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ARTICLE INFO ABSTRACT

Editor: Dr. Z. Wen Understanding risks, putting in place preventative methods to seamlessly continue daily activities are essential
tools to fight a pandemic. All social, commercial and leisure activities have an impact on the environmental
media. Therefore, to accurately predict the fate and behavior of viruses in the environment, it is necessary to
understand and analyze available detection methods, possible transmission pathways and preventative tech-
niques. The aim of this review is to critically analyze and summarize the research done regarding SARS-COV-2
virus detection, focusing on sampling and laboratory detection methods in environmental media. Special
attention will be given to wastewater and sewage sludge. This review has summarized the survival of the virus on
surfaces to estimate the risk carried by different environmental media (water, wastewater, air and soil) in order
to explain which communities are under higher risk. The critical analysis concludes that the detection of SARS-
CoV-2 with current technologies and sampling strategies would reveal the presence of the virus. This information
could be used to design systematic sampling points throughout the sewage systems when available, taking into
account peak flows and more importantly economic factors on when to sample. Such approaches will provide
clues for potential future viral outbreak, saving financial resources by reducing testing necessities for viral
detection, hence contributing for more appropriate confinement policies by governments and could be further
used to define more precisely post-pandemic or additional waves measures if/ when needed.
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1. Introduction genetically related to the coronavirus responsible for the severe acute

respiratory syndrome (SARS) outbreak of 2003 and therefore can be

According to the latest World Health Organization Situation Report
the novel coronavirus disease 2019 (COVID-19) pandemic has severely
affected the globe with more than 50 Million cases and up to 2.8 million
deaths, as of April 1st 2021. This virus belongs to the family of RNA
based coronaviruses (CoV) [119]. It contains membrane, spike (S),
nucleocapsid (N) and envelope (E) proteins similar to other coronavi-
ruses. It uses the host receptors to bind their spike proteins and ulti-
mately infect the host [14,69]. Besides the fact that the virus infects their
hosts with the same mechanism as other coronaviruses, it is also

recognized as (SARS-CoV-2) [85].

The intermediate source of origin and transfer of SARS-CoV-2 is
unclear, but [8], provides two possible scenarios. Natural selection in an
animal host before zoonotic transfer and selection in humans following
zoonotic transfer. Furthermore, it is known to be passed through human
interaction rapidly [96]. Also, several studies suggested the possibility of
transmission via environmental media [7,12,55]. Official publications
on this subject have been made by many international organisms
including the World Health Organization (WHO) in July 2020 [116].
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SARS-CoV-2 was recognized to be airborne by the WHO, strongly
providing evidence of environmental factors that may/will affect its
transmission [115]. Environmental factors are of special importance
since they can extend the COVID-19 transmission period that is currently
known to begin even when no symptoms are showing [98].

This review analyzes and summarizes the research related to SARS-
CoV-2 and related viruses, aiming to explain how the SARS-CoV-2 is
tracked, transmitted and inactivated in water/wastewater, surfaces and
other environmental media. In order to determine the risk of the
transmission from environmental media (water, air and soil/sludge)
technologies for treatment were discussed. Similarly, how the environ-
mental media conditions affect people in vulnerable social and eco-
nomic conditions were also addressed. The review addresses the
limitations of the detection methods and provides novel suggestions on
how to use the viral detection methodology in wastewater to create a
low-cost system able to track the viral presence in communities. Those
types of systems could be used to oversee viral outbreaks, track the viral
presence during pandemics and to make pandemic and post-pandemic
decisions that could also affect the confinement strategies.

Relevant publications on the field found in Google Scholar, Scopus
and Web of Science were employed. While choosing the work to be cited
peer-reviewed papers were preferred. Previous literature on SARS was
included as well as the current findings related to pandemics/epidemics.

2. Challenges in the detection of SARS-COV-2

2.1. Challenges of sampling and testing of SARS-COV-2 presence in
water/wastewater

Sampling and testing for virus detection in water/ wastewater has
been suggested and implemented in urban areas for routine surveillance
purposes before the pandemic [37]. These ideas were further extended
to be used for SARS-CoV-2, to monitor current epidemics and prognosis
of possible outbreaks [110]. The global pandemic’s unforeseen situation
has created a worldwide urgency for the development of tests on a scale
unseen before [97]. The development of standardized viral detection
methods is challenging for natural bodies of waters or wastewaters due
to problems such as the high variability of viral presence in a water/
wastewater sample, limitations of adapting methods previously devel-
oped for clinical purposes [6,59], and intrinsic viral biology as its high
mutation rates [58].

The most common water-borne viral pathogens are non-enveloped
viruses (i.e., adenovirus, hepatitis B), hence the majority of tests for
recovery of viruses on waters are designed for them. These viruses differ
biochemically and structurally from enveloped viruses such as the SARS-
CoV-2 [9]. Viral concentration method and test assay methods were the
main methods used to detect SARS-CoV-2 on waters [59] that were
initially used for non-enveloped viruses. These two methods are well
known to be plagued with uncertainties, including sampling size,
DNA/RNA stability in the sample, and primer accuracy. Additionally,
the use of traditional non-enveloped viral methods on SARS-CoV-2
would have unexpected results like low recovery rates [9,118].

