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caused a worldwide impact, becoming a health threat to the general population and its professionals. To
date, there are no specific antiviral treatments or vaccines for the COVID-19 infection, however, some
drugs are being clinically tested. The use of these drugs on large scale raises great concern about their
imminent environmental risk, since the elimination of these compounds by feces and urine associated

with the inefficiency of sewage treatment plants in their removal can result in their persistence in the

I;:{]g’grﬁsc: environment, putting in risk the health of humans and of other species. Thus, the goal of this work was
SARS-CoV-2 to conduct a review of other studies that evaluated the presence of the drugs chloroquine, hydroxy-
Medicaments chloroquine, azithromycin, ivermectin, dexamethasone, remdesivir, favipiravir and some HIV antivirals
Emerging micropollutants in the environment. The research indicated the presence of these drugs in the environment in different
Environmental pollution regions, with concentration data that could serve as a basis for further comparative studies following the
pandemic.
© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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R.P. Nippesetal.
1. Introduction

In December 2019, a new coronavirus (COVID-19), correlated to
respiratory illnesses in humans, was detected as the cause of pneu-
monia and death in the city of Wuhan, China (V. Kumar et al., 2020a,
2020b). On March 7, 2020, the World Health Organization (WHO)
published a consolidated package of existing guidelines covering
preparedness, readiness and response actions for different trans-
mission scenarios. On March 11, 2020, WHO declared COVID-19
a pandemic, fact followed by an increase of more than tenfold in
cases in less than a month, and according to a situation report
(W.H.O., 2020) in early April of the same year more than 1 million
cases of COVID-19 had already been confirmed worldwide. The out-
break has had a major environmental and socioeconomic impact
and has become a health threat to the population and health work-
ers (V. Kumar et al., 2020a, 2020b). Rotating data as of November
13th, 2020 confirmed 49,106,931 cases of COVID-19, out of which
1,239,157 had not survived the infection (Paital et al., 2020).

This infectious disease is caused by a new strain of CoV, a muta-
tion (ID-19) of its two previous forms and is called SARS-CoV-2 or
CoV-19 and the disease it causes is called COVID-19 (Jin et al., 2020).
To date, there are no exact specific antiviral treatments or vaccines
for the COVID-19disease (M. Kumar etal.,2020a,2020b). Therefore,
to treat or alleviate its symptoms, some drugs are being clinically
evaluated, including chloroquine (CQ) and hydroxychloroquine
(HCQ) (Borba et al., 2020; Gao et al., 2020; Magagnoli et al., 2020;
Tangetal., 2020), azithromycin (AZT) (Arshad et al., 2020; Dubernet
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et al,, 2020), ivermectin (IVM) (Caly et al., 2020; Yang et al., 2020),
dexamethasone (DEX) (Hassan et al., 2020; Johnson and Vinetz,
2020; Lester et al., 2020; Selvaraj, 2020) and some HIV antivirals
(Agrawal et al., 2020; Alvi et al., 2020).

The increase in use of some of the clinically tested drugs in
the treatment of COVID-19 during the pandemic has already been
reported in some countries, such as Italy (Sartor et al., 2020) and
Brazil (Martins et al., 2020) which raises concern of their usage on
such a large scale, potentializing an important threat to the qual-
ity of water supply for human consumption (Kolpin et al., 2002;
Kiimmerer, 2009). Since most of these drugs are not fully metab-
olized by the body, they end up being eliminated through feces
and urine in their active form or as metabolites (Heberer, 2002).
Consequently, these compounds reach the sewage system and are
sent to sewage treatment plants which mostly rely on conven-
tional treatment systems, which have limitations in their removal
and therefore cause them to end up in the water supply that, in
many cases, are points of water capture from water treatment
plants (WTP) for public consumption, which also have limitations in
the removal of the compounds, leading them to consequently end
up in tap water (Eggen et al., 2014; Gruchlik et al., 2018; Nippes
et al., 2021; Rivera-Utrilla et al., 2013) (Fig. 1). Some of the com-
pounds, which are currently being clinically tested in the treatment
of COVID-19, have already been detected in the environment (Chen
et al., 2013; Herrero et al., 2012; M. Kumar et al., 2020a, 2020b;
Miége et al., 2009; Olatunde et al., 2014; Syslova et al., 2019).

Sewage treatment station

aquatic matrices

Fig. 1. Environmental risk of large-scale use of pharmaceutical drugs.
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Fig. 2. The PRISMA flowchart of the search and selection of papers.

From the same environmental perspective, different consider-
ations must be made for the different drugs used in the therapies
of COVID-19, since the future impacts associated with the disease
are issues that need to be well understood scientifically. The real
concern related to the use of these drugs and their environmental
persistence, in analogy to the development of increasingly potent
antibiotics, is the potential formation of resistant strains by chronic
exposure (Loureiro et al., 2016). Consequently, this can have more
adverse effects on human health than other classes of drugs (Jain
etal.,2013).In addition, other disadvantages are represented by the
low biodegradability of some compounds and their increased use
during outbreaks of other infectious diseases (Russo et al., 2017;
Funke et al., 2016; Hill et al., 2014).

As with the drug Tamiflu during the HIN1 outbreak, when
there was a large increase in its consumption and, subsequently,
an increase in the environmental concentrations of the drug and its
metabolites (Chen et al., 2020, 2014), the same environmental risk
can occur with the drugs now in question. According to M. Kumar
et al. (20204, 2020b), the intense search for effective drugs against
the new coronavirus (SARS-CoV-2) has progressed worldwide, and
several antivirals and antiparasitic drugs have been clinically tested
in patients with COVID-19, which can lead to the disposal of these
drugs into the environment, since these drugs and their metabolites
are eliminated mainly by urine.

Thus, in order to raise awareness about this imminent prob-
lem, the goal of this work was to carry out a systematic review
of the literature of the existing studies from 2006 to the present
year, using the PRISMA methodology, for the evaluation of the main
drugs being tested against COVID-19.

2. Methodology

The PRISMA methodology was used to carry out a systematic lit-
erature research (Moher et al., 2009), which included eligibility and
exclusion criteria, only for studies on drug detection in the environ-
ment. Clinical and ecotoxicological studies were not included in the
PRISMA methodology, as the first goals were to demonstrate the use
of these drugs in the treatment of COVID-19, while the second ones
were to emphasize problems that involve the environmental risks
of their presence.

