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Malgorzata Mlynska-Szultka 1,3 , Nerijus Dzingelevičius 1 , Saulius Raugelė 4, Artūras Razbadauskas 4 ,
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Abstract: Pharmaceuticals, microplastics, and oil spills are the most hazardous contaminants in
aquatic environments. The COVID-19 pandemic enhanced pharmaceutical and microplastic con-
tamination in aquatic environments. The present study aimed to investigate the prevalence of
pharmaceutical and microplastic pollution on a global scale. This study assessed the results of
pharmaceutical contamination in 25 countries and microplastic pollution in 13 countries. The findings
show that pharmaceutical residues were detected in surface water, groundwater, and wastewater
influents and effluents. In total, 43 types of pharmaceutical products were detected in 25 countries.
Caffeine, acetaminophen, ibuprofen, sulfamethoxazole, and carbamazepine were the most abundant.
In total, 32 types of polymers were detected in 13 countries. In the case of microplastics, polypropy-
lene, polyethylene, polystyrene, and polyethylene terephthalate were the more abundant polymers.
Particles with a size of 1–2.5 mm and 2.5–5 mm accounted for half of the microplastics present in
13 countries. This study provides new evidence of the importance of emerging pollutants in aquatic
environments before and during the COVID-19 pandemic.

Keywords: pharmaceuticals; microplastics; COVID-19; water contamination; emerging pollutants

1. Introduction

The preservation of marine ecosystems has become a prominent environmental con-
cern in the last 50 years [1], but particularly during the COVID-19 pandemic. The causes of
water contamination can be classified as either natural or anthropogenic [2]; however, the
effects of anthropogenic contamination on aquatic ecosystems are much more severe than
those of natural contamination. Nevertheless, the impact of emerging pollutants resulting
from the COVID-19 pandemic on the ecosystem is poorly understood [3,4]. Regarding the
impact of lockdowns on river pollution, we must take into account the consumption of
certain pharmaceuticals (PhACs) and personal care items for managing and preventing
COVID-19 which spiked during the pandemic [5]. Additionally, the use of single-use
plastics generated large volumes of waste, including hospital waste, post-used PPEs, con-
firmatory COVID-19 tests, and vaccination residues, as well as packaging in general [6].
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PhACs and microplastics (MPs) are emerging pollutants that pose serious environmental
risks [7–9]; thus, there is a challenge for scientists to identify approaches that will decrease
the presence of pharmaceutical (PhAC) residues and microplastic (MP) particles in aquatic
environments [10] given their hazardous impacts on aquatic ecosystems. However, their
global release into aquatic ecosystems is far from understood. One of the primary reasons
for this is that the MP and PhAC sources have been largely undocumented. Furthermore,
it is difficult to determine the form of MP and PhAC in water. For example, MPs can be
surface water pollutants, which are of concern, or they can be suspended in the water and
be of less concern. However, the amount of MPs and PhACs in the water can be estimated
using the volume of water that is polluted.

PhACs have been found in low concentrations in a variety of environmental samples,
including sewage treatment plant effluents, surface water, seawater, and groundwater, in
a number of countries [11,12]. Non-steroidal anti-inflammatory drugs, antibiotics, beta-
blockers (-blockers), antiepileptic drugs, blood lipid-lowering agents, antidepressants,
hormones, antihistamines, and X-ray contrast media are among the PhACs that are environ-
mentally hazardous [13,14]. The consumption of PhACs increased during the COVID-19
pandemic, and a high volume of PhAC residues were released into the wastewater as well
as to the sea and rivers because of hospital discharges and PhAC factories. It has been
reported that the concentration of most of the PhACs used in the treatment of COVID-
19 increased during the pandemic in water bodies [15]. Additionally, the PhACs from
households, such as pills, capsules, and tablets, are released into wastewater. Through the
wastewater, PhACs are released into natural ecosystems, such as rivers, lakes, and oceans.
The PhACs from wastewater reach the environment after several transformations, from
wastewater through hydrological pathways.