Concentration of the viral counts after sampling is the other chal-
lenge that viral detection in waters has [6]. An analysis of several studies
on the detection of SARS-CoV-2 on wastewater shows that the concen-
tration methods used to trap the virus are not yet standardized, since
there is no systematic comparison among the various studies performed
[3,5,74,117] and that the concentration method significantly varies
between enveloped and non-enveloped viruses [75]. Surrogate viruses
are used to study SARS-CoV-2 as an indicator of the recovery; however,
their recovery values in relation to the surrogates vary too much and
differ not only between wastewater samples but also between liquid and
solid phase of the wastewater hence a standardized method has not been
developed yet [75]. Similarly, the RNA extraction method is an impor-
tant parameter to determine the RNA extraction efficiency, which will
also affect the concentration and detection of the SARS-CoV-2 in
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wastewater.

Studies report different quantitative values or even show discrep-
ancies in determining the presence of SARS-CoV-2 on water/ waste-
water. These discrepancies could be attributed to the volume of the
sample or the COVID-19 cases in the region that relates to the viral
presence in the sample [75]. Studies with untreated wastewater and tap
water found differences between using direct RNA extraction via elec-
tronegative membranes and ultrafiltration [3-5,53]. Positive samples
were obtained by the electronegative membrane method on SARS-CoV-2
and negative on the ultrafiltration, followed by second samples showing
the inverse pattern. Additionally, electronegative membrane-vortex
(EMV) methods and adsorption-direct RNA extraction methods exhibi-
ted differences in detection levels with better performance for the EMV
method [50].

Despite the differences in detection methods of SARS-CoV-2, other
methods employed successful detection in waters. For concentration, the
electronegative membrane centrifugal filter method (the Centricon®
Plus-70) and the polyethylene glycol (PEG) method were successfully
used [74,117]. A study comparing the efficiency of concentration
methods using a murine hepatitis virus (MHV), an RNA Betacoronavirus
as control, also reported adsorption-extraction methods as optimal for
enveloped viruses [3,5]. This study was the first to evaluate coronavi-
ruses’ different concentration methods, an essential step for
decision-makers when implementing wastewater-based epidemiology
monitoring systems. Finally, SARS-CoV-2 was detected using a skimmed
milk organic flocculation method in Ecuador’s rivers during the June
2020 outbreak [37]. In general, developing a methodology for esti-
mating viral presence in rivers where dilution is very high is essential for
environmental asset management and future impacts of SARS-COV-2
[47]. Up to date several papers investigating the concentration of
SARS-CoV-2 from wastewater (Table 2) have been published. A sum-
mary of previous findings shows that many methods available to mea-
sure SARS-CoV-2 recovery have been tested with wastewaters from
different global wastewaters. The results indicated that similar to sur-
rogate studies, there is not a standard protocol to concentrate
SARS-CoV-2 for complete or even high recovery.

Another key aspect of detecting SARS-CoV-2 on water is the selection
of the assay and the criteria for a positive result. The real-time reverse
transcriptase-polymerase chain reaction (RT-qPCR) test is a governing
technology employed in environmental sampling. Similarly, it is one of
the most widespread methods for detecting the virus from nasopha-
ryngeal swabs, throat swabs, or even saliva [95]. The detection assays
consist of targeting the genes for the envelope (E), nucleocapsid (N),
spike (S), RNA-dependent RNA polymerase (RdRp), and ORF1 [95]. In
an assay developed by the United States Centers for Disease Control and
Prevention (CDC) the N region is targeted at three different regions
called N1, N2, and N3. The N1 and N2 are specific to detect the
SARS-CoV-2, and the N3 is for the general Sarbecovirus, including the
SARS-CoV-2 [67]. The Japanese National Institute of Infectious Disease
(NIID) test also targets different regions in the N gene region. A com-
parison study of the main kits and test assays [70] found that the N2
assays of the US CDC and the NIID are the most sensitive. They also
found the CDC N1 assay kit and the envelope protein E assay [30] to
perform well. The combined literature suggests that primers targeting
the N region of SARS-CoV-2 are going to be the most accurate ones for
testing the viral presence in complex environmental media [30,70].
Studies performed up to date showed that successful RNA extraction
could be done with commercial kits and N1 and N2 genes could suc-
cessfully be used for the viral detection [10]. However, N_Sarbeco assay
reported positive results for SARS-CoV-2 did not provide the same re-
sults when performed with NIID_2019-nCOV_N assay suggesting that N
region targeted assays also needs to be optimized or different regions in
the SARS-CoV-2 genome needed to be used for detection [3,5,30,99].