2.1. Sources of information and search

The systematic review process was carried out directly on
the publications databases such as the Science Direct, Pubmed,
Springer, ACS and Taylor & Francis, through scientific articles
that evaluated the detection of drugs used in the treatment
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Fig. 3. Number of publications from the last fifteen years by year.

of COVID-19. In the systematic review, articles published from
2006 to the present year were included. The search included the
keywords: azithromycin, chloroquine, hydroxychloroquine, iver-
mectin, dexamethasone, remdesivir, favipiravir, antivirals for HIV,
water, sewage, sewage, effluents, river, soils, detection and envi-
ronmental matrices. The searches were performed using the “AND”
connector. After this stage, a set of inclusion and exclusion criteria
was employed.

2.2. Eligibility and exclusion criteria

Eligibility criteria were applied to each publication, which con-
sisted of the scope and availability of the data. Initially, the titles and
abstracts of the articles were evaluated to see if the article included
the detection of drugs in the environment. In this stage, review
articles, letters to the editor, books, book chapters, book series,
presentations, conference proceedings and articles in languages
other than English were excluded. Research articles and papers on
the development of drug detection methods have been included.
After the first stage, information was extracted from each article,
such as: first author, year of publication, study location, analyzed
environment and detected available concentration values.

3. Results
3.1. Selection of studies

The initial research on the databases revealed a total of 491 arti-
cles. All of these studies were selected by their titles or abstracts.
From this selection, 462 studies were excluded according to the eli-
gibility criteria mentioned above in item 2.2. and 29 original studies
remained for systematic review. These studies were included to
answer the main question of the review. The systematic review
process, based on the PRISMA methodology, is available in Fig. 2.

Fig. 3 shows the number of publications chosen for this present
work from the last 15 years. The classification of published articles
according to the presence of drugs in certain aquatic matrices is
shown in Fig. 4. The selected studies and their respective informa-
tion were compiled in Table 1.

Process Safety and Environmental Protection 152 (2021) 568-582
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Fig. 4. Classification of published papers (percentual) based on water matrices.

3.2. Pharmaceutical drugs

The main drugs clinically tested to combat COVID-19 and their
occurrence in environmental matrices, which are analyzed in this
paper, are described below.

3.2.1. Azithromycin

Azithromycin (AZT, C38H72N2012) is a broad-spectrum antibi-
otic of the macrolides group that acts against several Gram-positive
and Gram-negative bacteria such as Propionibacterium acnes and
Neisseria gonorrhoeae, a fact which has promoted its use in the treat-
ment of various respiratory infections and sexually transmitted
infections (Kanoh and Rubin, 2010; Amsden, 2005). Its large appli-
cation potential has made AZT one of the most consumed drugs in
the world. To gather a perspective on AZT consumption Wirtz et al.
(2010) carried out a survey on the consumption of antibiotics in
eight countries in Latin America (Argentina, Brazil, Chile, Colombia,
Mexico, Peru, Uruguay and Venezuela) from 1997 to 2007. Accord-
ing to the authors, among the group of macrolide antibiotics, AZT
was the second most consumed one in all eight countries.

AZT is being clinically tested to treat the coronavirus disease,
alone or in combination with other drugs, such as HCQ (Arshad
et al., 2020; Dubernet et al., 2020; Fiolet et al., 2019; Gautret et al.,
2020a; Mori et al., 2020). However, its effectiveness in the treat-
ment of COVID-19 is still uncertain and its use is viewed with
caution by the scientific community, since the drug has potential
side effects and the evidence on its safe use is still controversial
(Furtado et al., 2020; Molina et al., 2020; Pani et al., 2020). Despite
the uncertainties about the effectiveness of AZT for the treatment of
COVID-19, alone or even combined with other drugs, consumption
has increased given the global levels of the pandemic, including
according to (Usman et al., 2020) by a large number of people
who self-medicate with antibiotics in the wrong attempt to protect
themselves from the virus, a fact which raises concern.

The presence of AZT in environmental matrices has been evi-
denced in recent years, because, as with other compounds, some
AZT leaves the body in its unchanged form through feces and urine
and consequently reaches the waste treatment plants. In addi-
tion, AZT’s slow metabolism indicates possible poor degradation in
treatment plants (Koch et al., 2005). According to Brazil’s National
Sanitary Regulatory Agency (ANVISA) 75 % of AZT leaves the body
through urine in its original unmetabolized form (Cano et al., 2020;
Christian et al., 2003). To contextualize the problem involving the
presence of AZT, most recent studies which evaluated its presence
(isolated or with other compounds) in different environmental
matrices in various countries were reviewed.
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Table 1
Detection studies of drugs clinically tested in the treatment of COVID-19 in environmental matrices.
Drugs Country Results Reference
Samples Concentration
Brazil Effluent 10-107 ng L' Jank et al. (2014)
Final effluent 159 ngL! .
USA Sediment from Lake Michigan 3.7nglL! Blair et al. (2013)
Influential 129 ngL!
Spain After undergoing primary and secondary treatment of the WWTP 134 ng L-! Collado et al. (2014)
After tertiary treatment with UV 115ngL!
Italy Effluent 17 ngL! Al Aukidy et al. (2012)
Azithromycin (AZT) Japan Influent 160—1,347 ng L-! Ghosh et al. (2009)
Affluent 260 ng L1 Yasojima et al. (2006)
. - . 1
gmversnty hqspltal 3748 ng L_ : Santos et al. (2013)
Portugal eneral hospital 1889 ngL )
- below 1 pgL™! Sousa et al. (2011)
WWE 200 ng L1 Pereira et al. (2015)
- Influent 0.260 pgL! Miége et al. (2009)
- Wastewater matrix 70 ng L1 Petrovic et al. (2006)
Chloroquine (CQ)and  China Traces in the surface sediments of tidal sections of rivers - Chen et al. (2013)
. - 1
E-[]_;, g (rlc))xychloroqume Nigeria gg:z f;(;gé:v‘::teerr g(l]}‘:;gl_h Olatunde et al. (2014)
Argentina Feces of cattle - Iglesias et al. (2006)
Ivermectin (IVM) France Water resources and tap water 5-20ngL! Charuaud et al. (2019)
Spain Irrigation waters 0.093 pgL! Rodriguez-Gil et al. (2013)
Spain Affluent sewage - Herrero et al. (2012)
Sewage samples - Fan et al. (2011)
; -1
e UL changeral Coos)
Surface waters 033 ngL! Gong et al. (2019)
Dexamethasone Hungry River and drinking water - Tolgyesi et al. (2010)
Japan Sewers, treatment plants and river. - Chang et al. (2007)
Lui river 0.02ngL!
Malaysia Gombak river 6.32ngL! Praveena et al. (2018)
Selangor river 0.73ngL!
Lopinavir - surface waters 305ngL! Wood et al. (2015)
South Africa WWTPs and a wastewater treatment plant 69-43.000 ng L-! Abafe et al. (2018)
Atazanavir - wastewater 75.12ng L! Mhuka et al. (2020)
. Norway Atazanavir - wastewater 510.1 ng L1 Ferrando-Climent et al. (2016)
Antivirals Atazanavir - WWTP - Ibafez et al. (2017)
Atazanavir - influential 0.02 pgL! o
Greece Darunavir - influential 0.15 :.tg L! Gzaogzo(;Feuelo etal.
Emtricitabane - influential 033 pglL! ( )

