 84
carboxylate
Abacavir 0.5 Municipal tap South Africa Schoeman et al.
. . water (2015)
Didanosine 3.3
Lopinavir ND
Nelfinavir 1.1
Nevirapine 3.5
Acyclovir 0-25 The reservoirs Guangzhou, Peng et al. (2014)
China

ND, not detected.

2. Practical applications on agricultural-, energy-, environment-, medical-related fields



17.3 Antiviral drugs contamination 497

carboxylate, in influent and effluent streams of WWTPs as well as in surface water of Ruhr
River, Germany. Some antiviral drugs were removed by WWTPs such as acyclovir,
lamivudine, and abacavir, whereas the others (nevirapine, zidovudine, and oseltamivir) were
nonremovable by WWTPs. They also found contamination of antiviral drugs in river waters
with a range in the lower ng/L to a maximum of 190 and 170ng/L for acyclovir and zidovu-
dine, respectively. Antiviral drugs were found in raw and treated water in other countries
such as Germany (Boulard et al., 2018; Prasse et al., 2010), South Africa (Abafe et al., 2018;
Mosekiemang et al., 2019; Schoeman et al., 2015), China (Peng et al., 2014), and Norway
(Ferrando-Climent et al., 2016). Antiviral drugs are not removed entirely in WWTPs; thus
they can enter the environment through WWTPs discharges. This finding indicates that they
will be presenting in aquatic environments in areas where they are used by patients for ther-
apeutic purposes. The environmental release of antiviral drugs is a serious concern because of
the potential ecosystem alterations and the development of viral resistance. As described by
Gogoi et al., Fig. 17.2 shows the pathway of antiviral drugs from domestic wastes to the drink-
ing water sources (Gogoi et al., 2018). An antiviral drug, one of the emerging pollutants, is
used for a patient in therapeutic. They have been discharged from the pharmaceutical indus-
try, hospitals, and other unwanted or out-of-date medicines to sewage treatment plants. As
mentioned earlier, drugs have been partly removed by WWTPs; they would release to the
environment by WWTPs effluents. Drugs then would leak and infiltrate the soil, under-
ground water, and surface water.

Origins of Emerging Pollutants and routes to the Environment

Water treatment plant

Ajﬁ) L2424,

Emerging pollutants (EPs) enter water environment ;
through either excretion or disposal of unused 4
medications. EPs compounds may not be completely
degraded at the WWTP. ’

FIG. 17.2 Pathways of emerging pollutants, including antiviral drugs from wastes to the drinking water sources
(Gogoi et al., 2018).
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Until now, the environmental fate data of antiviral compounds in soil and living being are
little, so the ecotoxicological risks associated with antiviral drugs in the environment have not
been assessed fully. As mentioned earlier, some antiviral drugs were removed by WWTPs
such as acyclovir, lamivudine, and abacavir, whereas others (nevirapine, zidovudine, and
oseltamivir) were nonremovable by WWTPs. They would contribute to pharmaceutical con-
tamination in the soil environment after discharging from the effluent of WWTPs. Al-Rajab
et al. evaluated the fate of the antiretroviral drug tenofovir in agricultural soil (Al-Rajab et al.,
2010). The selected agricultural soils were applied to soils varying widely in texture. Contam-
inated soils were mineralized in a 2-months incubation under laboratory conditions. The
higher the content of soil moisture, the more mineralization rates increased. In summary,
the results concluded that tenofovir is not amendable in soils for several weeks under condi-
tions of mesophilic aerobic microbial activity (Al-Rajab et al., 2010).

Potential contamination of antiviral drugs in aquatic organisms has been of considerable
concern. Pharmaceuticals are a potential hazard for the living organisms and ecosystem
because they can interact with and be ingested by living beings. However, the data of the
harmful effects on the living organisms and the persistence of antiviral compounds are still
limited. Antiviral drugs and other pharmaceuticals were suggested as the predicted most
hazardous therapeutic classes concerning their toxicity toward daphnids, algae, and fish
by using quantitative structure—activity relationship (QSAR) modeling of almost 3000 differ-
ent compounds (Sanderson et al., 2004).

The antibiotics resistance, as well as antiviral resistance, has been concerned recently (Foll
etal., 2014; Irwin et al., 2016; Soderstrom et al., 2009). Despite the limit in the bioavailability of
antiviral drugs, some studies have shown that most oseltamivir-resistant strains are detected
so far. They have been detected in patients not treated with oseltamivir (Hatakeyama et al.,
2007; Monto et al., 2006). The humans may uptake drug remains through drinking water and
lead to antiviral resistance in the future.

The outbreak of the current pandemic COVID-19 caused by the new coronavirus 2019-
nCoV is called in official terms severe acute respiratory syndrome-related coronavirus
SARS-CoV-2 (Gorbalenya et al., 2020). This pandemic is continuing to cause a threat to public
health worldwide. To date, no particular therapeutic antiviral drugs are available specifically
for SARS-CoV-2, although much research is going on for developing preventive or therapeu-
tic drugs for COVID-19. Because half a million of the world’s population is being affected with
the novel virus to date (as of May 24, 2020), it is of relevance to focus on the available literature
survey the potential therapeutic candidates for the treatment of COVID-19 patients under use
at present and their history of occurrence and removal from the water/wastewater matrices
using AOPs. Existing therapeutic drugs for treating a similar kind of viral infection were
repurposed as an alternative and emergency strategy toward COVID-19. The list of such
antiviral therapeutic drugs used at present is tabulated in Table 17.2.

