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The entire globe is affected by the novel disease of coronavirus 2019 (COVID-19 or 2019-nCoV), which is
formally recognised as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The World Health
Organisation (WHO) announced this disease as a global pandemic. The presence of SARS-CoV-2 RNA in un-
processed wastewater has become a cause of worry due to these emerging pathogens in the process of wastewater
treatment, as reported in the present study. This analysis intends to interpret the fate, environmental factors and

Disinfection
Wastewater—based epidemiology (WBE) route of transmission of SARS-CoV-2, along with its eradication by treating the wastewater for controlling and
Surveillance preventing its further spread. Different recovery estimations of the virus have been depicted by the detection of

SARS-CoV-2 RNA in wastewater through the viral concentration techniques. Most frequently used viral con-
centration techniques include polyethylene glycol (PEG) precipitation, ultrafiltration, electronegative mem-
brane, and ultracentrifugation, after which the detection and quantification of SARS-CoV-2 RNA are done in
wastewater samples through quantitative reverse transcription-polymerase chain reaction (RT-qPCR). The
wastewater treatment plant (WWTP) holds the key responsibility of eliminating pathogens prior to the discharge
of wastewater into surface water bodies. The removal of SARS-CoV-2 RNA at the treatment stage is dependent on
the operations of wastewater treatment systems during the outbreak of the virus; particularly, in the urban and
extensively populated regions. Efficient primary, secondary and tertiary methods of wastewater treatment and
disinfection can reduce or inactivate SARS-CoV-2 RNA before being drained out. Nonetheless, further studies
regarding COVID-19-related disinfectants, environment conditions and viral concentrations in each treatment
procedure, implications on the environment and regular monitoring of transmission need to be done urgently.
Hence, monitoring the SARS-CoV-2 RNA in samples of wastewater under the procedure of wastewater-based
epidemiology (WBE) supplement the real-time data pertaining to the investigation of the COVID-19 pandemic
in the community, regional and national levels.

1. Introduction

The concurrent pandemic due to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is commonly known as COVID-19 and was
initially encountered at Wuhan City, China, in December 2019. This is
induced by a novel human coronavirus and has emerged as a crucial
disease and public health issue (Usman et al., 2020); thus, affecting
millions of people across the globe (Dhama et al., 2021). The World
Health Organisation (WHO) had informed about the attack of COVID-19
pandemic on March 11, 2020, owing to its global spread (Agrawal et al.,
2021; WHO, 2020). The commonly recognised mode of transmission of
SARS-CoV-2 is by inhaling the droplets and establishing
person-to-person contact (Mandal et al., 2020; Morawska and Cao,
2020). Current scholars are investing their attempts in studying the
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transmission routes of SARS-CoV-2 prevalent on treatment plants for
wastewater.

SARS-CoV-2 was recently found in stool samples, and its continued
dropping into environmental sections like sewage and wastewater in-
dicates the potential menace to the route of transference of the virus
(Dhama et al., 2021). Recently, the passage of SARS-CoV into the sewage
by way of patients’ stool and urine has been highlighted (Wang et al.,
2005a). The sewage is contaminated by the presence of SARS-CoV-2
RNA, which has been excreted by the human body through saliva,
sputum and faeces (Lahrich et al., 2021). SARS-CoV-2 is incessant in
human bodies and may prevail in body fluids, including urine (Kujawski
et al., 2020; Lo et al., 2020; Sun et al., 2020) and faecal samples
(Amirian, 2020; Chen et al., 2020; Kujawski et al., 2020; Ling et al.,
2020; Park et al., 2020; Tang et al., 2020; Wu et al., 2020a) that are
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passed out of the body through their excretion into the wastewater
(Cervantes-Avilés et al., 2021). Previously conducted research reported
the presence of SARS-CoV-2 in the faeces, along with gastrointestinal
symptoms in 17.1% of patients infected by COVID-19 (95% CI,
6.9-36.7) (Cheung et al., 2020). SARS-CoV-2 RNA was constantly
excreted in the faeces of almost 50% of symptomatic patients with a
concentration of 108 RNA per sample of stool (Chen et al., 2020; Wang
et al., 2020a; Wolfel et al., 2020; Wu et al., 2020a; Xiao et al., 2020; Xu
et al., 2020). Foladori et al. (2020) examined the viral load in the
COVID-19 positive patients’ faeces and revealed the presence of
SARS-CoV-2 RNA at the concentration level of 5 x 10°-5 x 107
copies/mL, wherein its sequential form are determined and isolated in
human faeces (HFs). It means that a single person can discard billions of
copies of SARS-CoV-2 RNA, thereby contaminating the wastewater
(Trottier et al., 2020). A recent study held at Bangkok Metropolitan and
suburbs attempted to track the occurrence of COVID-19 in wastewater
for understanding the asymptomatic transmission and exposed the
increasing count of SARS-CoV-2 RNA in the wastewater in line with the
growing number of COVID-19 positive patients (Wannigama et al.,
2021). Additionally, the viral RNA has been found in the faeces of almost
15-83% SARS-CoV-2 infected patients (Foladori et al., 2020). A recent
study established the high prevalence of SARS-CoV-2 RNA in faeces
rather than urine (Cervantes-Avilés et al., 2021; Collivignarelli et al.,
2020). Subsequent to the excretion of the virus from the faeces, it is
initially diluted in toilet water, post which it mixes with wastewater and
then enters WWTP, along with the greywater released from showers and
washing machines (Foladori et al., 2020; Larsen and Wigginton, 2020).
The excreted virus leaves a possibility for the faecal-oral transmission of
the virus (Pandey et al., 2021), whereas the stool acts as a major cause of
viral genomic units prevailing in wastewater. SARS-CoV-2 RNA’s sur-
vival in wastewater is possible for multiple days (Ahmed et al., 2020a),
thus probing the uncontrolled impact of SARS-CoV-2 on the environ-
ment (Abu Ali et al., 2021).

It is virtually non-practical to continue with the clinical testing
method of swabbing every individual of a country for a long time due to
the restricted availability of resources and funds as well as due to the
requirement of multiple resources and personnel (Hong et al., 2021).
Contrarily, directly monitoring the wastewater for the SARS-CoV-2 RNA
over a long period will help in consummating the current process of
clinical surveillance. The virus is ejected out by way of faeces by almost
39-65% of infected patients as well as asymptomatic hosts, whereas
merely 6% of infected carriers pass it out through urine (Chan et al.,
2020; Cheung et al., 2020; Hong et al., 2021). Hence, the studies done
for detection of SARS-CoV-2 RNA in untreated wastewater explored a
molecular test, namely wastewater-based epidemiology (WBE), that can
be done to determine the invasive prevalence of the virus (Ahmed et al.,
2020a; Kitajima et al., 2020). Considering the fact that it would not be
possible to examine many individuals clinically, proactive detection of
SARS-CoV-2 in the wastewater can furnish a technique for non-invasive
warning to warn the communities against a new COVID-19 infection
(Orive et al., 2020).

The surveillance of wastewater streams to identify the COVID-19
offers an opportunity to observe the pandemic in closed areas by way
of sewage monitoring to prevent the further dispersal of the pathogen.
The present study relates to the dispersal of SARS-CoV-2 in wastewater
and the environment, whereas further study needs to be pursued to
clarify its link with COVID-19 infection and faecal-oral transmission
channels of the virus. Hence, the initial detection of the virus through
rapid testing, faeces testing and examining its presence in municipal
wastewater can prove to be efficient techniques of controlling the spread
of COVID-19 infection (Orive et al., 2020; Thakur et al., 2021). In the
same context, reduction of possibly identified risks of transmission of
SARS-CoV-2 through faecal-oral channels need to be addressed in sub-
sequent research studies along with filling the knowledge gaps per-
taining to the effect of population density on quantification of
SARS-CoV-2 detected in wastewater and the classical method of
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detecting virus. SARS-CoV-2 is spread through aerosols and droplets,
due to which the viral detection studies involve in-situ wastewater and
other segments of the environment owing to the intensity of the disease.
The mechanism through which this virus enters the environment can be
well understood by interpreting the significance of the SARS-CoV-2
virus’s diffusion and survival in wastewater and its eradication
through treatment procedures. This study has been compiled to critically
review the fate and transmission route of SARS-CoV-2 RNA along with
the methods for detecting SARS-CoV-2 RNA in wastewater. This review
also enables the surveillance of public health monitoring by way of
critical analysis of wastewater-based epidemiology (WBE) and the cur-
rent information on wastewater treatment procedures for eradicating
SARS-CoV-2. This knowledge will assist in strategic decision making for
drafting policies, initiating measures, planning for prevention and con-
trol of SARS-CoV-2 in addition to scrutinising the wastewater-based
epidemiology process prior to and post-COVID-19 epidemic.