Plastic materials have many superior features compared to traditional materials due
to their durability, malleability, low cost, versatility, and impermeability; nonetheless,
their persistence in the environment has led to environmental concerns [16,17]. Plastic
particles are categorized into three distinct size categories: (1) mesoplastics (500 µm–5 mm),
(2) microplastics (MPs; 50–500 µm), and (3) nanoplastics (<50 µm) [10,18]. MPs are plastics
with a primary diameter of less than 0.5 mm [19,20] that can be primary particulates or
secondary fragments formed by weathering or degradation of primary plastics [20] and
MP contamination is widespread due to the widespread use of plastics in society and
industry, as well as the persistence and easy transport of sub-mm-sized primary and
secondary particles [21–23]. The largest accumulation of plastic occurs in the ocean, which
is estimated to have more than 500 million tons of plastic generally sourced from land-based
emissions. These plastics have been accumulating in the ocean for decades, but the scale
of plastic pollution in the ocean has only been realized in the last decade with the advent
of oceanographic techniques to detect plastic, such as net tows and trawls. An estimated
80% of the world’s population lives within 100 km of the ocean, making the ocean an
important source of plastic pollution for humans, wildlife, and ecosystems. For this reason,
the majority of the international scientific community’s focus has thus far been on the
research of plastic pollution in oceans [10]; however, the lack of information on the effects
of plastic pollution on inland ecosystems is a major cause for concern [24].

This study’s aim is to fill the knowledge gap about PhAC and MP pollution before
and during COVID-19 in surface water, wastewater, and groundwater, as well as show the
distribution of PhACs and MPs in aquatic environments, especially during the COVID-
19 pandemic around the world. Moreover, the rate of PhAC residues before and after
water treatment to provide a reference for the development of wastewater treatment plants
(WWTPs). Based on the measured concentrations, the ecological risk of PhAC and MP
pollution before and during COVID-19 in surface water, wastewater, and groundwater was
assessed. The results of this work can be generalized to a large number of datasets, and the
method can be applied to the classification of any dataset.
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2. Distribution of Pharmaceutical Contamination in the Aquatic Environments

In recent years, PhACs and MPs have been identified in many aquatic habitats.
Several types of PhACs have been detected in aquatic environments [25–57]. The most
common PhACs were antibiotics (included penicillin, aminoglycoside, tetracycline, and
erythromycin), cardiovascular drugs (including calcium channel blockers, angiotensin-
converting enzyme inhibitors, and beta blockers), and psychiatric drugs (including antipsy-
chotics, antidepressants, anxiolytics, and hypnotics). Consumption of antibiotics increased
during the COVID-19 pandemic, and this has been a significant influence on the release of
PhACs from wastewater of hospitals to aquatic environments over the last two years.

In aquatic environments, pH, temperature, time, enzymes, ionic strength, and water
depth all play crucial roles in the adsorption, degradation, and transport of PhACs [10]. For
instance, ionic strength and pH can influence the adsorption and transport of two antibiotics,
sulfamethoxazole and ciprofloxacin [10,58]. Water content, pH, and temperature also have
an effect on the decomposition of PhACs such as aspirin [10,59]. Degradation of PhACs in
the summer is higher than in winter, which has an effect on the increasing spread of PhACs
in aquatic environments [10]; this is because most of the PhACs transfer to surface water,
and some of them go to deeper layers of water.

This study demonstrates fluctuations in PhAC and MP contamination in surface water,
wastewater, and groundwater before and during the COVID-19 pandemic. In addition,
the concentration of PhAC and MP contamination before and after water treatment was
examined. Furthermore, this study provided information regarding PhAC and MP contam-
ination in surface water, wastewater, and groundwater over the past 14 years. In all cases,
PhACs were found, and 43 types of PhACs were detected in 25 countries. The highest
concentration of PhACs from 25 countries was reported in Nigeria, with 129,000 ng/L
of sulfamethoxazole and 111,000 ng/L of paracetamol in surface water, followed by
155,600 ng/L of caffeine in influent in Jordan, 140,000 ng/L of caffeine in the effluent
in Iran, and 129,000 ng/L of sulfamethoxazole in surface water in Nigeria (Table S1). By
contrast, the lowest concentration of PhACs across 25 countries was reported in Malaysia
(4.4 ng/L of amoxicillin, 4.49 ng/L of diclofenac, and 5.01 ng/L of triclosan) in surface
water, followed by effluent in Australia (5.04 ng/L of triclosan). As the results show, high
concentrations of PhACs are widespread in Africa and Asia. This is due to the fact that the
PhACs are widely used in these regions and that these regions have the highest popula-
tion in the world. Hence, it is not surprising that the highest concentration of PhACs is
located in these regions. The lowest concentration of PhACs is located in parts of Asia and
Oceania. This is due to the fact that the use of the PhACs is limited in Oceania. The key
sources of PhACs and their metabolites in the environment are the following: (1) the PhACs
manufacturing sector, which includes industrial wastewater discharge and solid wastes
containing PhACs, as well as stormwater runoff transporting powdered drugs [10,60];
(2) consumers/households, including PhACs excretion and inappropriate discharge to
wastewater systems [10]; (3) hospitals, including the discharge of wastewater and solid
wastes; and (4) agriculture and aquaculture including the using of hormones and other
PhACs for poultry, livestock, shrimp, and fish [10] (Figure 1). Indeed, about half of the
PhACs are excreted by humans and animals are released into the environment. One or
more of these sources can be relevant to each case in our research. For instance, in India, the
high density of the population corresponds with the high rate of consumption of PhACs.
In Nigeria, high concentrations of PhACs were related to high consumption and the old
technology used in WWTPs. Moreover, the COVID-19 pandemic has been the main reason
for the increased global consumption of PhACs.
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Figure 1. Sources of PhAC and MP pollution in aquatic environments.