Antiviral drugs such as darunavir, ritonavir, and lopinavir used to treat HIV/AIDS;
remdesivir, ribavirin, and galidesivir used for Hepatitis C cure; nitazoxanide used for the
treatment of helminthic, protozoal, and other rotaviral infections; arbidol and favipiravir
used for the treatment of influenza; chloroquine used for treating malarial parasite; baricitinib
used to treat rheumatoid fevers; and antiviral drugs such as galidesivir and remdesivir used
for Ebola viral infections are now being under trials for the treatment of COVID-19 patients
around the world (Liu et al., 2020).
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TABLE 17.2 The list of potential antiviral therapeutic drugs used for the treatment of COVID-19 patients.

Antiviral Chemical formula
S-No drugs CAS number (Mol. weight g/mol) Chemical structure Target
1 Lopinavir 192,725*17—0 C37H48N405 HIV/AIDS
(628.81)
NH
N/&O
Y
LOPINAVIR
2 Remdesivir  1,809,249-37-3 C,yH;35N¢OgP Hepatitis C and Ebola virus
(602.585) d o N,
wR AN
o o~ o //LNN:\/N
s
3 Ribavirin 36,791-04-5 CgH1,N4O5 9 " Hepatitis C
(244.206) NX 2
HO (N,N
s
OHOH
4 Baricitinib 1,187,594-09-7 Cy4H17N,02S Rheumatoid arthritis
(371.42) omre
N:){\I—N
%
[N A
L H
5 Ritonavir 155,213-67-5  C3;H48N¢OsS, gy ¥L HIV
(720.946) . ijw
©\HN*0 N
O
N.
6 Darunavir 206,361-99-1  CyyH3;N3O,S N HIV
(547.665) @
{):,s:o
N
Ho(
N}/*O, H
o 7
-
7 Favipiravir =~ 259,793-96-9  CsH4FN;0O, . o Influenza
(157.104) \[ Y NH,
N7 oH
8 Galidesivir 249,503-25-1  C11H;5N505 HoN Hepatitis C, Ebola, and Marburg
(265.268) R \\N virus
HO A7
H
N
OH OH

Continued
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TABLE 17.2 The list of potential antiviral therapeutic drugs used for the treatment of COVID-19
patients—cont’d

Antiviral Chemical formula
S-No drugs CAS number (Mol. weight g/mol) Chemical structure Target
9 Arbidol 131,707-23-8  CpyHysBrN,O5S I Influenza
(477.41) o ] t‘)
N
Br N\ S@
10 Chloroquine  54-05-7 C1gHo6CIN3 r Malaria
(319.872) A
cl N O)“o
11 Nitazoxanide 55,981-09-4 C1oHoN3055 % o [EK 9 Helminthic, protozoal, and viral
(307.283) g s” N infection-caused diarrhea

Darunavir was found in the influents and effluents of WWTPs in South Africa. Effluent
concentrations ranged from 130 to 17,000ng/L, whereas the removal rates were significantly
less in WWTPs. Other antiretroviral drugs such as lopinavir and ritonavir were found at con-
centrations ranging from 1900 to 3800ng/L and 90 to 1500ng/L in WWTP effluents, respec-
tively (Abafe et al., 2018), whereas ribavirin was below detection limits in the samples from
China and Germany WWTPs (Peng et al., 2014; Prasse et al., 2010). Some of these drugs were
seen in surface waters; for example, darunavir was detected in the river waters of Poland at a
concentration of 72.7ng/L (Giebultowicz and Nalecz-Jawecki, 2016) and lopinavir in the wa-
ters of South Africa at a maximum concentration of 305ng/L (Wood et al., 2015). Ritonavir
occurred in French surface waters in a few ng/L (Aminot et al., 2016), whereas it was not
quantified in South African waters (Wood et al., 2015). The low occurrence of these drugs
in surface waters was found to be due to their preferable partition on to the solid matter. De-
spite several conventional and advanced unit treatment processes, few antiviral drugs were
detected in the drinking waters: darunavir (169ng/L) in the tap water of Poland and lopinavir
(117.2ng/L) in South Africa’s dam water (Wood et al., 2015). The existence of these antiviral
drugs in the various water matrices indicates the need of the hour to study and design the
advanced treatment options for their removal or elimination.

