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A review of the impact of environmental factors on the fate
and transport of coronaviruses in aqueous environments
Diplina Paul 1, Praveen Kolar1 and Steven G. Hall 1✉

The ongoing severe acute respiratory syndrome-coronavirus (SARS-CoV-2) has triggered the coronavirus pandemic (COVID-19) that
has claimed hundreds of thousands of lives worldwide. This virus spreads predominantly by human-to-human transmission via
respiratory droplets. However, the presence of this virus in the fecal and anal swabs of infected patients has triggered the need for
research into its waterborne transmission. The various environmental factors that impact the persistence of coronavirus in different
water matrices include temperature, UV exposure, organic matter, disinfectants as well as adversarial microorganisms. This review
summarizes the most recent research data on the effect of various factors on coronavirus in aqueous environments. The available
data suggest that: (i) increasing temperature decreases the overall persistence of the virus; (ii) the presence of organic matter can
increase the survivability of coronavirus; (iii) chlorine is the most effective and economic disinfectant; (iv) membrane bioreactors in
wastewater treatment plants are hosts of competitive microorganisms that can inactivate coronaviruses; (v) ultraviolet irradiation is
another effective option for virus inactivation. However, the inactivation disinfection kinetics of coronaviruses are yet to be fully
understood. Thus, further research is needed to understand its fate and transport with respect to the water cycle so that effective
strategies can be adopted to curb its effects. These strategies may vary based on geographic, climatic, technical, and social
conditions around the globe. This paper explores possible approaches and especially the conditions that local communities and
authorities should consider to find optimal solutions that can limit the spread of this virus.

npj Clean Water             (2021) 4:7 ; https://doi.org/10.1038/s41545-020-00096-w

INTRODUCTION
As of June 2020, the novel coronavirus (CoV) pandemic has
claimed more than five-hundred thousand lives worldwide with a
total of more than 13 million cases since its first emergence in
Wuhan, China in December 20191. On 30th January 2020, this
outbreak was declared a Public Health Emergency of International
Concern and on 11th February 2020, the World Health Organiza-
tion (WHO) named it COVID-192. Subsequently, on 11th March
2020, the WHO declared this outbreak to be a pandemic3. Since
last 18 years, there have been three outbreaks by different strains
of this viral family: Severe Acute Respiratory Syndrome (SARS-CoV,
China 2003), Middle East Respiratory Syndrome (MERS-CoV, Saudi
Arabia 2012), and the ongoing COVID-19 (SARS-CoV-2,
China 2019).
The coronaviruses (order: Nidovirales, family: Coronaviridae,

subfamily: Coronavirinae) are single-stranded RNA viruses with
size ranging from 60 to 220 nm. These viruses replicate using a
nested set of RNAs, as is evident from the name of the order
Nidovirales (“nido” meaning nest). The Coronavirinae subfamily is
categorized into four genera: alpha, beta, gamma, and delta
coronaviruses. Of these, the first two genera infect human beings.
The alpha human coronaviruses (HCoVs) include HCoV-229E and
HVoV-NL63, while the beta-human coronaviruses include HCoV-
HKU1, HCoV-OC43, MERS-CoV, SARS-CoV, and SARS-CoV-24. It has
been observed that the genome sequence of SARS-CoV-2 has 82%
similarity to that of SARS-CoV5. The coronavirus is an enveloped
virus with crownlike spikes on its surface. This viral envelope
protects the genetic material in its life cycle when it is traveling
between hosts’ cells. The function of the envelope protein
includes the development of the envelope and pathogenesis.
The viral envelope contains the helically structured nucleoprotein

bound RNA. The RNA genomes of these viruses are known to be
very large with length ranging from 27 to 32 kb6,7. The virion
structure of coronavirus is illustrated in Fig. 1. The primary mode
of transmission of this infection is via respiratory droplets of an
infected individual that may be caused by breathing, coughing,
sneezing, or other forms of bio-aerosols. The wide range of
symptoms of this disease include fever, cough, shortness of
breath, respiratory diseases, diarrhea, and other such health issues
which often prove to be fatal as can be observed from the number
of deaths due to COVID-19 since December 2019.
Although the major route of transmission of coronavirus is by

droplets, historical evidence suggests that the possible spread of
such pathogenic viruses via the fecal-oral pathway cannot be
ruled out. There have been many instances when the fecal-oral
pathway has led to the waterborne transmission of such
pathogenic viruses that pose a great risk to public health5–14.
Chan et al. reported the detection of SARS-CoV RNA in the fecal
discharge of infected patients since the 5th day of the illness
during the 2003 SARS-CoV epidemic15. Additionally, it was
observed that the number of fecal samples testing positive for
the presence of SARS-CoV RNA increased gradually with time and
spiked at day 11 of the illness. Traces of the RNA were still at a
detectable level even after 30 days of the illness. The viable
presence of SARS-CoV RNA was also detected in the wastewater of
two hospitals in Beijing treating SARS infected patients during the
2003 epidemic16. In a sporadic instance, the leaking of a sewage
pipe in a residential complex of Amoy Gardens in Hong Kong led
to the aerosolization of infected wastewater containing SARS-CoV.
This later resulted in a cluster of coronavirus cases in Hong
Kong17–20. Recently, Holshue et al. reported the detection of SARS-
CoV-2 RNA in the fecal discharge of a patient on days 2 as well as 7
of the illness in Washington, USA21. Thus, existing data support the
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viable presence of the RNA of SARS-CoV-2 in the fecal discharge of
infected patients and sewage of hospitals that can enter the urban
water cycle via faulty plumbing, spillover, or contamination of
surface water. Hence, it becomes imperative to study the viability
of the virus in different water matrices, especially wastewater.
The present review summarizes the knowledge available on