The assays focusing on different genomic materials of SARS-CoV-2
were compared with results revealing inconsistency in terms of viral
count. Differences among the N1 and N2 CDC assays and the E_Sarbeco
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Table 1
Persistence of coronaviruses on different surfaces under different temperatures (inoculum of all the surfaces is either equal to or above 10° viral titter).
Virus Surface/Media Persistence Temperature (°C) Relative humidity (%) Reference
MERS-CoV Steel 48 h 20 [108]
8-24h 30 [108]
Plastic 48 h 20 [108]
8-24h 30 [108]
Copper >28 days 4 [108]
48 h 20 [108]
2-24h 30 [108]
SARS-CoV Metal 5 days 20-22 [34]
Steel 50 h 21-23 40 [107]
Copper 20h 21-23 40 [107]
Wood 4 days 20-22 [34]
Paper <5 min up to 5 days 20-22 [34]
Cardboard 8h 21-23 40 [107]
Disposable gown 1 h- 2 days 20-22 [64]
Plastic 4-9 days 22-25 [23,34,91]
75h 21-23 40 [107]
HCoV Steel 5 days 21 [113]
Copper <5 min 21 [113]
Aluminum 2-8h 21 [100]
Glass 5 days 21 [113]
Plastic 2-6 days 20-22 [91]
PVC 5 days 21 [113]
Silicon rubber 5 days 21 [113]
Latex surgical glove <8h 21 [100]
Ceramic 5 days 21 [113]
Teflon 5 days 21 [113]
SARS-CoV-2 Paper 3h 22 65 [25]
Tissue paper 3h 22 65 [25]
Wood 2 days 22 65 [25]
Cloth 2 days 22 65 [25]
Glass 4 days 22 65 [25]
Banknote 4 days 22 65 [25]
Copper 10h 21-23 40 [107]
Cardboard 35h 21-23 40 [107]
Stainless steel 7 days 22 65 [25]
60 h 21-23 40 [107]
Plastic 7 days 22 65 [25]
80h 21-23 40 [107]
Mask inner layer 7 days 22 65 [25]
Mask outer layer >7 days 22 65 [25]
Hand soap (2%) 15 min 22 65 [25]
Table 2
Recovery of SARS-CoV-2 from wastewater using concentration methods targeting N1 and N2 region via rt-PCR.
Methods for Volume of the SARS-CoV-2 Sampling Mean amplification cycles with ~ Recovery after Fold change after Reference
concentration sample used seeded (GC/ region rt-PCR for minimum detection concentration (%) concentration
(mL) mL)
Ultrafiltration 8 none Italy 36.38 3.9 [41]
250 none Spain 8-23 [87]
Double ultrafiltration 8 none Sweden 36.64-38.15 1.1-6.2 [41]
Polyethylene glycol 200 4.3 x 10° Argentina 2.7-16.7 [13]
(PEG) precipitation 200 4.3 x 10? Argentina 0-26.4 [13]
200 none Argentina Not detected (<45) [13]
200 none Spain 38-52.8 [84]
Aluminum polychloride 200 4.3 x 10° Argentina 0.7-21.0 [13]
(PAC) flocculation 200 4.3 x 10? Argentina 7.8-93.6 [13]
200 none Argentina Not detected (<45) [13]
200 none Spain 30.2-42 [84]
Skimmed milk 250 none Spain 23-37 [871
flocculation
Electropositive filtration 100 none China 0 [29]
100 1.0 x 102 China 1 [29]
100 1.0 x 10° China 21.4 [29]

assay in different samples were found in the Netherlands [74]. La Rosa
et al. [63] found that the use of open reading frames (ORF) targets differ
from the use of spike protein for SARS-CoV-2 detection on wastewater
samples taken from an Italian site. Randazzo et al. [93] also observed a
differential pattern on the use of the N1, N2, and N3 assays of the CDC.
They found positive but different results among the three N1, N2, and

N3 RT-qPCR assays in water treatment plantson different regions of
Spain. The study also found two positive cases over 18 samples of sec-
ondary treated waters using the CDC assays, one positive for the three
N1, N2, and N3 CDC assays, and the other was only positive for the N2
assay. Those results clearly state that the environmental assays’ methods
drive the positive results of the viral presence.
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The size and viral content in a sample also makes the minimal load of
detection (LOD) one of the most important criteria when sampling from
the environment. In the specific case of a study made in Australia [3,5]
differences between positive results were observed. The possible cause
of these differential results between assays could be explained by pres-
ence of minimum LOD value with N_Sarbeco assay and lack of it with the
NIID_2019-nCOV_N assay. Further, the automated diagnostic equipment
currently used for COVID19 testing, commonly works with high LOD
compared to the actual viral load at water bodies. Considering this low
viral load levels in water is essential to define if this parameter would
likely be used as an alert system for future outbreaks or even for
detecting cases in a community. For such measures to be valid, a stan-
dardized quality controlled viral measure needs to be developed.

The challenges for detection of SARS-CoV-2 in environmental sam-
ples could include the rate of mutations that causes mismatches [58,83]
or the false-negative rate (FNR) changes within time [61]. The FNR of
the tests for detecting SARS-CoV-2 is around 30% [61,119]. One of the
reasons for this FNR percentage is that the N gene presents multiple
mutation hot-spot loci [119]. The existence of mutation hot spots sup-
ports the stress on targeting different viral genome regions of the
different detection assays to mitigate the loss of sensitivity of our testing
[83]. These challenges are considered intrinsic to SARS-CoV-2 biology
for testing purposes and are extensively covered in clinical literature.
However, they are not considered in the environmental detection
studies. This multitargeting genome practice will be critical in water,
where it is notably observed that results will vary with the type of viral
concentration technique, and the detection assay elected for the
analysis.

