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• Spread of SARS-CoV-2 through waste-
water is a significant concern.

• New SARS-CoV-2 quantification ap-
proaches specifically needed for waste-
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low-cost, easy-to-use sensors for SARS-
CoV-2.
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With global number of cases 106 million and death toll surpassing 2.3 million as of mid-February 2021, the
COVID-19 pandemic is certainly one of the major threats that humankind have faced in modern history. As the
scientific community navigates through the overwhelming avalanche of information on the multiple health im-
pacts caused by the pandemic, new reports start to emerge on significant ancillary effects associated with the
treatment of the virus. Besides the evident health impacts, other emerging impacts related to the COVID-19 pan-
demic, such aswater-related impacts,merits in-depth investigation. This includes strategies for the identification
of these impacts and technologies tomitigate them, and to prevent further impacts not only inwater ecosystems,
but also in relation to humanhealth. This paper has critically reviewed currently available knowledgeon themost
significant potential impacts of the COVID-19pandemic on thewastewater pathway into surfacewater, aswell as
technologies thatmay serve to counteract themajor threats posed, key perspectives and challenges. Additionally,
current knowledge gaps and potential directions for further research and development are identified. While the
COVID-19 pandemic is an ongoing and rapidly evolving situation, compiling current knowledge of potential links
between wastewater and surface water pathways as related to environmental impacts and relevant associated
technologies, as presented in this review, is a critical step to guide future research in this area.
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1. Introduction

Worldwide, the impacts on public health and the economic impact
of the COVID-19 pandemic is more evident as scientific information
starts to flow, providing a better understanding of its complexity
(Pulido et al., 2020). In recent studies, evidence of emerging side effects
of thepandemic besides the regrettable global number of infection cases
and deaths is of increasing concern (Abbas et al., 2020;Wu et al., 2020b;
Xu et al., 2020b; Zhao et al., 2015). The emerging impacts of the COVID-
19 pandemic on the environment, however, remain unelucidated at
present, which is a significant knowledge gap requiring further investi-
gation (Zambrano-Monserrate et al., 2020). Despite the fact that some
studies report positive changes such as the reduction in pollution indi-
ces in highly populated regions including cleaner beaches, environmen-
tal noise reduction, and the reduction in greenhouse gas emissions to
the atmosphere (Muhammad et al., 2020; Wang and Su, 2020), there
are also other studies reporting on negative environmental conse-
quences such as the increase in domestic solid residues, reduction in
recycling, and the generation of long lasting plastic materials used for
personal protection equipment (Klemes et al., 2020; Saadat et al.,
2020; Sharma et al., 2020).

Similar trends have been observed in relation to the aquatic environ-
ment, with some studies demonstrating improvements in some water
quality parameters (e.g., total dissolved solids, nutrients, suspended
particulate matter) in water bodies in urban areas when the concentra-
tions were compared for pre- and during lockdown periods (Hallema
et al., 2020; Mandal and Pal, 2020; Yunus et al., 2020). However, other
studies point to adverse consequences such as the excessive use of chlo-
rine in wastewater treatment plants to enhance disinfection processes
and to prevent the release of active viruses into receiving water bodies.
Chlorine is commonly known to react with organic matter to produce
disinfection by-products which can be harmful to human and ecosys-
tem health (Cahill and Morris, 2020; Chu et al., 2020; Garcia-Avila
et al., 2020; Zambrano-Monserrate et al., 2020). However, it is impor-
tant to note that a comprehensive investigation is needed into the po-
tential implications of the COVID-19 pandemic on the aquatic
environment, which needs to extend beyond the concentration of con-
ventional contaminants or the efficacy of conventional wastewater
treatment processes.

This review critically evaluates currently available worldwide
knowledge regarding the potential presence of the SARS-CoV-2 virus
(which causes COVID-19) and pharmaceuticals used to counteract the
effects of COVID-19, in wastewater pathways, to assess the potential
for interaction between wastewater pathways and surface water in
ways thatmay impact humanhealth. The review also compiles informa-
tion and critically reviews current and emerging technologies that may
serve to arrest the major threats posed to human and environmental
2

health in these wastewater-to-surface water pathways. The result of
this effort, and the ultimate goal of this paper is to identify current
knowledge gaps and potential directions for further research and ongo-
ing knowledge creation in these areas.

2. SARS-CoV-2 transmission: current knowledge and relationships to
environmental parameters

Currently, human infection with the SARS-CoV-2 virus occurs
mainly through contact with droplets or aerosols containing the virus
(Menget al., 2020; Ortiz-Prado et al., 2020). The generation and aerosol-
ization of SARS-CoV-2 virus-laden droplets and aerosols, airborne dis-
persion, and subsequent deposition on surfaces are governed by flow
physics. Relatively large droplets (>100 μm) would evaporate slowly
and are likely to settle on surfaces, and smaller droplets (<100 μm)
would undergo rapid evaporation and form droplet nuclei (<10 μm)
that would remain airborne and disperse over a wide spatial extent.
However, such dispersion behavior of droplets can change depending
on temperature and humidity which are found to influence droplet
properties such as size, expanding the critical size of small and large
droplets to 50–150 μm (Feng et al., 2020; Mittal et al., 2020). In fact, a
recent study reports that the increase in temperature and humidity
can lead to increased number of COVID-19 infections as evident from
caseloads from China and Indonesia, while noting the likelihood of
rapid transmission due to high population density and mobility, partic-
ularly in urban areas (Barcelo, 2020).

Moreover, the association between air quality and the dispersion of
SARS-Cov-2 have been shown. Some Italian cities, where the air pollu-
tion limits set for PM10 were exceeded for periods <100 days/year, re-
ported >1000 infections. This figure increased to >3000 infections
when the air quality remained poor for >100 days/year (Coccia, 2020).