Janket al. (2014) carried out a study that evaluated the presence
of eight antibiotics of different classes, including AZT, in samples of
wastewater, tributaries and effluents from a treatment plant that
uses conventional biological treatment in the city of Porto Alegre,
Brazil. According to the authors, macrolide antibiotics, AZT and ery-
thromycin, are largely excreted into the sewage in their unchanged
forms at excretion rates greater than 60 % and found at high values,
suchas 1.5 wg L~ in WWTP (Wastewater Treatment Plant) samples
(Karthikeyan and Meyer, 2006). Based on the results, the authors
concluded that AZT was detected in surface water at two points
of a water stream named Diltvio (39.7 and 23.7 ng L-1). AZT was
detected in the WWTP samples in all months in which the study
was carried out (except July) with very similar concentrations in
the affluent and effluent samples of the WWTPs that use activated
sludge as treatment. The level of AZT concentration in effluent sam-
ples (10—107 ng L~1) is in agreement with other studies available
in literature. The authors pointed out that few reports dealing with
the removal of AZT at WWTPs have been published.

Blair et al. (2013) carried out a study in which they evaluated
the concentration and the corresponding risk of medications and
personal hygiene products from a source of wastewater effluent at
varying distances on Lake Michigan (USA). Fifty-four products and
hormones were evaluated on six different dates over a two-year
period in surface water and sediment samples. The authors con-
cluded that 38 of the 54 compounds were detected in surface water
samples from Lake Michigan or its effluents, including AZT. In the
sediment samples, 30 compounds were detected above the mini-

mum detection levels, including AZT, which was one of the most
detected compounds during the study with the sediment samples.
In their conclusions, the authors state that the detection of such a
large number of high and medium risk medications and personal
care products in the Great Lakes region is new and worrying.

Collado et al. (2014) evaluated the presence and removal of
81 Active Pharmaceutical Compounds from a municipal WWTP
located in a highly industrialized area, with partial water reuse after
tertiary UV treatment and discharge into a Mediterranean river.
Water monitoring was carried out in an integrated manner at dif-
ferent points of the WWTP and the river. According to the authors,
AZT was detected in concentrations of 129 ng L-! in the uptake
samples, 134 ng L~! after the primary and secondary treatment of
the WWTP and 115 ng L-! after the tertiary treatment with UV,
demonstrating the difficulty of the processes applied in removing
this compound.

Al Aukidy et al. (2012) evaluated the monitoring of 27 pharma-
ceutical drugs, belonging to different classes, in the effluent of two
WWTPs and their respective receptive water bodies in the sensitive
area of Vale do P6 (Northern Italy). These channels were monitored
upstream and downstream of the effluent discharge points, in order
to assess the impact of the effluent on the quality of surface water,
which is commonly used for irrigation. From the results obtained,
the authors concluded that of the 27 compounds analyzed, 19 were
detected in the effluent of the WWTP-A and, of these, 12 drugs
were always detected, including AZT. In WWTP-B, 21 of the 27
compounds were detected, 17 with a frequency of 100 %, includ-
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ing AZT. Regarding the occurrence of the chemicals in the water
environments in general, 22 of the 27 selected substances were
detected. Among the most detected compounds, AZT was detected
7 times. In addition, according to the authors, AZT together with
sulfamethoxazole and clarithromycin were the most critical phar-
maceutical compounds due to their high RQ (risk quotient) values,
based on the guidelines of the European Agency for the Evaluation
of Medicinal Products (EMEA).

Pereira et al. (2015) evaluated the occurrence, destination,
geographical and seasonal influence and environmental risk assess-
ment of eleven of the most consumed medicines in Portugal
from samples of different WWTPs throughout the country dur-
ing the summer and spring of 2013. The most commonly found
medicines were lipids (bezafibrate, genfibrozil and simvastatin),
anti-inflammatory drugs (diclofenac and ibuprofen) and antibiotics
(AZT and ciprofloxacin).

Chen et al. (2021) investigated the occurrence, spatial and
seasonal distribution of pharmaceutical and personal care prod-
ucts (PPCPs), including azithromycin, in surface water and lake
sediments and the WWTP-river-estuary system around hospitals
in Wuhan, China, and evaluated the pandemic ecological risk of
these compounds. According to the authors, sulfamethoxazole and
azithromycin were considered potential risks to aquatic organisms
according to a semi-probabilistic approach and were classified as
priority pollutants based on an optimized risk assessment and high-
lighted to the fact that the increased occurrence of certain drugs
and their potential risks to ecological systems need more attention.
A strict source control policy, advanced risk monitoring and early
warning system for emergency response and long-term risk con-
trol of PPCPs in waste is urgently needed. In addition to the reported
works, other studies available in literature report the presence of
ATZ in the environment from different locations on the planet:
Ghosh et al., 2009; Miége et al., 2009; Petrovic et al., 2006; Santos
etal.,,2013; Sousa et al., 2011; Verlicchi et al., 2012; Yasojima et al.,
2006.

3.2.2. Chloroquine and hydroxychloroquine

Chloroquine (CQ) and hydroxychloroquine (HCQ) are drugs
belonging to the 4-aminoquinoline group and are widely used
in the prophylaxis and treatment of malaria (Price et al., 2014;
Tanenbaum and Tuffanelli, 1980), lupus (Lee et al., 2011), amoe-
biasis (Singh et al., 2011) and rheumatoid arthritis (Chung et al.,
2007; Haque et al., 2008), being considered a potential broad-
spectrum antiviral agent (Savarino et al., 2006). Its mechanism of
action consists of inhibiting the fusion of the virus to the cell mem-
brane by modulating the endosomal pH (Goodarzi et al.,2020). Both
drugs have between 70%-80% bioavailability after oral administra-
tion and their half-life is 40-50 days. Because of this, 96 % steady
therapeutic levels are not reach until approximately 6 months of
continuous use (Tett et al., 1989).