coronaviruses with respect to the urban water cycle and the
environment. The influence of various environmental factors that
can impact the survivability of the coronavirus in aqueous systems
has been emphasized and summarized with available literature.
The outcome of this study is aimed at enhancing our under-
standing of the persistence of the virus in different water matrices
and being cognizant of the knowledge gaps so that it can be
strengthened. This can aid us in risk assessment and management
during future viral outbreaks.

FATE AND TRANSPORT OF CORONAVIRUS THROUGH THE
URBAN WATER CYCLE
The urban water cycle consists of the following main components:
(i) wastewater treatment plants (WWTPs), (ii) drinking water
distribution system, and (iii) stormwater runoff management.
During a viral outbreak, human viruses are excreted in the form of
fecal matter, urine, vomit, and other discharges and can enter
municipal wastewater by the sewage system. Faulty plumbing or
leakage like detachment of vent pipe, drain to sewer, sewage
disposal/lavatory, and flushing problems (Fig. 2). can lead to the
aerosolization of the virus-infected droplets, as described excel-
lently by a CNN report22. This can lead to further secondary
transmission as is evident from the incident at Amoy Gardens,
Hong Kong in the 2003 SARS epidemic that resulted in 319
clustered cases19,23. A cycle focusing on the occurrence and fate of
infective viruses in wastewater as well as its possible locations that
can lead to human exposure has been highlighted by Fig. 3
(adapted after Wigginton et al.24). The virus infected wastewater is
transported to the WWTPs, where the untreated wastewater can
possibly infect the workers of the plant if bioaerosols are
generated. Moreover, a spillover or severe weather event can
also lead to the contamination of surface water. Recreational
activities like swimming, fishing, kayaking, etc. can lead to further
transmission of the virus. The wastewater undergoes a wide
variety of physicochemical as well as biological treatment in the
WWTPs, leaving behind residual biosolids that are often land-
applied23. During the land-application process, there is an
additional possibility of human exposure if the viruses manage
to survive the treatment. Infected surface water bodies may also

serve as sources of drinking water supply. The incoming
contaminated surface water undergoes physical and chemical
treatment in the drinking water treatment plant before distribu-
tion. The manifestation of the viable virus in drinking water is
more prominent in cases where the concentration of residual
disinfectant is less. The incoming drinking water pipes and
outgoing sewage pipes often form an array in the underground.
Thus, the leakage of sewage pipes can contaminate the drinking
water pipes in the vicinity. This represents the urban water cycle
entailing the fate and transport of infective viruses. Additionally,
the possibility of fecal-oral transmission of viruses has substantial
consequences in those infected areas suffering from poor
sanitation and open defecation problem. Currently, 2 billion
people of the world do not have access to basic sanitation
facilities, of which 673 million still defecate in open areas which
include drains and water bodies25.
The presence of SARS-CoV-2 in the fecal matter of infected

patients has been validated by many studies5,15,26. Table 1
summarizes the detection of SARS-CoV-2 in the urine and feces
of infected patients in various countries around the globe
performed by qPCR. These studies also support the possibility of
a fecal-oral mode of transmission thereby strengthening the cycle
of transport and occurrence of the virus in water and wastewater
as illustrated by Fig. 3. However, the detection of the viral genome
or fragments of genetic material in the fecal discharge does not
necessarily guarantee the presence of an entire live virus particle
that can cause contagion. A disadvantage of the widely used qPCR
technique for viral quantification is it can detect viral presence in
human samples, but it does not convey any information regarding
the level of infectivity of the virus. Further, viruses excreted
through fecal matter tend to remain aggregated in the water
matrix due to the Brownian movement or nucleation of aquatic
particles. This ultimately leads to low recovery rates of virus
extraction for biological assays27,28. Nonetheless, recent studies
involve attempts in isolation of viable SARS-CoV-2 from the fecal
matter of infected patients14, observation of live virion structure
from human excrement using electron microscopy29, and
identification of live virions from feces30. Thus, currently, it is
considered that SARS-CoV-2 may be viable in water, wastewater as
well as sewage, with possible fecal-oral transmissibility, though its
viral load and level of infection are yet to be researched.