2.1. Surface Water

The concentrations of PhAC residues in surface waters were generally low [61] but
data shows that the concentration of PhAC residues in surface waters has increased in the
past decade. For instance, [62] investigated the presence and distribution of 18 antibiotics in
the surface water of Chaohu Lake in China. Based on the search topic of compound name
and surface water, the data (Table S1) demonstrated that more than 25 of the compounds
had already been extensively reported and reviewed in surface water. The concentration of
PhACs in surface water and wastewater were found to be higher than that in groundwa-
ter. The highest range of PhACs was reported in surface water and wastewater. In total,
129,000 ng/L of sulfamethoxazole and 111,000 ng/L of paracetamol were detected in sur-
face water in Nigeria (Table S1). It can be said that fifty percent of the PhACs contamination
in this research was related to surface water. It was estimated that surface water pollution
was largely caused by discharge from hospitals. The main issue is the lack of awareness
of hospitals on the pollution of surface water. Comparing the concentration of PhACs
before and during the COVID-19 pandemic in some statistics, showed that concentrations
could either increase or decrease. For instance, the concentration of diclofenac in the sur-
face waters of Ghana in 2019 was 30 ng/L, but it increased to 100.91 ng/L in 2021 [52,63]
(Figure 2). Additionally, in surface water in China the concentration of venlafaxine in 2017
was 22.9 ng/L, while the concentration of venlafaxine in 2020 was 54.2 ng/L [64,65]. Con-
versely, the concentration of chloramphenicol in Ghana was lower in 2021 (41.36 ng/L) than
in 2019 (180 ng/L) [52,63]. In Italy, high surface water concentrations of ketoprofen in 2015
(90 ng/L) were found to decrease to 5.84 ng/L in 2020 [66]. In addition, other research about
China’s surface water also shows reductions in PhAC concentrations. The concentration
of tetracycline, sulfamerazine, doxycycline, ciprofloxacin, ofloxacin, and azithromycin in
surface water in China in 2019 were 5.27 ng/L, 0.79 ng/L, 9.44 ng/L, 14.07 ng/L, 2.12 ng/L,
and 0, respectively. The corresponding values in 2020 were 1.52 ng/L, 0.06 ng/L, 0, 0, 0,
and 0.16 ng/L, respectively [67]. Except for azithromycin, the concentration of the other
five PhACs in the surface water in China in 2020 were lower than the concentration in 2019.
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Figure 2. Concentrations of PhAC contamination in pre-COVID-19 period and during COVID-19
period in surface water.

2.2. Wastewater Influent and Effluent

Anthropogenic activities, as well as irrational use of PhACs and antibiotics and their
continual discharge from their manufacturing industries, have resulted in persistent and
rising quantities in various wastewaters and aquatic environments [68]. Different types of
pollution, especially PhAC contamination occur in influents (wastewater before treatment)
and effluents (wastewater after treatment). The highest concentrations of PhACs in influents
were reported in Jordan, France, and South Africa from three different continents. A total of
155,600 ng/L of caffeine, 96,700 ng/L of acetaminophen, and 62,820 ng/L of ibuprofen were
detected in the surface water of Jordan, France, and South Africa, respectively (Table S2).
Such surface water concentrations of some types of PhACs in wastewater were higher
during the COVID-19 pandemic than before the pandemic. For instance, in China, the
wastewater concentration of fluoxetine in influent and effluent before the pandemic was
2.6 ng/L and 1.4 ng/L, while during the pandemic, it was 4.25 ng/L and 1.05 ng/L,
respectively [27,65].