2. Methodology

The review has been facilitated by performing a literature exami-
nation on the databases that are available online. The search has been
done by reviewing the articles published on or before June 2021; the
data has been extracted majorly from the PubMed, Web of Science,
ScienceDirect and Scopus databases. The researcher encompasses the
keyword search by focusing on SARS-CoV-2, coronavirus 2019, waste-
water, wastewater treatment, and the Boolean operators of ‘OR’ and
‘AND’. The article search was conducted by focusing on the English
language, and it was administered by identifying, screening, classifying
and selected the best articles on wastewater treatment plants and their
disinfection. The research has been delved by even considering the pre-
print and the pre-reviewed articles as well. The articles had been pre-
dominantly reported on the SARS-CoV-2 detection in wastewater and its
concerning process such as the process to remove RNA of SARS-CoV-2
from the wastewater. The articles gave data on the fate, route trans-
mission, method of discerning SARS-CoV-2. The other concepts narrate
the use of wastewater treatment plants (WWTPs) and wastewater-based
epidemiology (WBE) in order to remove SARS-CoV-2 RNA in
wastewater.

3. Fate and environmental factors of SARS-CoV-2 in wastewater

SARS-CoV-2 is known to be a single-stranded enveloped RNA genesis
that develops due to the Coronaviridae, and its size range falls between
60 and 140 nm (Bogler et al., 2020; Lesimple et al., 2020). It was
explored in the past that SARS-CoV-2 RNA in faeces of viral load
accounted to 1.7 x 10°-4.1 x 10'° copies/L existed in between the
patients was approximately 27 days old neonate (Han et al., 2020). This
viral RNA exists at approximately 3.2 x 10° copies/L concentration level
(Peng et al., 2020). Therefore, the amount of pathogen time such as
SARS-CoV-2 can get through outside the human body is supplied by the
environmental persistence. The more likely the virus persists outside the
human body, the more likely chances of spread are there (Lahrich et al.,
2021). In the studies conducted earlier, it was evidenced that the ability
of the SARS-CoV to live under varied atmosphere is higher such as hu-
midity and high temperature as well as equipment provided patients in
hospitals such as sterile sponges, aluminium, latex gloves and biological
fluids (Geller et al., 2012). The fate of coronavirus in wastewater is
bifurcated into two processes, namely the ability to survive in waste-
water and the removal of various stages during the treatment of
wastewater (Amoah et al., 2020). It has also been identified that pH,
organic matter and antagonistic bacteria are present during the removal
of the wastewater (Arslan et al., 2020). The sunlight’s presence,
including the effects of humidity and the organic substance matter,
oppose the outcomes (Kataki et al., 2021). Contrastingly, it has been
stated by Nemudryi et al. (2020) that SARS-CoV-2 RNA levels in the
wastewater contaminate the onset by several days. Moreover, the study
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conducted in the primary sewage sludge from NE division of US reported
a time of SARS-CoV-2 RNA concentrations in the spring season amidst
COVID-19 outbreak followed by wastewater contamination. It was
found out that virus RNA concentration in the COVID-19 is associated
with epidemiological curve and admission in the local hospital (R? =
0.99). SARS-CoV-2 RNA concentrations used to remain on a seven-day
leading indicator ahead of the virus testing data and headed towards
the local hospital admission (Coil, 2020). In the viewpoints of Ven-
ugopal et al. (2020), it has been reported that the virus has a prolonged
survival even at a low temperature. Therefore, this factor excreted
coronavirus possibility for the residual treatment plants. As per the
previous study conducted by Wang et al. (2005b), demonstrated
SARS-CoV is disabled after 2 days at 20 °C.

In addition to the studies above, a recent study proclaims that
coronaviruses can stay in hospital or household water for up to a period
of 14 days, even at 4 °C in dechlorinated treatment. The virus can sustain
at a temperature of 20 °C, even though it survives for only 2 or 3 days
(Garcia-Avila et al., 2020; Kitajima et al., 2020; La Rosa et al., 2020a;
Ren et al., 2020). It has also been explored that the average Tyo (time
required for 1 logjo) of coronavirus RNA ranged from 8.0 days to 27.8
days in untreated wastewater. Garcia-Avila et al. (2020) opined that
SARS-CoV-2 virus could last in untreated sewage for more than 25 days
span and it has a high potential of transmission by the faecal-oral
transmission. As per the report conducted by Shutler et al. (2021), it
has been revealed that the SARS-CoV-2 virus can stay longer in the
aquatic ecosystems depending upon the characteristics of wastewater.
The risk of developing the risk in the wastewater increases in the cool
period as the virus becomes viable in low temperature and sustain longer
(Carraturo et al., 2020). Amoah et al. (2020) and Arslan et al. (2020)
suggested that various factors influence the coronavirus in wastewater
and in varied environmental conditions (for instance, sewage charac-
teristics, pH, weather, the structure of the virus and the wastewater
attributes). In line with the same direction; the persistence of
SARS-CoV-2 in wastewater depends on the aura and the attributes of the
wastewater (Bilal et al., 2020a; Carducci et al., 2020; Foladori et al.,
2020; Kumar et al., 2020a). The factors have depicted that SARS-CoV-2
infectivity may have a larger impact on the organic compound found in
the sewage water and the pH (Chin et al., 2020; Geller et al., 2012; Wang
et al., 2005b). Additionally, the pH of faeces, for instance, used to have a
major effect on the sustenance of SARS-CoV-1 that can range from 3 h in
newborn faeces and approximately to four days in an adult’s diarrheal
faeces along with having a pH up till 9 (Lai et al., 2005). While
SARS-CoV-1 is deferred, there has been no traceable reduction in the
infection titers even post 1 h over a wide range of pH range of 3-10 (Chin
et al., 2020). In contrast to it, greywater has received water discharge,
namely shower, sink and drain within the periphery of health care units.
It is unexpected to be a transmitter to the SARS-CoV-2 spread (Wang
et al., 2020a; Wolfel et al., 2020). The low virus of concentrates in
greywater can be affected by disinfectants, soaps and detergents to
SARS-CoV-2 sensitivity (Chin et al., 2020; Kampf et al., 2020).

The study undertaken by Arora et al. (2020) suggests that there is
either very low or no risk in the instance of SARS-CoV-2 regarding the
effluent that has been treated for non-potable applications. As per
another assertion, raw untreated wastewater can potentially be trans-
mitted by the transmission of the virus to the workers. SARS-CoV-2 is
like SARS-CoV that could develop into wastewater by the surface water,
and another mode of transmission could be possibly due to bioaerosols
emissions sources.

4. The probability of transmission of SARS-CoV-2 in wastewater

Since the year 2003, WHO had been reporting on the vast spread of
the severe acute respiratory syndrome inside the housing in the province
of Hong Kong (WHO, 2003). In the year 2003, confirmed cases of
COVID-19 were approximately 342 in number, causing a high morbidity
rate such as occurrence of 42 fatalities on the 50-storey building
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(Gormley et al., 2020). Another study proclaimed that at the time;
bathroom exhaust fans were running, there used to be a high chance of
the concentration of viral aerosols in wastewater plumbing systems
(Gormley et al., 2011, 2013). The phenomenon had led to transmit the
virus-laden droplet nuclei’s via the empty U-bends into the bathroom as
a source of airborne route transmission inside of a building (Gormley
et al., 2020; McKinney et al., 2006; Nghiem et al., 2020). The scientific
study suggests that a possible risk of coronavirus transmission through
the water indicates the existence of SARS-CoV-2 in WWTPs (Kataki
et al., 2021). The main route of transmitting SARS-CoV-2 is via respi-
ratory droplets that get manifold by coming in direct contact with the
infected person (Mandal et al., 2020). It has been evidenced by the
plumbing system of wastewater as the key source of pathogens (Farkas
et al., 2020; Gormley et al., 2011, 2013). It has been observed that
droplet fallout results in surface contamination, such as in free space and
devices (Gormley et al., 2020). It had been found out that adenovirus
was more resistant to eradication in comparison with the polyomavirus
and torque teno virus (Sidhu et al., 2018). The studies depict that bio-
logical characteristics of wastewater would manifold if the sources of the
faecal-oral route get contaminated if not managed properly. It has been
indicated that the virus gets spread with the effluent stream, most
particularly through untreated water that is usually seen in developing
nations (Elsaid et al., 2021).