Fate of SARS-CoV-2 in wastewater
Recently many researchers around the world have studied the fate
of SARS-CoV-2 in different wastewater matrices as well as river
water samples. In one of the first studies in this context, Medema
et al. had reported the presence of SARS-CoV-2 in the sewage
samples of the Netherlands during the emergence of COVID-19 by
detecting two genes of the virus31. Around 58% of the collected
samples tested positive for the presence of the viral RNA (nucleic
acid detection). Further, the temporal pattern of the detection
agreed with the timeline of the emergence of the pandemic in
that region. This in turn validated the detection of the virus in the
sewage. Rimoldi et al. had examined the presence of viral RNA in
raw and treated wastewater samples as well as river water
samples of Italy32. A total of 100% of the raw and treated
wastewater samples tested positive and negative, respectively for
the detection of viral RNA. However, 50% of the river water
samples tested positive for the virus, though with no cytopathic
effect after 48 and 72 h of inoculation during the vitality test of the
virus. The presence of the virus in surface waters could perhaps be
attributed to the discharge of untreated wastewater or possible
overflow of sewage due to combined sewer overflows (CSOs) of
urban runoff and domestic effluents. Combined sewer systems are
quite common in central Europe (70%) as well as in 772 cities of
the United States of America33,34. Thus, it becomes imperative to

Fig. 1 The virion structure of SARS-CoV-2.
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strictly monitor urban runoff and domestic effluents during the
current pandemic.
To quantify viral load in the environment and initiate waste-

water surveillance, researchers have studied the genome con-
centration of SARS-CoV-2 RNA in various wastewater matrices, like
raw wastewater, primary, secondary and tertiary effluents, sludge
samples, and river water. In most of the cases, the viral loading
was quite high in raw/untreated wastewater with a moderate
concentration in treated/secondary/tertiary wastewater. The viral
loadings have been reported in terms of copies of viral genomes
per liter of the water matrix and/or cycle threshold (Ct) which is
the number of cycles needed for the fluorescent signal to exceed
the threshold (background levels) during PCR35. Taking Ct into
account, most of the recent studies on the presence of the SARS-
CoV-2 virus in wastewater matrices are indicative of positive
reactions (Ct values in the range of 30–37)31 i.e. moderate
presence of viral RNA in the water matrices, though the studies of
Arora et al36. and Hata et al37. indicate an abundant presence of
the viral RNA (Ct ≤ 29) in wastewater. In another study, Balboa
et al. had reported that no genetic material of the virus was
detected in the digested sludge samples of a WWTP in Spain
which undergo thermal hydrolysis at high temperatures and
experience long residence time in anaerobic digesters38. However,
the same might not be true for smaller WWTPs in many

developing nations where sludges are disposed of by volume
reduction methods instead of thermal treatment. Thus, further
research is needed in the safe disposal of sludge containing viral
RNA, as viruses have an affinity for adsorbing onto biosolids and
organic particles, which increases its persistence in the environ-
ment. The disinfection scenario of virus-infected wastewater was
studied by Zhang et al. in the septic tanks of a hospital in China39.
They detected 0.5 × 103 to 1.87 × 104 copies/L of viral genomes in
the hospital wastewater even after disinfection with sodium
hypochlorite (800 mg/L for 1.5 h). This has sparked the need for
the reevaluation of the existing disinfection strategies, especially
in non-centralized WWTPs treating SARS-CoV-2 RNA laden
effluents. A comprehensive summary of the recent endeavors in
the detection and quantification of the SARS-CoV-2 virus in
different water matrices has been presented in Tables 2 and 3.
Although, numerous studies have examined the genome con-
centration of SARS-CoV-2 RNA in different water matrices, but only
a couple have conducted the survivability test of the virus at that
concentration level by inoculation and reported the cytopathic
effects which were mostly negative32,40. However, we do not have
such cytopathic information for all the studies pertaining to the
persistence of the virus in wastewater matrices. Thus, additional
research on different aspects of virus vitality and survivability is
needed to draw better conclusions on the persistence and level of

Fig. 2 The possible transmission of coronavirus via faulty plumbing.

Fig. 3 The fate, occurrence, and transport of coronavirus in the urban water cycle. Reproduced with permission from Wigginton et al.24

(Royal Society of Chemistry, 2015).
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infection of the virus in waste and surface waters, especially for
areas suffering from inadequate sanitation infrastructure.

EFFECTS OF ENVIRONMENTAL FACTORS
Viruses are obligate intracellular parasites: the viral particles are
totally dependent on intracellular resources and can reproduce
only in the cytoplasm of the hosts’ cells. If viral particles are present
in different water matrices by themselves, they may either die or
survive in that environment. Thus, unless host cells are present, the
viral population will either remain consistent or may decrease with

time in that environment. Hence, it is critical to study the influence
of various environmental factors that can impact the persistence
and survivability of coronavirus. This examination of the intensity
of coronavirus persistence by environmental factors can aid in the
development of viral inactivation studies.

Temperature
Temperature is the most critical factor that can influence the
persistence and survivability of coronavirus in different water
matrices and is the most widely studied one (Table 4).

Table 4. The effect of temperature on the persistence of coronavirus in different water matrices.