In a study about the relationship between temperature and case-
loads to determine the linear and nonlinear relationship between an-
nual average temperature and confirmed cases, the results have
shown that temperature had a negative linear relationship with the
number of confirmed cases with the curve flattening at a threshold of
25.8 °C. However, no evidence was found supporting that the curve de-
clined for temperatures above 25.8 °C (Prata et al., 2020). Meteorologi-
cal parameters have also been shown to influence infectious disease
propagation, and mathematical relationships have been investigated
to assess the impact of this parameter on COVID-19 spread. For exam-
ple, Yueling et al. (2020) developed an additive model considering the
effect of temperature, humidity and diurnal temperature range and
the daily death counts from COVID-19. The study reported a positive as-
sociation of COVID-19 daily deaths with diurnal temperature range, but
negative association with relative humidity, concluding that tempera-
ture and humidity variation were significant factors on mortality rates.
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Variation in environmental temperature has been suggested to influ-
ence the surface stability of SARS-CoV-2, and temperature-dependent
differences in SARS-CoV-2 stability in solution were reported recently
(Kratzel et al., 2020).

These early findings provide important base knowledge and insight
into potential links between environmental parameters and SARS-CoV-
2/COVID-19 impacts, but additional research is needed on the effect of
seasonal changes, usually accompanied by temperature fluctuations,
on virus stability. This lack of information is identified as a significant
knowledge gap which merits timely consideration as seasonal changes
progress and the number of cases is increasing or stable, but high in
many regions. A better understanding of the effects of environmental
temperature on the stability or infection potential of the SARS-CoV-2
virus will certainly serve to more accurately model, predict, and miti-
gate the immediate term occurrence of new cases.

3. The potential of SARS-Co-V-2 virus presence in wastewater path-
ways to surface water

In addition to virus transmission via respiratory droplets, there is in-
creasing concern about the potential spread of SARS-CoV-2 to environ-
mental surface water (Ahmed et al., 2020; Cuevas-Ferrando et al., 2020;
Randazzo et al., 2020), a potential exposure pathway that is so far
largely under-studied. Some viruses (e.g. fish and crustacean viruses
such as infectious haematopoietic necrosis virus, (Oidtmann et al.,
2017)) are well known to remain viable and infectious, at least tempo-
rarily, in natural freshwater environments including lakes and streams,
in manufactured environments such as wastewater treatment plants,
and in sewage-polluted waters. Therefore, similar to other harmful vi-
ruses and pathogens, it is possible that an environmental exposure
risk from SARS-CoV-2 exists via contact with such surface waters, and
this represents another knowledge gap requiring further study. Conven-
tional risk methodology identifies three exposure pathways when con-
sidering the wastewater to surface water pathway, namely, inhalation,
dermal contact, and ingestion of polluted water (Foladori et al., 2020).

It is well established that the release of under-treated or untreated
sewage into surface waterways poses an epidemiological risk and can
lead to the spread of disease through the ‘fecal-oral’ transmission
route. Exposure to surfacewater where there is a sewage spill or release
of inadequately treatedwastewater increases the risk of ingesting fecal-
borne pathogens such as E. coli, giardia, and hepatitis (Chung et al.,
2015). Evidence suggest that SARS-CoV-2 may also be shed from
human hosts via fecal matter expulsion for weeks after respiratory
symptoms abate. For example, (Cheung et al., 2020) have reported
that 48.1% of 4243 patients, (Wu et al., 2020a) reported that 55% of 74
patients, had fecal samples positive for the virus. It follows that SARS-
CoV-2 may be a candidate for fecal-oral transmission (Arslan et al.,
2020; Yeo et al., 2020). Furthermore, other coronaviruses have been
shown to exhibit survival for many days in natural and wastewaters
(Grundy et al., 2009). As such, despite the fact that dilution may keep
the risk low, it is conceivable that high concentrations of water-borne
SARS-CoV-2may occur as the virus is shed from fecalmatter as infection
rates peak. Whether such environmental viral loads could represent a
risk to humans coming into contact with contaminated water sources
is unknown, and requires further study. The lack of information on the
ability of the SARS-CoV-2 virus to remain viable in wastewaters and in
environmental surfacewater, and the lack of information about infectiv-
ity of detected SARS-CoV-2 from environmental samples, are significant
gaps in knowledgewhichmerit further investigation. Currently, it is not
clearwhether the potential presence inwastewater effluent and the po-
tential pathways into freshwater elevates the risk of infection and the
spread of COVID-19 (Musmarra et al., 2016; Naddeo, 2020). Under the
circumstances, it is essential that further research is undertaken to as-
sess the potential transmission of COVID-19 from wastewater and/or
surface water exposure. Here, we further explore some of the factors
that may influence this pathway.
3

While the risk to human health associated with SARS-CoV-2 expo-
sure from environmental samples is unknown, it is important to note
that if fecal-oral transmission of COVID-19 is determined to be a con-
cern, this issue would be particularly significant in areas with poor san-
itation and/or where diagnostic capacity might be limited, such as, for
example, in developing countries (Lodder and de Roda Husman, 2020;
Street et al., 2020). A number of very recent studies have reported an in-
creased number of cases where SARS-CoV-2 has been found in feces
and/or urine of infected patients (Wang et al., 2020; Xiao et al., 2020;
Xu et al., 2020a), although themechanism of COVID-19-induced gastro-
intestinal symptoms remains unknown (Kitajima et al., 2020). As such,
wastewater monitoring has been proposed as part of the SARS-CoV-2
surveillance strategy and has the potential to combat the disease
through early detection. Along with Wastewater-Based Epidemiology
(WBE), this can evolve into a potential highly cost-effective approach
to the current wide scale screening resulting in reduced resource costs
(Mao et al., 2020; Street et al., 2020). In fact, this approach would help
to identify the presence asymptomatic individuals in the community
who may be carriers of the virus with the ability to infect other people,
but not show the symptoms themselves. However several factors may
affect the detection of SARS-CoV-2 in wastewater samples and the sub-
sequent implementation of wastewater based epidemiology
approaches.