Recently, some international health organizations have allowed
patients affected by Coronavirus (COVID-19) to be treated with
CQ or HCQ, in an isolated manner (Borba et al., 2020; Gao et al.,
2020; Magagnoli et al., 2020; Tang et al., 2020) or combined with
AZT (Arshad et al., 2020; Gautret et al., 2020b). The emergency
authorization of antimalarial drugs ended up requiring large-scale
manufacturing to fight the virus that ended up infecting millions of
people worldwide in a few months (Midassi et al., 2020) and data
on the behavior and monitoring of these drugs in the environment
are still very scarce.

Several authors claim these drugs are persistent and bioaccumu-
lative, considering them as emerging pharmaceutical contaminants
(Daughton, 2014; Howard and Muir, 2011; Zurita et al., 2005).
Ramesh et al. (2018) reported in his study many histopathologi-
cal changes in vital organs, such as gills, liver and kidneys in groups
of Cyprinus carpio organisms treated with CQ, indicating that the

Process Safety and Environmental Protection 152 (2021) 568-582

drug has toxic effects on non-target organisms. Rendal et al. (2011)
studied the toxicity of CQ in the species Salix viminalis and Daphnia
magna reporting a higher toxic potential when the environment
had an elevated pH level.

A study by Chen et al. (2013) in the top layer sediments of tidal
sections of rivers located in southeastern China detected a total of
330 pharmaceutical compounds and among them, traces of CQ and
HCQ. Olatunde et al. (2014 ) detected the presence of CQ in samples
of surface and groundwater in an industrial pharmaceutical area of
Sango Ota, in the state of Ogun, Nigeria. The average concentration
of CQ detected by the authors was 5.014 wg L~ in groundwater and
0.11 pg L1 in surface water. One of the major concerns expressed
by the authors is that the presence of this drug in drinking water
causes the drug to lose its therapeutic efficiency and leads bacteria
to develop natural resistance to it.

Jjemba (2002) reports a study on the effects of three antimicro-
bial agents on the soil, where soybean planting was later carried out.
Their results show that a low amount of CQ (2—4 mg g~! of soil)
caused most of the seeds to germinate normally, however, when
the dosage was increased (8—16 mg g~! of soil), the dosage had
become lethal, causing some plants to have stunted development,
or to not develop after 13 days of planting.

For Midassi et al. (2020) the high persistence potential of these
drugs in the environment can lead to bioaccumulation and its trans-
fer to living beings in more intensified and toxic forms, due to their
antiviral and antibacterial characteristics. Coelho et al. (2017) stud-
ied the stability of CQ, in which they submitted samples of the drug
to degradation by acid, alkaline and neutral hydrolysis, oxidation,
metal ions, heat and light and observed that CQ is susceptible to
degradation only in alkaline environments and oxidation, resulting
in unknown end products.

Studies like these should serve as a warning to regulatory
authorities, because, in a short time, the consequences of high con-
sumption of medicines around the world can cause immeasurable
losses. It is noteworthy that the monitoring of these drugs should
become highly relevant, since the effluent and water treatment
systems do not have adequate processes for the elimination of
emerging contaminants. CQ and HCQ are derived from quinolones,
which due to their good solubility and low biodegradation, have
become common contaminants in groundwater and end up attack-
ing non-target organisms (Gosu et al., 2016).

3.2.3. Ivermectin

Ivermectin (IVM) is a macrocyclic lactone, belonging to the aver-
mectin family, officially isolated in 1975 as a fermentation product
of the bacterium Streptomyces avermitilis, belonging to the phylum
Actinomycete (Atakisi et al., 2009). This compound is used in vet-
erinary and human medicine as an antiparasitic drug (Campbell,
1985). Currently, more than one hundred IVM-based formulations
are registered, in injectable, cutaneous and oral forms in differ-
ent concentrations. Up to 90 % of the drug is excreted by the body
through feces, milk and urine, causing changes in the invertebrate
organisms which participate of the fecal degradation process (Tisler
and KoZuh ErZen, 2006).

This drug has been approved by the FDA as an effective and
quick remedy for COVID-19 (Caly et al., 2020; Yang et al., 2020),
however, its use is still controversial. Some authors have reported
a low degradation of IVM in the environment, being considered a
persistent drug that can cause negative impacts on the environment
(Loffler et al., 2005; Oppel et al., 2004; Prasse et al., 2009; Sanderson
et al., 2007).

For Edwards et al. (2001) IVM is a compound that presents a
broad spectrum of activity, is hydrophobic, has low volatility and
solubility and has a strong affinity for lipids, soil and organic matter,
and can persist for several months or even years in the soil. The
authors also mention that significant amounts of IVM are excreted
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in the animals’ feces, which end up retaining its biological activity
for more than a year and can be considered a toxic compound for
a variety of insects that participate in the degradation of manure.
When it reaches aquatic systems, it can affect fish and invertebrates
that live there, such as Daphnia. Iglesias et al. (2006) found that
IVM remains at high levels in cattle feces even when exposed to
the environment for 60 days, which affects the degradation of the
organic matter and the subsequent recycling of soil nutrients.

Halley et al. (1989) evaluated the toxicity of IVM in aquatic
organisms and found that Daphnia magna was the most sensitive
species for the 48 h exposure period, however, due to the high sorp-
tion of sediments and rapid dissipation of the drug in water, this
evaluation concluded that only a very small amount of IVM would
reach surface water and, consequently, the drug would not pose a
significant ecological risk.

In a more recent bench-scale survey, Schweitzer et al. (2010)
concluded that the direct deposition of feces containing small
amounts of IVM in water bodies was considered very toxic for
the species Daphnia magna and Chironomus riparius, with negative
impacts on the survival, growth and abundance of the species. For
the authors, IVM concentrations persisted for a long period, which
indicates a possible risk for aquatic systems. Lopes et al. (2009)
also reported toxicity to organisms of the species Daphnia and Ceri-
odaphnia, in which they confirm that IVM concentrations smaller
than 1 ng L~! had drastic effects on the development of these fresh-
water invertebrates and reinforced that efforts must be made to
limit contamination of aquatic ecosystems. Syslova et al. (2019)
detected 6 metabolites of IVM in the roots of Arabidopsis thaliana
and concluded that this could be considered as a possible negative
impact of the plant’s physiology.