Ref. Coronavirus Water matrix Temperature (°C) Persistence in days

26 SARS-CoV (BJ01) Hospital wastewater, domestic sewage, and dechlorinated water 20 2

4 14

Stool 20 3

4 >17

Urine 20 and 4 >17
44 TGEV Reagent-grade water 25 221

4 2201,2

Pasteurized settled sewage 25 91

4 491,2

Lake water 25 131

4 >143

MHV Reagent-grade water 25 171

4 >3651,2

Pasteurized settled sewage 25 71

4 701,2

Lake water 25 101

4 No decline
45 HCoV-229E Filtered tap water Filtered tap water 23 10.1

4 >5882

FIPV 23 10.1

4 1302

47 MHV Unpasteurized wastewater 25 0.5–0.63

10 1.3–1.73

Pasteurized wastewater 25 0.5–1.13

10 2–10.53

48 SARS-CoV-2 Virus transport medium 22 7

70 0.7 × 10−4 (1 min)
49 SARS-CoV-2 Untreated wastewater 4 27.8 ± 4.453

15 20.4 ± 2.133

25 12.6 ± 0.593

37 8.04 ± 0.233

Autoclaved wastewater 4 43.2 ± 5.953

15 29.9 ± 2.393

25 13.5 ± 0.853

37 5.71 ± 0.503

Dechlorinated tap water 4 58.6 ± 8.683

15 51.2 ± 4.543

25 15.2 ± 0.453

37 9.40 ± 0.033

Note: Unless stated otherwise, the persistence in days is for 99.9% reduction of the virus in the water matrices.
1For 99% reduction of the virus
2Estimated values.
3For 90% reduction of the virus.
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It has been observed that the viral population decreases with an
increase in temperature due to protein denaturation and
enhanced activity of exoenzymes41–43. Wang et al. studied the
persistent nature of SARS-CoV (strain BJ01) by collecting stool and
urine samples from SARS patients undergoing treatment in the
Xiao Tang Shan Hospital, Beijing26. They also collected hospital
wastewater and domestic sewage samples from 309th Hospital of
PLA (where SARS 2003 patients were being treated) and a housing
estate in Beijing, respectively. They studied the influence of
temperature at 20 and 4 °C. At 20 °C, the virus was observed to
survive in stool and urine for 3 days and at least 17 days,
respectively. However, at 4 °C the virus was able to survive in both
the samples for more than 17 days. For hospital wastewater,
domestic sewage, and dechlorinated water, about 99.9% reduc-
tion of the viral population was observed in 2 days at 20 °C. For
the same water matrices, the persistence increased to 14 days at
4 °C. Usually, studies use alternative viral surrogates for experi-
ments as the viruses pertinent to human beings cannot be
cultivated efficiently and there is a heightened risk factor linked to
it. In this respect, the importance of this study lies in the fact that it
examined water, urine, and stool samples collected from SARS
infected patients during the 2003 SARS outbreak in China.
Casanova et al. examined the survival of two surrogate

coronaviruses, transmissible gastroenteritis (TGEV) and mouse
hepatitis (MHV) at room temperature (25 °C) and 4 °C for over
6 weeks44. They examined the viral survivability in three types of
water matrices: reagent-grade (RG), pasteurized settled sewage
(PSS), and lake water (LW). At 25 °C they observed a progressive
decline in viral survivability of both TGEV and MHV over a period
of 49 days. At 25 °C, a 99% reduction of the TGEV viral population
took place in the first 22, 9, and 13 days for RG, PSS, and LW,
respectively. Whereas, for MHV at 25 °C, the same level of
reduction in viral infectivity was observed in the first 17, 7, and
10 days respectively, for RG, PSS, and LW. At 4 °C, the time for a
99% reduction was predicted using coefficients from regression
analysis for both RG and PSS. Accordingly, at 4 °C TGEV could
persist in RG and PSS for predicted values of 220 and 49 days,
respectively. For similar conditions, the MHV surrogate could
survive for more than 365 days and about 70 days in RG and PSS,
respectively. For LW at 4 °C, the TGEV viral population weakened
by around 1 log10 (90% reduction) by the first 14 days, whereas
the MHV viral infectivity persisted with no significant reduction in
the viral titer. However, it should be noted that the virus
surrogates used in this study, TGEV and MHV cause viral intestinal
infection and liver inflammation or damage in animals, respec-
tively. Hence, it might be possible that the resistance exhibited by
these viruses in this study might differ from that displayed by
human coronaviruses under similar experimental conditions.
The influence of temperature was also investigated by Gundy

et al. by studying the persistence of two representative
coronaviruses in filtered tap water at 23 and 4 °C45. These viruses
included a feline and a human coronavirus: the feline infectious
peritonitis virus (FIPV) and the human coronavirus 229E (HcoV-
229E). At 23 °C, both HCoV-229E and FIPV could survive in the
water matrix for about 10.1 days exhibiting 3 log10 (99.9%)
reduction in the viral population. At 4 °C, the predicted values of
viral survivability for HCoV-229E and FIPV was estimated to be
more than 588 days and 130 days, respectively. Days of viral
persistence were usually predicted by modeling for water samples
at low temperatures, as it exceeded the scope of the experiments
with respect to time constraints. Recently a similar study had also
been conducted for the persistence of zika virus in sewage by
Muirhead et al.46.
In a relatively recent study, Ye et al. compared the survivability