4. Isolation, identification and quantification of SARS-CoV-2 in
wastewater and surface water

Detection and monitoring of the SARS-CoV-2 virus in wastewater is
challenging due to dilution (Lu et al., 2020), thus requiring concentra-
tion of viral particles in water samples for accurate quantification
(Bofill-Mas and Rusinol, 2020; Kitajima et al., 2020; La Rosa et al.,
2020). A recent review by Lu et al. (2020) identified the several ap-
proaches for effective primary concentration of SARS-CoV-2 virions
fromwastewater. Concentrationwould be evenmore difficult in surface
water bodies such as lakes and rivers, where the potential discharge of
virus carrying wastewater is further diluted. In a recent review paper,
Kitajima et al. (2020) suggested that the limited information on the
presence of SARS-CoV-2 in wastewater is mainly because of the lack of
past research focused on the virus, and the initial information proposing
person-to-person as the only spread mechanisms. Importantly, they
also found that other studies have suggested that standard virus con-
centration methods are inefficient for recovering enveloped viruses
from water samples. Nevertheless, a study from 2013 reported the de-
tection of coronaviruses in wastewater (Wong et al., 2013), and studies
of the SARS outbreak in 2004 (caused by the enveloped coronavirus
SARS-CoV) showed virus RNA being detected in 100% of untreated
and 30% of disinfected wastewater samples collected from a hospital
in Beijing, China (Wang et al., 2005). The presence of SARS-CoV-2 has al-
ready been reported in wastewater in Australia, France, the
Netherlands, and USA (Ahmed et al., 2020; Gonzalez et al., 2020; Hata
and Honda, 2020; Kitajima et al., 2020; Lodder and de Roda Husman,
2020; Medema et al., 2020), confirming that it can be concentrated
from and detected in varied wastewater environments.

Bogler et al. (2020) identified three main approaches for the detec-
tion and monitoring of SARS-CoV-2 in wastewater, namely, qualitative,
quantitative molecular, and in-vitro counts by plaque-forming units
(PFU). Each of these approaches have different capabilities for detection
(e.g. estimates of virus RNA or estimates of infective virions), different
speeds of detection, and different levels of sensitivity, which require
certain virus concentrations to be present in wastewater. Many of the
most recent studies focusing on detection of SARS-CoV-2 in wastewater
have employed detection of viral RNA and targeted gene analysis via
quantitative RT-qPCR (Lodder and de Roda Husman, 2020). The tech-
nique was deemed effective in detecting the virus in wastewater even
within a week after the first reported cases of COVID-19. However,
this method of gene fragment identification does not provide
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information about the viability or infectivity of the virus from such en-
vironments. One study (Rimolldi et al., 2020) found that SARS-CoV-2
viral particles isolated from wastewater did not appear to infect VERO
E6 cells (a kidney cell line from African green monkeys) when cultured
together. However, caution must be exercised when interpreting such
outcomes, as in vitro experimental conditions are rarely representative
of the precise biological host conditions that may foster infection and
disease development. Therefore, we identify the lack of information
about the viability and infectivity of SARS-CoV-2 particles from waste-
water and other environmental reservoirs as a significant knowledge
gap requiring further research.

As evidence builds on the occurrence of SARS-CoV-2 in wastewater
(Collivignarelli et al., 2020; Nemudryi et al., 2020), there is a significant
need to identify the feasibility of testing and detection methodology for
broad scale implementation, to understand the main environmental
pathways and fate of the virus, aswell as to assess SARS-CoV-2 infection
capacity as a function of time and the related inactivation mechanisms
implemented during wastewater treatment. Some studies have sug-
gested monitoring wastewater to identify the transmission of the
virus within entire communities, suggesting well-established ap-
proaches such as Wastewater-Based Epidemiology could be imple-
mented to identify fragment biomarkers of the virus that represent a
particular community (Daughton, 2020). For example, a recent study
investigated the efficiency of computational analysis for SARS-CoV-2/
COVID-19 surveillance (Hart and Halden, 2020). It was found that one
infected individual is detectable (at least in theory) among
100–2,000,000 persons through wastewater monitoring, meaning that
2.1 billion people could be monitored globally in 105,600 sewage treat-
ment plants, potentially saving billions of dollars. However, in their
study, Hart and Halden (2020) did not incorporate field-based data be-
cause relatively few studies have quantified the SARS-CoV-2 virus in
wastewater effluent. This lack of field-based information represents an-
other significant knowledge gapwhich requires further exploration, be-
cause validation of the computational analysis with field results
presents the best opportunity for optimized model accuracy, thereby
creating the highest likelihood of cost effective COVID-19 monitoring.

It is important to note that the use ofWBE or other epidemiology ap-
proaches do not indicate risk of disease development associated with
exposure to sewage contaminated waters. Complementary clinical
testing campaigns would be required to accomplish this, because
SARS-CoV-2 RNA detection in wastewater using RT-qPCR is not neces-
sarily indicative of viable or transmissible virus load. Rather, the use of
WBE may have benefits over clinical testing as an indicator of commu-
nity spread because one wastewater treatment plant is potentially
able to provide an estimate of SARS-CoV-2 incidence within a large
population.

Because the risks to human health associated with exposure to
wastewater which contains indicators of SARS-CoV-2 genes has not
been quantified, it is important to assess the effectiveness of current
wastewater treatment practices in removing or deactivating viruses in
wastewater. It is expected that many conventional sewage treatment
methods including disinfection are able to inactivate the SARS-CoV-2
virus. Regrettably, in some developing countries or in rural areas of de-
veloped countries such sewage treatment practices are not prevalent.
As some developing countries are already susceptible to the COVID-19
pandemic because of the limitations in basic sanitation and environ-
mental conditions that can favor the virus spread (Usman et al., 2020),
it is important to understand the environmental factors that could affect
the transmission and virus survival after release in wastewater. It has
been suggested that SARS-CoV-2 virus is capable of surviving for several
days in untreated sewage, and for a much longer period in low-
temperature regions. While this scenario is not yet been well studied,
it is imperative that more work is done to understand this potential ex-
posure risk since around 1.8 billion people worldwide are estimated to
be using sewage contaminated drinking water sources (Bhowmick
and Dhar, 2019).
4