Wastewater workers occupationally get exposed to the bioaerosols in
environment operation during the influent treatment process carried by
numerous microorganisms. Most of the bioaerosols in wastewater or
sewage contains bacteria, fungus and other metabolites products such as
endotoxin plus viruses (Thakur et al., 2021). Carducci et al. (2018)
postulated that a higher average risk in the wastewater gets affected by
biological oxidation calculated through quantitative microbial risk
assessment (QMRA). The risk in QMRA ranges between 15.6% and
12.7% for exposure within 3 min. As explored, the concentration of
human adenovirus (HAdv) acts as a predominant factor for estimating
the risk and sensitivity based on biological risk evaluation. The high
exposure concentration is parameters have a strong effect on health
(Chen et al., 2021). There are potential biological health hazards asso-
ciated with the emitted bioaerosols from WWTPs with the externalities
such as bubble aeration, dewatering and mechanical aeration. The
spread in WTTPs boundaries has shown that document of the plumbing
system in wastewater reservoir for the pathogen agents (Gormley et al.,
2020). Pathogenic viruses are one of the major threats to human beings
since SARS-CoV-2 becomes inherent in wastewater and cannot be
extracted out easily. Inhalation directly to the aerosols is reported to be
the main route of transmission (Ge et al., 2020).

The survival of the coronaviruses with the exposure of aerosols, for
instance, concentration of viral inhaled particle, high host emission rate,
viral inactivation and meteorological factors manifold the possible
threat of exposure within WWTPs is made through bioaerosol inhalation
or direct contact with infectious viral fragments (Amoah et al., 2020;
Panchal et al., 2021). It has also been identified that the extent of
infection in SARS-CoV-2 in wastewater is limited (Kitajima et al., 2020).
The discovery of SARS-CoV-2 RNA during the entire process emphasises
the need for infectivity investigations and showcases that the danger to
WWTP operators and in the surrounding community is low (Abu Ali
et al., 2021). In addition, in plentiful environmental settings, the
persistence of SARS-CoV-2 is measured in different environments such
as dust particles, tap water, airborne particulates and domestic sewage
that calls for urgent systemic investigations (Bilal et al., 2020b). There
becomes a high risk of the pathogenic viruses present in human health as
it has a high potentiality of secondary transmission, particularly in
wastewater during the COVID-19 pandemic (Liu et al., 2020; Thakur
etal., 2021). The viruses are the major causes of transmitting respiratory
diseases such as gastrointestinal and hepatitis (Bhatt et al.). There has
been a doubted debate regarding the infectivity of SARS-CoV-2 via the
material in the aquatic environment owing to the presence of the
detected gene in the wastewater system (Kumar et al., 2020b). In
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addition, SARS-CoV-2 RNA can be both waterborne and non-waterborne
viruses (Bhatt et al., 2020). Another technique of transmittance of
SARS-CoV-2 coronavirus was explored by Bogler et al. (2020), Bhatt
etal. (2020), Dhama et al. (2021) and Tran et al. (2021). They concluded
possible routes in wastewater and environment as depicted in Fig. 1.

5. SARS-CoV-2 RNA detection method in wastewater and
wastewater-based epidemiology (WBE)

5.1. Method for SARS-CoV-2 RNA detection and virus concentration in
wastewater

Detecting SARS-CoV-2 in wastewater is an impressive technique of
supporting the surveillance of dissemination of COVID-19 through the
biomarker analysis of wastewater contaminated through human sewage.
SARS-CoV-2 detection in wastewater can also indicate symptomatic and
asymptomatic instances of COVID-19 in the populations of each area
that differs from clinical laboratory tests wherein individualised results
have been exhibited by patients. Presently, the quantitative reverse
transcription PCR (RT-qPCR) and real-time reverse transcription-
polymerase chain reaction (rRT-PCR) techniques (Kumar et al., 2020b;
Mathuria et al., 2020) are most commonly used for molecular analysis of
SARS-CoV-2 RNA along with nested RT-PCR technique. The RNA target
genes of SARS-CoV-2 are made up of nucleocapsid (N), RNA-dependent
RNA polymerase (RdRP), spike (S) protein, regions of the open reading
frame (ORF) la and 1b and envelope (E) genes (Carter et al., 2020;
Mathuria et al., 2020). Mostly, the discovery and quantification of
SARS-CoV-2 RNA in wastewater done through RT-qPCR entails detec-
tion methods that are based on molecular techniques. In the current
analytical study, the virus was detected in 61% wastewater units out of
126 samples, wherein the level of viral gene copies per ml was deter-
mined by RT-qPCR (Weidhaas et al., 2021). Additionally, the identifi-
cation methods of aqueous as well as solid-phase SARS-CoV-2 should be
taken into consideration during quantification of SARS-CoV-2 gene
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concentrations and loads shed in wastewater and accordingly, meticu-
lous periodic protocols should be developed for measuring clean-up and
RT-qPCR (Weidhaas et al., 2021). Currently, multiple studies have
recorded the detection of SARS-CoV-2 RNA in wastewater (Ahmed et al.,
2020b; Kocamemi et al., 2020; Arora et al., 2020; Balboa et al., 2021;
Bar Or et al., 2020; Chavarria-Mir¢ et al., 2020; Collivignarelli et al.,
2020; Green et al., 2020; Haramoto et al., 2020; Hata et al., 2021; Kumar
et al., 2020b; La Rosa et al., 2020b; Medema et al., 2020; Nemudryi
et al., 2020; Peccia et al., 2020; Randazzo et al., 2020a, 2020b; Rimoldi
et al., 2020; Sharif et al., 2020; Wu et al., 2020b; Wurtzer et al., 2020).
The summary of the prevalence of SARS-CoV-2 RNA in the category of
wastewater samples, the viral concentration and the detection technique
engaged in each continent and country are represented in Table 1.

The main constraint in the detection of SARS-CoV-2 RNA in waste-
water is associated with the lack of a reliable virus concentration
method owing to the low plethora of SARS-CoV-2 in the sample of
wastewater. Hence, virus concentration technique would likely be
crucial to increase the chances of analytical determination of SARS-CoV-
2 RNA in wastewater; a virus concentration test needs to be performed
prior to the RT-qPCR analyses of SARS-CoV-2 RNA for accomplishing
virus detection in wastewater, including untreated water samples
considering the differing concentrations of the virus at each WWTP site.
Furthermore, as revealed by Ibrahim et al. (2021), precipitation of
polyethylene glycol (PEG) is appropriate for analysing middle and
large-sized sample aggregates due to the reliability and high efficiency
of this technique’s outcomes. It is a broadly adapted technique that is
also characterised by bulky input volumes and low-speed centrifugation
(<12,000 xg). Multiple limitations of this technique include the
requirement of precipitation for long before undergoing centrifugation.
This method can induce the precipitation of other proteins and
non-viruses linked with extracellular nucleic acids (ENAs) and is used in
dangerous chemical solutions (e.g., TRIzol reagent) for efficient
extraction of total RNA and concurrent isolation of DNA, RNA and
protein (Ahmed et al., 2020c; Ibrahim et al., 2021; McNamara and
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Fig. 1. The possible transmission routes for SARS-CoV-2 RNA through contaminated water and the environment (Created with BioRender.com).
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Table 1
Occurrence of SARS-CoV-2 RNA in wastewater and various viral detection techniques.
Continent Country Type of Virus concentration method Detection Positive Range of RNA target References
wastewater method result rate concentration genes
sample (%) (copies/L)
North USA Untreated Ultrafiltration and adsorption- Nested PCR 2/7 = 3.1 x 10%-7.5 x ORF 1a, S Sherchan et al.
America wastewater eluting using electronegative and RT- 28.6% 10° (2020)
membrane qPCR
Secondary 0/4 = 0% N
treated
Final effluent 0/4 = 0%
USA Untreated Polyethylene glycol-8000 (PEG ~ RT-qPCR 2/2 = 57-303 copies/mL N1, N2, N3 Wu et al.
wastewater 8000) 100% (2020b)
10/10 =
100%
USA Untreated Corning Spin X-ultrafiltration RT-qPCR 7/7 = >3 x 10* N Nemudryi et al.
wastewater 100% (2020)
Europe Italy Untreated Polyethylene glycol (PEG) and Nested PCR 6/12 = Not detected ORF 1 ab La Rosa et al.
wastewater dextran (DEX) or PEG-dextran and RT- 50% (2020b)
qPCR
Italy Untreated Ultrafiltration RT-qPCR 4/8 = - 2019-nCoV, Rimoldi et al.
wastewater 50.0% ORF 1 ab, (2020)
E_Sarbeco
Treated Not -
wastewater detected
Italy Untreated Ultrafiltration over RT-qPCR 4/9 = - ORF ab, N Baldovin et al.
wastewater ultracentrifugation or PEG 44.4% (2021)
precipitation
Tertiary treated 2/2 =
100%
Germany Untreated Electronegative membrane RT-qPCR 2/2 = 4x10'"-1 x 10'"® N,S,ORF1lab  Agrawal et al.
wastewater filter 100% copies/day (2021)
Spain Untreated Aluminium flocculation-beef RT-qPCR 12/15 = 10*-10° N Randazzo et al.
wastewater exact precipitation 80.0% (2020a)
Treated 0/9 = 0% 0
wastewater
Spain Untreated Aluminum hydroxide RT-qPCR 35/42 = 1x10°-3.4x10° N Randazzo et al.
wastewater adsorption-precipitation 83.3% (2020b)
Treated 2/18 = <2.5 x 10*
secondary 11.1%
Treated tertiary 0/12 =0% Not available
Spain Untreated Amicon ultrafiltration of RT-qPCR 5/5 = - N, E, RARP Balboa et al.
wastewater centrifugated supernatant 100% (2021)
Treated 1/4 =
wastewater 25.0%
France Untreated Ultracentrifugation RT-qPCR 23/23 = 5 x 10* GU/L RdRP, E Waurtzer et al.
wastewater 100% (2020)
Treated 6/8 = 3 x 10° GU/L
wastewater 75.0%
Netherlands Untreated Ultrafiltration RT-qPCR 14/24 = 2 x10°-2.2x10° N, E Medema et al.
wastewater 58.3% (2020)
Asia Japan Untreated Electronegative membrane- RT-qPCR 0/5 = 0% Not available N Haramoto et al.
wastewater direction RNA exaction; (2020)
ultrafiltration
Secondary 1/5 = 2.4 x10°
wastewater 20.0%
Japan Untreated PEG precipitation RT-qPCR 7/17 = 4.4 x 10* N2, N3, Hata et al.
‘wastewater 41.2% NIID_2019- (2021)
nCoV_N
China Untreated PEG precipitation of RT-qPCR 0/4 = 0% Not available ORF1,N Zhang et al.
wastewater centrifugation supernatant (2020)
Treated 7/9 = 0.5 x 10°-18.7 x
wastewater 77.8% 10°
India Untreated PEG and NaCl centrifugation RT-qPCR 5/12 = - RdRP, ORF 1 Arora et al.
wastewater 41.7% ab,E, S, N (2020)
Treated 0/6 = 0%
wastewater
India Untreated PEG precipitation RT-qPCR 2/2 = 0.78 x 10>-8.05 x ~ ORF1ab,N,S  Kumar et al.
wastewater 100% 10? (2020b)
Untreated Adsorption rRT-PCR 6/17 = RdRP, ORF 1
wastewater 35.3% ab,E, S, N
India Upflow PEG precipitation of RT-qPCR - 3.5 x 10° ORF1ab,N,S  Kumar etal.
anaerobic sludge centrifugated supernatant (2021)
blanket (UASB)
Aeration pond 1.5 x 102 ORF 1 ab
Iran Adsorption-elution technique RT-qPCR 8/10 = 10'-10° ORF 1 ab, N Tanhaei et al.
using electronegative filter 80.0% (2021)