17.4 Photocatalytic degradation of antiviral drugs

As an emerging pollutant, antiviral drug contamination is a global issue nowadays. It may
affect human health through water pollution. Hence advanced treatment options need to be
explored to clear the environmental waters from the antiviral drugs. In the aquatic environ-
ment, the natural attenuation of antiviral drugs happens because of photolysis, hydrolysis,
sorption, or biodegradation. However, the continuous release of these drugs may pose a risk
to the organisms by ecosystem alterations and the development of antiviral-resistant strains
(Jain et al., 2013). Therefore, it is a significant challenge to remove antiviral drugs from the
water matrix. It was documented that the conventional WWTPs do not effectively remove
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antiviral drugs by the existing treatment technologies in WWTPs (Jain et al., 2013; Prasse
et al.,, 2010, 2011). Hence, advanced treatment options need to be explored to clear the envi-
ronmental waters from the antiviral drugs. AOPs are a potential option for the elimination of
antiviral drugs with greater efficiency. Among the several available AOPs, heterogeneous
photocatalysis offers an excellent opportunity for the removal of antiviral drugs and other
emerging contaminants with the synergistic effect of catalyst and light irradiation. Heteroge-
neous photocatalysis is particularly advantageous because of the stability of the
photocatalyst, recoverability and reusability of photocatalyst, no requirement of additional
chemicals, low energy consumption, mild operating conditions, and cost-effectiveness
(Hoffmann et al., 1995). Taking advantage of photocatalysis, many types of photocatalytic ma-
terials have been developed and proved potential photocatalytic activity.

17.4.1 Principle of photocatalytic degradation

The principle of photocatalysis is based on the excitation of the catalyst material by the ir-
radiation of light. The catalyst produces free radicals under the action of photons, which will
destroy the pollutants adsorbed on its surface. The sequence of steps that usually occur in a
heterogeneous photocatalysis begins with the excitation of the catalyst material. In the acti-
vation step on irradiation, electrons are promoted from the valence band to the conduction
band, thereby producing electron-hole pair, as shown in Eq. (17.1) (Hoffmann et al., 1995).

Catalystﬁe;b +hy, (17.1)

where e, and hyy, are conduction band electrons and valence band electron vacancy, respec-
tively. The life span of the electron/hole pair is extremely short, about a few nanoseconds, and
hence shall undergo recombination if they are not separated. The separation is possible in the
presence of electron donors and acceptors. Both the conduction band electrons and valence
band holes migrate onto the surface of the catalyst from where they involve in the redox re-
actions. Valence band hole reacts with water molecules in most of the cases to produce hy-
droxyl radicals (OH") (Eq. 17.2), whereas conduction band electrons are accepted by
oxygen if present to form superoxide radicals (O3") (Eq. 17.3).

h}, +H,O— OH® +H* (17.2)
e, +0,— 05" (17.3)

These radicals then react with the organic pollutant (OP) to decompose it, as shown in
Eq. (17.4), or they might continue the chain of reactions to produce more number of radicals
(Egs. 17.5,17.6). In a few cases, the adsorbed pollutant molecules might get reduced directly
because of the conduction band electrons (Eq. 17.7).

OH* + OP — OP,, (17.4)
0;* + Hy0 — Hy05 (17.5)
H,0, —20H"* (17.6)
¢+ OP — OP,y (17.7)
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The other possible reactions during degradation of OPs by photocatalysis following
Egs. (17.2), (17.3) include the generation of radical species in an indirect path, as shown in
the following Egs. (17.8)—(17.10).

0, +H* — HO} (17.8)
ZHOE — HzOz + Oz (179)
H,0, — 20H° (17.10)

These hydroxyl radicals again oxidize OP following Eq. (17.4) to generate intermediate
degradation products and finally mineralize. In some cases, the decomposition of OPs occurs
on the surface of the catalyst or in the bulk solution.

17.4.2 Photocatalytic degradation of antiviral drugs

Antiviral drugs are widespread and are of concern due to their potential impact on the en-
vironment and human (Nannou et al., 2020) and the fact that they are not efficiently removed
from the WWTPs. The lack of focus on the treatment of these drugs is to be noted. More par-
ticularly, in the light that AOPs based on hydroxyl radical mechanisms is a potential choice
for the decomposition of pharmaceuticals, only a few studies have been reported to date. Het-
erogeneous photocatalytic decomposition of antiviral drugs is limited, and the list of the
drugs studied is shown in Table 17.3.

Among a plethora of studied photocatalysts, TiO, was the most popular candidate not only
for organic pollutants but also for antiviral drugs (An et al., 2015b, 2011; Wang et al., 2015;

TABLE 17.3 A list of antiviral drugs has been studied by photocatalytic decomposition.

Name of the Molecular Molecular
S-No CAS No antiviral drug Structure formula weight (g/mol) pKa
1 204,255711—8 Oseltamivir (@] C16H23N204 284.35 3.6 and
/jO:@)L O/\ 8.9
HN Y
/go NH,
2 59,277-89-3 Acyclovir o] CgH11N503 225.20 2.27 and
NH 9.25
N\ )—NH,
HO &N N
10\1
3 134,678-17-4  Lamivudine NH, CgH{1N3;O3zS  229.25 —0.26
p and
j‘\ | 14.29
OH
O~ 'N
C
S
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TABLE 17.3 A list of antiviral drugs has been studied by photocatalytic decomposition—cont’d