Is has also been suggested that in some cases conventionalwastewa-
ter treatment processes may not be capable of completely removing
SARS-CoV-2 (Lesimple et al., 2020; Zhang et al., 2020a), and is such sit-
uations pretreatment techniques are suggested tominimize the entry of
the virus into wastewater due to the unknown infectivity of SARS-CoV-
2 from such environments. These include,membrane filtration, virus in-
activation using ultraviolet radiation and chlorination. Further, the in-
corporation of effective monitoring tools has been recommended for
wastewater treatment plants, in order to identify any increase in the
virus loadwhichmay accompany outbreaks or re-emergence after con-
trol measures to stop the spread of the disease are lifted (Venugopal
et al., 2019). It is important to note that advancedmonitoring and treat-
ment of wastewater would be especially limited in resource-
constrained regions such as low income countries which had capacity
to treat only about 8% ofwastewater in 2015 (Street et al., 2020). Overall
wastewater treatment capacity is expected to reach 54%by2030 even in
low-income countries (see Fig. 1), but this is still low when considering
potential impacts in the context of disease propagation. Hence, research
is essential for developing economically feasible alternative approaches
to effectively detect the virus in wastewater (Adelodun et al., 2020;
Street et al., 2020).

Some recent studies have also reported the presence of pathogenic
microorganisms in wastewater plumbing systems, confirming that
even in countries where conventional wastewater treatment is preva-
lent, the potential for disease transmission may exist (Gormley et al.,
2020). For example, empty U-bends in bathrooms were noted as a po-
tentially hazardous SARS-CoV-2 virus propagation mechanism in a
study by Gormley et al. (2020). They found that U-bends in bathrooms
draws contaminated air into the room, highlighting the need for more
studies on the transmission role of wastewater plumbing systems.
Based on all this evidence, if SARS-CoV-2 proves to remain viable and in-
fective in wastewater environments, the risk of disease spread from
wastewater exposure would be much higher in regions which lack ac-
cess to effective wastewater treatment relative to regions where con-
ventional wastewater treatment is widely available (Nwobodo and
Chukwu, 2020).

Several preventive measures have been proposed to mitigate these
potential exposure pathways, such as decentralization of wastewater
treatment systems, extensive community-wide monitoring of the
spread of the virus, improved sanitation infrastructure and policy inter-
vention. However, the limited knowledge on the fate, viability, and in-
fectivity of SARS-CoV-2 in wastewater remains as a significant
knowledge gap, and the effectiveness of any proposed wastewater
treatment measures remains difficult to validate (Adelodun et al.,
2020). These complications are further compounded by the fact that
the treatment of excreta in rural communities commonly occurs via
decentralized self-processing approaches including, for example, the
use septic-tank or biogas systems. These systemsmay require improved



E.R. Bandala, B.R. Kruger, I. Cesarino et al. Science of the Total Environment 774 (2021) 145586
raw sewage management to prevent contamination compared with
centralized systems where the use of state-of-the-art ventilation and
plumbing systems may suffice to control viral aerosols (Huraimel
et al., 2020; Meng et al., 2020).

In contrast to wastewater, research studies are yet to investigate
virus prevalence in surface waters. In fact, a recent study noted the
lack of research into the presence of not only the current SARS-CoV-2
virus, but also other types of coronaviruses in surface water (La Rosa
et al., 2020). Some studies have found limited evidence via RT-qPCR
techniques of various coronaviruses in river, lake, and reservoir water
(Alexyuk et al., 2017; Blanco et al., 2019). Despite these studies
reporting low detection rates (number of positive samples), their find-
ings suggest the possibility of surface water contamination with
coronaviruses via discharge of poorly treated wastewater. Therefore,
extensive field-based investigations are necessary to understand
SARS-CoV-2 virus prevalence not only in raw and treated wastewater,
but also in receiving surfacewaters. These investigations should include
assessment of virus viability and infectivity, if detected. This will gener-
ate knowledge required for quantitative risk assessment and to assist in
monitoring outbreaks within communities.

5. Technology perspective and challenges

5.1. Next generation sensing devices for SARS-CoV-2 detection in environ-
mental samples

It is clear that an accurate, low-cost, and easy-to-use SARS-CoV-2
monitoring system can support the strategies adopted by the authori-
ties to reduce the economic and social impacts of the COVID-19 pan-
demic. This is particularly important since different countries around
the world are at widely varying stages of the pandemic. In this sense,
electrochemical sensors have several advantages because they can be
miniaturized and allow in situ analysis (Rocha et al., 2020). Several bio-
sensors combined with nanotechnology, especially those that use
reduced graphene oxide (rGO) in their preparation, have been success-
fully used in the determination of different molecules of environmental
and biological interest (Cesarino et al., 2015; Da Silva et al., 2018). The
technology is ready to be developed for use in the detection of SARS-
Fig. 2. Schematic representation of the impedimetric immunosensors
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CoV-2 in environmental samples. For example, impedimetric biosensors
constructed by immobilizing biological recognition elements to an elec-
trode surface (Fig. 2) have been suggested can be used for this purpose.
In previous studies (Donini et al., 2020; Kohori et al., 2018; Rocha et al.,
2020), the immobilization of antibodies and enzymes on the surface of
rGO-modified carbon electrodes was found to not require immobiliza-
tion agents such as pyrene-NHS, or EDC-NHS, reducing one step in the
preparation of the immunosensor, which reduces the cost and detection
time. Thus, a simple, inexpensive and less aggressive immobilization
procedure for biomolecules using rGO can be employed to prepare an
impedimetric immunosensor for the detection of SARS-CoV-2. The car-
bon screen-printed electrode (SPE)/rGO platform can detect the
antigen-antibody binding procedures of SARS-CoV-2 via impedance
changes in a low frequency range.