PhAC residues were found in the effluent of these three countries, namely 86 ng/L of
caffeine, 172 ng/L of acetaminophen, and 58,710 ng/L of ibuprofen which demonstrates
that membrane filtration, active carbon filtration, ultraviolet radiation, and chlorination are
not suitable for removing PhACs from WWTPs because even after wastewater treatment,
PhACs can still be found in the effluent. In India 14,000,000 ng/L of ciprofloxacin and
2,100,000 ng/L of cetirizine were reported in effluents demonstrating that filtration was
not effective at reducing the concentration of the PhACs. This illustrates that current
technologies used in WWTPs are not suitable for the removal of PhACs. Particularly, in the
case of South Africa, the concentration of ibuprofen after water treatment was very high
(62,820 ng/L in the influent and 58,710 ng/L in the effluent) (Table S2). The common point
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is that PhACs were detected in surface water and wastewater on all continents. It shows
that PhACs are ubiquitous in aquatic environments.

The concentrations of PhACs in the effluent of WWTPs are presented in Figure 3.
It demonstrates that ozonation is a promising method for removing contaminants from
wastewater [69], as well as using biosilica for water treatment [70]. However, the efficiency
of ozonation and biosilica depends on the physicochemical properties of the pollutant.
However, in some cases, a filtration system could decrease the concentration of PhACs, as
shown in Figure 3. For instance, the concentration of caffeine, cotinine, ketoprofen, and
paraxanthine decreased significantly after water treatment.

Figure 3. Concentrations of PhAC contamination in pre-COVID-19 period and during COVID-19
period in influent and effluent.

2.3. Groundwater

Groundwater is a critical global water resource that is being contaminated as a result of
human activities [71]. The data highlight that the concentration of PhACs in groundwater
was also high. Detecting PhACs in water in different types of water sources shows that
PhACs are one of the biggest threats to human and marine organisms. It is a particu-
larly significant that high concentrations of acetaminophen were found in the USA and
Cameroon because it shows that PhACs can exist in advanced countries and developing
countries. In fact, pollution is emerging everywhere in the world. The most crucial point is
that the concentration of acetaminophen in the USA was much higher than in Cameroon
in groundwater (1890 ng/L and 111 ng/L, respectively) [25,44] (Table S3). Conversely, in
groundwater in Cameroon, the sulfamethoxazole concentration was seven times higher
than in the USA. In general, groundwater has importance because it is the main supply
for agriculture, and if groundwater has PhAC contamination, it can be transferred to the
human food chain. The main source of PhAC contamination in groundwater is derived
from wastewater from municipal and industrial WWTPs [72].
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In groundwater, such as surface water and wastewater, concentrations of PhACs before
and during the COVID-19 pandemic were analyzed, but the lack of data limits our under-
standing of changes that may have occurred. However, the concentration of tetracycline,
sulfamerazine, doxycycline, ciprofloxacin, ofloxacin, and azithromycin in groundwater of
China during the pandemic were 2.11 ng/L, 0.02 ng/L, 4.35 ng/L, 1.84 ng/L, 3.06 ng/L,
and 0.10 ng/L, respectively and the corresponding concentrations before the pandemic
were 2.63 ng/L, 0, 5.73 ng/L, 14.83 ng/L, 7.56 ng/L, and 0, respectively [66]. In most cases,
there was a reduction in 2020 in comparison with 2019 concentrations (Figure 4). However,
more research needs to be done in order to determine the concentrations of PhACs in
groundwater before and during the COVID-19 pandemic.

Figure 4. Concentrations of PhAC contamination in pre-COVID-19 period and during COVID-19
period in groundwater.

3. Distribution of Microplastic Pollution in the Aquatic Environments

Polyethylene, polypropylene, polyethylene terephthalate, polyvinylchloride, polyester,
and polystyrene are all common polymers found in aquatic environments [73–90] (Table S4).
These materials are primarily used for packaging, plastic bottles, and other products.
They are also used for food packaging and containers. The primary concern with these
materials is their impact on the aquatic environments. They are non-biodegradable, so they
accumulate in the environment and have the potential to harm aquatic organisms.