Name of the Molecular Molecular
S:No CAS No antiviral drug Structure formula weight (g/mol) pKa
4 665-66-7 l-amantadine CioHi7N 151.25 10.8

e

NH
5 2-amantadine HZNE CyioHi7N 151.25 10.8
HO
5 H

CioH,N 251.77 10.4

6 13,392-28-4 Rimantadine E

2
NH,
7 139,110-80-8  Zanamivir OH
o
N

o C12H20N407 332.31 3.8 and
WOH 113
H H

O)\HNYNH2

NH

o
\kaH
HO. N/&O
o
®
N

=N

8 30,516-87-1  Zidovudine CioHisNsOy  267.24 9.96

Z0

Woche et al., 2016). Another photocatalyst that was studied was based on graphitic-carbon
nitride and TiO, (g-CN/TiO;) (Li et al., 2016) to harvest light more efficiently. The
photocatalytic studies should not only focus on the degradation of parent compound but also
on the improvement of mineralization efficiencies. Photocatalytic treatment might generate
some intermediate compounds that are more harmful to the ecosystem and humans than
their parent compounds (Vogna et al., 2004).

According to the literature on photocatalytic decomposition of antiviral drugs
(Table 17.4), except in one study (Li et al., 2016), all other studies employed P25 from dif-
ferent suppliers and irradiation in the visible range. High degradation efficiencies >95% in
all the cases with P25 and g-CN/TiO, were achieved. However, mineralization efficiencies
varied in the reported literature. Acyclovir (Li et al., 2016) and oseltamivir (Wang et al.,
2015) mineralization are very less (<10%) to negligible when compared with nearly
100% degradation of the parent compound. These reports showed the resistance of the in-
termediates toward photocatalytic decomposition. An et al. (2011) reported about 20% min-
eralization efficiency for 100% degradation of Lamivudine in 1h within the experimental
conditions. When the experiment was prolonged, mineralization reached 83% in 6h, indi-
cating that, provided enough degradation time, lamivudine and other early degradation in-
termediates would be completely mineralized. In the case of oseltamivir, while >95% was
degraded in the first 50 min of the experiment, even after 360 min irradiation, 46%-57% TOC
remained in the solution, indicating a large number of intermediate species during the
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TABLE 17.4 Photocatalytic degradation of antiviral drugs reported in the literature.

Initial uv Rate
concentration Catalyst range Intensity constant
S:-No Compound (pM) Catalyst dose (mg/L) (nm) (mW/cm®  pH Removal Mineralization (%) (min~?) References
1 Oseltamivir 24 P25 20 365 1.8 5.8-5.6 96% - 0.040 Wang et al.
2015
2 24 ST-01 20 365 1.8 5856 45% - 0.0072 ( )
3 24 ATO 20 365 1.8 5.8-5.6 24% - 0.0034
4 21 P25 20 365 1.8 5.8 >95% <10 -
5 21 P25 100 365 1.8 5.8 >95% <10 -
6 Acyclovir 50 P25 500 365 2.0 6.37 100 80 - An et al.
(2015b)
7 100 P25 500 365 0.38 - 100 - 0.0263
9 45 g-CN/TiO, 300 >420 30 - 100 Negligible 0.0157 Li et al.
(2016)
10 Lamivudine 100 P25 1000 365 0.38 7 >95 20 0.0542 An et al.
(2011)
11 l-amantadine 100 P25 1000 365 0.36 - 100 88.7 0.076 An et al.
2015
12 2-amantadine 100 P25 1000 365 0.36 - 100 90.8 0.084 ( 2)
13 Rimantadine 100 P25 1000 365 0.36 - 100 91.7 0.102
14 Zanamivir 0.3 AEROIXE  17.7 380420 495 - 100 - - Woche

TiO, P25 et al. (2016)
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photocatalytic process (Wang et al., 2015). The antiviral drugs such as l-amantadine,
2-amantadine, rimantadine (An et al., 2015a), and acyclovir (An et al., 2015b) were miner-
alized to a large extent (>80%), exhibiting readiness to degradation and mineralization
using photocatalysis. Zanamivir has degraded completely within 1min in the presence
of AEROIXE TiO, P25; however, its primary degradation product guanidine has shown
extreme resistance to degradation in the same system (Woche et al., 2016). It is, therefore,
understandable that the response of antiviral drugs toward photocatalytic treatment is spe-
cific to the experimental conditions, and at this point, comparison cannot be drawn because
of a lack of similarities in the studies.