2.2. Detecting SARS-COV-2 on surfaces and environmental media

One of the main concerns that COVID-19 brought to society was the
possibility of spreading not only from symptomatic or non-symptomatic
patients but also from surfaces (like packaging materials, fruits and
vegetable skins, etc.) and media like air and water. To understand how
viral survival will depend on environmental media and the effect if the
type of the media has any effect on its survival, analysis of the viral
survival needs to be made on different types of media. Previous studies
focusing on the survival rates and persistence of different types of
coronaviruses on diverse surfaces concluded that the amount of virus
present on a surface affected their persistence, being higher viral titer
related to longer virus persistence [64]. Similarly, strain type within the
same type of coronaviruses (SARS-CoV) showed differences in persis-
tence [57] even if the same amount of viral titer had been applied to the
same surface [23,34,64,91]. These studies suggest that persistence
changes are based on virus strain. Even though the persistence times
varies for each type of coronaviruses in different materials, these dif-
ferences for most materials were not drastically different. Hence, it can
be concluded that coronaviruses (including COVID-19 data) show more
or less similar characteristics of survival on solid surfaces. Temperature
seemed to be the driving effect on the survival rates on surfaces. Also,
increasing the temperature from 4 °C to 30 °C lowered persistence
(Table 1). Now, focusing on analyses done on SARS-CoV-2 survival on
surfaces, it is concluded that less smoother the surface was, the longer
the virus survived [25]. This finding was consistent with the viral sur-
vival and could be explained by exposiability of the virus to the envi-
ronment. In other words, the virus is less protected in smoother surfaces,
and therefore more exposed to potentially toxic compounds that could
inactivate it [109]. The conclusion raises a concern that SARS-CoV-2
will be viable to remain longer on uneven surfaces such as: porous
vegetables and fruits and also suggests that SARS-CoV-2 would survive a
lot longer in environmental samples like soil and sludge that have very
irregular surfaces. The results were similar to a test conducted with
bovine coronaviruses using adsorbent environmental materials like clay,
charcoal, kaolinite and others [27]. This study showed that coronavi-
ruses will be adsorbed to adsorptive materials (above 95% absorption)
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and will not be adsorbed by the non adsorptive materials like sand [27].
Survival of the virus in the environment also presents an obstacle with
detection of SARS-CoV-2 in wastewater. Because the double life of the
virus at ambient conditions changes from 4 to 8 h [6] composite sam-
pling is a necessity for detection. Similarly the temperature of storing the
composite creates variations in the detection of the virus and shorter
storing times decreases the detection limits suggesting that the sample
should not be concentrated immediately [6].

Wastewater is a residue that plays an important role in society,
because the exposure to wastewater and its byproducts is inevitable. Up
to this date, wastewater in pandemics has been considered to be used as
a tool [66,74,92] for early detection; however it also carries a danger for
transmitting the virus [46,121]. Hence, understanding the persistence of
the coronavirus is extremely important in environmental media like
water, wastewater, wastewater related sludge and aerosols. Available
data reveals that coronavirus persistence varies in different environ-
mental media (Table 3). Similar to solid surfaces, temperatures being
below 30 °C increased the persistence of coronaviruses. Further studies
with SARS-CoV-2 revealed that the virus was very stable (more than 7
days) on temperatures below 37 °C and the stability of the virus
decreased as temperature increased [25]. The effect of pH was assessed
on SARS-CoV-2 survival and it was concluded that pH did not have an
effect on the virus stability [25]. This finding was consistent with pre-
vious coronavirus studies reporting high variability of pH dependence
on viral fusion by variation of three amino acids in the viral glycoprotein
[42]. Overall comparison of coronaviruses persistence showed that vi-
ruses could survive a lot longer on water, wastewater and sludge than
any surface. This information revealed that the risk of virus transmission
is a lot higher from wastewater contaminated areas than from contam-
inated surfaces.

Since wastewater creates aerosols, it is essential to know what the
survival rates of SARS-CoV-2 are in wastewater created aerosols, both to
evaluate the risk of the employees of waste management facilities and
wastewater treatment plants and also to anybody that might be exposed
to or near any wastewater related sewage [28,80]. Transmission being
reported to be mainly via air [112] the survival of SARS-CoV-2 and some
coronaviruses was tested on air via aerosols (Table 3). The analyses
concluded that the virus survival rate in aerosols is relatively long and it
can persist for more than 3 h. However, no correlation was found with
relative humidity. Future studies are needed to understand what affects
the survival rates of the virus in the environment and especially on
aerosol particles if the main transmission mechanism is via air.

Wastewater treatment systems produce sludge, which is normally
treated and applied as soil aggregate in agricultural sites. Therefore, it is
important to evaluate the virus transmission risk within the sludge [16,
81,93]. At this point, no conclusive correlation has been made between
the coronaviruses survival rates in sludge versus water (Table 3). The
studies up to this point revealed that the presence of disinfectants drive
the survival rates of coronaviruses in water and sludge [62]. Hence, the
risk in the environmental media is still present especially because water
and sludge applied or discharged to the environment cannot contain
high levels of disinfectants. The practices of using untreated municipal
sludge or raw wastewater is a common practice in urban and peri-urban
areas of the developing world [68]. Therefore, the COVID-19 trans-
mission risk is quite high in the areas where untreated sludge from
wastewater treatment plants or raw wastewater is disposed or reused.