of MHV in both unpasteurized and pasteurized wastewater47. The
experiments were performed at 25 and 10 °C which represent the
average summer and winter temperatures for wastewater,
respectively. It was observed that the viral inactivation kinetics

was more rapid at 25 °C than that at 10 °C for both the types of
wastewater. For unpasteurized wastewater, the time needed for 2
log10 (99%) reduction of the viral population was 0.5–0.6 days
(12–14.4 h) at 25 °C and that at 10 °C was 1.3–1.7 days
(31.2–40.8 h). Whereas, for pasteurized wastewater, a 99% reduc-
tion of the viral count was observed to take place in 0.5–1.1 days
(12–26.4 h) at 25 °C and 2–10.5 days (48–252 h) at 10 °C. It is to be
underlined that for both typical summer and winter temperatures,
the decrease in the viral count was faster in unpasteurized
wastewater than in pasteurized wastewater. This could be
attributed to the presence of indigenous microbial population in
unpasteurized wastewater which can compete against the
coronavirus in wastewater and weaken it. Additionally, Ye and
co-workers state that the typical hydraulic residence time of
wastewater in sewage systems is around 24 h. Thus, there is
always a significant probability that the coronavirus discharged in
the sewage system via feces and urine can reach the WWTPs in an
infectious state, more so during winter when temperatures drop
substantially.
In a recent study, Chin et al. examined the decline in resistance

of the SARS-CoV-2 inoculated in virus transport medium from
22 °C (7 days) to 70 °C (1 min), thus highlighting the effect of
temperature on its persistence in environment48. Additionally,
Ahmed et al. investigated the persistence of gamma-irradiated
SARS-CoV-2 (obtained from the Australian Centre for Disease
Preparedness) in untreated wastewater, autoclaved wastewater,
and dechlorinated tap water at 4 °C (cold), 15 °C (temperate), 25 °C
(sub-tropical), and 37 °C (tropical)49. For all the different water
matrices, the persistence of SARS-CoV-2 decreased with increase
in temperature with the highest being around 60 days for
dechlorinated tap water at 4 °C and the lowest being around
5 days for autoclaved wastewater at 37 °C. Additionally, the
persistence was lower in untreated wastewater than autoclaved
wastewater due to the presence of competitive microorganisms as
well as dissolved detergents that might have decayed the SARS-
CoV-2 RNA faster.
In general, for all the different water matrices that were tested,

the viral population declined more rapidly at room temperature
(20–25 °C) than at 4 or 10 °C. The above-discussed studies reassert
the fact that temperature is the most important factor as high
temperatures lead to the rapid inactivation of enveloped viruses
such as the novel coronavirus and cause increased denaturation of
the protein present in the virion structure.

Organic matter
The presence of organic matter may impact the survivability of
coronavirus in different water matrices (Table 5).
This is because the viruses can get adsorbed onto the organic

matter particles. Consequently, the organic matter particles shield
the virus from light as well as alter the settling behavior20,43. The
effect of organic matter on the survivability of two strains of
coronaviruses (HCoV-229E and FIPV) was investigated by Gundy
et al.45 For this assay, they tested unfiltered and filtered tap water
as well as unfiltered and filtered primary effluent at a constant
temperature of 23 °C. By filtering the water samples, they excluded
the interference of organic matter particles present in the samples.
Additionally, the concentration of organic matter decreases from
primary effluent to secondary effluent to tap water. Hence, an
additional sample of secondary effluent was included in the assay
for easier comparison. It was observed that for both the strains of
coronaviruses and different water matrices, the survivability of the
virus was more in unfiltered samples than the filtered ones for a
99.9% reduction of the viral population. For HCoV-229E, the
persistence of the virus in unfiltered and filtered tap water was
12.1 and 10.1 days, respectively and that in unfiltered and filtered
primary effluent was 3.54 and 2.35 days, respectively. A similar
trend was also observed for the FIPV strain: the viral persistence
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was 12.5 and 10.1 days in unfiltered and filtered tap water,
respectively and 2.56 and 2.4 days for unfiltered and filtered
primary effluent, respectively. Additionally, the persistence of both
HCoV-229E and FIPV in secondary effluent was lower (2.77 and
2.42 days, respectively) than that in primary effluent which
concurs with the fact that primary effluent had the highest level of
organic matter. It can be observed that the persistence of the virus
in tap water was about 4 times more than that in primary and
secondary effluent despite the tap water having the lowest level
of organic matter particles. This can be attributed to the possible
presence of solvents and detergents in wastewater which can
weaken the viral envelope of coronavirus thereby inactivating it.
This study also concluded that the viral envelope of coronavirus is
hydrophobic in nature and thus more prone to adsorb on to the
organic particles while maintaining less solubility in water.
Ye et al. also studied the adsorption of MHV onto the solid

fraction of medium-strength municipal wastewater that had an
average total suspended solids of 235mg/L47. They conducted the
experiments at a constant temperature of 4 °C (the range of
municipal wastewater temperatures in the USA is 3–27 °C) to
minimize the influence of temperature fluctuation on virus
survival. They concluded that around 26% of the viruses were
observed to be reversibly adsorbed on to the wastewater solids at
equilibrium. However, it is to be noted that the equilibrium
adsorption percentage of viruses reported by Ye and co-workers
does not represent all wastewater types that have varying levels of
solid fraction.
Thus, a high concentration of organic matter or solid fraction in