The effects of MPs on the environment are mainly related to their size, shape, charge,
surface coating, agglomeration rate, density, and other properties [10,91]. The results
focused on the most important factors of MPs in aquatic environments, namely size,
shape, color, concentration, and kind of polymer. To compare the impact of MPs in
surface water before and after the COVID-19 pandemic, it is useful to look at data from
Turkey (Figure 5). Here, it was found that the concentration of MPs from 2009 to 2020
increased by more than threefold in the waters of the Black Sea [84]. Indeed, in 2009 the
concentration of MPs was at its lowest level (0.331 Particles/m3). Meanwhile, in the Black
Sea from 2010 to 2020 the concentration of MPs increased. The highest concentration of
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particles (0.944 Particles/m3) was observed in 2020 [84]. In the surface water of Iran, the
concentration of MPs increased during the COVID-19 pandemic (43 Particles/m3 in 2021)
by comparison with that before the pandemic (0.000061 Particles/m3 in 2019) [79,92]. This
was due to the fact that the COVID-19 pandemic led to an increase in the use of masks,
gloves, and other disposable plastic.

Figure 5. Concentrations of MP pollution in pre-COVID-19 period and during COVID-19 period in
surface water.

In all the cases, MPs were found, and 32 types of polymers were found in 13 coun-
tries. The highest concentration of MPs across 13 countries was reported in South Korea
(5242 Particles/m3). The next highest concentration was in Portugal (1265 Particles/m3), fol-
lowed by China (967 Particles/m3) and Tunisia (453 Particles/m3) (Table S2). In contrast, the
lowest concentration of MPs across 12 countries was reported in India (0.000004 Particles/m3),
followed by Iran (0.000061 Particles/m3) and Norway (0.00084 Particles/m3). PP, PE, PS, and
PETE were the main polymers were found in 13 countries in surface waters. The results show
high concentrations of MPs in locations in Asia, Europe, and Africa. These could be caused
by many factors. For example, the high concentration of MPs in Asia and Africa could be
caused by population density. The high concentration of MPs in Europe could be caused by
high levels of industrialization and plastic use. The primary contributors to MP particles in
aquatic ecosystems include the following: (1) direct disposal, intentional or unintentional (e.g.,
fishing gears, cargo ships, granules used for the production of larger products); (2) mechanical
fragmentation of larger plastic debris already present in the environment [18]; (3) sewage
and water treatments plants [93]; and (4) inefficient urban waste separation and disposal [10]
(Figure 1). In the case of MPs, sources have a greater variety than PhACs because, nowadays,
plastic is used everywhere, but the COVID-19 pandemic also had an impact on the increasing
rate of plastic waste generation due to its use in everyday life. As a result of the COVID-19
pandemic, the use of personal protective equipment has shifted from specific use in confined
settings (e.g., hospitals) to general use within the population, which contributes to increased
MP consumption [94].

The data in Tables S1 and S4 indicate that surface waters are becoming increasingly
polluted and that sea currents, waves, and major wind patterns are regarded as the main
factors influencing the spread of MP particles in marine environments [88,95,96]. Addi-
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tionally, ultraviolet radiation plays an important role in the degradation and spread of
MP particles. However, the degradation and spread of MP particles are highly dependent
on location and environmental conditions [10]. Indeed, the most important MP degrada-
tion pathways and transport processes are (1) physical degradation, (2) photodegradation,
(3) chemical degradation, (4) biodegradation by organisms [97], and (5) wind and waves.

It is also important to consider the source of particles. The different colors, shapes,
and sizes of MP particles are shown in Table S2, and demonstrate a variety of sources of
MP particles. For example, the main source of MP particles in Urmia Lake in Northwest
Iran is related to ship repair factories because most of the polymers are derived from ship
bodies [79]. For example, blue and transparent MP particles are related to ferries that are
used for transporting vehicles and people across Urmia Lake.

Between 700–1000 PhACs for treating COVID-19 were listed in the Drug Bank as of
October 2021 [98], which is a very significant number. This amount of PhACs shows that
there is a high potential for toxicity in aquatic systems because PhACs compounds remain
biologically active in aquatic systems [10]. In particular the rate of consumption of PhACs
in countries that lack access to vaccines, such as in developing countries, has increased.
These circumstances indicate that the environmental risk of PhACs is increasingly threating
water resources. The results of the analysis of the data from the monitoring of the water
in the pre-pandemic and during pandemic showed that the concentration of MPs in the
surface water increased in the same way as PhACs. However, in general, the quantity MPs
represents a bigger threat to water quality. A key point here is that when PhAC residues are
adsorbed by MP particles, they can exhibit increased toxicity within the water body [10].