In aquatic matrices, Charuaud et al. (2019) conducted a study on
water resources and tap water in Britain, where they found the drug
in a range of 5-20 ng L~1. This study demonstrates the importance
of monitoring and quantifying drugs for veterinary and human
use due to the population’s exposure to contaminants through tap
water and presents a contrast with other studies that state that
the compound is not very persistent (Loffler et al., 2005; Oppel
et al., 2004; Prasse et al., 2009; Sanderson et al., 2007), alerting for
the need of a better assessment regarding the presence of IVM in
treated water. Similarly, Rodriguez-Gil et al. (2013) evaluated the
quality of irrigation water in western Spain and quantified 0.093 pg
L1 of IVM. The value found by these authors is above the value of
therisk quotient, which implies a moderate potential risk of toxicity
in the lower waters of the studied rivers.

Recent studies by Mesa et al. (2020) and Essid et al. (2020) high-
light the importance of quantifying IVM in aqueous systems. Mesa
et al. (2020) conducted a field study in the wetlands of the Parana
River, in Argentina, with the goal of determining the presence, accu-
mulation and persistence of the drug in the sediments and aquatic
fauna of the wet areas exposed to cattle previously treated with
IVM. They concluded that the accumulation of IVM in aquatic com-
munities is alarming because they play a fundamental role in the
food chains of the aquatic ecosystem and that there is a difference
in the growth of macrophytes that grow in places with higher con-
centrations of drugs in the sediment and water, therefore a greater
control over the use of the medication and better management
strategies for animals must be studied in order to reduce the intro-
duction and accumulation of IVM to aquatic systems. Essid et al.
(2020) reported a growing concern about the intense release of IVM
in the marine areas of the Mediterranean Sea, where three Euro-
pean epicenters of COVID-19 are located (Italy, Spain and France).
The authors’ experimental study reported that IVM causes a great
reduction in the abundance of half-benthic nematodes and diver-
sity indexes decreases when environments are exposed to high
doses of it. Due to this bioaccumulative power, it is necessary to
carefully monitor seafood, including those intended for human con-
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sumption, especially if they are caught near the coast of countries
seriously affected by COVID-19.

3.2.4. Dexamethasone

Dexamethasone (DEX) is a synthetic glucocorticoid of the corti-
costeroids class (Hassan et al., 2020) also known as corticosteroid
or steroid. This type of medication has a high anti-inflammatory
and immunosuppressive power, being essentially a synthetic ver-
sion of the hormones produced by the suprarenal (adrenal) glands,
located in the upper region of the kidneys (Cain and Cidlowski,
2017) used for intensive and short-term treatments (Rhen and
Cidlowski, 2005), in situations such as rheumatological diseases,
skin illnesses, ocular, glandular, pulmonary, gastrointestinal, neu-
rological and blood problems, allergies, organ transplants and
tumors, and in addition to these applications, DEX has been evalu-
ated for the treatment of patients infected with COVID-19 (Hassan
et al,, 2020; Johnson and Vinetz, 2020; Lester et al., 2020; Selvaraj,
2020). According to Sharun et al. (2020), DEX may be beneficial
in patients with COVID-19 due to its ability to inhibit excessive
cytokine production, consequence of the body’s immune response,
and reduce its destructive effects.

The preliminary results of an important randomized clinical trial
carried out by the RECOVERY group (Randomized Evaluation of
COVID-19 Therapy) compared the effects of using low doses of DEX
(6 mg orally or parenterally) for 10 days in 2104 patients with
COVID-19 in multiple hospital facilities in the United Kingdom,
with 4321 patients undergoing usual treatment then adopted in the
country. The numbers showed a reduction in mortality of 35 % for
patients who needed treatment with ventilators and 20 % for those
who needed oxygen therapy. It has been reported that the drug is
effective in less severe cases (RECOVERY (Randomised Evaluation
of COVid-19 thERapY), 2020).

The use of DEX in the treatment of patients infected with the
new corona virus puts it as part of the same problem reported in
item 1 of this present study and is reinforced by the fact that DEX
is the most potent cortisone derivative used in hospitals and clin-
ics, and relatively high levels DEX have already been detected in
sewage systems (Arsand et al., 2013; Herrero et al., 2012). Gluco-
corticoids such as DEX are poorly absorbed by the body, which
means that about 50-90% of these drugs are rapidly eliminated
through urine and feces and end up directly in municipal sewage
systems which are then sent to sewage treatment plants. In addi-
tion to DEX persistence in surface waters, it has great polluting
potential as a Xxenobiotic and the potential for bioaccumulation in
the environment (Herrero et al., 2012).

The effects of the presence of DEX in the environment are
already reported in literature (DellaGreca et al., 2004; Lalone et al.,
2012; Lorenz et al., 2009; Margiotta-Casalucietal.,2016; Shenetal.,
2020). Due to its potential of affecting the development, reproduc-
tion, growth and expression of mRNA of amphibians and fish, the
presence of this chemical in water can also cause toxicity to aquatic
organisms. In their study Xu et al. (2011) found that prenatal expo-
sure to DEX resulted in toxicity during fetal growth.

Like Herrero et al. (2012), who carried out a study on the pres-
ence of glucocorticoids in the wastewater and in Catalan rivers by
ultra-high performance liquid chromatography, many other stud-
ies have been carried out recently trying to determine the presence
and quantity of glucocorticoids in biological means, given their
wide use in veterinary treatments. The authors themselves con-
firmed the presence of DEX in sewage samples and point out that
there are few studies performed in environmental matrices, but
those that were carried out confirmed the presence of these drugs.

Fan et al. (2011) investigated the behavior of seven glucocor-
ticoids, eight androgens and nine progestogens compared to six
estrogens at a municipal sewage treatment plant in Beijing, China,
and found DEX in sewage samples. Chang et al. (2007) evaluated
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the occurrence of natural and synthetic glucocorticoids in sewers,
treatment plants and rivers in Japan and detected the presence of
DEX in the evaluated environmental matrices. The authors point
out that DEX was detected only occasionally in effluents from
sewage treatment plants and very often in samples from the two
rivers studied, although at relatively low levels. Chang et al. (2009)
found that the concentrations of the glucocorticoid hormone in the
urban part of the river and at the discharge point were 52 and 390
ng L1, respectively. Télgyesi et al. (2010) detected DEX in samples
from the Danube River and in drinking water sources from differ-
ent regions of Hungary in two sampling periods from 2008 and
2009. Gong et al. (2019) evaluated the occurrence, time and space
distribution and potential risks of 21 glucocorticoids (GCs) and 3
mineralocorticoids (MCs) in four rivers investigating the surface
waters of the Pearl River Delta (PRD) in southern China, identifying
the presence of DEX in the concentrations of 0.33 ng L~!. According
to the authors, the concentrations of the most common corticos-
teroids in the Pearl River system, including DEX, were comparable
to those of the Beijing rivers at similar levels ranging from <1 ng
L1 to tens of ng L-! and higher than in German rivers (Chang et al.,
2009, 2007; Weizel et al., 2018).

