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A B S T R A C T   

This review discusses the techniques available for detecting and inactivating of pathogens in municipal waste
water, landfill leachate, and solid waste. In view of the current COVID-19 pandemic, SARS-CoV-2 is being given 
special attention, with a thorough examination of all possible transmission pathways linked to the selected waste 
matrices. Despite the lack of works focused on landfill leachate, a systematic review method, based on cluster 
analysis, allows to analyze the available papers devoted to sewage sludge and wastewater, allowing to focalize 
the work on technologies able to detect and treat pathogens. In this work, great attention is also devoted to 
infectivity and transmission mechanisms of SARS-CoV-2. Moreover, the literature analysis shows that sewage 
sludge and landfill leachate seem to have a remote chance to act as a virus transmission route (pollution-to- 
human transmission) due to improper collection and treatment of municipal wastewater and solid waste. 
However due to the incertitude about virus infectivity, these possibilities cannot be excluded and need further 
investigation. As a conclusion, this paper shows that additional research is required not only on the coronavirus- 
specific disinfection, but also the regular surveillance or monitoring of viral loads in sewage sludge, wastewater, 
and landfill leachate. The disinfection strategies need to be optimized in terms of dosage and potential adverse 
impacts like antimicrobial resistance, among many other factors. Finally, the presence of SARS-CoV-2 and other 
pathogenic microorganisms in sewage sludge, wastewater, and landfill leachate can hamper the possibility to 
ensure safe water and public health in economically marginalized countries and hinder the realization of the 
United Nations’ sustainable development goals (SDGs).   

1. Introduction 

Coronavirus disease (COVID-19) is the third major pandemic caused 

by a virus in the past two decades through zoonotic transmission after 
the severe acute respiratory syndrome coronavirus (SARS) in 2003 and 
middle east respiratory syndrome coronavirus (MERS-CoV) in 2012 
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(Nour and Houssam, 2019). Initially classified as “pneumonia of un
known etiology”, this infection was classified as Coronavirus on January 
12, 2020, by World Health Organization (WHO) and later declared as 
COVID-19 (Niu et al., 2020). Infection with COVID-19 is caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Poon 
and Peiris, 2020). Researchers discovered that SARS-CoV-2 is capable of 
rapid human-to-human transmission (Hui et al., 2020a, b), primarily 
through direct contact or sneezing, coughing, or talking (Anand et al., 
2021a, b, c). In this frame it is important to remember that the possible 
sources of virus spread were also attributed to pollution (Bontempi, 
2020b), meteorological (Anand et al., 2021a, b, c), and socio-economic 
factors (as for example trade exchanges (Bontempi et al., 2021a) (Bon
tempi and Coccia, 2021). 

Being contagious, COVID-19 is a major concern due to its trans
mission at the global scale, repetitive emergence, mortality rate, and 
multiplicative effectiveness in susceptible groups (Field et al., 2020). 
The pandemic has resulted in major loss of human life globally and has 
laid down the unprecedented challenge to the economy, ecosystem, and 
health sector. As per WHO (WHO, 2021), there are 179,686,071 
confirmed cases of COVID-19, including 3,899,172 deaths worldwide as 
noted on June 24, 2021 and the number is increasing rapidly. Fig. 1 
below shows the % of deaths evaluated by considering the number of 
confirmed deaths and the corresponding infection cases until June 24, 
2021 (data were sourced from the COVID-19 Data Repository by the 
Center for Systems Science and Engineering at Johns Hopkins Univer
sity). The data show that the percentage of death is generally higher than 
1 %, and less than 3 % for Europe. On the contrary in other countries this 
value results higher than 5 %, like in China, Peru, Yemen, and Mexico. 

Since 2019, COVID-19 pandemic has presented a global public 
health emergency with scientists across the world racing against time to 
develop effective treatments for this virus. Although the United States 
Food and Drug Administration has endorsed several vaccines against 
COVID-19 (Anand, 2021b), they still pose some questions (Sahin et al., 
2021). Though these vaccines have shown a lot of promise, they also 
raise concerns for their safety and effectiveness (Kelly et al., 2021). In 
fact, many patients in India have tested positive for COVID-19 following 
their second dose of vaccines. According to the Indian Council of Med
ical Research, more than 21,000 people tested positive following their 
first dose of Covishield or Covaxin, while over 5500 people tested pos
itive following their second dose (https://news.abplive.com/2021). 