While estimating the risk of the SARS-CoV-2 presence in the envi-
ronmental media, the quantity of the viral presence should be taken into
consideration [54]. Based on the studies anywhere from 1 to 10 infec-
tious viral particles per litre of water (or gram of soil) can become a
health risk, since lower numbers of viral count would not carry a high
risk in environmental media [54]. Recent studies on primary sludge
instead of wastewater showed that SARS-CoV-2 virus could be tracked
successfully in a community via qRT-PCR using the same N1 and N2
primer sets employed in COVID-19 individual testing [90]. Testing
sludge in a vulnerable area had viral copies ranging from 1.7 A~103
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Table 3
Persistence of coronaviruses on different media related to wastewater under different temperatures (inoculum of all the surfaces is either equal to or above 10° viral
titer).
Virus Media Persistence Temperature (°C) Relative humidity (%) Reference
SARS-CoV Sterilized water 3-4 days 21-23 [34]
Dechlorinated tap water >14 days 4 [112]
Dechlorinated tap water 2 days 20 [112]
Wastewater 2 days 20 [112]
Domestic sewage >14 days 4 [112]
Domestic sewage 2 days 20 [112]
Aerosol >3 h 21-23 65 [107]
Sludge 9 h 22 [20]
HCoV Tap water >390 days 4 [48]
Tap water 10-13 days 23 [48]
Wastewater 2-4 days 23 [48]
TGEV Reagent grade water >49 days 4 [21]
Reagent grade water >15 days 25 [21]
Lake water >14 days 4 [21]
Wastewater >9 days 23-25 [21]
Pasteurized sludge >35 days 4 [21]
MHV Reagent grade water >15 days 4 [21]
Reagent grade water >49 days 25 [21]
Lake water >49 days 4 [21]
Wastewater >7 days 23-25 [21]
Pasteurized sludge >35 days 4 [21]
SARS-CoV-2 Aerosol >3h 21-23 65 [107]
Aerosol —tissue culture media 180 min 19-22 68-88 [101]
Aerosol- tissue culture media 360" min 19-22 40-60 [101]
Aerosol- artificial saliva 600" min 19-22 68-88 [101]
Aerosol- artificial saliva 240 min 19-22 40-60 [101]

@ Extrapolated based on the data plots

mL"1-4.6 A~105 mL—1 of primary sludge [90] which is also a health
threat. Therefore, while monitoring water/ wastewater/ sludge the viral
quantity affecting human health should be considered, specially when
monitoring waterborne disease outbreaks [44].

3. Managing SARS-CoV-2 in wastewater and sewage systems

Measurements of SARS-CoV-2 survival reveal the virus is inactivated
in less than 5 min when disinfectants like conventional bleach (1%, 2%),
ethanol (70%), povidone iodine (7.5%), chloroxylenol (0.05%), chlor-
hexidine (0.05%) and benzalkonium chloride (0.1%) are applied and
less than 15 min when hand soap (2%) is used [25]. However, the
application of these high concentrations to wastewater is difficult due to
the high quantities required.

Due to the widespread pandemics, the transmission risk is not only
confined to hospital waste systems, but to the sewage system and
wastewater plants. This situation makes areas exposed to wastewater
and its residues vulnerable to transmission also.

3.1. Treating the virus: Coronavirus inactivation in wastewater and
wastewater residues

Even though virus removal is not a design parameter for domestic
wastewater treatment plants due to the lack of viral regulations, it has
been reported viral removal in wastewater treatment plants in primary
and secondary treatment, as well as with membrane bioreactors (MBR).
[120]. Viruses are inactivated by disinfection at the tertiary treatment
prior to discharge or reuse of the effluent water [22].

Most of the viral presence in wastewater is expected to be in the
sludge [52], with reported viral count in activated sludge to be ranging
from 0.7 to 2.9 Log [52]. Therefore, the virus removal process has been
explained by flock formation in the sludge, followed by settling. For the
case of MBRs, the settling process is replaced by flock removal by the
membrane filters. Therefore, the removal of viruses will not happen in
sewage systems, sludge lines or in small treatment facilities like septic
tanks. This situation makes specially vulnerable small communities or
rural areas.

The disinfection for virus removal in a conventional wastewater
treatment plant is achieved either by chlorination, ozonation or UV
application. One study conducted in China revealed that concentrations
of 6700 mg/L of sodium hypochlorite (equivalent to 350 mg/L of
chlorine dose) are needed to inactivate SARS-CoV-2 and viral RNA, for
them to not be observed in the hospital wastewater effluent. This high
dosage also brings issues of high trichloromethane, tribromomethane,
bromodichloromethane and dibromochloromethane concentrations in
the effluent [121]. Studies focusing on removal of coronaviruses from
municipal wastewater were previously conducted with SARS-CoV with
results demonstrating that coronavirus survival is dependent not only on
the dose applied but also on the time of exposure (Table 4). Even though
increasing the concentration dose decreases the contact time needed for
full inactivation, it also increases the residual chlorine concentration
[112]. It was also shown that the inactivation of SARS-CoV could be
achieved at 20 °C and retention times of 30 min with residual chlorine or
chlorine dioxide at concentrations above 0.5 mg/L and 2.19 mg/L
respectively [24].