Some recent studies (Chandra, 2020a; Layqah and Eissa, 2019;
Tymm et al., 2020) highlight the use of electrochemical sensors in the
diagnosis of COVID-19. Although the focus of these studies was on clin-
ical analysis, these sensors can also be evaluated for the detection of
SARS-CoV-2 in water. Chandra (2020a, 2020b) conceptualized a minia-
turized electrochemical impedance spectroscopy-based detection of
COVID-19 using metallic nanoparticles (NPs), electrochemically
engineered nano-dendroids, and graphene oxide (GO)nanocomposites.
Layqah and Eissa (2019) demonstrated an electrochemical
immunosensor for the coronavirus (CoV) associated with the Middle
East Respiratory Syndrome (MERS) using an array of NPs-modified car-
bon electrodes. The assay was performed in 20min with detection limit
(LOD) as low as 0.4 and 1.0 pg·mL−1 for HCoV and MERS-CoV, respec-
tively. In thework by Tymmet al. (2020), the diagnostics for SARS-COV-
2 using different methodology of detection was emphasized. In regards
to electrochemical sensors, another study presented an in-house built
biosensor device (eCovSens) and compared it with a commercial
potentiostat consisting of a fluorine-doped tin oxide electrode and
NPs. The LOD was found to be 90fM with eCovSens and 120 f. with
potentiostat for spiked saliva samples (Mahari et al., 2020). Although
some SARS-CoV-2 detection methods have been developed, the need
for technologies with faster turnaround of testing results remains
because of the pressure on increasing healthcare and the need for
early diagnosis. The lack of sensitive, rapid and specific biosensors for
preparation for SARS-CoV-2 detection in environmental samples.
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SARS-CoV-2 detection is a paramount knowledge gap broadly identified
and attracting significant attention not only because of the urgent need
to provide biosensors capable of helping during the ongoing pandemic,
but also to alleviate other virus-related illness such as human immuno-
deficiency virus (HIV), or hepatitis A virus (HAV).

Table 1 lists the different types of sensors developed for detecting
specific viruses with the potential to cause water-borne diseases. As
shown, all the studies report laboratory scale technology maturity sta-
tus, meaning that the technology is being tested and several further
steps are needed before it may be available for public use. A variety of
sensing device technologies have been reported for potential applica-
tion for SARS-CoV-2 as well as other coronaviruses (e.g., MERS-CoV)
and other non-related viruses such as the hepatitis virus. In a very re-
cent paper, a complete review of state-of-the-art ultrasensitive electro-
chemical sensors for the detection of pathogenic viruses was presented
(Khan et al., 2020). In their work, Khan et al. (2020) reviewed the range
of applications of chemical biosensors for different virus detection and
discussed several different fabrication techniques, detection principles,
and applications for virus detection as well as the potential of these de-
vices for rapid identification of the COVID-19 virus.

5.2. Virus inactivation in water

Viruses in general are considered to have relatively higher resistance
to conventional water disinfection process compared to bacteria
(Garcia-Gil et al., 2020), which highlights the significance of the search
for novel, cost-effective methodologies for viral inactivation in water
(Adelodun et al., 2020; Zhang et al., 2020c). Usually, it is assumed that
predatorymicroorganisms (e.g., protozoa) inwastewater can inactivate
a significant proportion of the viruses present (Yang et al., 2005). Con-
ventional secondary wastewater treatment processes are capable of re-
moving2–3 log10-cycles of virus content through adsorption to the solid
particles of activated sludge (Zhang et al., 2018). Membrane technolo-
gies (e.g., ultra, nano-filtration, reverse osmosis) have also proven to
be another efficient approach towards the removal of viruses and/or
solid-associated viruses, achieving removal efficiencies in the range
from 0.2 log10- to 6.5 log10-cycles using ultra-filtration and reverse os-
mosis, respectively (Bhowmick and Dhar, 2019). The use of any of
these technologies for the removal of viruses involves only mechanical
separation, but not the inactivation of the viruses. In this regard, tertiary
treatment processes have been reported to be effective for virus inacti-
vationwith variable efficiency (Carducci et al., 2020), and several differ-
ent technologies have been tested for the inactivation of different
viruses in water. Table 2 shows a selected overview of recent studies
which have reported on the use of conventional and non-conventional
methodologies for the inactivation of viruses in water.
Table 1
Available technologies for detection of SARS-CoV-2 virus and other virus with the potential for

Sensing device
technology

Virus type Main findings

Optic fiber
biosensors

SARS-CoV-2 The study provides an overview of evanescent wave ab
resonance-based optic fiber platform for potential scre

Electrochemical
sensors

SARS-CoV-2 Point-of-care sensing techniques integrated with smart
spreading, but it is anticipated that powerful integrativ
escalated to develop a personalized analytical system t

Graphene-based
sensors

SARS-CoV-2 Antibody-conjugated graphene sheets are suggested ca
useful for large population screening, but also for the d

Electrochemical
biosensor

SARS-CoV-2 A sensitive electrochemical detection technology using
SARS-CoV-2 has been developed. The technology was c
SARS-CoV-2 without nucleic acid amplification

Electrochemical
biosensor

Hepatitis
virus

A pulse-triggered electrochemical sensor has been fabr
gold-embedded polyaniline nanowires, prepared via an

Electrochemical
immunosensor

MERS-CoV The device uses specific envelop protein antibody as re
0.001 to 100 ng/mL, and detection limit of 1 pg/mL

Technology maturity status = Laboratory scale: Technology concept and/or application formu
Field application: System prototype demonstration in a space environment.
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From the information provided in Table 2, it is important to note that
different advanced oxidation processes (AOPs) have been tested and
identified ashaving great potential and provides a variety of alternatives
for virus inactivation. For example, the use of either solar disinfection,
ozonation, wet oxidation, or even cold plasma to generate reactive oxy-
gen species (ROS) have shown significant potential for inactivation not
only of bacteria and other pathogenic microorganisms (Huesca-Espitia
et al., 2017), but also virus inactivation. Other methodologies have
been reported, including conventional chlorination procedures, the
use of alternative disinfectants (Garcia et al., 2019; Rachmadi et al.,
2020), and the application of high temperature CO2 injection in water
for viruses inactivation (Sanchis et al., 2019). No studies on the inactiva-
tion or removal of SARS-CoV-2 in water are available, probably because
of the reported very low survival of the virus in surfacewater, wastewa-
ter, sludge and biosolids at temperatures higher than 20 °C, and the
higher inactivation rate of Coronavirus when compared with others
such as enteric viruses (e.g., Adenoviridae, Astroviridae, Caliciviridae)
considered by WHO as a concern in relation to water (Carraturo et al.,
2020; La Rosa et al., 2020). However, the virus poses high risks due to
its highly infectious nature and resistance to conventional water and
wastewater treatment technologies (Garcia-Gil et al., 2020; Haleem
et al., 2020). Assessing the time elapsed since the start of the outbreak
and the release of active or inactive virus into receiving water bodies
is a further interesting research area which merits exploration, because
it is only in the last fewmonths that the virus has gained attention and
there has not been adequate time to undertake studies on its mobility
through various pathways such as sewers, water treatment plants and
surface water bodies.