Almost all the countries around the globe ordered complete or partial 

lockdown for weeks or longer, which were enforced through cancella
tion of mega-events, reduced transportation, lesser industrial activities, 
and lesser human to human exposure. This allowed a major improve
ment in the air quality index in almost all megacities of the world 
(Mostafa et al., 2021). Lokhandwala and Gautam (2020) have found a 
reduction of about 85 % in particulate matter levels in the most polluted 
city of India. The NO2 emission has dropped by 30–60 % in many Eu
ropean countries, including Rome, Paris, Madrid, Milan, and Barcelona 
(https://www.eea.europa.eu/highlights/air-pollution-goes-down-as). 
In the United States (US), the levels of NO2 have declined by 25.5 % 
during this COVID-19 period compared to previous years (Jesse and 
Keita, 2020). The lesser gaseous emissions during this period are also 
supported by the fact that the oil demand has dropped down to 4,350, 
000 barrels in the first three months of 2020 compared to the same 
period in 2019 (https://www.iea.org/articles/global-energy-review-co 
2-emissions-in-2020). Major industrial sources of pollution have 
stopped completely or partly (Zanoletti, 2021), which has enhanced the 
water quality of the rivers (Singhal and Matto, 2020). Travel restrictions 
have also resulted in less air or road traffic, which has reduced the noise 
pollution. 

Despite that the current pandemic situation has in some cases 
reduced the environmental load, serious health issues have emerged 
majorly because of its contagious nature and unavailability of effective 
medical treatment (Coccia, 2021). It is a challenge for the public health 
officials right from diagnosing to the treatment of COVID-19 patients 
(Wolfel et al., 2020). Moreover, as it is a pandemic disease and a big 
population is affected, many countries are facing issues of insufficient 
testing capacities, inadequate hospitalization facilities, including beds, 
intensive care units (ICUs), doctors and medical staff (Bontempi, 2021). 
One additional complication is that many asymptomatic cases are also 
reported (Anand et al., 2021a, b, c). The history of such pandemics re
veals that monitoring sewage for traces of a pathogen provides a sen
sitive signal of the presence of the pathogen in entire communities and 
can also predict whether the transmission is increasing or declining 
(Larsen and Wigginton, 2020). The science of wastewater-based epide
miology (WBE) by monitoring viral RNA in wastewater provides op
portunities to assess the COVID-19 prevalence and spread in defined 
populations, proving beneficial for informing related public health 
policy (Wu et al., 2021). WBE can be processed to obtain an unbiased 
surveillance system and reflect community health (Scott et al., 2021; 
Yaniv et al., 2021; Tomasino et al., 2021). It is scalable, economical and 

Fig. 1. Percent of death, calculated by considering the cumulative COVID-19 confirmed deaths versus cases on June 24, 2021 (data sourced from the COVID-19 Data 
Repository by the Center for Systems Science and Engineering at Johns Hopkins University). 
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provides rapid results for emergent and re-emergent pathogens (Polo 
et al., 2020; Randazzo et al., 2020; Tiwari et al., 2021). 

The information gained from sewage can be used to refine the 
response to the pandemic and help the authorities to make strategies 
(Kumar et al., 2021b). Possible recommendations may be towards 
lockdown or quarantine. Researchers in Australia, the Netherlands, 
Sweden, and the USA have already detected SARS-CoV-2 in wastewater 
(Li et al., 2021a, b; Malapatty, 2020; Medema et al., 2020a, b). During 
the early week of the outbreak of COVID-19 in New Haven (Connecticut) 
several cases were tracked and declared positive by confirming the 
presence of SARS-CoV-2 RNA in primary sewage sludge from local 
wastewater treatment plants (Peccia et al., 2020). More importantly, as 
sewer systems continuously receive human excreta with viral particles 
irrespective of the symptomatology status of the patient (symptomati
c/asymptomatic/subclinical/presymptomatic), WBE approach can pro
vide a real-time and unbiased surveillance for the outbreak (Kordatou 
et al., 2020). Even during air travel or cruises, the wastewater provides 
an additional diagnostic tool of the prevalence of SARS-CoV-2 infections 
among passengers onboard (Ahmed et al., 2020a, b, c, d). At the same 
time, the virus persistence in wastewater opens other issues, related to 
its spread. 