(continued on next page)
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Table 1 (continued)
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Continent Country Type of Virus concentration method Detection Positive Range of RNA target References
wastewater method result rate concentration genes
sample (%) (copies/L)
Treated
wastewater
(Final effluent)
Iran Untreated PEG 6000 RT-qPCR 12/12 = - ORF 1 ab, N Nasseri et al.
wastewater 100% (2021)
Treated 2/12 =
wastewater 16.7%
Israel Untreated Primary: PEG or Alum; RT-qPCR 10/26 = - E Bar Or et al.
wastewater precipitation; secondary: 38.5% (2020)
Amicon ultrafiltration
Turkey Untreated Ultracentrifugation, PEG8000- RT-qPCR 7/9 = 9.33 x 10* RdARP Kocamemi et al.
wastewater adsorption electronegative 77.8% (2020)
membrane and ultrafiltration
The United Untreated Ultrafiltration columns, and RT-qPCR 28/36 = 7.50E + 02-3.40E  RdRP Hasan et al.
Arab Emirates wastewater- PEG/TRIzol 77.8% + 04 (2021)
(UAE) WWTP
Untreated 30/38 = 2.86E + 02 - 2.90E
wastewater (38 78.9% + 04
other locations)
11 WWTP Not -
treated effluent detected
Qatar Influent PEG RT-qPCR 100% 7,889 + 1421 - N Saththasivam
wastewater 542,056 + 25,775 et al. (2021)
(Untreated copy/L
wastewater)
Saudi Arabia Untreated Electronegative membrane RT-qPCR 43/57 = - N1, N2, N3 Hong et al.
‘wastewater 75.4% (2021)
Pakistan Untreated PEG/dextran precipitation of RT-qPCR 21/78 = - ORF la Sharif et al.
wastewater centrifuged supernatant 26.9% (2020)
Oceania Australia Untreated Electronegative membrane- RT-qPCR 2/9 = 1.9 x 10'-1.2 x N Ahmed et al.
wastewater direct RNA exaction; 22.2% 10? (2020b)

ultrafiltration

Dittmer, 2020; Prata et al., 2012). This technique can also be used for
long precipitation hours prior to the actual centrifuging stage; it is a
spend time-protracted procedure (Ibrahim et al., 2021). Though the
virus concentration methodology employed in small-scale samples such
as the ultracentrifugation technique gets benefited due to the quick
processing of the samples used as well as the reliability and effectiveness
of the isolation procedure, there are certain limitations linked with
techniques like pre-filtration, such as low volume availability between
20 and 50 mL, need for removal of deterring substances from the sample,
high centrifugation speed of >100,000 xg (Ibrahim et al., 2021; McNa-
mara and Dittmer, 2020; Prata et al., 2012) Similarly, the adsorption
techniques engaging electronegative filters cost lesser and can enhance
the recovery rate in the sample due to the optimisation of the enormous
sample volumes for enteric viruses; however, inhibitions like the need
for adjusting the pH of the samples containing beef extract, acids and
salt and requirement of sample filtration prior to adsorption for pre-
venting clogging of filtration make this technique disadvantageous
(Cashdollar and Wymer, 2013; Hata et al., 2015; Ibrahim et al., 2021).
The major goal of virus concentration techniques is to accomplish better
recovery of viruses so that viral contagion in wastewater can be
well-monitored and assessed for mitigation and prevention against virus
outbreaks anticipated in future times. Both previous and latest studies
have highlighted multiple methods of virus concentration such as
polyethylene glycol (PEG) precipitation (Hasan et al., 2021; La Rosa
et al., 2020b; Nasseri et al., 2021; Saththasivam et al., 2021), ultrafil-
tration and adsorption-eluting using an electronegative membrane
(Sherchan et al., 2020) and ultrafiltration columns, ultrafiltration over
ultracentrifugation or PEG precipitation (Baldovin et al., 2021) as
depicted in Table 1.

5.2. Wastewater-based epidemiology (WBE) surveillance of the
SARS-CoV-2

The detection of SARS-CoV-2 in faecal samples has made the pres-
ence of coronavirus in human wastewater quite explicit and obvious
(Usman et al., 2020). The detection of SARS-CoV-2 virus in the faeces or
stool samples of asymptomatic patients who are tested negative in
nasopharyngeal samples paves the way for wastewater surveillance by
wastewater-based epidemiology (WBE) (Haramoto et al., 2020; Jiang
et al., 2020; Lu et al., 2020; Pandey et al., 2021), especially in regions
with low funding resources so as to assist in the fulfilment of clinical
research requirements (Barcelo, 2020; Gonzalez et al., 2020; Hart and
Halden, 2020). Therefore, wastewater-based epidemiology (WBE) plays
the role of a crucial epidemiological instrument engaged to determine
the movement of virus in communities and understand the status of viral
outbreaks through viral load investigation in designated containment
regions (Choi et al., 2018; Kitajima et al., 2020; Saawarn and Hait,
2021). WBE raises the alarm to control the spread of the virus by
symptomatic as well as asymptomatic patients (Chavarria-Mir¢ et al.,
2020; Thompson et al., 2020). The COVID-19 pandemic can be effec-
tively managed by employing the technique of examination of waste-
water (Street et al., 2020) that further addresses the urgent concern
regarding ineffective diagnostic assessment that can also introduce a
proactive low-cost detection technique in the current epidemic of
COVID-19 (Barcelo, 2020). This exploration will carve the way for
innovative approaches to supervising population with the aid of
wastewater-based epidemiology considering the limited and
cost-intensive testing capacity for the entire pool of citizens in low and
middle-income nations (Pandey et al., 2021). Though for executing
wastewater-based epidemiology precisely, population normalisation,
representative sampling of viral concentration in wastewater and ethical
recommendations are critical deliberations (Polo et al., 2020).
Maximum studies based on the usefulness of wastewater analysis can
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effectively assist in monitoring the spread of coronavirus and predicting
the novel pandemic, thereby limiting its spread across the borders
(Lapolla et al., 2020). This confirms the vitality of wastewater in
monitoring the prevalence of the virus in the communities (Nemudryi
et al., 2020).