It is also important to note the use, in some cases, of bacteriophage
viruses such as MS2 or ΦX174 to run experiments in water as a surro-
gate of other human pathogenic viruses. Bacteriophages have been re-
ported as a surrogate also for SARS-CoV-2 for testing inactivation
using UV-C lamps because of their similar envelope and size to corona-
virus (Cadnum et al., 2020; Carducci et al., 2020). However, very little is
known about other characteristics thatmay be different between bacte-
riophage viruses and SARS-CoV-2. For example, bacteriophage is known
to possess a double stranded RNA genome which means greater stabil-
ity compared to single-stranded RNA genome in coronaviruses
(Carducci et al., 2020). Usually the differencemay be considered appro-
priate from an inactivation perspective, as bacteriophages may serve as
a conservative surrogate for SARS-CoV-2, but further studies are re-
quired to robustly assess these differences and their potential influence
in relation to the use of surrogates. This presents a significant knowl-
edge gap which merits further investigation.

Another interesting pending research avenue is the role potentially
played by nanomaterials in the inactivation of SARS-CoV-2 in water
causing water-borne diseases.

Technology
maturity status

References

sorbance and localized surface plasmon
ening of COVID-19

Laboratory
scale

(Nag et al.,
2020)

phones are proposed to not only track the disease
e electrochemical label-free technologies can be
o combat COVID-19

Laboratory
scale

(Chandra,
2020b)

pable of rapidly detecting targeted virus proteins,
evelopment of environmental sensors

Laboratory
scale

(Palmieri and
Papi, 2020)

calixarene functionalized graphene oxide for
onfirmed to practicably detect the RNA of

Laboratory
scale

(Zhao et al.,
2021)

icated using graphene quantum dots and
interfacial polymerization and self-assembly

Laboratory
scale

(Chowdhury
et al., 2019)

cognition element, possesses a dynamic range of Laboratory
scale

(Layqah and
Eissa, 2019)

lated; Bench scale: Component and/or breadboard validation in laboratory environment;



Table 2
Available technologies for virus inactivation in water.

Virus type Inactivation method Main findings Technology
maturity statusa

References

African swine
fever virus

Ozone (O3) 2-log10 (99%) viral reduction using O3, 5 mg/L after 1 min at room temperature Field application (Zhang et al., 2020b)

MS2, ΦX174
bacteriophages

Solar disinfection Inactivation outcome highly dependent on detention time, radiation availability,
presence and concentration of organic carbon and radiation pathway

Field application (Zhang et al., 2020c)

MS2 Wet peroxide oxidation Al/Fe-pillared clay catalyst (Al/Fe-PILC) to assist wet peroxide oxidation, optimal
initial ratio 1.2 mg H2O2/mg Fe

Laboratory scale (Ibarguen-Mondragon
et al., 2020)

Coxsackie B,
adenovirus

Chlorine disinfection Coxsackie B virus required higher concentration and longer detention times for
4-log10 inactivation

Field application (Rachmadi et al., 2020;
Wati et al., 2019)

Different types Cold plasma Generation of ROS involved in the inactivation process Laboratory scale (Filipic et al., 2020;
Filipić et al., 2019)

MS2, ΦX174
bacteriophages

Electrocoagulation-electro
oxidation

The coupled process was found to be inconsistent in the removal/inactivation of
viruses in surface and groundwater

Bench scale (Heffron et al., 2019)

MS2 CO2 bubbles Up to 3-log10 viral reduction was observed using CO2 at 205 °C Laboratory scale (Sanchis et al., 2019)
rAdV-GEP Alternative water

disinfectants
N-chlorotaurine, bromamine-T, and grape seed extract were tested. Inactivation
of 2.5 to 4-log10 was achieved after 120 min, depending on the chemical tested

Laboratory scale (Garcia et al., 2019)

PEDV, FeCoV Photocatalysis with
graphene oxide (GO),
carbon dots

Viruses from the Coronaviridiae family (porcine epidemic diarrhea virus and
Alpha coronavirus 1) were inactivated

Laboratory scale (Chen et al., 2016;
Innocenzi and Stagi,
2020)

MS2 Photocatalysis with TiO2 Nano P25 TiO2 showed higher efficiency for virus inactivation that carbon
nanotubes, ZnO, and Fe3O4

Laboratory scale (Chen et al., 2017)

a Technologymaturity status=Laboratory scale: Technology concept and/or application formulated; Bench scale: Component and/or breadboard validation in laboratory environment;
Field application: System prototype demonstration in a space environment.
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(Sportelli et al., 2020). Nanotechnology has been used in the past for the
production of contamination-safe personnel protection equipment
based on the significant antimicrobial and antiviral properties of some
specific nanomaterials (Chen et al., 2016). In a recent review,
Kokkinos et al. (2020) provided information on the outstanding capac-
ity of nanomaterials for the removal and inactivation of different viruses
in water (Kokkinos et al., 2020). These researchers collated knowledge
demonstrating the disinfection potential of doped-TiO2 nanofibers,
Fe3O4-SiO2-NH2 nanoparticles, Ag-doped TiO2, Bi2WO6, and NeTiO2 for
the inactivation of a wide variety of viruses including bacteriophage
MS2, f2, and poliovirus-1 in water with highly encouraging results.