The mechanism for the detection of virus in sewage initiates by 
dilution of virus from feces and other shedding sources in toilet water, 
then in other municipal wastewater including grey water and some cases 
industrial and storm waters. Subsequently, the virus travels along with 
its RNA through a complex sewage system where it is exposed to 
different physical, chemical, and biological factors. Moreover, the 
detection of the virus is related to its concentration methods like poly
ethylene glycol (PEG) method for precipitation of viral material and 
ultrafiltration at molecular weight level (Aviles et al., 2021). However, 
the persistence and survival of the coronavirus in water systems depend 
on several factors like temperature, organic content, light familiarity, 
and the existence of antagonistic organisms (Bilal et al., 2020; Wiggin
ton et al., 2015). At present, data about virus persistence in different 
regions and climatic conditions seem to be highly variable (Hart et al., 
2020). Significant gaps in the knowledge of the wastewater contribution 
to the SARS-CoV-2 spread exist. Virus survival in the environment, 
including the soil, the air, water bodies, and sewage and landfill 
leachate, is still poorly known (Kitajima et al., 2020). Experimental data 
about SARS-CoV-2 inactivation and/or removal by sewage and the most 
suitable and verified treatment processes is scarce (Kitajima et al., 
2020). 

The enveloped coronavirus is considered unstable in the environ
ment due to its higher susceptibility to oxidants like chlorine and is 
inactivated much faster in water than non-enveloped human enteric 
viruses (Rosa et al., 2020). Researchers have also tried a quantitative 
microbial risk assessment (QMRA) framework for estimation of 
SARS-CoV-2 in natural water bodies through dose-response model and 
Poisson’s distribution (Kumar et al., 2021). However, despite the high 
number of papers devoted to sewage (mainly concerning wastewater 
surveillance to track COVID-19), considering it as an important tool in 
early diagnosis and prevention of its outbreak in urban areas, only few 
works were devoted to sewage sludge (Yang et al., 2020) and no works 
were devoted to landfill leachate as additional possible sources of virus 
spread in the environment. This study reviews the SARS-CoV-2 infec
tivity, surveillance, and inactivation as biohazard, that can be found in 
sewers, wastewater treatment plants, and landfills. Due to the possibility 
to use the reviewed technologies for surveillance and inactivation to 
pathogens in general, this work may be also used to have an overview of 
available possibilities to manage other outbreaks. Also the SARS-CoV-2 
infectivity and reported transmission mechanisms may be useful to 
study or support similar behaviours for other pathogens. 

2. Study design 

To provide a comprehensive assessment of the surveillance, 

infectivity, and inactivation of SARS-CoV-2, the available literature was 
investigated by a systematic review. 

COVID-19 pandemic has attracted great attention in literature: 
SCOPUS database shows the existence of more than 210,000 papers 
devoted to this argument (in July 2021). The present review paper is 
dedicated to wastewater, landfill leachate, and sewage sludge. However, 
as reported in the introduction, no works expressly dedicated to landfill 
leachate and the current pandemic were found, then the bibliographic 
search was devoted to “sewage sludge”, “wastewater”, and COVID-19 
(or SARS-CoV-2). SCOPUS database allowed to identify about 200 pa
pers containing these keywords in all available document fields. 

The downloaded information derived from the SCOPUS platform 
included for all articles title, authors, abstract, keywords, and refer
ences. In particular, an analysis of keywords co-occurrence network of 
papers devoted to “sewage sludge”, wastewater, and COVID-19 (or 
SARS-CoV-2) allowed to perform a cluster analysis of the literature (see 
Fig. 2) to propose a suitable and structured review. The study design 
(with connected literature) was updated on July 14, 2021. Literature 
data analysis was performed by “VOSviewer version 1.6.16,” 2020. 

The results (see Fig. 2) show that the already available papers can be 
grouped in 5 clusters. The first one (79 items), represented by red 
bubbles, is mainly devoted to wastes generated during the pandemic and 
their toxicity, with attention to their management and treatment. In this 
cluster there are several papers treating wastewater and sewage sludge. 
Some interests related to the sustainable development can be also found. 
The second cluster (37 items), highlighted by green bubbles, concerns 
public health and virus characteristics and detection. The third cluster 
(34 items) is mainly centered on wastewater and the virus monitoring 
aspects (blue bubbles). The fourth cluster (42 items) is addressed to 
SARS-CoV-2 transmission mechanisms and sewage sludge and waste
water treatments (yellow bubbles). Finally, the last cluster (7 items) is 
more general: it is centered on coronavirus and pandemic (violet 
bubbles). 