Nonetheless, the implementation of wastewater-based epidemiology
will be indispensable for monitoring and managing public health sur-
veillance during and after the COVID-19 pandemic (Cervantes-Avilés
et al., 2021). Additionally, this technique will use computational scru-
tiny and modelling to test the feasibility, cost-effectiveness and chal-
lenges linked with the quantification of the active cases of coronavirus
infection in communities as well as global regions (Hart and Halden,
2020). Thus, the enumeration of SARS-CoV-2 in wastewater enables
monitoring and surveillance techniques for detecting the existence of
viral infection in the population via WBE amid the global outbreak of
pandemic (Ahmed et al., 2020b; Barcelo, 2020; Gonzalez et al., 2020;
Michael-Kordatou et al., 2020). However, proactive detection of the
virus in sewage can be a non-invasive alarm to warn people regarding
new COVID-19 infections, as many people would not be screened
through standard clinical laboratory assessments (Orive et al., 2020).

Since SARS-CoV-2 are excreted in the faeces of COVID-19 infected
people, an increased emphasis should be laid on surveillance through
wastewater-based epidemiology (Nghiem et al., 2020) in order to pre-
dict upcoming waves or outbreaks of the virus (Wannigama et al., 2021).
Hence, developed as well as developing nations should use WBE tools for
public health surveillance during and after the COVID-19 pandemic to
gather epidemiological data and support suitable disinfection measures
of the wastewater recycling process to make water useable. WBE is an
effective tool for developing countries having a limited scope of clinical
diagnosis for SARS-CoV-2 (Carrillo-Reyes et al., 2021). Moreover, as per
the existing data, an exhaustive understanding of wastewater’s status as
a potential source of epidemiological information and a risk factor for
environmental and public health is of utmost requirement. Thus, WBE is
used as a proactive warning system regarding the health of the public as
well as the environment. Indication or prediction of recurrence of
SARS-CoV-2 will assist in initiating measures of public health surveil-
lance, including planning and adapting to inhibit the spread of
COVID-19 at the local, community, city, state and country-level via
lockdown measures, including social distancing and quarantine and
prohibition of travel across borders or high-risk regions.

6. Approaches to processes for the removal of SARS-CoV-2 in
wastewater processing plants

The sewage and untreated wastewater released from residential
areas, offices, institutions and other commercial buildings, specifically
urban areas with highly dense populations, reaches the municipal
wastewater treatment sites (Liu et al., 2020). Usually, multiple physi-
cochemical treatment procedures like adsorption, precipitation, ultra-
filtration and biodegradation are used for removing pollutants from the
wastewater (Barebita et al., 2020), along with filtration and other
disinfection methods like ozonation, chlorination and ultraviolet (UV)
disinfection employed in tertiary stages of wastewater processing,
especially when wastewater is to be treated for reuse or recycling (Zhang
et al., 2016).

Wastewater treatment plants (WWTPs) are not just specially
designed for wastewater treatment but also for effective sludge treat-
ment. The deficiency of wastewater and faecal sludge treatment facil-
ities, particularly in developing countries, may cause the mixing of
wastewater with the surface water without disinfection processing
(Pandey et al., 2021). Unfortunately, there is no legislation defining the
requirement of any protocol for discharging wastewater containing
SARS-CoV-2 RNA back into surface water after being treated. The
prevalence of effective wastewater treatment systems is crucially
important (Bhatt et al., 2020), thereby establishing the need for waste-
water treatment plants (WWTPs) to process the wastewater discharge
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before being released into the environmental water bodies. Additionally,
disinfection should also be adopted as a primary method of inactivation
and eradication of pathogens to avoid the downward transference of
waterborne diseases. The wastewater treatment via primary, secondary,
and tertiary processing stages should be an integral part of municipal
wastewater management during COVID-19, as portrayed in Fig. 2. The
current analysis marks the prevalence of SARS-CoV-2 RNA in waste-
water and a comparative assessment of the efficiency of secondary and
tertiary wastewater treatment methods for removing the virus during
COVID-19, as briefed in Table 2. The wastewater treatment steps
implemented for the removal of SARS-CoV-2 are elaborated below.

6.1. Primary stage of wastewater treatment

The first stage of a WWTP’s physical operations involves the eradi-
cation of fixed and volatile suspended solids (VSS) from the wastewater
via the usage of physical barriers (Saawarn and Hait, 2021). The
research exposed that initial processes of wastewater treatment involved
physical procedures like flocculent precipitation, adsorption, and grav-
ity precipitation (Ferraa et al., 2021). Previous studies have indicated
that 0-50% viruses could be removed by the primary stage of the
treatment process depending on the settling time (Gerba, 1981). Ac-
cording to a recent study, SARS-CoV-2 RNA is present in 50% of dis-
charging samples after being allowed to settle down in the primary stage
of wastewater treatment (Balboa et al., 2021). This analytical study
proclaimed the insufficiency of gravitational settling for the absolute
removal of viruses from the wastewater under the primary stage of the
wastewater treatment process at a WWTP (Saawarn and Hait, 2021).
The current information can be inferred from the existing scientific
literature that SARS-CoV-2 RNA can be removed in the first stage of the
wastewater treatment process through physical procedures like gravi-
tational precipitation of suspended colloids or settling of organic matter
with larger diameters and attached viruses. A recent study conducted by
Abu Ali et al. (2021) reported that the wastewater treatment process had
reduced total suspended solids (TSS) to the extent of 50%, thereby
removing the viral particles affixed with suspended solids. However,
complete removal of SARS-CoV-2 RNA from wastewater is not possible
through this stage.

6.2. Secondary stage of wastewater treatment

Under the COVID-19 pandemic, SARS-CoV-2 are rapidly growing
pathogens in drainage and collection systems. In the secondary treat-
ment stage, biological methods are engaged to eliminate biodegradable
organic compounds and suspended solids from wastewater by relying on
the cellular activity of microorganisms under aerobic and anaerobic
conditions to enable the oxidation of the organic materials present in
wastewater (Thakur et al., 2021). Additional secondary treatment
(biological process) tends to remove almost 90-99% range of pathogens.
However, secondary treatment of sewage water does not remove rota-
viruses as effectively as enteroviruses (Gerba, 1981). Multiple varieties
of wastewater treatment processes at WWTPs include membrane
bioreactor (MBR), sequencing batch reactor (SBR), pond system, moving
bed biofilm reactor (MBBR), upflow anaerobic sludge blanket (UASB),
activated sludge process (ASP), and membrane treatment.

The WWTP is a ventilated tank treatment in which residual organic
materials of wastewater, including sludge, are dissolved through the
microorganism activity. The prevalence of the SARS-CoV-2 RNA in the
volumes of 20% and 10%, respectively, has been exhibited in the dis-
charged wastewater samples after being treated by secondary treatment
methods in a study performed by Haramoto et al. (2020) and Randazzo
et al. (2020Db). After employing the secondary treatment stage of ASP,
the viral load of SARS-CoV-2 RNA. SARS-CoV-2 RNA had reduced
remarkably to the mark of <2.5 x 10* copies/L (Randazzo et al., 2020b).
Coincidentally, in a study performed in the US, 100% of wastewater
samples that had been treated through the secondary stage treatment of
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Fig. 2. Schematics of wastewater treatment stages in WWTPs.
Table 2
Various efficient wastewater treatment processes employed by selected countries for the eradication of SARS-CoV-2 RNA.
Country Treatment stage Wastewater treatment Processes Results References
India Secondary + tertiary — Sequencing batch reactor (SBR) + Cl, (site: 3 and 4)  All negative Arora et al.

treatment

— Moving bed biofilm reactor (MBBR) + UV (site: 5)
- Sequencing batch reactor (SBR) + without tertiary

(2020)
All negative
All negative

(site: 6)
Iran — Tehran Secondary + tertiary — Extended aeration activated sludge (EAAS) system +  Positive samples: 2/4 = 50.0% Nasseri et al.
treatment Cl, disinfection (Modules: 1-4) (2021)
— Oxidation ditch method + UV disinfection (Modules: ~ All negative
5-6)
- Anzali — Extended aeration activated sludge (EAAS) system +  All negative
Cl,, disinfection
- Qom — Conventional activated sludge (CAS) system with All negative
diffuser aeration + Cl, disinfection
Japan Secondary treatment — Activated sludge (AS) system Positive sample: 1/5 = 20.0% Haramoto et al.