water corresponds to increased survivability of the viral popula-
tion as the organic matter particles physically protect the virus
from disinfectants and other antiviral agents. Due to a similar
modus operandi, Okoh et al. had concluded that even sediments
pose a threat of being reservoirs of viruses in aqueous systems50.
Additionally, a study by Gassiloud and Gantzer reported that
organic matter particles in water may also compete with the
viruses for getting adsorbed on surfaces51. This is critical because
such adsorptions are usually physisorption and hence reversible.
Due to the reversible nature of this phenomenon, there is a
possibility that the viruses might later be discharged from the
aqueous system leading to further contagion that is usually not
accounted for.

Antagonistic microorganisms
The presence of antagonist microorganisms in the water matrix is
yet another factor that can affect the extent of viral inactivation.
Naddeo and Liu have suggested that membrane bioreactors

(MBRs) which are usually employed in WWTPs can play a crucial
role in this respect (Fig. 4)20. Viruses usually remain aggregated in
the suspended solids or in the cake that forms on the surface of
the membrane with time. Thus, the viruses end up in the company
of the indigenous microbial population of the bioreactor which is
usually antagonistic in nature. This can lead to the overall decay
and inactivation of coronaviruses52,53.
The pasteurization of wastewater also impacts the survivability

of coronaviruses. This was highlighted by Ye et al. in their study
using pasteurized and unpasteurized wastewater samples47. They
pasteurized the wastewater by heating it to 70 °C for 3 h and
subsequently tested the infectivity of MHV coronavirus in
accordance with protocols established by previous studies27,54. It
was observed that MHV lost its infectivity (99% reduction of viral
population) at a considerably slower rate in pasteurized waste-
water (0.5–1.1 days at 25 °C and 2–10.5 days at 10 °C) compared to
unpasteurized wastewater (0.5–0.6 days at 25 °C and 1.3–1.7 days
at 10 °C). This could be possibly due to the inactivation of
competing or predatory bacteria, protozoans, and metazoans in
the pasteurized wastewater samples which would have otherwise
competed against the coronaviruses for survival43,55. Additionally,
this study highlights the necessity of using unpasteurized waste-
water samples for survivability assays of coronavirus if possible.

Disinfectants
A virus maintains its infectivity by performing the following three
functions: (i) binding to the host’s cells, (ii) introducing its genome
inside the host’s cells, and (iii) replicating itself once the genome is

Fig. 4 Membrane bioreactor containing antagonistic microorgan-
isms along with coronaviruses.

Table 5. The effect of organic matter on the persistence of coronavirus in different water matrices.

Ref. Strain of coronavirus Water matrix Temperature (°C) Persistence in days

45 HCoV-229E Unfiltered tap water At a constant temperature of 23 12.1

Filtered tap water 10.1

Secondary effluent 2.77

Unfiltered primary effluent 3.54

Filtered primary effluent 2.35

FIPV Unfiltered tap water At a constant temperature of 23 12.5

Filtered tap water 10.1

Secondary effluent 2.42

Unfiltered primary effluent 2.56

Filtered primary effluent 2.4
47 MHV-A59 Raw wastewater 41 N.A.

Note: 126% of the virus adsorbed onto the solid fraction of wastewater.
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inside the host’s cells. Disinfectants inactivate the virus by
inhibiting any of these functions and altering the viral proteins56.
Though many studies have investigated the efficiency of
disinfectants against coronaviruses on various surfaces, yet studies
specific to water matrices are very sparse. Wang and co-workers
studied the influence of disinfectant on the survivability of SARS-
CoV (BJ01) in wastewater by varying the concentration as well as
the time of contact of the disinfectants (chlorine and chlorine
dioxide; Table 5)26. They observed that chlorine is more effective
than chlorine dioxide in inactivating the virus. Further, for 100%
inactivation, the minimum contact time required by 10 and
20mg/L chlorine was 10 and 1min, respectively while that
required by 40mg/L of chlorine dioxide was 5min. A contact time
of 10 min for 10 mg/L chlorine dioxide resulted in 68.38%
inactivation of the virus. They also calculated the concentration
of free residual chlorine in the water matrix after disinfection that
can ensure the complete inactivation of the virus, as presented in
Table 6.
Overall, chlorine is usually also considered to be the most

economic option20. In a recent study, Zhang et al. examined the
influent and effluent samples of the septic tank of a COVID-19
hospital in China39. Initially, disinfection was carried out by
800mg/L of sodium hypochlorite for 1.5 h with residual chlorine
more than 6.5 mg/L which was in accordance with the guidelines
of China Centers for Disease Control and Prevention (China CDC).
However, 12 h later, the free chlorine declined to a nondetectable
level and SARS-CoV-2 RNA was detected. Thus, 800 mg/L of
sodium hypochlorite was not effective at complete disinfection.
Subsequently, a dosage of 6700mg/L of sodium hypochlorite was
added for 1.5 h which resulted in complete disinfection (negative
presence of viral RNA) with 21.0–25.0 mg/L of free chlorine after
12 h of disinfection. However, this resulted in higher levels of
disinfection by-products residuals in the effluents (like trichlor-
omethane, tribromomethane, bromodichloromethane, and dibro-
mochloromethane) which have substantial environmental risks
that need reevaluation.
The reaction mechanism of the inactivation of viruses by

disinfectants typically includes a chemical oxidation process. For
example, the reaction of chlorine with water leads to the
formation of HOCl which further dissociates into hypochlorite
(OCl−) and hydrogen (H+) ions:

Cl2 þ H2O $ HOClþ HCl (1)

HOCl $ Hþ þ OCl� (2)

These highly reactive species, OCl− and HOCl (also termed as
free chlorine) create physiological lacerations and penetrate the
viral membrane to disrupt protein synthesis. Consequently, this

impacts the metabolism processes of the viruses. Similarly,
chlorine dioxide undergoes complete oxidation to form chloride
ion (Cl−) which is believed to inactivate viruses by interfering with
the structure of the membrane proteins57:

ClO2 þ 5e� ! Cl� þ 2O2� (3)

The inactivation kinetics of viruses are usually described by the
following log-linear relationship:

Nt ¼ N0xe
�kt (4)

where, N0 stands for the initial viral population, Nt the viral
population at time t, and k the first-order rate constant for
inactivation. This relationship yields the survival curve which is
employed for the determination of time required to achieve
specific levels of inactivation, provided the shape of the curve is
indeed log-linear. However, departures from the log-linear shape
is quite common: initial shoulder and tailing effect are two such.
The former departure is a result of initially stable viral population
before the exponential inactivation begins, while the latter
corresponding to a decrease in slope results when the last
surviving viral population appears to be more resilient (probably
due to aggregation or adsorption to organic matter) than the
overall population43,58. The tailing effect is better represented by a
second-order equation with two rate constants for inactivation.
However, the first-order log-linear relationship is quite often used
by researchers to summarize the kinetics. This straightforward
assumption might result in biased estimates.
Another factor that might hinder the efficacy of viral disinfec-

tion is the aggregation of the virus in the medium. A study had
observed that only 21% of the viral population existed as isolated
particles with the rest forming aggregates of 2–80 particles each59.
Thus, it is easier for the disinfectants to reach and inactivate the
isolated virus particles than the aggregates.

Ultraviolet exposure
Exposure of coronavirus infected water to ultraviolet (UV;
wavelength range 100–400 nm) radiation can lead to the
destruction of their nucleic acids and disruption of the DNA and
RNA. Viruses are substantially photo-inactivated by processes that
involve endogenous direct and exogenous indirect mechanisms.
The former process occurs when endogenous chromophores (like
nucleic acids and proteins) of the virus absorb photons that lead
to modification of the chemical structure of the viral chromo-
phores. The latter mechanism, on the other hand, results when an
exogenous chromophore (which is not a part of the virus) absorbs
photons and produces photo-produced reactive intermediates
(PPRI), which ultimately damage the virus60. Thus, photo-exposure
renders the viruses incapable of reproduction. UV-C (100–280 nm)

Table 6. The effect of disinfectant on the persistence of coronavirus in wastewater.

Ref. Coronavirus Disinfectant Dosage (mg/L) % inactivation Genome
concentration
(copies/L)

Minimum contact
time (min)

Free residual
chlorine (mg/L)

Initial Final

26 SARS-CoV (BJ01) Chlorine 10 100 10 0.4

20 100 N.A. N.A. 1 0.59

Chlorine dioxide 10 68.38 N.A. N.A. 10 N.A.

40 100 5 17.59
39 SARS-CoV-2 Sodium

hypochlorite
800 N.A. N.A. 0.5 × 103-

1.87 × 104
90 >6.5 (initially); N.D. (after

12 h)

6700 100 N.A. N.D. 90 21.0–25.0 (after 12 h)

N.A.: Not available.
N.D.: Not detectable.
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is most effective for germicidal irradiation, though it is most weak
on the Earth’s surface as it gets impeded by the ozone layer.
Very limited research is available on the influence of virucidal

solar exposure or specifically UV radiation on the survival of
coronavirus in aqueous systems. However, Duan and team studied
the sensitivity of coronavirus (strain CoV-P9) to UV irradiation by
collecting pharyngeal swabs of infected patients during the 2003
SARS pandemic, China61. The isolated viral strain was added to
100 µL of sterilized water and culture medium. It was subse-
quently exposed to UV irradiation of intensity greater than 90 µW/
cm2 with an irradiating distance of 80 cm. Such UV irradiation on
the virus medium for 60 min resulted in the destruction of the viral
population to an undetectable stage. In another study, Darnell and
Taylor examined the effect of UV irradiation on noncellular blood
products infected with the Urbani strain of SARS-CoV (obtained
from the Centers for Disease Control and Prevention, Atlanta, GA,
USA)62. The virus samples were placed 3 cm away from the UV
light source. UV-C (254 nm) and UV-A (365 nm) light sources
emitting 4016 and 2133 µW/cm2, respectively were used for
virucidal inactivation. It was observed that UV-C could efficiently
inactive the SARS-CoV virus in 40 min while UV-A when coupled
with psoralen compounds (a mutagen that intercalates into the
DNA of the virus) could increase the effectiveness of the process.
Currently, limited research exists that examines the influence of