One of the most promising technologies for disinfection and inacti-
vation ‘mkm of viruses'is UV. Virus reduction can be achieved in envi-
ronmental media using a UV dose between 1 and 200 J/m? at 254 nm
based on the type of virus that needs to be inactivated as long as
transmittance of water and the exposure of outer layers of porous bio-
solids are considered. The measured inactivation dose for coronaviruses
was estimated to be achieved with 40 J/m? in air samples [31]. How-
ever, tests conducted with SARS-CoV-2 revealed contradictory infor-
mation, showing that the virus is viable even after being exposed to UV
for more than 60 min [31]. Nevertheless, this study [31] was not con-
ducted under a UV generator for sterilization but was just placed in a UV
laminar hood in a laboratory. Aerosol containing HCoV under different

Table 4
Doses and time needed for total inactivation of SARS-CoV [112].

Chlorine Chlorine dioxide

SARS-CoV Dose (mg/L) Time (min) Dose (mg/L) Time (min)
10 10 10 > 30
20 <1 20 5




J.E. Sanchez-Galan et al.

UV wavelengths showed that doses required to inactivate the virus
ranged between 1.2 and 1.7 J/m? [18]. Even though particular studies
have not been done directly with wastewater, known technologies can
generate dosages between 1 and 200 J/m? and could be easily modified
to dose sufficient UV especially at 254 nm as long as the transmission of
UV to the wastewater considered the turbidity and UV transmittance for
succesfull virus elimination [45]. The advantage of employing UV for
wastewater treatment for SARS-CoV-2 is the absence of residues
resulting in toxic byproducts.

3.2. Designing sewage systems that ease the SARS-Cov-2 / COVID-19
detection

Presence of active SARS-CoV-2 has not been observed at the effluent
of wastewater treatment plants [38]. Contrarily, viral presence in the
untreated wastewater has been observed in many places globally [28].
The viral presence does not always mean infection risk in the waste-
waters, it has been reported that SARS-CoV-2 RNA could be present in
wastewater samples while the virus is inactivated [3,5]. However, the
analysis of viral presence in wastewater could provide a tool to deter-
mine the physical areas where transmission or the number of infected
people is high [38]. Currently, sampling sewage entering wastewater
treatment plants has been either planned for large urban areas, or is
currently being applied to have an idea of viral presence and/or monitor
possible waves of viral transmission [1,26,75,76].

Unless designed for a very small community, sampling from a
wastewater treatment plant influent, would not narrow down a specific
area to take any preventative actions. Hence, recent discussions focused
on sewer line detection strategies put forward the idea of monitoring
infection status in urban areas by wastewater based epidemiology [28,
33]. Even some candidate biomarkers and metagenomic analysis spe-
cifically for SARS-CoV-2 have been published lately [79].

The solutions found in literature point to combining principles of
wastewater epidemiology with those of environmental engineering by
defining sewer sampling points for estimating viral counts. The main
challenge is how to determine the minimum household number that
SARS-CoV-2 can be detected in the wastewater at the sampling points.
Economic, demographic and public health aspects of the region need to
be considered while establishing the minimum household requirement.
Existing sewer system characteristics need to be known not only to
determine the possible flow and sampling availability, but also to
consider possible dilution of biological material with rainwater for the
case of combined sewage systems. The available points in the sewage
system for sample analysis are usually open channels, pumping stations
and inspection chambers. Sample points location will depend on the
geography, sampling availability and the number of people covered.
Risk assessment needs to be done in terms of how many households and
occupants will be benefited by having such a sampling and assessment
system.

The proposed solution is to develop an optimal model with contin-
uous monitoring of every sewage line is compared with the number of
people that needs to be tested including economical factors and time
based strategies. Such a model could help to make pandemic and post-
pandemic decisions [105]. Testing populations through wastewater
production would be especially useful in countries with limited re-
sources, providing a global approach to keep wastewater testing and to
inform confinement strategies [11]. An example of the proposed system
is provided on Fig. 1 with a hypothetical sewage line. Based on this
model, a sampling analysis frequency of two times a day on peak flows is
proposed. Representative available sewage line sampling points were
selected based on 1) location (distance of each other and distance of the
community), 2) joint points to determine differences in different areas
and 3) sampling size representing the maximum number of houses that
could provide meaningful representation. On this figure every sampling
point is assumed to contain no more than 100 houses contributing to the
sewage steam line for minimal detection, the sampling number was
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Wastewater treatment plant

Fig. 1. Proposed sampling points (red) of a sewage line on a hypothetical sewer
map. Every dot represents a sewage line entrance of a community with mini-
mum 10 houses where length of the lines are representing the distances of each
sewage line from each other. Sampling was proposed to be twice a day
(morning and evening) on the peak flow. Every dot represents an available
sampling line.

chosen considering 10,000 viral counts per sick person and assuming
average of 4 people living in every household to get sufficient RNA for
PCR [12]. This figure is provided to clarify and explain the idea
mentioned and is hypothetical. Similar maps should be obtained with
optimization models for every location separately for further
applications.