Praveena et al. (2018) investigated the occurrence of nine drugs,
including DEX, to measure potential risks (human health and eco-
toxicological) in Lui, Gombak and Selangor (Malaysia). DEX was
detected in average concentrations of 0.02 ng L-1,6.32 ng L-! and
0.73 ng L1, respectively in the Lui, Gombak and Selangor rivers.
The Ministry of Health Malaysia (2014) reported that DEX is the
second most common administered anti-inflammatory drug for the
immune system in Malaysia. DEX concentrations in tropical surface
water, on this study, were considered to be higher when compared
to the concentrations in surface water at the temperatures typically
found in Spain and Hungary. The authors argue that it is crucial
to continuously monitor surface water bodies for pharmaceutical
products using an economic prioritization approach to assess the
risk for sensitive populations.

3.2.5. Antivirals (Remdesivir, Favipiravir, HIV Antivirals)

Antiviral drugs are a class of drugs used exclusively to treat
viral infections, inhibiting the development of the virus (De Clercq,
2004). Most of them are designed to deal with the herpes virus,
hepatitis B and C virus, influenza virus and the human immunodefi-
ciency virus (HIV) (He, 2013). For Sanderson et al. (2004) according
to modeling and toxicity data, antivirals occupy the eighth place
among the drugs with the greatest dangerous potential for aquatic
organisms, such as algae, Daphnias and fish. This fact further rein-
forces the need for studies on the toxic effects of these substances.

Remdesivir (RMD) known commercially as Veklury, GS-5734, is
a prodrug with a wide spectrum of antiviral properties and potent
in vitro activity against a diverse panel of RNA viruses, such as the
Ebola virus, MERS-CoV and SARS-CoV (Sheahan et al., 2017; Wang
et al., 2020). Favipiravir (FAV), T-705, commercially known as Avi-
gan, is also classified as a broad-spectrum antiviral drug against
RNA viruses (Hossen et al., 2020), and also has an effective in vitro
activity against a wide range of virus, including Influenza HIN1/A,
H1N1/pdm09, H5N1 and Avian Virus A (H7N9) (Furuta et al., 2013).

Both FAV and RMD are members of one of the oldest and most
important classes of antiviral drugs, known as nucleoside analogs,
which are incorporated into nascent viral RNA chains and inhibit
the viral RNA polymerase (Eastman et al., 2020; Eyer et al., 2018). In
the absence of any other effective treatment for SARS-CoV-2 infec-
tion (COVID-19), the drugs favipiravir and remdesivir have been
tested and approved for use in severe cases of COVID-19 (Agrawal
et al., 2020; Alvi et al., 2020; Grein et al., 2020; Singh et al., 2020).

Although there is still little published on the environmental risk
related to both drugs, regarding ecotoxicity and degradability, some
antivirals are highly bioactive and can negatively affect non-target
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organisms persisting in aquatic environments (Azuma et al., 2017).
In addition, they can react with organic and inorganic matter dur-
ing wastewater treatment and can be transformed into different
molecules with greater environmental persistence (Funke et al.,
2016; Jain et al., 2013).

The possible increase of human waste containing RMD and FAV
and consequently their subsequent presence in surface waters of
effluents from sewage treatment plants represents a worrying envi-
ronmental issue, as both are poorly soluble in water and because
there’s little data on the octanol/water partition coefficient (log
Kow) (Sheahan et al., 2017). According to the European Medicines
Agency (EMEA) guideline, this coefficient is a relevant factor for the
assessment of the environmental risk of the medicine for human
use, which makes experimental studies that aim at obtaining the
log Kow really important (EMEA, 2020).

Studies available in literature indicate that these drugs are only
partially transformed in the human body and can be eliminated
through urine and feces mostly unchanged. RMD has been reported
to remain unchanged at 74 % in the urine and 18 % in the feces, with
49 % of this dose recovered in the form of its active metabolite,
nucleoside triphosphate, GS-441,524 (Sheahan et al., 2017). Mean-
while AVF is eliminated predominantly through urine in the form
of metabolites (Madelain et al., 2016).

Thus, the antivirals remdesivir and faviparivir can be consid-
ered emerging contaminant candidates, considering a large part of
their active form still remains unchanged when disposed in aquatic
environments. Although information about their related environ-
mental risks is scarce, they continue to be widely released on water
environments due to their use in the pandemic (Jain et al., 2013).

Despite their alarming consumption rates, several antiviral
drugs have been detected, but not systematically monitored in the
aquatic environment (Aminot et al.,2017; Azumaetal., 2019, 2017;
Funke et al., 2016; Mosekiemang et al., 2019; Prasse et al., 2010).
However, data on the concentrations of RMD and FAV in the envi-
ronment are still very scarce. M. Kumar et al. (2020a, 2020b) made
a preliminary estimate of how much rivers and lakes receive from
the metabolite favipiravir hydroxide, GS-441,524, the active form
of RMD, which resulted in 430—2120 ng L-! and 54-270 ng L1,
respectively.

In Europe, combination therapy for HIV is responsible for 54 %
of all antivirals, and in South Africa, three million people use these
drugs, which would be approximately 12.7 % of the population
(Abafe et al.,, 2018; Nannou et al., 2020). The daily rate is esti-
mated at 991 mg/day, out of which 30 % is eliminated through urine
and it is estimated that 326 tons per year of HIV treatment drugs
reach treatment plants in South Africa (Abafe et al., 2018; Nannou
et al,, 2020). Some of the antivirals used to treat HIV are being
tested to treat or reduce the symptoms of COVID-19, including
Lopinavir, Darunavir, Atazanavir, Saquinavir, Emtricitabine, Azvu-
dina (Frediansyah et al., 2020; Liu et al., 2020; Liu and Wang, 2020).
Due to the widespread use of these antivirals in the treatment of
HIV, these chemicals have already been detected in environmental
matrices, fact which can be enhanced due to their current use for
the treatment of COVID-19.