Based on the results of cluster analysis, the paper was conceived in 
some categories (developed in the Results and discussion, section 3), 
devoted to presence and risks associated to SARS-CoV-2 (3.1), its po
tential transmission routes (3.2), and its detection and treatment (3.3). 
Finally, based on the literature results, attention is also dedicated to 
clean water and sanitation for a sustainable future (3.4). 

Due to the lack of papers devoted to “landfill leachate” and COVID- 
19, general literature concerning this waste was checked. 

3. Results and discussion 

In this era of COVID-19, inadequate wastewater treatment and 
management (especially in economically marginalized countries), 
whether at the urban, rural, domestic, or industrial level, pose a high 
risk and major challenge due to the massive amount of biomedical waste 
and wastewater that finds its way to wastewater treatment plants. 
Biomedical waste generated by hospitals is typically incinerated or 
autoclaved before disposal. However, in some countries, such treatment 
facilities are insufficient due to poor infrastructure, and as a result, raw 
waste containing living pathogens may enter water systems, jeopardiz
ing the environment (Iyer at al., 2021). For example, in some cities in 
Bangladesh, many residents’ septic tanks are directly connected to open 
drains, allowing their waste to be released into the environment without 
their knowledge (Jeffrey, 2018). Moreover, landfill leachate generated 
during this pandemic may contain pathogenic microorganisms and 
promote the SARS-CoV-2 migration in the environment, threatening 
society and leaving many scientific challenges. 

These situations may be a hindrance to human health, especially in 
the ongoing pandemic situation. The invasion of SARS-CoV-2 needs to 
be assessed in each of the unit operations in the sewage treatment plant 
along with the presence of other hazardous pathogenic microbes. 

Microorganisms such as pathogenic bacteria, virus, and worm eggs, 
as well as other physio-chemical pollutants, are commonly found in such 
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a stream (Suresh et al., 2018, 2021). They are further divided into four 
categories: bacteria, viruses, protozoa, and helminths. The presence of 
many pathogenic or non-pathogenic (E. coli) bacteria (>1010/g) in septic 
tank sludge and wastewater sludge could greatly affect human health 
conditions. 

Excreta from SARS-CoV-2-infected humans contains such organisms 
and finds way into sewage, which might pose a serious danger. There is a 
potential risk of SARS-CoV-2 transmission among people due to the 
dumping of wastewater or sewage into perennial streams or rivers 
(Ducoli et al., 2021). Despite such an ominous possibility, the current 
opinion, especially of most water microbiologists, is that wastewater 
does not appear to be a significant mode of SARS-CoV-2 transmission 
(Ahmed et al., 2021). Recently, SARS-CoV-2 highlighted the presence of 
risks in septic tank sludge and sewage sludge (Zambrano-Monserrate 
et al., 2020; Anand et al., 2021a, b, c). Coronavirus is entering into 
sewage stream from different sources like restroom, public toilets, hos
pitals, schools, and office buildings (Daughton, 2020; Heller et al., 2020; 
Usman et al., 2020). Diarrhea, typhoid, cholera, paratyphoid, and other 
types of diseases occur due to water-borne pathogenic organisms 
detected in wastewater/sewage. In addition, sewage sludge also con
tains viruses and pathogenic protozoa which comes from mainly infec
ted humans, i.e., human adenoviruses, enteroviruses (e.g., polioviruses), 
diarrhea-causing viruses (e.g., rotavirus), hepatitis-A virus and reovi
ruses, Balantidium coli, Entamoeba histolytica and Giardia lamblia, hel
minths (parasitic worms) (Bibby and Peccia, 2013a, b; Carr and Strauss, 
2001). 

On another side, solid waste landfills or leachate contains pathogenic 
microbes (fecal coliforms, salmonellae, human enteroviruses, human 
noroviruses, and protozoan parasites), which mainly comes from food 
waste, pet feces, human disposable hygiene products, and biosolids from 
sewage plants. In particular, an increase of plastic use derived from the 
health dispositives (as for example from disposable facemasks), has 
increased the amount of waste destined to landfilling, with a risen 

concern about the possibility of SARS-CoV-2 migration in the leachate 
(Ragazzi et al., 2020). 