4. Societal issues and risks of COVID-19 on rural / impoverished
populations

Poverty and inequality go hand in hand [19]. Dwellers in
non-consolidated informal settlements do not count on having a com-
munity treatment plant. Usually, the provision of such service does not
begin until many years later along their settlement, once the process of
the consolidation of formality begins. The only option is to let waste-
water run through their premises, affecting their and neighbors’ health
conditions, especially those of children [82]. Under such circumstance
common waterborne diseases and even SARS-CoV-2 aerosols might
impact the population [2,88].

More interestingly, not having direct clean access to water, can also
be the source for water-borne diseases, some of which may have a
detrimental effect on health for life or lead to death. A serious issue with
not having in-house water sources, is that accessing water through other
means may increase the exposure to disease risk [77,104]. When the
water does not reach a household directly, going out and getting it will
expose the individuals to sudden site overcrowding, which may become
a hazardous scenario for any infectious diseases and specially for
COVID-19 [102].

Usually, viruses and water are seen related during water-borne virus
outbreaks. For example in the US between 1971 and 2006, 64 outbreaks
were reported and 136 in Europe from 2000 to 2007 [39]. However,
even though COVID-19 might not be considered a water-borne virus,
water is at the center of prevention. Having access to clean water is
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critically important in order to comply with WHO [116] recommenda-
tions of keeping hands washed thoroughly and constantly, as well as for
washing food and keeping spaces and objects clean. For all of those
chores and other aspects of family sanitation, not only quality but
quantity of clean water matters. Therefore, the COVID-19 pandemic
should bring a fresh reminder of the importance of prioritizing in-
vestments in water infrastructure, water treatment, food contamination
testing and proper hygiene campaigns [49].

It is a known fact that there is a strong positive correlation between
testing and the number of reported COVID-19 cases [94]. However, for
developing countries where genomic testing facilities will be hard to
establish or equip, it will be critical to develop water-based epidemi-
ology which can in turn be a key factor to determine the health of a
community [32]. This becomes even more critical in countries where up
to 60% of the wastewater end up in the urban and rural water system
used as drinking water sources due its infiltration [16]. An example of
this situation is brought forward in [103], where the case of Sub-Saharan
African case is presented. The authors pose the question on how to make
SARS-CoV-2 water-based surveillance systems on places that do not
have wastewater treatment plants, and some practical solutions are
given, some of them are paper based wastewater tests and the use of
portable devices for testing [72]. Several different technologies have
also been developed for SARS-CoV-2 being a center of interest. Sensing
technologies based on surface visualization/characterization tools such
as AFM, EM, XRD were used to detect SARS-CoV-2 based on the viral
shape [17,73]. Point of care detection of Sars-Cov-2 methodologies were
used with blood or urine to detect the virus via cost effective lateral flow
assays. Similar methods were used for biosensors tests and
nanotechnology-based approaches using nanoparticles with DNA and
protein based technologies with upper respiratory specimens, blood or
urine to detect Sars-Cov-2 [56]. Biosensor tests include chip-based,
paper-based, film-based, thread-based, graphene-based and black
phosphorous based biosensors which are focusing on rapid and afford-
able detection that could be further coupled with smartphone analyses
[35]. Further work has been done to improve the PCR analyses via rapid
kit testing or use aerosol samples to further detect SARS-CoV-2 presence
to prevent direct contact and have analyses for low viral presence [65].
The most recent efforts were done by using extensive databases to pre-
dict COVID-19 cases ([60] and use machine learning tool such as Lo-
gistic Regression, Support Vector Machine, Gradient Boosted Decision
Tree, and Neural Network methods to model the COVID-19 outbreak
[43].

It is under this scope that considerations on how to improve access to
clean water can follow the policies introduced by the Sustainable
Development Goals [114]. Which also include actions geared to reduce
economic and social inequality. In this regard, policy makers must
address three issues necessary for water provision and to be able to
reduce COVID-19 and other risk problems: 1) development, adaptation
and/or improvement of city-wide, country-wide if possible, potable
water distribution networks; 2) ensuring the quality, quantity, water
pressure, strengthening of flow, of the water service; and 3) governance
of the water resources.

The issue with water and wastewaters also become one societal issue
in nature, with current methods providing a measure of the presence of
the virus, however not answering if this discovery should be applied to
nearby sources, or to the whole population of a city, regardless of
closeness to hospitals, or the access to sewage systems. Moreover, it
needs to be said that the risk assessment has been chiefly performed
from a biological and epidemiological perspective. However, more
research is needed to understand the interface between environmental
conditions and issues that affect people in highly vulnerable social and
economic conditions. Water and wastewater management needs further
consideration in the strategies in place to gain control over the COVID19
pandemic. Not only because potable water is a vital resource for a
healthy life and its role in the household’s sanitation routines, but also
especially because low-income communities have serious issues with
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wastewater treatment. This is aproblem that also encompasses the ac-
cess to clean and reliable water sources [16,102].