Italy (Padua, Veneto, NE
Italy)
Spain

Spain (North-Western)

USA

UAE

Israel

Saudi Arabia

Secondary + tertiary
treatment
Secondary treatment
Tertiary treatment

Primary treatment

Secondary treatment
Secondary treatment

Tertiary treatment
(Final effluent)
Secondary treatment
Tertiary treatment
Secondary treatment
Tertiary treatment
Secondary treatment

Tertiary treatment
(Hospital WWTP)

— Activated sludge (AS) system + peracetic acid and

terminal UV lamps
— Activated sludge (AS) system

— Coagulation, flocculation, and filtration, UV and

NaClO disinfection
— Primary settler

— SBR and microfiltration
— Activated sludge (AS) system

— Cl, disinfection

— Activated sludge process (ASP)/clarification

— Sand filtration, disinfection, and chlorination

— Activated sludge process

— Sand filtration and disinfection through chlorination

— Activated sludge (AS) system
— Chlorination

Positive sample: 2/2 = 100%
Positive sample: 2/18 = 11.1%
Positive sample: 0/13 = 0%
Positive sample: 1/2 = 50%

Positive sample: 0/5 = 0%
Positive sample: 0/4 = 0%

Positive sample: 0/4 = 0%

Positive sample

None of the 11 WWTPs’ treated effluents

tested positive

— ~1logi0 RNA removal by the primary and

secondary treatment

— > 100 copies/L of SARS-CoV-2 RNA

remained the secondary effluent
N1: 0.3 log; reduction (50%)
N3: 0.5 log;o reduction (70%)

(2020)
Baldovin et al.
(2021)
Randazzo et al.
(2020b)

Balboa et al.
(2021)
Sherchan et al.

(2020)

Hasan et al.
(2021)

Abu Al et al.
(2021)

Hong et al. (2021)

ASP reflected the negative presence of SARS-CoV-2 RNA. On the con-
trary, a study by Arora et al. (2020) revealed the presence of
SARS-CoV-2 RNA in the samples that were treated through SBR, AS and
MBBR wastewater treatment processes. Notably, considering the
COVID-19 pandemic, SBR and MBBR have been proved to be efficient
secondary treatment techniques for removing SARS-CoV-2 RNA from

the wastewater, according to the latest research of Balboa et al. (2021).
Kumar et al. (2021) recently reported a reduction in the existence of
viruses after upflow anaerobic sludge blanket (UASB) for municipal
wastewater treatment exceeded the level of 1.5 log;, which was also
seen in the case of other genomes linked with SARS-CoV-2 RNA.
Furthermore, an additional study marked the importance of hydraulic
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retention time (HRT) in the wastewater treatment done by the pond
system to achieve the target of virus removal. According to the study, the
wastewater retention for a duration of 14.5-20.9 days results in an
average reduction of pathogens by 1 log; (Feachem et al., 1983). As per
the findings of a recent study, the wastewater kept at room temperature
for 1.5 days can result in the 90% removal of SARS-CoV-2 RNA from the
wastewater sample (Bivins et al., 2020). Hence, the retention time under
the secondary treatment stage is longer in WWTPs as higher tempera-
tures tend to impact the inactivation of SARS-CoV-2 in wastewater
(Saawarn and Hait, 2021). Similarly, thermophilic digestion also con-
firms the finding of the sludge treatment process and establishes it on the
grounds of the consensus of high sensitivity or inactivity of coronavi-
ruses to the increased temperatures (Foladori et al., 2020). According to
arecent study Hong et al. (2021), the removal rate of SARS-CoV-2 target
genes in a biological sludge tank within 9 h of treatment of hospital
wastewater was N1 (0.3 log;o), whereas the reduction rate was N3 (0.5
log10). Additionally, many factors in each process may affect the efficacy
of the treatment stage, such as pH, HRT, biological solids retention time
(BSRT), temperature (Bogler et al., 2020; Saawarn and Hait, 2021;
Wigginton and Ellenberg, 2015) in addition to wastewater characteris-
tics, the flow rate of wastewater and weather conditions and other
related criteria. The impermeability of virus on filters can lead to
abundant growth of microbial communities, after which it needs to be
subjected to the disinfection process. The extra focus needs to be laid
upon additional research on the elimination of SARS-CoV-2 in mem-
brane technology with special reference to the MBR system of treatment.
Adherence to the disinfection process in WWTPs is the key to the suc-
cessful inactivation of SARS-CoV-2 in wastewater (Cervantes-Avilés
et al., 2021).

Resultantly, there is a risk of infection from non-potable exposures,
which can affect the dispersed greywater and domestic wastewater.
These wastewater treatments were facilitated by membrane bioreactors
(MBRs) in association with treatment through the chlorination process.
The rotavirus, norovirus, cryptosporidium and Campylobacter jejuni have
been referred to as pathogens in microbial risk investigation. MBR
technique tends to decrease the health risks from the reuse of non-
potable water (Schoen et al., 2018). MBR technology has many advan-
tages like the creation of high-quality treated water available for reuse
and removal of hazardous bacteria and viruses; however, the MBR
technique has certain drawbacks also such as limited aeration, fouling
smell of sludge in extrinsic MBRs and high operational costs (Kweinor
et al., 2020). The simplest technique to manage wastewater is through
channelising sewage storage pipelines from the urban areas to the
treatment plants and refurbishing municipal wastewater treatment sites
into pond systems (Lesimple et al., 2020). Nonetheless, this option
proves to be advantageous as the interaction with sunlight reduces the
number of SARS-CoV-2 in the wastewater, which lies in alignment with
the guidelines of WHO stating that in the presence of 6-7 log;( units,
treatment of wastewater can make it reusable for irrigation purposes
(Lesimple et al., 2020; WHO, 2006). Thus, ponds systems should be
effectively used as a secondary treatment mechanism for wastewater.
The pond or lagoon system’s efficacy in this treatment method remains
ambiguous, owing to its dependency on chemical features, sediment
characteristics and environmental conditions in the pond (Verbyla and
Mihelcic, 2015). In a generic sense, enveloped viruses can be inactivated
far more easily as compared to non-enveloped viruses. Unfortunately,
there is scarce information available regarding the efficiency of waste-
water treatment methods like MBR, ASP, sedimentation-coagulation,
and disinfection methods that are used for removing SARS-CoV-2
(Kitajima et al., 2020). Considering the data scarcity for analysing the
removal of SARS-CoV-2 RNA, additional research is required to under-
stand the secondary treatment methods of SARS-CoV-2 or another
pathogen removal from the wastewater. A review of the existing
research, however, revealed the likelihood of removal of SARS-CoV-2
RNA from wastewater through secondary wastewater treatment sys-
tems in WWTPs. Nonetheless, the evidence is insufficient to draw firm
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conclusions about the removal of SARS-CoV-2 from wastewater at the
current stage. Considerably, future studies should incorporate compu-
tational modelling and optimisation techniques for managing environ-
mental factors such as humidity, pH, temperature, solar radiation,
regional climate and other related criteria against growth and dissemi-
nation of viruses as a directive for determining viral load as well as
inactivation of the virus through wastewater treatment methodologies.

6.3. Tertiary stage of wastewater treatment

The final stage of treating wastewater before releasing the treated
water of improved quality into the environment is known as the tertiary
stage of wastewater treatment in WWTPs. The wastewater treatment
could be processed through many ways like chlorination, UV disinfec-
tion, ozonation, membrane technology and so on (Gerba and Pepper,
2019; Saawarn and Hait, 2021). The treatment frees the wastewater
from turbidity, multiple inorganic compounds and components like
phosphorous, nitrogen and metals. The involvement of chemical coag-
ulation in the tertiary treatment method is likely to eliminate a huge
number of pathogens from the wastewater (Gerba, 1981), thereby
pushing out the viruses, bacteria and other parasitic organisms that
harm public health. This section is focused on the distinct wastewater
treatment processes engaged in this stage; for instance, membrane,
ozonation and disinfection that are especially relevant in the reference
of COVID-19. Furthermore, WWTPs should consider practising an
additional cleansing process during the tertiary stage to prevent the
likely risk posed by microorganisms, particularly SARS-CoV-2 RNA,
before discharging effluent into surface water. Abu Ali et al. (2021)
recent study explored the prevalence of SARS-CoV-2 RNA in the sec-
ondary effluent, which was greater than 100 copies/L, implying the
need for tertiary processing methods like sand distillation and disin-
fection to ensure virus-free effluent.

A critical study highlighting the efficacy of disinfectants on the
inactivation of SARS-CoV-2 is significant for ensuring the adequate
protection and disinfection of surface waters based on the river loading
and transmission of pathogens via WWTPs. This can also ensure the
complete elimination of SARS-CoV-2 for making the wastewater reus-
able. Wang et al. (2020b) study proposes the dependency of determi-
nation of a specific type of disinfection technology on multiple economic
and feasible considerations like safety requirements, the quantity of
wastewater, availability of disinfectants, cost of investment and disin-
fection services, the distance between the WWTP and populated areas
and the extent of operational monitoring. Furthermore, evident knowl-
edge and relevant data about the impact of SARS-CoV-2 on the quality of
treated wastewater, drinking water, and surface water must be contin-
uously monitored by wastewater treatment plants and experts should
consistently monitor the water quality (Garcia-Avila et al., 2020).