Typical indicator bacteria (total coliforms, fecal coliforms, and fecal 
streptococci) were estimated in the early 19th century. However, despite 
that the first publications indicated that these pathogens are not a major 
concern in solid waste landfills or leachate (Peterson, 1974; Haas, 1996), 
more recent reports from the United States Environmental Protection 
Agency (USEPA) identified different pathogenic bacteria and viruses 
present in the solid waste landfills or leachates, with increasing risks to 
the human health (Gerba et al., 2011; USEPA, 2008; USEPA, 2009). 

Fig. 3 shows the total amount of waste landfilled in EU in 2019. More 
recent data, reporting also the expected increase of landfilled waste due 
to pandemic, are still not available. However, it is estimated that land
filled waste is globally increased more than 3500 thousand tons in the 
first pandemic year, only due to facemasks disposal (Silva et al., 2021). It 
is evident that several countries will have a huge problem in waste 
management, with high consequent risk derived from possible pollution 
due to leachate, and possibility of virus spread (Hantoko et al., 2021). 

3.1. Presence and potential risks of SARS-CoV-2 in sewage sludge and 
landfill leachate 

Nghiem et al. (2020) examined the impact of the COVID-19 
pandemic on waste and wastewater services. The lifespan of 
SARS-CoV-2 varies depending on the material, ranging from 3 h in 
aerosols to 2–3 days in sewage/solid feces. As a result of their long pe
riods of survival, anyone who comes into contact with contaminated 
materials during that period is likely to become infected (Nghiem et al., 
2020). 

SARS-CoV-2 has spherical particle with spike proteins on its surface 
and positive-sense single-stranded RNA within the lipid envelope (Zhu 
et al., 2020). SARS-CoV-2 virions can be transmitted via air as part of 
aerosols with its nature of size (Anand et al., 2021a, b, c). COVID-19 

Fig. 2. The keywords co-occurrence network of papers devoted to “sewage sludge”, wastewater, and COVID-19 (or SARS-CoV-2). The study design was updated on 
July 14, 2021. Data analysis was performed by “VOSviewer version 1.6.16,” 2020. 
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patients can excrete feces and sputum with high loads of SARS-CoV-2 
that eventually enter the wastewater. Several research groups, for 
example Australia, the Netherlands, Sweden, and the USA, have already 
reported detecting traces of SARS-CoV-2 in wastewater (Ahmed et al., 
2020a, b, c, d) (Fig. 4). Randazzo et al. (2020) reported the finding of 
SARS-CoV-2 RNA in six wastewater treatment plants (WWTPs) serving 
the major municipalities in the region of Murcia in Spain. The water 
samples from the primary and the secondary treatments were both 

positive, while that from the tertiary treatment was negative. 
SARS-CoV-2 RNA concentrations in primary sewage sludge were linked 
to COVID-19 cases in New Haven, Connecticut (Peccia et al., 2020), and 
Ottawa (D’Aoust et al., 2021). The presence of SARS-CoV-2 RNA in 
untreated wastewater and sludge from WWTPs from various studies 
around the world is shown in Table 1 and Fig. 4. Few reports show virus 
in the sewage sludge or leachates, like SARS-CoV (Gorbalenya et al., 
2020; Cheng et al., 2007). 

Fig. 3. Total amount of waste landfilled in 2019 (data are reported in thousand tons) (Eurostat, 2021).  

Fig. 4. Presence and transmission risks of SARS-CoV-2 in wastewater system. Green and orange dots labeled with ‘P’ are for confirmed presence and potential 
presence, respectively. The transmission risk of SARS-CoV-2 to human is marked with green and orange dots labeled with ‘T’, for confirmed transmission and 
potential transmission from wastewater, respectively.(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Their findings suggest that wastewater monitoring could be a useful 
tool for tracking COVID-19 spread. Peccia et al. (2020) took daily sludge 
samples, which are solids that settle during the first stages of municipal 
wastewater treatment. Using RT-qPCR techniques, they discovered 1.7 
× 103 to 4.6 × 105 virus RNA copies per milliliter of primary sludge. 
They found that sludge SARS-CoV-2 RNA concentrations matched the 
trends of new COVID-19 cases and hospitalizations when compared to 
publicly available data. 