Nevertheless, the reported nanomaterials are just a few compared to
the wide variety of nanoparticles, nanotubes, nanosheets, nanorods,
nanocages, nanobranches, and several other engineered nanomaterials
(ENMs) reported in literature with different and versatile characteristics
and potential for application in virus inactivation (Bandala and Berli,
2019). However, the use of nanomaterials for water treatment needs to
be considered with caution due to the potential toxic nature of some of
these materials which can be concerning (Gardea-Torresdey et al.,
2014; Backshi et al., 2015). The interactions between ENMs and biological
systems is known to be complex and with considerable inherent difficul-
ties in monitoring of their effects either in vivo or in vitro, and with
oversimplified measurement of their effects on living organisms.

This dearth of information about the efficacy of engineered
nanomaterials on the inactivation of viruses in water is considered as
another significant knowledge gap since several ENMs have proven to
be efficient in the inactivation of a significant diversity of pathogenicmi-
croorganisms, and only a few of them have been investigated for virus
inactivation. Additionally, as the nanotechnology industry grows, new
ENMs are created with specific features and great expectation for their
use in different applications. This in turn results in increasing the knowl-
edge gap as the number of untested materials increase (Bandala and
Berli, 2019).

6. COVID-19 related pharmaceuticals in wastewater pathways into
surface water

6.1. The risk of COVID-19 related drugs in wastewater pathways into
surface water

Additional to the risk of the potential release of SARS-CoV-2 virus to
surface water, wastewater also possess the potential for carrying
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chemical contaminants harmful to the aquatic ecosystem and poten-
tially dangerous to humanhealth. Amongmanydifferent chemical com-
pounds, pharmaceuticals are the most significant because of the threat
posed by their biological activity, persistence, and mobility in the envi-
ronment (Bandala and Rodriguez-Narvaez, 2019). Consequently, the ef-
fort of controlling the adverse health effects caused by COVID-19 may
also have significant adverse repercussions on the water ecosystem.
As an example, one of the common symptoms of COVID-19, and any
other viral upper respiratory tract infection, is fever. As the number of
COVID-19 infections and hospitalization cases peak, it would be ex-
pected that the amount of drugs being used to control fever, dyspnea,
or other related symptoms will correspondingly increase.

Usually, only a small part of these drugs are metabolized within the
human body with a significant fraction being released from the patient
organism through their feces and urine which will eventually end up in
sewage (Zeidman et al., 2020). It is well-known that conventional
wastewater treatment is not capable of degrading most of these phar-
maceuticals, and many are instead released back into receiving water
bodies (Rodriguez-Narvaez et al., 2017).Many of these pharmaceuticals
are considered to be endocrine disrupting compounds able to generate
health impacts even at trace concentrations in water. Therefore, their
quantification in water and associated risk is fundamental research as
well as assessing the correlation between the amounts of
pharmaceuticals being released into surfacewater and the development
of cost effective technologies for their degradation and removal
(Rodríguez-Narvaez et al., 2020).

The medical community have devoted a significant amount of effort
identifying allopathic drugs, natural products, and homeopathic prod-
ucts with treatment potential against COVID-19 symptoms (Dong
et al., 2020). Either in agreementwithWHOor otherwise, at least 12 po-
tential COVID-19 treatments are currently beingwidely tested/used, in-
cluding drugs used for HIV and malaria such as chloroquine,
and experimental antiviral drugs (Colson et al., 2020; Kupferschmidt
and Cohen, 2020). As result, a significant amount of active ingredients
and their metabolized relatives are being released into the sewer on a
daily basis (Bensalah et al., 2020). The significant presence of these com-
pounds in water bodies and drinking water sources highlights the need
for cost-effective treatment as their non- or low-biodegradable charac-
teristics leads to their persistence in water and potential health and en-
vironmental risks (Zaied et al., 2020).

The lack of information about the type and amount of COVID-19-re-
lated active principal and metabolites being released into sewage,



E.R. Bandala, B.R. Kruger, I. Cesarino et al. Science of the Total Environment 774 (2021) 145586
arriving in the wastewater influent, or being released with the waste-
water treatment plant effluent into receiving water bodies is a highly
significant knowledge gap which merits further investigation because
of the known and unknown biological activity of these chemicals and
the potential effects these may have on aquatic species and/or human
health. Very little is known about the mass balance for COVID-19-re-
lated drugs or their metabolites in wastewater treatment plants. There-
fore, the efficacy of the water treatment processes on their elimination
cannot be assessed solely using the currently available knowledge. Con-
sequently, this can also be highlighted as an important research avenue.
Further, knowledge creation about the persistence, bioaccumulation,
bioconcentration, biomagnification and/or environmental fate of the ac-
tive principal and/or metabolites after their release into aquatic ecosys-
tems is another challenging research avenue which requires attention.

6.2. Detection and quantification of COVID-19 relevant pharmaceuticals in
wastewater effluent and surface water

In the last decades, the wastewater treatment sector has been facing
several different technology challenges related with the increased
water stress, wastewater reuse in agriculture and other industrial appli-
cations (Gómez-López et al., 2009). Additionally, the improvement in
analytical technologies used for water analysis have shown that many
of the conventional wastewater treatments currently used do not suf-
fice to eliminate some pollutants generated from anthropogenic activi-
ties (Krzeminski et al., 2019). Further, the reuse of wastewater effluent
without appropriate treatment can lead to the dispersion of these pol-
lutants in soil and water matrices (Medrano-Rodríguez et al., 2020).
One of the major outcomes of the dispersion of pollutants from poorly
or improperly treated wastewater is the detection of organic molecules
of anthropogenic origin (pharmaceuticals and personal care products)
at trace levels (ng/L-μg/L) in water bodies (Blanchet et al., 2017; Reis
et al., 2019; Wang et al., 2018). These pollutants, also called contami-
nants of emerging concern (CECs), are considered as a proxy for anthro-
pogenic activity and inmany cases have served as tracers to assess their
level of consumption in the surrounding communities. The presence of
CECs inwater resources pose a range of different consequences depend-
ing on their chemical composition, toxicity, and potential for bioaccu-
mulation in the trophic chain (Guedes-Alonso et al., 2020; Hernández
Fig. 3. Schematic representation of a carbon SPE/rGO-CuNPs to be used for th
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et al., 2019; Martínez-Piernas et al., 2019; Yuan et al., 2018; Zhang
et al., 2019).