The investigation of activated sludge in WWTP revealed weak
removal of SARS-CoV-2, whereas particles of SARS-CoV-2 can be
decreased in the effluent by using full-scale ozonation (Westhaus et al.,
2021). These approaches can be employed alternatively in place of
wastewater disinfection treatment procedures amid the COVID-19
pandemic. Contrastingly, the spreading of COVID-19 can also be
restricted by the famous method of disinfection practised in wastewater
treatment plants. However, excessive use of disinfectants in public fa-
cilities to combat the epidemic, especially based on chlorine disinfec-
tants, may impact the surface water and the environment negatively.
WWTPs undergoing large-scale treatment processes like ultrafiltration,
chlorination and inactivation by ultraviolet radiation can employ
promising tactics to upgrade the treatment, particularly in pandemic
hotspots (Venugopal et al., 2020). Contrastingly, haloacetamides
(HAcAms), haloacetonitriles (HANs) and trichloronitromethane
(TCNM) enhanced dramatically after being exposed to UV/chlorine
treatment (Hua et al., 2021), and are now used as chemical indicators for
all potentially harmful substances produced by the addition of chlorine
to water (Garcia-Avila et al., 2020). The presence of these substances
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caused cytotoxicity and considerably increased the disinfection by
product (DBPs) genotoxicity after processing with UV/chlorine (Hua
et al., 2021). Additionally, it has been established that it is not possible
to treat the wastewater released from hospitals in just one step of con-
ventional treating methods (Top et al., 2020). To reduce the threats for
WWTPs, it is required to conduct studies on the performance of
commonly used disinfection technologies for inactivating SARS-CoV-2
in municipal wastewater.

6.3.1. Chlorine disinfection

The usage of chlorine as a disinfectant is most common due to its
oxidising characteristics, and while it was effective at low concentra-
tions, it was expensive and left a residue if used in sufficient amounts
(Lahrich et al., 2021). Chlorine is utilised in multiple forms like gas,
hypochlorite and hypochlorous acid (HOCL) and can also be used largely
as a combination of hypochlorite and gas (chlorine dioxide). Chlorine
reacts with water readily and forms HCI and hypochlorous acid (HOCI),
which then separates to release another derivative called hypochlorite
ion. Hence, HOCI is the main component required for the treatment of
wastewater. Higher volumes of HOCI are produced at neural or lower
pH, leading to better disinfection ability. HOCl and OCl are freely
formed forms of chlorine. The presence of ammonia and nitrogen
compounds cause a reaction between effluent wastewater and HOCI,
leading to the production of chloramines. As a result of high volumes of
dissolved NH3 and organic matter (OM) in the wastewater, toxic resi-
dues called chloramines are produced, along with substitute derivatives
for the disinfection treatment process; thus, causing ecotoxicological
effects (Luan et al., 2020; Verbyla and Mihelcic, 2015). The studies of
Dunkin et al. (2018) reported the reasons for the resistance of variable
human noroviruses (hNoV) to free chlorine and examined the endurance
of GI and GII fragments of hNoV at the time of disinfection of public
wastewater effluent. As observed, prior to the cultivation of viruses in
wastewater, the selection of the hNoV purification method assists in
gaining significant disinfection outcomes. The tertiary wastewater
treatment stage should employ free chlorine disinfection, which is
beneficial for protecting public health from virus pollution (Dunkin
et al., 2018).

Recent research found that 6.5 mg/L free chlorine and a contact time
of 1.5 h could sufficiently reduce SARS-CoV-RNA levels from 0.5 x 10>
to 18.7 x 103 copies/L to the levels that could not be detected (Zhang
et al., 2020). Contrastingly, a recent study Hong et al. (2021) discovered
that after 2 h of contact time, the final disinfection stage in hospital
WWTPs used a chlorine concentration of 100 mg/L, implying the likely
removal or complete inactivation of any residual SARS-CoV-2 RNA
before being discharged. Furthermore, SARS-CoV has been shown to be
limited, particularly at temperatures above 20 °C, and the virus has been
easily worn out with the use of chlorine solution at 0.5 mg/L for 30 min
(Collivignarelli et al., 2020; Zhang et al., 2020), whereas as recom-
mended by the Chinese Centers for Disease Control and Prevention, it
should be treated at 6.5 mg/L after 1.5 h contact with NaCl. The effi-
ciency of free chlorine for inactivating SARS-CoV has been proved to be
greater than chlorine dioxide (Kitajima et al., 2020). The study con-
ducted by Lahrich et al. (2021) and Wang et al. (2005b) has recom-
mended the application of free chlorine residual for disinfecting a low
concentration of wastewater and inactivate SARS-CoV-1 effectively.
However, free chlorine in the range of 0.2 and 0.5 mg/L is sufficient to
disinfect municipal wastewater. As a result, the effectiveness and safety
of the wastewater method for virus removal are dependent on the
optimal selection of disinfectant dose and the duration of contact in the
treatment process. The aqueous solutions of sodium hypochlorite in the
range of 5.25%-6.15% are commonly used for disinfection, whereas the
complete inactivation of SARS-CoV can be effectuated in less than 1 min
by using 0.05% of hypochlorite solution (Singh et al., 2021).

6.3.2. Ozonation disinfection
Ozone (O3) is a very powerful and virucidal oxidant that reduces the
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effect of bacteria, viruses and protozoans through oxidising agent pro-
cessing reaction (Hudson et al., 2009) and is extensively used in the
treatment of wastewater as well as tap water (Chiang et al., 2003; Wang
et al., 2020b). The ozone disinfection process (EPA, 1999a) involves the
following steps: (i) direct demolition and oxidation of the cellular wall
leading to outburst of cellular components from the cell, (ii) reacting
with radical derivatives of ozone decomposition, (iii) destruction of el-
ements of nucleic acid (pyrimidines and purines), and (iv) detachment of
bonds between carbon-nitrogen causing depolymerisation. Therefore,
the ability of ozone to effectively destroy the composition of
SARS-CoV-2 and inactivate the viruses suggests its usefulness as an
efficient oxidant against COVID-19 (Tizaoui, 2020). The reaction be-
tween ozone and wastewater leads to the production of radicals (Zhang
et al., 2016), which destroys proteins, viral nucleic acids and lipids of
spikes and envelopes (Kataki et al., 2021; Zhang et al., 2016). Additional
advantages include high efficiency of viral inactivation and removal of
colour and odour from the wastewater (Kataki et al., 2021).

In a past study, Wang et al. (2018) conducted the traditional ozone
treatment of human pathogenic viruses found in wastewater and
determined that the concentration of prominent viruses like parvovirus,
astrovirus, picobirnairus, norovirus, adenovirus, hepatitis E virus (HEV),
sapovirus, pecovirus, parechovirus and gokushovirus decreased to a
remarkable level by 1-4 log;o due to standard treatment; however,
adenovirus and parvovirus were eliminated only to a little extent.
Further reduction of these viruses was possible through ozone treatment
by a level of 1-2 logio, although adenovirus was yet not eliminated
completely Wang et al. (2018). Presently, there is limited evidence of the
effectiveness of ozonation in disinfecting the wastewater comprising
SARS-CoV-2; nonetheless, this technique is presumed to be equally
successful as it was in the disinfection of wastewater having SARS-CoV-1
(Kataki et al., 2021). It can be suggested to use ozonation for the
probable removal of viruses from wastewater. Ozone disinfection can
reduce the concentrations of some viruses to undetectable levels,
implying that during the COVID-19 pandemic, promising strategies for
preventing the spread of certain pathogenic humans need to be preferred
for the final disinfection of treated wastewater, particularly in waste-
water, recycled water, and drinking water treatment plants. However,
ozonation treatment is appropriate for small-scale WWTPs, especially
wastewater treatment systems with high effluent quality (Wang et al.,
2020b). Furthermore, Kataki et al. (2021) reported that the combined
treatment process, including UV disinfection, ozonation and chlorina-
tion, effectively resulted in 99.99% inactivation of faecal coliform based
on the quality of influent water and the treated water was found to be
negative of SARS-CoV-2 after being disinfected by ozonation which
improved UV transmission by 20-30%; thus indicating the removal of
coronavirus. While strategising upon the installation of modern water
treatment systems to eliminate bacterial pathogens and micro-
contaminants, it is justifiable to consider the capability of ozone treat-
ment in reducing the risk of transmission of human pathogens (Wang
et al., 2018). Ozone is a strong disinfectant that improves the quality of
water containing microbiological organisms to a greater concentration
in a shorter period of time with higher efficacy.