4. Pharmaceutical and Microplastic Pollution before and during the
COVID-19 Pandemic
4.1. Concentrations of Pharmaceutical Contamination before and during the COVID-19 Pandemic

Concentrations of PhAC contamination during the COVID-19 pandemic have in-
creased in comparison with before the pandemic in aquatic environments (Figure 6). For
instance, the concentration of diclofenac in Ghana’s surface water in 2019 was 30 ng/L, but
in 2021 during the COVID-19 pandemic, the concentration increased to 100.91 ng/L [52,55].
On the other hand, 90 ng/L of ketoprofen were found in the influent of water in Italy
in 2013; however, the ketoprofen rate in 2020 was 5.84 ng/L which shows a remarkable
decrease [43,66]. In China surface water data before and during the pandemic showed
differences. Indeed, the number of PhACs before the pandemic was higher than that during
the pandemic, but the PhACs concentrations before the pandemic were lower than during
the pandemic. The concentrations of tetracycline (5.27 ng/L in 2019 and 1.52 ng/L in 2020),
sulfamerazine (0.79 ng/L in 2019 and 0.06 ng/L in 2020), doxycycline (9.44 ng/L in 2019
and 0 in 2020), ciprofloxacin (14.0 ng/L in 2019 and 0 in 2020), and ofloxacin (2.12 ng/L
in 2019 and 0 in 2020) before the pandemic were higher than during the pandemic. Con-
versely, the concentration of azithromycin in 2020 was 0.16, which was higher than 0 in
2019 [67]. Meanwhile, the concentrations of fluoxetine in influent and effluent before the
pandemic were 2.6 ng/L and 1.4 ng/L, and during the pandemic, they were 4.25 ng/L and
1.05 ng/L, respectively [65,99]. Additionally, in groundwater in China, results in 2019 and
2020 showed differences before and during the pandemic. The concentration of tetracycline
(2.63 ng/L in 2019 and 2.11 ng/L in 2020), doxycycline (5.73 ng/L in 2019 and 4.35 ng/L in
2020), ciprofloxacin (14.83 ng/L in 2019 and 1.84 ng/L in 2020), and ofloxacin (7.56 ng/L in
2019 and 3.06 ng/L in 2020) before the pandemic were higher than during the pandemic.
Conversely, the concentration of sulfamethazine and azithromycin in 2020 were 0.02 ng/L
and 0.10 ng/L, which shows a gain in comparison with 2019 [67].
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Figure 6. Concentrations of PhAC contamination in pre-COVID-19 period and during
COVID-19 period.

4.2. Concentrations of MP Pollution before and during the COVID-19 Pandemic

Concentrations of MP pollution before and during the COVID-19 pandemic show that
the quantity of MPs increased during the pandemic compared with the pre-COVID-19 pe-
riod in surface water (Figure 5). For example, the concentration of MPs in the surface water
in Turkey and Iran during the COVID-19 pandemic was higher than that pre-COVID-19
period. The concentration of MPs in Iran’s surface water in 2016 was 0.000042 Particles/m3,
in 2019, 0.000061 Particles/m3, but in 2021, during the COVID-19 pandemic, this rate
increased to 0.246 Particles/m3 [79,100]. Moreover, [92] detected 43 Particles/m3 of MPs
in Iran’s surface water. In fact, the concentration of MPs in the surface water of Iran is
increasing due to the presence of different types of plastics. Additionally, 0.750 Particles/m3

of MPs were found in the surface water of Turkey in 2019; however, the MPs concentration
in 2020 was 0.944 Particles/m3 which shows an increase [84] (Figure 5).

5. Water Treatment Systems

For the removal of emerging contaminants from wastewater, natural water, and
drinking water, several biological (for example, activated sludge, microalgae, membrane
bioreactors) and chemical (for instance, chlorination, Fenton process, ozonation, photoly-
sis [101,102], membrane filtration, active carbon filtration, advanced oxidation processes)
procedures are being studied, but ozonation can enable the removal of a wide range of
contaminants as well as water disinfection [102,103]. Ozonation can also decrease the
concentration of PhAC residues in effluents [104]. Biosilica is also used for water treat-
ment [70,105], but there is a lack of research on decreasing the concentration of PhAC
residues in effluent by biosilica. Another system for PhAC residue removal in water is the
combination of membrane filtration and advanced oxidation processes. There are several
studies that have used membrane filtration for PhAC residue removal, and the efficacy
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of advanced oxidation processes for this purpose has been demonstrated; however, the
combination of these two technologies can complete the removal of PhAC residues from
water in a more efficient way [106]. Overall, (1) ozonation and (2) the combination of
membrane filtration with advanced oxidation processes are the most efficient and effective
ways to remove heavy PhAC residues from water.