In any photocatalytic treatment system, operational parameters play an important role in
the degradation of pollutants and influence the determination of optimum parameters. Op-
erational parameters such as type and dose of photocatalyst, initial concentration of antiviral
drugs, the intensity of light irradiation, pH of the solution, and influence of matrix are studied
in various researches. For example, Wang et al. (2015) studied the degradation of oseltamivir
with three different TiO, samples (1) P25 purchased from Degussa (Germany), (2) ST-01 pur-
chased from Ishihara Sangyo (Japan), and (3) ATO from Sigma-Aldrich (Germany).
Photocatalytic degradation of oseltamivir was high with 20mg/L of P25 with 96% elimination
in 80min, whereas the degradation efficiencies were 45% and 24% with ST-01 and ATO kind
of TiO, powders within 80 min. Despite varying specific surface areas of the TiO, powders,
authors proposed that the highest efficiency of P25 is due to the slower recombination of ™/
h* pair with mixed anatase (20%) and rutile phases (80%) in P25 compared with complete
anatase phases in both ST-01 and ATO. For the degradation of acyclovir, Li et al. (2016)
employed TiO,, graphitic g-CN, and a hybrid of g-CN and TiO, (g-CN/TiO,). Consequently,
acyclovir degradation was nearly negligible under irradiation for 5h with TiO, as a
photocatalyst, whereas g-CN improved the degradation efficiency. Complete degradation
of acyclovir was achieved within 4h with g-CN/TiO, as a photocatalyst. This was proposed
to be because of the small bandgap of the hybrid catalyst. These two studies exemplify the
influence of the type of photocatalyst on the degradation of antiviral drugs in a specific
photocatalytic system.

It is noted that the photodegradation of antiviral drugs is influenced by the dose of a
photocatalyst. Characteristically in a heterogeneous photocatalytic system, increasing the
amount of catalyst increases the degradation efficiency due to the increasing number of avail-
able active sites on the surface of the photocatalyst until an optimum. Besides the optimum
dose of photocatalyst, the degradation efficiency reduces because the solution becomes turbid
and blocks the irradiation or scatters the light. Typical examples can be seen from the studies
of An et al. (2011), Wang et al. (2015), and Woche et al. (2016). An et al. (2011) studied the
degradation of 100pM of lamivudine with a varying dose of P25 catalyst from 0.25 to
3.0g/L, and 1.0g/L is the optimum dose. Wang et al. (2015) degraded 24 pM of oseltamivir
with a P25 dose ranging from 5 to 200mg/L with 100-150mg/L as an optimum dose. Woche
etal. (2016) optimized the dose of AETOIXE TiO, P25 as 7mg (range of dose: 1-10mg) for the
degradation of 100 ug/L of zanamivir.

Another important parameter that influences photocatalytic degradation is the initial con-
centration of antiviral drugs. Typically, when the initial concentration of antiviral drugs in-
creases, its degradation efficiency decreases and vice versa for a fixed amount of catalyst. This
is because of the increased absorption of the drug onto the surface of the catalyst and less
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number of photons available for the formation of OH®, resulting in a decrease in degradation
efficiency. This kind of phenomenon was reported during the degradation of lamivudine
(An et al., 2011) and oseltamivir (Wang et al., 2015).

The photocatalytic degradation efficiency of antiviral drugs has a profound effect on the
pH of the system. Specifically, TiO, (pKa=6.3) surface charge is pH dependent. In the acidic
conditions, the surface of TiO, remains protonated whereas that in the alkaline condition is
deprotonated. In addition, the pK, value of the antiviral drug is important for its speciation. In
a catalytic system, either the adsorption process or the surface reaction is a rate-determining
step. Lamivudine (pK,=4.4) exists in positive form when the pH of the solution is less than
4.4 and in the neutral form if pH is higher than 4.4. Accordingly, An et al. observed increasing
degradation efficiency with increasing pH from 5.0 to 9.0 and later decreased when the pH
was 11 (An et al.,, 2011). This was hypothesized because of the increased adsorption of
lamivudine on the surface of TiO, at basic pH. An et al. studied the effect of pH (8.6-11.1)
on the degradation of 1- and 2-amantadine and rimantadine, which exist in the protonated
form at pH < 6.8 (An et al., 2015b). In the case of three drugs, rate constants decreased when
pH rose from 8.6 until 10.6 (near to their pK, values) and then increased up to pH 11. Proton-
ated and neutral forms of antiviral drugs influenced the degradation efficiency up to pH 10.6,
after which the increase in the rate constant value at pH 11.1 was attributed to the increase in
the OH" in the system (An et al., 2015a). The intensity of light affects the photocatalytic treat-
ment of antiviral drugs. An et al. had reported that the contribution of light intensity was
43.17% in the degradation of acyclovir, whereas the contribution of light intensity was
8.42% in the mineralization besides the influence of initial concentration and pH (An et al.,
2015a).

With relevance to the potential therapeutic medications (as referred to in the Section 17.1)
for the treatment of COVID-19, some of the drugs are surveyed for their photocatalytic
removal in the literature. However, up to our knowledge, such studies are meager. The
available single report discusses solar photocatalytic treatment of quinolones (Sirtori
et al., 2009). Chloroquine, belonging to the quinolone family, was originally used for the
treatment of malaria. Sirtori et al. conducted studies on NXA, which is an impurity of chlo-
roquine, and FLU, which is a second-generation quinolone derivative (Sirtori et al., 2009).
However, NXA is used as human medicine, whereas FLU is used in aquaculture.
Heterogeneous photocatalysis was conducted with Degussa P25 TiO; in a pilot Compound
Parabolic Collector under solar light irradiation. The initial concentration of NXA was
20mg/L and that of TiO, was 200mg /L. NXA was eliminated in 25min with a degradation
rate constant of 0.098 min " and a half-life of 7.10min with less mineralization efficiency of
71% after 137 min of illumination.