6.3.3. Ultraviolet (UV) disinfection

An ultraviolet (UV) irradiation disinfection system transmits elec-
tromagnetic waves with wavelengths ranging from 200 nm to 400 nm.
UV radiation is emitted by a mercury arc lamp at either low or medium
pressure, and it is absorbed by an organism’s genetic material
comprising of DNA and RNA (EPA, 1999b). The ultraviolet spectrum is
divided into four wavelengths, incorporating ultraviolet A (315-400
nm), ultraviolet B (280-315 nm), and ultraviolet C (200-280 nm). The
wavelength bands between 200 nm and 300 nm have the potential to
damage and break down the structure of RNA and DNA in bacteria, vi-
ruses, and single-cell microorganisms, thereby inhibiting and damaging
protein synthesis (Wang et al., 2020b); thus, causing viruses to lose their
ability of replication due to genome and protein destruction (Wigginton
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and Kohn, 2012). Furthermore, the study that found human norovirus
(NoV) in untreated sewage through UV disinfection is more effective
than the other studies wherein average removal rates of GI was recorded
as 99.5% (2.3 logi0) and 99.7% (2.6 logi) for GII (Campos et al., 2016).
On the contrary, a study performed by Darnell et al. (2004) proclaimed
the inactivation of SARS-CoV by the ultraviolet radiation of 254 nm.
Furthermore, Qiu et al. (2018) investigated pre-ultraviolet and post-UV
samples obtained from wastewater plants, and the results revealed that
both pre and post-UV samples contained relatively high concentrations
of viruses like noroviruses, rotaviruses, reoviruses, sapoviruses, astro-
viruses, enteroviruses, and adenoviruses. According to the findings,
quantifying reovirus infection could provide a useful index of enteric
virus inactivation during full-scale treatment of wastewater (Qiu et al.,
2018). Furthermore, a previous study by Zyara et al. (2017) reported
that the efficacy of UV-LED inactivation of DNA and RNA coliphages
separated from wastewater exhibited that a wavelength of 270 nm for 2
min induced a decrease of 0.93-2.73 log1 in the coliphage testina 5.2 L
reactor, while a decrease of 4.30-5.16 log;o improved with a 10 min
irradiation time. The conventional mercury (Hg-UV) lamp, on the
contrary, led to a reduction of 0.67-4.08 logi( in 2 min and a reduction
of 4.56-7.21 logjp in 10 min at a wavelength of 254 nm in 10 mL of
water. Hence, UV-light-emitting diode (LED) is a successful approach to
disinfection of UV and Cl™ resistant viruses (Zyara et al., 2017). As a
result, the optimal wavelength for UVB and UVC inactivation of mi-
croorganisms is 250 nm and 270 nm, respectively (EPA, 1999b). Kataki
et al. (2021) latest study recommends using a secondary disinfectant
followed by UV to ensure latency of microbial defence. A former study
discovered the efficiency of prevention of virus invasion routed by air or
by touching infected objects through the production of deep ultraviolet
light-emitting diode (DUV-LED) fitted devices with a wavelength of 280
+ 5 nm (Inagaki et al., 2020). Recently, the microorganism inactivation
by newly emerging microplasma UV lamps has been studied to see if it
can actually impact the nucleic acid repair-deficiency caused by
microplasma UV. These revelations resulted in the eradication of the
ssRNA virus, thus demonstrating far-UVC resistance to SARS-CoV-2
elimination from wastewater and water treatment, making way for
sustainable disinfection systems to undergo high-quality treatment of
wastewater effluent (Raeiszadeh and Taghipour, 2020). However, some
countries had adopted centralised water treatment and safe piped water
supplies, whereas, in developing countries, wastewater is not available
because of the expensive and intensive method; thus, sun light-driven
UV has been used at a relatively low cost. Furthermore, the benefits of
UV include non-corrosiveness, ease of installation and operation, but
one concern is that it is hard to monitor the performance of the equip-
ment (Kataki et al., 2021).

6.3.4. Membrane technology

Micro-and nano-sieves can be used for a variety of applications;
however, they can also be used as an aid for analysing the particles,
microorganisms, and bilayer lipids attached to the sieve’s surface
(Baker, 2012). Furthermore, low energy consumption is advanced in
membrane filtration, as separation can be carried out continuously, and
upscaling is simple (Saleh and Gupta, 2016). Thus, during the COVID-19
pandemic, the type of membranes to be used for removing viruses in the
tertiary wastewater treatment process is selected by way of effective
sequence starting with reverse osmosis (RO), succeeded by nano-
filtration (NF), ultrafiltration (UF), and microfiltration (MF), respec-
tively due to the multiple sizes of SARS-CoV-2 ranging between 60 and
140 nm or 0.06-0.16 pm (Bogler et al., 2020). Considering the virus of
the size of 0.01-0.1 pm (Lesimple et al., 2020), the membrane required
for RO should be capable of removing this virus. The usage of these
membranes is potential for this virus before considering microfiltration
and membrane bioreactor (MBR) technology (Lesimple et al., 2020), as
the membrane technology of virus removal from water has been
employed for a long time (Cervantes-Avilés et al., 2021). In the nano-
filtration and reverse osmosis process, the characteristics of the
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membranes were efficacious in separating viruses targeted retentates
(Baker, 2012; Saleh and Gupta, 2016). As a result, reusing treated
wastewater should be done in a mixed or combined system; for example,
disinfection or ultrafiltration followed by nanofiltration and reverse
osmosis for wastewater treatment should be exercised during the
outbreak of COVID-19.

7. Conclusion

This review focuses on the transmission route, detection of the virus
and wastewater treatment plants to eradicate SARS-CoV-2 RNA in the
ongoing pandemic of COVID-19. The occurrence of SARS-CoV-2 RNA in
the wastewater is due to its shedding as a part of the faeces of COVID-19
patients. Post excretion through the faeces, the virus gets diluted in
water and spreads across the WWTPs through the municipal wastewater.
Under favourable parameters of pH, temperature, wastewater charac-
teristics, humidity level, suspended solids, the structure of the virus and
environmental factors, it is possible for SARS-CoV-2 to survive in the
wastewater for multiple days. Hence, the surveillance technique of
wastewater-based epidemiology (WBE) on the grounds of quantitative
data linked with the virus concentration method like PEG precipitation,
ultrafiltration, electronegative membrane, and ultracentrifugation, after
which the RT-qPCR assay. Moreover, the difference in viral concentra-
tion of recovery rate in wastewater samples also depends on each virus
concentration technique. Therefore, viral RNA levels in wastewater
samples by detecting SARS-CoV-2 from the RT-qPCR technique proves
to be a warning tool to prevent the spread of COVID-19 at the commu-
nity level. It aids in detecting viruses proactively and conducting WBE
for the assessment of COVID-19 infection and surveillance of public
health. It also adds to the contemporary knowledge linked with the ef-
ficacy of processes of wastewater treatment to remove the SARS-CoV-2
in WWTPs subsequent to primary process including settler and sedi-
mentation and secondary treatment processes like sequencing batch
reactor (SBR), activated sludge process (ASP), oxidation ditch method
(ODM), moving bed biofilm reactor (MBBR), conventional activated
sludge (CAS), extended aeration activated sludge (EAAS), and upflow
anaerobic sludge blanket (UASB). This technique effectively undergoes
biological processing of wastewater and additional higher temperature,
and hydraulic retention time could assist in effective degradation and
deactivation of SARS-CoV-2 RNA to inhibit the dissemination of SARS-
CoV-2 in the wastewater. This process is succeeded by the tertiary
stage of wastewater treatment, including disinfection via ozonation,
chlorination, ultraviolet radiation, membrane technology and few
others like coagulation, filtration and flocculation to remove and inac-
tivate SARS-CoV-2 RNA in WWTPs. The biological, physical and
physical-chemical treatment procedures combined together can assist in
accomplishing total deactivation of SARS-CoV- RNA. Promising results
have been derived from the initial studies based on the removal of SARS-
CoV-2 from wastewater through secondary and tertiary treatment pro-
cesses. Future studies should focus on collecting evidence to confirm the
detection of SARS-CoV-2 RNA in different conditions of wastewater
treatment at every stage such as pH, viral RNA load, temperature, the
flow of wastewater, the daily volume of wastewater, population density,
disinfectants, type of WWTPs, environmental conditions and operational
parameters in line with the number of COVID-19 infected patients. Thus,
an efficient model of detection, estimation and analysis of SARS-CoV-2
RNA in wastewater, and the efficacy of wastewater treatment process,
will guide the strategists in implementing suitable interventions and
adopting mandatory sanitation measures to ensure the clean surround-
ing which is virus-free and restrict the spread of SARS-CoV-2 pandemic
in the environment.
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