Wood et al. (2015) reported on the presence of the drug
Lopinavir in surface water near a treatment plant in South Africa,
in 23 points. This was one of the most commonly found drugs,
with the highest value found being 305 ng L~1. Abafe et al.
(2018) documented the presence of antiretroviral drugs (ARVDs)
in water samples from two main WWTPs in Thekwini municipal-
ity, KwaZulu-Natal, South Africa, between 15th and 19th August
2016 using the LC-MS/MS method. Thirteen ARVDs used to treat
HIV were detected, from which Darunavir and Lopinavir had the
highest concentrations (69—43,000 ng L-1). The authors also deter-
mined the amount of ARVDs introduced into the WWTP and its
removal capacity before final discharge. The treatment techniques
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Table 2
Effects on environmental matrices for each drug.
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Drugs Therapeutic class

Effect on environmental matrices

Reference

Potential bioaccumulation

May compromise the growth, development and health of animals
Accumulation in non-target species (caddisfly larvae)

Azithromycin Macrolide antibiotic

Inhibition of p-glycoprotein

Contribution to the growing worldwide epidemic of antibiotic resistance
Significant inhibition of bacterial growth and chlorophyll content

Chloroquine
Antimicrobial
Hydroxychloroquine

Potentially persistent and bioaccumulative properties
Good solubility and low biodegradation

Toxic effects on non-target organisms

The use of ivermectin might pose a risk to local aquatic ecosystems

It was pointed out to be locally hazardous for soil and water organisms
Toxic ivermectin concentrations persisted for an extended period

It caused a great reduction in abundance of nematodes of Mediterranean Sea
Inhibition of population growth in organisms in the freshwater chain

Reduced fertility, spawning frequency and morphological abnormalities in fish

Grabicova et al. (2015)
da Luz et al. (2021)
Vermillion Maier and
Tjeerdema (2018)
Asakura et al. (2004)
Verlicchi et al. (2012)
Gonzalez-Pleiter et al.
(2021)

Howard and Muir (2011)

Gosu et al. (2016)

Ramesh et al. (2018)

Garric et al. (2007)

Van Wezel and Jager (2002)
Schweitzer et al. (2010)
Essid et al. (2020)
DellaGreca et al. (2004)

De Vrieze et al. (2014)
Lalone et al. (2012)

Developmental deficiencies in molluscs and reduced fertility and growth in cladocerans Sitre et al. (2009)

Ivermectin Antiparasitic
L. Osteoporosis in vertebrates
Dexamethasone Glucocorticoid
Remdesivir
Favipiravir
Antivirals Show low sorption trend
HIV Antivirals

Evidence of absorption in plants, which may induce hormonal and toxic effects

Persistence in the environment due to stability to photodegradation

Toxic effects on bacteria, algae, water fleas, fish, planktonic crustaceans

Dunge et al. (2004);
Russo et al. (2018)
Azuma et al. (2017)

M. Kumar et al. (2021a,
2021b)

Akenga et al. (2021)

applied in the three WWTPs proved to be effective for the removal
of Darunavir and Saquinavir, however Atazanavir and Lopinavir
were persistent in the effluents of all WWTPs.

Mhuka et al. (2020) collected water samples on different days
from December 2016 to March 2018 at the Daspoort Wastewa-
ter Treatment Plant in Pretoria, South Africa. Affluent and effluent
samples were collected, as well as at sampling points located along
of the Apies River, both upstream and downstream of the Treat-
ment Station. The evaluation was done by liquid chromatography
coupled to high resolution mass spectrometry. Atazanavir was
detected in some effluent samples in the order of 75.12 ng L1,
however it was not detected in the affluents. This suggests a pos-
sible accumulation of this chemical in some compartments during
the effluent treatment process.

Ferrando-Climent et al. (2016) conducted a study at the WWTPs
in Oslo, one named VEAS and another in Bekkelaget, located
in Oslofjord, which receive city wastewater from the main city
and several neighboring ones. VEAS receives sewage from several
sources, including the largest hospital in the region, where most
chemotherapy treatments take place. Factory and domestic sewage
are also processed at VEAS in the western part of the city. 24 sam-
ples of the affluent effluent from both WWTPs were collected and by
means of chromatography, Atazanavir was detected at the amount
of510.1 ng L1,

Ibafiez et al. (2017) performed analyzes of wastewater sam-
ples treated at the WWTP in Athens, Greece in October 2014 for
seven consecutive days and detected the chemical Atazanavir in
six of the samples analyzed. The authors Gago-Ferrero et al. (2020)
conducted their studies at the same WWTP in Athens, were able
to quantify Atazanavir (0.02 wg L~1), Darunavir (0.15 pg L-1) and
Emtricitabine (0.33 g L-1) at intake water.

It is of great importance to continue the monitoring of rivers and
seas around the world, as some antivirals are highly bioactive and
in recent years their continued release and persistence in aquatic
systems have been reported by several authors (Jain et al., 2013).

3.3. Effects on environmental matrices and treatment
technologies

To better understand the problem in question, a table was
elaborated containing the effects of the drugs studied, in the envi-
ronmental matrices, based on information reported in literature.
Table 2 shows the resulting effects from the presence of these
drugs in environmental matrices, according to their pharmaco-
logical group. The studies in question evaluated aspects such as
the persistence of drugs in the environment and/or toxic effects
on life. According to the studies, the drugs in question showed
persistence in the environment and, as an aggravating factor,
the drugs azithromycin, chloroquine and hydroxychloroquine also
showed potential for bioaccumulation, which raises greater con-
cern. Regarding possible effects on human beings, the literature
is still scarce and more studies need to be carried out to assess
this aspect, as the greatest concern is the long term exposure to
these drugs from two main sources: drinking water and food made
of organisms which have accumulated such drug residues (Wang
et al, 2021).