UV exposure on aqueous systems infected or spiked with
coronavirus. Nonetheless, a review of the existing studies that
focus on UV influence on other systems can aid future research
developments for water matrices.

pH
The effect of pH on the stability of coronavirus has been
addressed by a few studies. According to Daniel and Tablot,
MHV is stable over pH ranges of 5–7 and 3–10 at 37 °C and 4 °C,
respectively63. Additionally, Pocock and Garwes reported that
TGEV remains stable over pH ranges of 5–7 and 5–8 at 37 and 4 °C,
respectively64. Casanova et al. observed that the pH declined for
MHV with time but did not exceed the pH range of stability44. This
suggests that pH (unless it attains very extreme values) might not
necessarily be a major factor contributing to the persistence of
coronavirus in water.

FUTURE NEEDS
Based on this review of the literature and analysis of current
conditions, a multi-pronged approach for future work is
suggested:

1. Consideration of updating the existing wastewater infra-
structure or the installation of decentralized WWTP for
coronavirus hot-spots should be a high priority. Such hot-
spots receive hospital and public clinic wastewater which
have a significantly high probability of containing viable
coronaviruses. A decentralized or in situ treatment facility
with an effective septic system, properly sealed floor drains
and vent pipes in bathrooms, as well as the use of
operational drain traps in flush toilets can reduce the
aerosolization of coronavirus infected wastewater65. Such
strategies can decrease the environmental loading of the
virus as well as secondary transmission in communities.

2. UV based portable devices should be considered for
wastewater treatment or for centralized community drink-
ing water treatment to provide water free of the virus. UV
based devices for household purposes should be located at
the water inlet in conjunction with the water meter, or
immediately prior to the location of drinking water outlet(s).
This can be followed by a cost-effective chlorine injector at
the outlet when the household sewage joins the centralized

municipal wastewater lines. This can lead to a community-
based approach to inactivate the virus as much as possible
and contain its spread.

3. Future research should focus on the development of a
possible advanced alarm-based sensing technology that can
be used in-line with other systems in WWTPs. Such in situ
feedforward systems might include a sensor-based antigen
test having a high specificity for viable viral loads in
wastewater. This real-time surveillance can lead to early
detection of the virus and subsequent rapid intervention
before its circulation.

4. Plasma discharge technology should be studied as an
alternative to chlorine or other disinfectants. Optimal rates
and timings of pulsed high voltages and electrical
discharges for treating virus-laden water should be explored
in this regard.

5. Open defecation, still practiced in developing countries,
should be addressed via public health and extension
programs as well as making sanitation facilities accessible
to everyone around the globe. For resource-limited geo-
graphical areas or coronavirus hot-spots, the construction of
pit latrines is a cost-effective alternative. However, lime
needs to be added to ensure that such latrines do not
pollute the water sources. The vertical distance between the
bottom of the pit latrine and the groundwater table is
recommended to be a minimum of 1.5 m, while horizontally
the pit and the water sources should be separated by a
minimum distance of 30 m66. Encouraging residents to
utilize facilities not only requires that these facilities
themselves be safe and effective at reducing viral loads
but should also be a community-led sanitation approach
urging all to reduce the practice of open defecation.

6. Research with viruses related to human health (like
coronaviruses) has a very high-risk factor associated with
it. Thus, further development or cultivation of efficient
coronavirus surrogates should be explored to provide a
much-needed impetus to its research.

7. In areas where resources are limited, strategies to triage this
type of techniques could be further studied. For example,
while for individual households, chlorine or UV may be an
appropriate technique, treatment of centralized (commu-
nity) water sources could have positive effects on larger
numbers of people. Further studies of combinations of
techniques that can most cost-effectively reduce transmis-
sion should be considered.

8. Finally, most studies to date have been based on small
numbers of patients. Hence, one critical need at this point is
to study waterborne and fecal transmission, as well as
possible interventions with larger numbers of individuals to
enhance the statistical significance of the findings. This
would also clarify which techniques may be both biologi-
cally relevant and cost-effective in reducing transmission of
this and related diseases by waterborne modes.

CONCLUSIONS
The probable fecal-oral transmission of SARS-CoV-2 can have
serious repercussions on the measures being taken to curb the
COVID-19 pandemic. The data-based knowledge reported in many
studies and the effect of environmental factors on the survivability
of coronaviruses in aqueous environments can aid in risk
assessment and planning of sanitation infrastructure. It especially
supports mitigation efforts by integrating the urban water cycle
with the implications of environmental conditions on the
persistence of the virus in water matrices. Apart from adhering
to the three vital Ws: washing hands often, wearing a nose and
mouth covering to restrict aerosolization of droplets, and waiting
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6 ft apart from others, adequate disinfection of potentially virus-
laden water and wastewater with best management practices
would help us to control this and other future waterborne
outbreaks.
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