Due to the stress caused by the pandemic, people have resorted to
using non-prescribed drugs as a formof COVID-19prevention. Although
chloroquine (CQ) and hydroxychloroquine (HCQ) present an unproven
hypothesis to treat COVID-19, the consumption of these and other drugs
has increased considerably in recent months. Consequently, significant
quantities ofwastewater contaminatedwith CQandHCQbeing released
into the environment is a distinct possibility. Considering this scenario,
the generation of methodologies for the degradation of these drugs, as
well as protocols for their determination in wastewater effluent and
surface water resources is a significant research need.

A recent state-of-the-art review (Saka, 2020) into the detection
techniques and quantitative determination methods for CQ and its re-
lated metabolites found that the main methods used for CQ analysis
are liquid chromatography, capillary electrophoresis, electroanalytical,
spectrophotometric, and ELISA-based methods. In most of the studies,
detection and quantification of CQ were performed in pharmaceutical
dosage formulations and biological matrices and the most frequently
used technique is high performance liquid chromatography (HPLC). In
this case, the potential use of electroanalytical methods emerges as
highly significant for the determination of CQ, HCQ, and other pharma-
ceuticals in wastewater effluent and surface water because of their
ability to make in situ analysis possible. Some carbon-based electro-
chemical sensors, particularly carbon nanotubes and graphene have
been successfully used in the analysis of CECs. For example, sensors
based on rGO-metal nanoparticles have been used for estriol hormone
and glyphosate detection in water samples (Cesarino et al., 2015;
Donini et al., 2018; Setznagl and Cesarino, 2020), where the devices
yielded low limits of detection for the target analytes.

Among the metallic nanoparticles studied, copper nanoparticles
were found showing the best resultswhen compared to the other nano-
particles. Fig. 3 illustrates a schematic overview of the preparation pro-
cedure of a sensor based on rGO-CuNPs composite that could be used in
the analysis of COVID-19-relevant pharmaceuticals in wastewater efflu-
ent and surface water using differential pulse voltammetry (DPV) tech-
nique. As shown, the preparation procedure is simple and uses
relatively inexpensive materials, but the resulting sensors possess
wide applicability for environmental sample analysis. For example, a
e analysis of pharmaceuticals in wastewater effluents and surface water.
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recent study reported the development of a sensor based on reduced
graphene oxide for tetracycline determination that uses just 10 μL of
the sample and generates highly selective results within 6 min
(Lorenzetti et al., 2020). Another study used a graphene-oxide-based
electrochemical sensor for selective, highly sensitive (0.6 μAμM−1-

cm−2), and strong anti-interference capacity for detection of naproxen
(Qian et al., 2020).

One of the common characteristic of this type of sensors, however, is
they are usually disposable after use which make them convenient for
field applications, but may also imply some drawbacks considering the
accumulation in the environment of the base materials used for their
manufacture. As noted earlier, there is an increasing concern about
unknown and undesirable interaction of nanomaterials with the envi-
ronment after their release intowater or soil. In this regard, thedevelop-
ment of re-usable sensors emerges as a very interesting research avenue
worthy of consideration to increase the life cycle of the technology and
to avoid the release of nanoparticles into the environment. Until now,
very few studies on the development of reusable electrochemical sen-
sors are available, and even fewer devoted to the detection of pharma-
ceuticals in water (Costa-Rama et al., 2020) which makes this a
significant knowledge gap worthy of further exploration.

7. Conclusions

In this paper, a review of the most significant potential impacts of
the COVID-19 pandemic on the wastewater pathway into surface
water, as well as different technologies that may serve to counteract
the major threats posed, key perspectives and challenges was under-
taken. The following are the main findings:

• Besides the best understood spreading of the SARS-CoV-2 virus
through droplets and aerosols in airborne dispersion, very little is
known about the effect of environmental conditions, such as temper-
ature or humidity, on the transmissibility of the virus. This is identified
as a significant knowledge gap as the climatemoves towards fall/win-
ter season.

• Fecal-oral transmission of the SARS-CoV-2 virus has been reported.
However, there is a significant lack of information on the role waste-
water effluent may play in such infection pathways, in the spread of
COVID-19 resulting from the release of poorly or untreated wastewa-
ter effluents into freshwater bodies, or in the factors that may influ-
ence the transmission and survival of the virus in aquatic ecosystems.

• Additional to the identification and quantification of the SARS-CoV-2
in water and wastewater using conventional methodologies such as
RT-PCR, other emerging approaches such aswastewater-based epide-
miology (WBE) have been suggested to complement information and
identify fragment biomarkers of the virus. The use ofWBE as a preven-
tative and monitoring measure has been found to be particularly
appealing for application in developing countries and/or rural com-
munities where scattered population and lack of resources limits
widespread application of RT-PCR technology.

• The need for accurate, low-cost, and easy-to-use sensors for either
SARS-CoV-2 monitoring or related pharmaceuticals in wastewater
pathways into surfacewaterwas identified as a significant knowledge
gap whichmerits further exploration in order to reduce not only eco-
nomic and social impacts of the COVID-19 pandemic, but also other
undesirable impacts on the aquatic environment.

• Virus inactivation and/or degradation of COVID-19 related pharma-
ceuticals in water was found to be not only important, but also a chal-
lenging scientific task because of the relatively high resistance of the
virus to conventionalwater disinfection processes compared to bacte-
ria and the known and unknown biological activity of some pharma-
ceuticals. Different technologies have been proposed and
successfully tested, but most of these have significant drawbacks
such as high cost, the involvement of phase change separation with-
out inactivation/degradation of the viruses/pharmaceuticals, or the
9

risk to the environment from the release of potentially toxic com-
pounds during treatment. The search for novel, cost-effectivemethod-
ologies for virus inactivation and pharmaceuticals degradation in
water is also identified as an important future research avenueworthy
of consideration.
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