Wang et al. (2005) reported RNA of SARS-COV present in the excreta 
of some patients. Hung (2003) reported in 2003, transmission of SARS 
through sewage pipes, Amoy Gardens apartment, Hong Kong. Similar 
SARS-CoV-2 RNA was found in the sewage sludge as SARS-CoV-2 was 
isolated from COVID-19 patients’ feces and urines (Randazzo et al., 
2020). While the presence of virus RNA does not always mean that the 
virus is infective, the RNA may, however, persist in the media, even 
though the virus itself may have been inactivated. Moreover, these vi
ruses may survive in the wastewater or sludge. Indeed, it has also been 
reported that the human coronavirus had been detected in sewage 
sludge (Bibby and Peccia, 2013a, b) and the possibility of secondary 
transmission (Liu et al., 2020). 

The coronavirus spread depends on specific sludge treatment and 
disposal (Mandal et al., 2020). A treatment plant includes trans
portation, mechanical maintenance, routine sampling and detecting, 
with high possibility of being exposed to sludge and risk of infection. The 
generation of aerosol is another important exposure route to a high 
chance of infection. In a biological sludge treatment, mechanical 
agitation, sludge dewatering, shearing the liquid surface leads to the 
release of pathogenic sludge into the air in the form of airborne pollutant 
(Ducoli et al., 2021). Van Doremalen et al. (2020) found SARS-CoV-2 
could survive in aerosols and remain infectious for several hours. 
Furthermore, the authors speculate on the possibility of COVID-19 
spreading through water, soil, flow to the surface, and groundwater 
(Anand et al., 2021a, b, c; Anand et al., 2021b). While there are yet no 
concrete reports on this, given the unprecedented dynamism of the 
SARS-CoV-2, such possibilities, we believe, cannot be summarily dis
missed and further research is necessary in this area. 

Some sludge treatment techniques have an important role in elimi
nating some virus; anaerobic digestion with mesophilic and thermo
philic conditions shows positive results in virus elimination (Gundy 
et al., 2009). 

Moreover, solvents and detergents are present in sludge that can 
deactivate the viral envelop with ambient temperature. In the oxidation 
pond with elevated pH, long retention times and proper sunlight is a 
very good option to treat the sludge and to destroy the pathogen (WHO, 
2020). Composting of sludge could inactive male-specific coliphage 
(Viau and Peccia, 2009). Based on experience, sludge treatment and 
disposal process should maintain in a closed system to reduce the risks of 
viral contact with the human and ecologic environment. 

The common treatment for medical waste is through incinerators, 
landfills, autoclaves, furnaces, and kilns etc. Zanda and Heir (2020b) 
reviewed safe separation, handling, and disposal of municipal solid 
waste, including medical wastes from the hospital and non-hospital 
sources in the Tehran region. They suggested substantial structural 
modification in waste management is required, from the separation and 
storage guidelines at homes and hospitals to the safety protocols for 
waste collection teams during the pandemic. For example, an uncor
rected management of medical waste destined to landfill may generate 
risk of SARS-CoV-2 spread, due to the possibility that the virus could 
migrate from the waste in the landfill and then into the landfill leachate. 
This not only may represent an additional source of environmental 
contamination, but also a potential exposure risk to landfill workers or 
workers handling the leachate after it is removed from the landfill 
(Langone et al., 2020). Then, the current situation of the COVID-19 
pandemic requires special designed treatments due to the excess flow 
of pathogen laden waste and personnel protective equipment. It 
involved high health risks for handling workers using alternative 
disposal of medical waste as co-incinerate in the cement plants (Ducoli 
et al., 2021). Automatic incinerators can reduce the human contact with 
pathogens in the solid waste. Furthermore, some of the operating con
ditions of thermal treatment should be strictly maintained to destroy any 
pathogens in the medical wastes (WHO, 2017). While limited evidence 
was found that sludge would play an essential role in SARS-CoV-2 
transmission, there is still a need to understand the fate of coronavi
ruses outside the human host, including their persistence and inactiva
tion mechanisms in sludge, which would help to reveal their potential 
risks during sludge treatment and disposal. 

Table 1 
SARS-CoV-2 RNA detected in untreated wastewater/sludge from WWTPs from various studies.  