5. Concluding remarks

COVID-19 has become a staple of society for good and for bad,
changing the way we interact, travel and carry about our normal lives.
There are several factors fueling this pandemic, among them, the ease of
spreading from human to human and a great deal of environmental
factors that need to be unmasked [89]. This article evaluates the
research related to SARS-CoV-2 and the possibility of detection in the
environment and in sewage lines.

The severe effects of COVID-19 in humans may have prevented more
thorough environmental studies from being carried out. Most of the
studies describing the issue come from the medical field analyzing the
outcomes of patients and their comorbidities, and are usually performed
in the clinical settings in hospitals and health facilities. Therefore, un-
derstanding viruses closely related to SARS-CoV-2 could help re-
searchers to device novel methods to limit its transmission via
environmental media. More importantly relevant studies can help
manage risks of the current pandemic.

Understanding environmental factors, applying the existing tech-
nologies and predicting risks due to environmental contact is essential to
overcome the pandemic effects. It also can help society prepare for post
pandemic issues. For instance, many political, sociological and psy-
chological problems that became evident after the SARS epidemic [40,
51,71] have now been reported now for COVID-19 pandemic [86,111].

In terms of SARV-CoV-2 detection in samples of either human or
environmental media, it seems that some technologies are better suited
than others, with no standardized method. Various detection methods
can be reduced to just answering the question of presence. However, the
issue of quantification becomes one of where to put the threshold of
determination. For sludges this issue boils down to how to extract the
material to actually measure viral presence in such porous surfaces. RNA
based detection techniques in solids or solid containing mixtures not
only face problems with rapid RNA degradation in the samples but also
difficulties in RNA extraction from samples containing high humic acid
as well as low efficiency of RNA to cDNA conversion. Therefore, meth-
odologies of rapid RNA extraction with humic acid cleaning steps may
provide data for the virus but that data will not exactly be quantitative.
Moreover, the detection methodologies up to date are good to determine
the presence of SARS-CoV-2 RNA in wastewater or in sludge, however
this is not necessarily indicative of the virulence of the virus itself,
because the SARS-CoV-2 RNA could be present, but the virus can be
inactivated.

Beside looking at SARS-CoV-2 RNA fragments, recently researchers
began to look at structural proteins, N (nucleocapsid), M (membrane), S
(spike), and E (envelope), shedding that can be found in higher copy
numbers in wastewaters and sludges are in general are more stable than
viral RNAs [78]. Using proteins as a markers based on antigens and
could reduce the risk of false positives obtained with DNA techniques
like PCR because they cannot be directly amplified. Direct detection of
the SARS-CoV-2 can be done by enzyme-linked immunosorbent assay
(ELISA), Chemiluminescence immunoassay (CLIA) and COVID antigen
assay that is based on antigens with its specific antibodies for COVID-19
based on ELISA or CLIA. This assay could fail when antibodies against
the proteins are not available or alternative affinity ligands are not
present [35,36]. Therefore, this western blot-based methodology still
has its ways to go, to become a Mass Spectrometry based solution or to
be comparable to PCR methods and to newer CRISPR, Digital PCR and
Lab-on-chip technologies [12].

Further advanced molecular genetic tools that were developed for
gene editing were also used for SARS-CoV-2 detection. Those techniques
are based on RNA and can be summarized as CRISPR-Cas12/13-based
SHERLOCK, DETECTR, CARVER and PAC-MAN, antisense oligonucleo-
tides, antisense peptide nucleic acids, ribozymes, aptamers, and RNAi
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silencing. Among those methods ASO or peptide nucleic acid are
considered to be the most applicable ones because of the low cost [15,
35]. Other RNA based techniques for SARS-CoV-2 detections are Nucleic
Acid Hybridization Using Microarray and Reverse Transcription
Loop-Mediated Isothermal Amplification (RT-LAMP). This technique is
based on ¢cDNA amplified from RNA and Amplicon-Based Metagenomic
Sequencing using different sequencing methods such as MinION or Ilu-
mina [35].

In conclusion, SARS-Cov-2 detection capability could be used to
predict pandemic cases, this could be especially helpful to monitor what
are otherwise asymptomatic carriers. Moreover, the wastewater sam-
pling points should be engineered focusing on pipe joints of water
arriving from smaller communities, this will enhance the in-site data
collection. This information could be used to design systematic sampling
points throughout the sewage systems when available, taking into ac-
count peak flows caused by rain flow or other common events. Such an
approach will be able to provide an insight of the viral outbreak [106].
More importantly will save financial resources that otherwise will be
spent in testing every person in the community. Hence it can contribute
with the definition of confinement policies, and governments can have
the systems fixed in place to be used as post-pandemic measures if/
when needed. The only caveat is that sewage systems need to be present
for this to happen. Hence, vulnerability of the wastewater carrying the
virus should be highly considered in low-income areas and counties
where sewage cannot be handled.

With the mutation of the SARS-CoV-2 more strains with different
viral counts per sick individual have been observed. Difficulty of
providing and implementing vaccines globally indicates that viral
presence in waste and wastewaters will be a concern. Further research is
needed to define what the minimum number of detected genes means for
the transmission, to standardize testing methodologies in waste and
waste waters. Fulfilling the needs could be used to define proper legis-
lations to implement treatment and handling of waste/wastewater that
will prevent further viral contingence.
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