17.4.3 Mechanism of photocatalytic degradation of antiviral drugs

The photocatalytic degradation mechanism of antiviral drugs can be understood in two
dimensions: first, the way an antiviral drug is decomposed in a heterogeneous photocatalytic
system and which species are involved in the active decomposition of the drug; second, after
the initiation of decomposition of the parent compound, in which pathway it is photocata-
lytically degraded into intermediates or mineralization products.
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As explained in Section 17.4.1, during the photocatalytic treatment process, several active
species suchash®, OH®, O;~, HyO, (Eqgs. 17.2,17.3,17.5,17.6,17.8-17.10) might get involved in
the degradation of antiviral drugs. The contribution of individual species depends on the
antiviral drug and the system. Several studies reported the contribution of various radical
species by the use of scavengers (Table 17.5). In a heterogeneous photocatalytic system,
the degradation of antiviral drugs occurs either on the surface of the catalyst or in the bulk
solution. Owing to the excitation of the semiconductor, h* and e~ (Eq. 17.1) are generated
on the surface of the catalyst, which is expected to attack the adsorbed pollutant molecule.
Radical scavengers help to identify the critical reactive species involved in the degradation
of the antiviral drug. Potassium iodide (KI) was used by many studies as both h™ and

TABLE 17.5 Effect of scavengers on photocatalysis of antiviral drugs.

Rate
Antiviral Radical species  Inhibition = constant
drug Scavenger scavenged (%) (min™?) Comment References
Oseltamivir KI h* and OH" 98.8 0.001 Dominant Wang et al.
species (2015)
1SO OH" 80 0.013 Contribution of
h* is 18.8%
Acyclovir 1SO OH" 90.1 0.0035 Major role An et al.
2015
MeOH h* and OH" 91.7 0.0031 Contribution of ( %)
h*is 1.6%
K>Cr,0O; e - 0.0213 e are not
important
Fe(I)-EDTA  H,0, - 0.0262 Negligible role
Na,C,0y4 h* - 0.0083 Major role Li et al.
_ , (2016)
K>CrO; e - 0.0073 Major role
ISO OH" - - Minor role
NaQCrZO4 H202 and 027 - - H202 and 057
+ISO+N, played not
direct e™
Lamivudine K1 h* and OH" 99.3 0.0004 Major role An et al.
2011
ISO OH" 95 0.0027 Contribution of ( )
h*is 4.3%
N, +K,Cr,O;  H,O, and O3~ 37.6 0.0338 H,0, and O~
played not
direct e™
l-amantadine  ISO OH" 83.16 - Major role An et al.
. . o (2015b)
KI h* and OH 94.84 - Contribution of
h* is 3.16%
2-amantadine  ISO OH" 88.24 - Major role
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OH"® scavenger (An et al., 2015a, 2011; Wang et al., 2015) because I" can capture both
photogenerated holes and OH". An et al. used methanol as a scavenger of h* and OH" during
the degradation of acyclovir (An et al., 2015a). Isopropanol (ISO) scavenge OH" generated
from direct oxidation by positively charged holes in the bulk solution. ISO was used to find
the contribution of OH® during the photocatalytic degradation of oseltamivir (Wang et al.,
2015), acyclovir (An et al., 2015a; Li et al., 2016), and lamivudine (An et al., 2011). The
photogenerated e~ contribution was estimated using K,Cr,O7 as a scavenger for the degra-
dation of acyclovir (An et al., 2015b; Li et al., 2016). These photogenerated electrons react with
the oxygen in the system to generate HO, (Eq. 17.5) and O; /HO;3 (Egs. 17.3, 17.8, respec-
tively). The involvement of these species can be excluded by purging nitrogen. An et al. stud-
ied the contribution of e~ alone for the degradation of lamivudine (An et al., 2011). Li et al.
(2016) accomplished the same by adding ISO and Na,C,04 degassed with nitrogen for the
degradation of acyclovir. The role of h" alone was estimated by employing Na,Cr,O.
During the photocatalytic degradation with P25 as a photocatalyst (Table 17.3) and irradi-
ation at 365nm wavelength, oxidation of the antiviral drugs oseltamivir, acyclovir,
lamivudine, 1-amantadine, 2-amantadine, and rimantadine were predominantly oxidized
by hydroxyl radicals with more than 80% contribution. The contribution of the
photogenerated hole was, in most cases, less than 10%. The role of e~ was mostly negligible;
however, in the case of lamivudine, a contribution of 37.6% was estimated but attributed to
the involvement of other radical species (Egs. 17.3, 17.5, 17.6, 17.8, 17.10) generated from e~
rather than itself (An et al., 2011). Alternatively, the mechanism was different when g-CN/
TiO, was employed as a photocatalyst for the degradation of acyclovir. Both h* and e played
an essential role in the degradation of acyclovir in this system (Li et al., 2016). Unlike TiO, as a
catalyst, in this system, OH" played a minor role. However, the involvement of e~ was not
direct but attacked the acyclovir from derived radical species. These studies highlight the fact
that different catalysts undertake the task of degradation in a different mechanistic way.
Hydroxyl radical-mediated degradation of antiviral drugs being the most predominant in
the photocatalytic system with TiO, P25 as a photocatalyst, the degradation pathway of the
parent compound into either persistent intermediates or mineralization products can be
expected to happen through OH® (Fig. 17.3). Usually, OH'-initiated or mediated