Filtration MPs by membrane filtration, active carbon filtration, ultraviolet radiation,
chlorination, ozonation, and advanced oxidation processes alone is not suitable because
they are not able to remove all of the MP residues from the water. For instance, ozona-
tion changes the structures of polymers [107]. However, there is no improvement in
microparticle removal due to ozonation [107]. In addition, studies based on membrane
aging mechanisms and material attributes have demonstrated that membrane filtering
systems could release MPs into drinking water distribution networks [108]. One technique
that is very effective in MP removal is magnetic polyoxometalate-supported ionic liquid
phases. Using magnetic polyoxometalate-supported ionic liquid phases, we can achieve
remarkable removal efficiencies, and initial insights into a new technique of MPs removal
via surface-binding of magnetic particles have been reported [109–111].

6. Discussion

This study has investigated the potential environmental risks of PhACs and MPs in pre-
COVID-19 and during the COVID-19 pandemic in aquatic environments. Types of COVID-
19 PhACs which are commonly used, belong to a wide range of categories, including
(1) antibiotics, (2) analgesics, (3) nonsteroidal anti-inflammatory drugs, and (4) antiretrovi-
rals. Commonly used PhACs for COVID-19 include ibuprofen, azithromycin, and paraceta-
mol. During the COVID-19 pandemic consumption of other types of PhACs also increased.
These PhACs have entered extensively into surface water, wastewater, and groundwater
from various environmental sources. Moreover, the results of this study have shown that
the MPs concentration in the surface water was significantly higher in the COVID-19 period
than in the pre-COVID period because of the high consumption rates of masks and gloves.
Further research is needed to estimate and measure PhAC and MP pollution during the
COVID-19 pandemic in aquatic environments. The majority of the studies used to inform
our estimate of PhAC and MP pollution during COVID-19 pandemic in aquatic environ-
ments were carried out in Africa, Asia, Europe, and Oceania. The results of several types of
PhACs were detected in aquatic environments but caffeine, acetaminophen, ibuprofen, sul-
famethoxazole, and carbamazepine were most prevalent in comparison with other types of
PhACs because acetaminophen, ibuprofen, sulfamethoxazole, and carbamazepine had high
consumption during the COVID-19 lockdown. Another key point of this research is that
the filtration systems in WWTPs are not suitable for removing PhAC residues. Additionally,
different types of polymers with different shapes, sizes, and colors were found in aquatic
environments, but PP, PE, PS, and PETE were more abundant and were related to hospital
waste, post-used PPEs, confirmatory COVID-19 tests, and vaccination residues, as well as
packaging in general. Particles in the 1–2.5 mm and 2.5–5 mm size range accounted for half
of the MPs present in 13 countries. In addition to the physical impacts of contaminated
water on humans, we are also starting to see the impact on aquatic life. The contamination
of an ecosystem can have a cascade of effects on other species in the ecosystem, including
the removal of oxygen, the spread of disease, and the death of fish and other aquatic
life. Therefore, growing awareness of emerging pollutants in aquatic environments is a
critical priority for decreasing the impact of PhAC and MP pollution. This study provides
significant information regarding the concentration of PhAC and MP in various regions of
the world over the past 14 years, as well as the rate of PhAC residues before and after water
treatment. Future researchers may find these data relevant for evaluating the rate of PhAC
and MP contamination before and after the COVID-19 pandemic. Future research should
address the technology of removal systems in WWTPs and the health risks of emerging
pollution in aquatic environments.
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AR Acrylate
ABR Acrylonitrile butadiene rubber
ABS Acrylonitrile butadiene styrene
AL Alkyde
AN Anthropogenic natural
ATR-FTIR Attenuated total reflection-Fourier transform infrared
CA Cellulose acetate
CP Cellophane
COP Copolymer
DP Dibutyl phthalate
EA Ethylenevinyl acetate
ELISA Enzyme linked immunosorbent assay
ESI-MS/MS Electrospray-tandem mass spectrometry
EVA Ethylene vinyl acetate
FTIR Fourier transform infrared
GC-MS Gas chromatography–mass spectrometry
HFFR Halogen-free flame retardant
HDPE High density polyethylene
HPLC High-performance liquid chromatography
HESI Heated Electrospray
LC-MS/MS Liquid chromatography with tandem mass spectrometry
LC-HRMS Liquid chromatography with high resolution mass spectrometer
LDPE Low-density polyethylene
MP Microplastic
MPs Microplastics
MS/MS Tandem mass spectrometry
NI Nitrile
NL Nylon
PA Polyamide
PAS Poly(acrylate-styrene)
PAN Polyacrylonitrile
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PBPE Poly(butyl methacrylate)-poly(ethylene glycol)
PC Acrylic
PE Polyethylene
PEA Poly(ethylacrylate)
PES Polyester
PETE Polyethylene terephthalate
PEVA Poly(ethylene-vinyl acetate)
PhAC Pharmaceutical
PhACs Pharmaceuticals
PMMA Polymethylmethacrylate
PP Polypropylene
PS Polystyrene
PTFE Polytetrafluoroethylene
PVA Polyvinyl acetate
PUR Polyurethane
PVC Polyvinylchloride
Py-GC-MS Pyrolysis–gas chromatography–mass spectrometry
RA Rayon
SBR Styrene butadiene rubber
SEM Scanning electron microscopy
SI Silicone
TGA Thermal gravimetric analysis
TOF Time-of-flight mass
TSQ Triple quadrupole
UHPLC Ultra-high performance liquid chromatography
WWTPs Wastewater treatment plants
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71. Reberski, J.L.; Terzić, J.; Maurice, L.D.; Lapworth, D.J. Emerging organic contaminants in karst groundwater: A global level
assessment. J. Hydrol. 2022, 604, 127242. [CrossRef]