Facing the risk of permanence of the drugs in question in aquatic
matrices and the difficulty of conventional treatments in removing
these compounds, studies have been carried out in order to propose
processes that can effectively remove these pollutants. For this, it
is ideal that the process should be efficient, with relatively low cost
and environmentally friendly. Table 3 shows the studies available
in literature, which evaluated the application of some processes to
remove the drugs tested in the treatment of COVID-19, together
with the operational parameters that were used and the resulting
achieved efficiency of each. However, most of the reported stud-
ies were carried out in a laboratory setting and the incorporation
of these processes in effluent treatment plants would require first
an evaluation on a pilot scale, as well as an economic feasibility
study.
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Table 3
Treatment technologies for each drug.
Drugs Treatment technologies Operational conditions Efficiency of Reference
removal*
30 mg of Ag@BisOs1,/SPION/Calg A. Kumar et al. (2021a,
Xe lamp 300W 98.4% 2021b)
90 min of reaction
5 mg og ZrO, /Ag@TiO;
Photocatalytic Xe lamp 250W 90% Naraginti et al. (2019)
degradation 8 hours of reaction
1000 mg of GO@Fe3;04/Zn0/Sn0,
;J;/(;Crr:lar:np 6w 90.06% Sayadi et al. (2019)
Pilot plant (anaerobic MBR, 100 PE)
Membrane bioreactor hydraulic retention time 13 hours 25% Gobel et al. (2007)
. . solid retention time 16 + 2 d, 33 +3 d or 60 -
Azithromycin 30d
Saponin-modified nano diatomite
1gL?'; pH9; 25 °C; agitation 450 rpm 99.8% Davoodi et al. (2019)
. 60 min
Adsorption FAU-type zeolites
10 mg L'! of adsorbent; pH 6,5 79% de Sousa et al. (2018)
30 min
Composite polyamide membrane
Nanofiltration pH 5; 25 °C; 8 bar 99% Li et al. (2020)
120 min
Municipal sewage treatment plant
5 13
Retention time 27 min
Photocatalysis- 400 mg of PDINH/MIL-88A(Fe) composite
activated irradiation of 300 + 50 mW LED visible light 95.7% Yi et al. (2021)
degradation 30 min
Boron doped diamond (BDD) anodes
Ele.ctrt?chemical w l'am!:) mercury 15.W . 100% Bensalah et al. (2020)
oxidation Sonication (sono-assisted electrochemical)
300 min
Chloroquine Simulated solar radiation (Xe lamp)
Hydroxychloroquine Photodegradation Solutions of HCQ in spring, river and sea water - Dabic¢ et al. (2019)
50 hours
Membrane with melanized E. coli
Membrane bioreactor Permeate flow 0.02 L min! 98.2% Lindroos et al. (2019)
20 hours
Boron-doped diamond (BDD) anode
Electron-Fenton H,0, = 60 mA cm-2: O, = 80 mL min-!: pH = 3 100% Midassi et al. (2020)
oxidation 300 min
Kaolinite biochar composite .
100 mg of adsorbent; 30 °C 83.5% ((;lg;(]);volabl etal.
Adsorption 180 min . -
Graphene oxide-polyaniline (GO/PANI)
pH = 7; 700 rpm; salt addition of 2.0 M - Rezazadeh et al. (2018)
Ivermectin 45 min
Photocatalytic 2gL7 TiO, . .
. UV Camag lamp; pH =5 92.1% Havlikova et al. (2016)
degradation
5 hours
3 mg L of Fe in Jar test
Ferrate (VI) treatment sample pH at 6 25% Patibandla et al. (2018)
fast mixing 2 min + slow mixing 20 min
Aluminum electrodes; NaCl as electrolyte
Electrocoagulation Sampling of hospital wastewater 38% Arsand et al. (2013)
45 min
0.75-2.5 g L-! Ag/TiO; and 10-20 mg L' H,0,
Photocatalysis UV and visible-light irradiation 82.3% Pazoki et al. (2016)
DXM (5-30 mg L~'); pH (3-11); 30-80 °C
Dexamethasone 240 min
0.1 - 0.5 g/50 ml Clinoptilolite (CP) modified
zeolite 78% Mohseni et al. (2016)
. pH 4-7-9; 25 °C
Adsorption 120 min
Multi-wall carbon nanotube and activated
carbon - Vadi et al. (2013)
0.005 g of adsorbent; 25 £ 2 °C
10 min
. 1 - 10 mg of TiO,
Photocatf\lytlc Mercury vapor lamp (Hg-UV) - Woche et al. (2016)
degradation .
L. 140 min
Remdesivir
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Table 3 (Continued)
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Drugs Treatment technologies

Operational conditions

Efficiency of Reference

removal”

1.5 g L' of Titanium-doped mesoporous

Catalytic ozonation v-Al, 03 (y-Ti-Al,03)

- Bing et al. (2017)

30 mg L of gaseous O3 (ozone); 20 °C

60 min
Pilot scale ozonation
0.87 £0.29g 03

Ozonation followed by
activated carbon and
biological filters

Favipiravir

Ozonation 1:2,1:5,1:10)

- Knopp et al. (2016)

Hydraulic retention time 17 & 3 min
Analyte-ozone-rations (1:0, 10:1, 5:1, 2:1, 1:1,

Funke et al. (2021)

Effluent from conventional WWTP was used
with the addition of 5 mg L' of antiviral

Electrochemical
degradation

Ti/SnO,-Sb anode

HIV Antivirals 10 min

97% Zhou et al. (2019)

10-30 g L' non-modified expanded perlite

(E-perlite)
pH3-11;25°C

Adsorption 250 min

58.5% Babas et al. (2021)

5 mg L' Carbon nanotubes (CNTs)

pH2-12;25°C
48 hours

90% Wang et al. (2015)

" Some data of efficiency removal was not provided specifically by the authors.

4. Conclusions

From the review of articles on the detection of the main drugs
tested in the treatment of COVID-19, it was possible to collect data
that demonstrate that these drugs are already present in environ-
mental matrices, especially aquatic ones, and a potential increase
in their environmental concentrations may occur, given the exam-
ple of a similar problem related to the large-scale use of Tamiflu
during the HIN1 outbreak along with the inefficiency of current
wastewater treatments in eliminating these compounds. In per-
spective, it is necessary and extremely urgent to carry out studies
to monitor the presence of the drugs mentioned in the environmen-
tal matrices, as well as to carry out studies that evaluate the use of
efficient and economically viable processes for the removal of these
compounds with the potential to be incorporated in already exist-
ing wastewater treatment plants. It is also necessary to evaluate
the short- and long-term toxic effects of these drugs’ exposure in
humans. Starting with the performance of new detection studies of
these drugs in environmental matrices after the pandemic, it will
be very useful to carry out the compilation of new data and thus
determine a quantitative and qualitative comparison. These com-
pounds must be included in water quality priority lists around the
world to prepare for future challenges.
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