Decomposition

Antiviral drug Pathway
.............................. Hydroxylation z
@ OH Hydration
OH?" substitution
Hydroxylation
@ OH'| .} OH* directattack - Intermediates
A
OH°* substitution OH*
OH* Hydroxylation
: TP Mineralization
xidation a products

FIG. 17.3 Mechanism of antiviral drugs decomposition in TiO, (P25) dispersions.
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decomposition follows the addition of OH" radicals, H-atom abstraction, or OH" direct attack.
Here, in the system with P25, hydroxylation was the most preferred path for oseltamivir (Wang
etal.,2015), acyclovir (Anetal.,2015b), and lamivudine (Anetal.,2011). Even when g-CN /TiO,
was used as a photocatalyst, hydroxylation of acyclovir was observed (Lietal., 2016). The other
pathways during decomposition of oseltamivir were hydration and OH substitution (Wang
et al., 2015), whereas acyclovir underwent H-atom abstraction and OH"® direct attack
(An et al., 2015b). Lamivudine was oxidized at photohole on the surface of P25 (An et al,,
2011). These reports signify that the degradation of antiviral drugs is preferentially OH" me-
diated. If more OH" can be harvested in the photocatalytic system with modifications, miner-
alization efficiency can be improved in conjunction with the degradation efficiency.

17.4.4 Intermediates and proposed possible reaction pathways

The intermediates of photocatalysis antiviral drugs reaction play an essential role in iden-
tifying the reaction pathway. Following the mass spectrum obtained by HPLC/MS/MS in-
strument (An et al., 2015b; Wang et al., 2015) provided possible reaction pathways for the
photodegradation of antiviral drugs. Wang et al. (2015) proposed the reaction pathway of
oseltamivir in Fig. 17.4. In typical, their products are listed as follows: (1) the formation of
the hydration product (P330) and its further oxidation products (P260 and P276), (2) the for-
mation of hydroxylated oseltamivir derivatives, including mono-(P328), di-(PP344), tri-(P360),
and tetra (P376) hydroxylated derivatives, (3) the formation of oseltamivir carboxylate, the
metabolite of oseltamivir (P284), and (4) the formation of OH substitutes and cleaved or keto
derivatives of several functional groups (P256, P226 and P223).

Photocatalytic degradation of antivirus drug acyclovir can be discussed in three predom-
inant degradation pathways (An et al., 2015b). Fig. 17.5 illustrated these pathways as follows:
(1) *OH radical reacted with acyclovir at C8 to form ¢OH-adduct radical, then produced
monohydroxylated product 1 and dihydroxylation product 2; (2) the formation of some cleav-
age products of the isocytosine moieties (such as products 3 and 4), the further oxidized may
form the daughter product 5; and (3) ®*OH radical attacks acyclovir through H abstraction at
C15, resulting in the formation of guanine (product 6). As the irradiation time prolongs, acy-
clovir and formed products could be further completely mineralized into CO, and H,O.

As shown in Fig. 17.6, three degradation intermediates were detected in acyclovir
photocatalytic degradation under the g-C3N4/TiO; hybrid photocatalyst (Li et al., 2016). They
were P1 with tg3.4min, P2 with tg 3.0min, and P3 with tg 2.8 min). The primary intermediate,
P1 (m/z=214), was first obtained during the photocatalytic degradation process. This result
might correspond with the monohydroxylation of the purine ring and the breakdown of the
C-C bond from the side chain. The intermediate P2 (m/z =205) resulted from the breakdown
of the acyclovir purine ring. By prolonging the irradiation time, P3 (1m/z=152) was identified
as guanine; this was produced through the loss of the side chain.

The pathway reaction of lamivudine photocatalytic degradation may propose in Fig. 17.7
(Anetal., 2011). Lamivudine should be attacked by e OH radical (pathway 1) or by photohole
h* (pathway 2). The intermediates were product C (m/z=136) and product B (m/z=112)
through photohole attacking at N3 site. Then the intermediate D was further oxidized to
(E) (m/z=129) by *OH radical and to F (m/z=69) by photohole attack with the opening
of the aromatic ring. After 6h irradiation, more than 83% of carbon contents in lamivudine
was mineralized and completely converted intoCO,, H,O, NH3/NHj, NO;, S03, etc.
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FIG. 17.4 Proposed photocatalytic degradation pathway of oseltamivir phosphate by P25 (Wang et al., 2015).
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FIG. 17.6 Proposed photocatalytic degradation pathway of acyclovir in water by g-C3N,/TiO, hybrid
photocatalyst (Li et al., 2016).