72. Khan, H.K.; Rehman, M.Y.A.; Junaid, M.; Lv, M.; Yue, L.; Haq, I.U.; Xu, N.; Malik, R.N. Occurrence, source apportionment and
potential risks of selected PPCPs in groundwater used as a source of drinking water from key urban-rural settings of Pakistan.
Sci. Total Environ. 2022, 807, 151010. [CrossRef] [PubMed]

73. Wakkaf, T.; El Zrelli, R.; Kedzierski, M.; Balti, R.; Shaiek, M.; Mansour, L.; Tlig-Zouari, S.; Bruzaud, S.; Rabaoui, L. Characterization
of microplastics in the surface waters of an urban lagoon (Bizerte lagoon, Southern Mediterranean Sea): Composition, density,
distribution, and influence of environmental factors. Mar. Pollut. Bull. 2020, 160, 111625. [CrossRef] [PubMed]

74. Zhao, S.; Zhu, L.; Li, D. Microplastic in three urban estuaries, China. Environ. Pollut. 2015, 206, 597–604. [CrossRef] [PubMed]
75. Lestari, P.; Trihadiningrum, Y.; Wijaya, B.A.; Yunus, K.A.; Firdaus, M. Distribution of microplastics in Surabaya River, Indonesia.

Sci. Total Environ. 2020, 726, 138560. [CrossRef] [PubMed]
76. Eo, S.; Hong, S.H.; Song, Y.K.; Han, G.M.; Shim, W.J. Spatiotemporal distribution and annual load of microplastics in the Nakdong

River, South Korea. Water Res. 2019, 160, 228–237. [CrossRef]
77. Han, M.; Niu, X.; Tang, M.; Zhang, B.T.; Wang, G.; Yue, W.; Kong, X.; Zhu, J. Distribution of microplastics in surface water of the

lower Yellow River near estuary. Sci. Total Environ. 2020, 707, 135601. [CrossRef]
78. Huang, D.; Li, X.; Ouyang, Z.; Zhao, X.; Wu, R.; Zhang, C.; Lin, C.; Li, Y.; Guo, X. The occurrence and abundance of microplastics

in surface water and sediment of the West River downstream, in the south of China. Sci. Total Environ. 2021, 756, 143857.
[CrossRef]

79. Pashaei, R.; Loiselle, S.A.; Leone, G.; Tamasi, G.; Dzingelevičienė, R.; Kowalkowski, T.; Gholizadeh, M.; Consumi, M.; Abbasi, S.
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