During photocatalytic decomposition of NXA with TiO, under solar irradiation, Sirtori
etal. detected several intermediates and suggested hydroxylation of the pyridine ring in com-
pounds P6-P14 as the dominant degradation pathway (Fig. 17.8) (Sirtori et al., 2009). Hydrox-
ylation of the methyl group was seen in intermediate P9. OH" attack was not identified and
was usually considered a secondary pathway owing to the stability of the quinolone moiety.
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The degradation mechanism consists of the opening of the quinolone structure by oxidation
of the double bond in position C2=C3, as shown in Fig. 17.8.

17.5 Practical application and future prospects

During every epidemic, pandemic, or outbreak, large quantities of medications are used
for the arrest of the disease in the affected or vulnerable population. A large number of drugs
are entering into the environmental waters after they are metabolized by a human or as a pa-
rental compound. Although a significant amount of literature on a cradle to the grave of an-
tibiotics is available, a similar trend in the availability of scientific literature on antiviral drugs
is a little. Within the available literature, antiviral drugs are showing up in the various envi-
ronmental waters, including influents and effluents of WWTPs, groundwaters, surface wa-
ters, and drinking waters in considerable quantities ranging from ng/L to pg/L, indicating
the inefficiency of conventional or in certain cases advanced treatment options to treat waste-
water or drinking water. Toxicity patterns are also not ignorable. Therefore it can be con-
strued that there is a potential gap in the literature regarding the occurrence, fate, and
treatment of these antiviral compounds. A large scientific fraternity needs to contribute to
making a database in this direction. The emergence of the current pandemic COVID-19 alerts
us to this situation to avoid further loss because of insufficiency in treating the used waters or
their spread in the various environmental matrices.

Photocatalysis has a proven track record for several environmental applications (Byrne
et al., 2018). Photocatalysis is a process in which a higher decomposition of contaminants
is achieved by modification of reaction rate in the presence of light and a photocatalyst. Re-
markably, the mild and conducive conditions such as room temperature and pressure and
natural or neutral pH without need for modification make the process much more exciting
and desirable. The versatility of photocatalysis has been reported in the literature; however,
the challenging part is to bring this system into a commercial scale. Furthermore, bringing the
best reaction conditions into larger scale faces challenges in the practical manifestation of
light, intimate contact between photocatalyst and the contaminant molecule by maintaining
required turbulence, versatile reactor design, etc. It is important to note that, before taking a
big step, it is necessary to have a handful of research data to understand the behavior of the
antiviral drugs toward the photocatalytic treatment system in achieving full degradation and
mineralization efficiencies. It is imperative to perform research meticulously and observe the
degradation kinetics, mechanisms, treatment parameters, and interaction details that will en-
able to modify the treatment system toward achieving higher efficiency. This is where the
degradation of antiviral drugs lacks in literature. Only a few studies are available on the topic
of interest. More studies have to be focused on the photocatalytic degradation of antiviral
drugs. Although nearly more than 90 kinds of antiviral drugs are available in the market
(Nannou et al., 2020), researchers were interested more in oseltamivir, followed only by acy-
clovir, lamivudine, zidovudine, and amantadine drugs. Photocatalysis is efficient for the deg-
radation of hydrophilic compounds such as antiviral drugs (Kosma et al., 2019), which will
probably selectively get adsorbed on to the relatively polar catalytic surfaces. Knowing the
fact that antiviral drugs are more vulnerable to degradation by hydroxyl radicals, AOPs,
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particularly heterogeneous photocatalysis, are an excellent option. More and more researches
are required on almost all the antiviral drugs because every drug does not respond in the
same way. Second, most of the available studies have been focused on the degradation of
the parent compound and were successful in achieving high degradation efficiencies. How-
ever, the same reports warn on the persistence of the photocatalytic degradation intermedi-
ates or products in the same system (An et al., 2015b; Woche et al., 2016) or maybe more toxic
than its parent compound (Li et al., 2016; Wang et al., 2015). This flags us that attaining com-
plete mineralization should be the sole goal of antiviral degradation. An et al. have shown
that complete mineralization of three amantadine drugs has resulted in a rapid decrease
in toxicity (An et al., 2015a).

17.6 Conclusions

To date, the developments of antiviral drugs are significantly concerned with controlling
the disease due to viral infections. However, antiviral drugs have also been recognized as an
emerging anthropogenic pollutant reaching the environment. Thus it would be desirable to
develop an effective method that could eliminate antiviral drugs with greater efficiency.
Among antiviral drugs degradation, heterogeneous photocatalysis is a potential option.
Many types of photocatalytic materials have been developed and exhibited potential
photocatalytic activity. With the knowledge that the photocatalytic treatment is greatly
affected because of the operational conditions, more body of work is needed in this direction
to optimize the treatment system. The photocatalytic degradation of antiviral drug contam-
inants is influenced by the matrix. There is a dearth in the literature for these kinds of data.
Heterogeneous photocatalysis using TiO, for the degradation of zanamivir was shown to be
not expensive, considering energy expenses and the overall process. Hybrid processes may be
another interesting option owing to their synergistic behavior, such as sonolysis and
photocatalysis. It is suggested to conduct more research on the photocatalytic degradation
of antiviral drugs to add to the body of the work. Overall, further studies are required to build
proper treatment design strategies and scale them to the working levels.
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