Sample locations Sample types Sample storage/treatment before 
analysis 

Target genes 
analyzed 

Reference 

France [Paris] Wastewater samples from WWTPs. 4 ◦C; <24 h RdRp Wurtzer et al. (2021s) 
India [Chennai] Samples of hospital wastewater (HWW) Ice cooled N1, N2 Chakraborty et al. 

(2021) 
India [Ahmedabad] Treated wastewater samples for receiving water 

bodies 
4 ◦C ORF1ab, N and S Kumar et al. (2021) 

Israel (different Cites] Wastewater in its raw state from various WWTPs − 80 ◦C or − 20 ◦C E Bar-Or et al. (2021) 
Italy [Milan and Monza] Effluent from three WWTPs and receiving rivers, both 

raw and treated 
No information ORF1ab, N, E Rimoldi et al. (2020) 

Italy [Milan and Rome] Raw wastewater from three WWTPs − 20 ◦C ORF1ab, S La Rosa et al. (2020) 
Japan [Yamanashi] Wastewater from a single WWTP that was treated Ice; <6 h N1, N2 Haramoto et al. 

(2020) 
Netherlands [ Different Cities] Raw samples from WWTPs in five cities and one 

airport 
Melting ice; <24 h N1, N2, N3, E Medema et al. 

(2020a), b 
Southeastern Queensland 

(Australia) 
Raw wastewater from a pumping station and two 
WWTPs 

− 80 ◦C; <24 h N Ahmed et al. (2020a) 

Spain [Murcia] Sewage from six WWTPs, both raw and treated 4 ◦C; <24 h N1, N2, N3 Randazzo et al. 
(2020) 

USA [Massachusetts] Raw wastewater from a single WWTP 4 ◦C/30min@90 ◦C N1, N2, N3 Wu et al. (2021) 
USA [New Haven, Connecticut] Primary sewage sludge from a single WWTP − 80 ◦C N1, N2 Peccia et al. (2020) 
Spain [Ourense in north-western 

Spain] 
Raw wastewater and sewage sludge from a single 
WWTP 

4 ◦C; <24 h E, N, ORF1ab, RdRP 
and S 

Balboa et al. (2021) 

Turkey [Istanbul] Primary sludge and waste activated sludge from 
different WWTPs 

No information RdRp Kocamemi et al. 
(2020) 

Ottawa [Canada] Primary sludge from different WWTPs 4 ◦C; <24 h N1, N2 D’Aoust et al. (2021)  
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3.2. Virus potential transmission via sewage and landfill 
leachate—Routes of environmental exposure 

Viruses can transmit potentially from wastewater. This could be due 
to the inhalation of infectious droplets generated by contaminated waste 
(as happens when contacting with infected persons, which has been 
diffusely discussed in the literature (Bontempi, 2020a), drinking, and 
direct contact with contaminated water (Ducoli et al., 2021)). Water is 
commonly recognized to be the main vehicle of virus transmission. Most 
of the viruses present in the human’s gastrointestinal tract can be dis
charged into the environment through feces, resulting from possible 
pollution of surface water and groundwater (Paleologos et al., 2020). As 
a result, the drinking of contaminated water and/or the consumption of 
fruits or vegetables deriving from sites contaminated with such water 
may be the source of virus transmission that can be recognized as a 
pollution-to-human transmission mechanism. This is different to the 
well-documented human-to-human transmission mechanism due to the 
contact and/or proximity to infected people. 

In addition, food can be an origin of transmission, considering 
contamination originated from sewage (García-Ávila et al., 2020). It has 
been recently shown that SARS-CoV-2 can bioaccumulate in mollusks 
and other aquatic organisms, with its consequent possible presence in 
seafood markets (which is also one of the suspicious primary origins of 
SARS-CoV-2), with a viral transmission from wastewater to surface 
water bodies (for example sea) in a circular contamination process 
(Mordecai, 2020). In this context, it is important to cite that combined 
sewer overflow (CSO) caused by heavy rainfalls have been reported as a 
possible source of COVID-19 diffusion. In particular, this possibility was 
attributed to overflows of sewage that are not still opportunely treated 
(that may contain human wastes mixed with stormwater runoffs). This 
risk may occur in urban spaces and in water bodies (Han and He, 2021), 
with several possible negative consequences. 

Although only few papers have proposed the SARS-CoV-2 infectivity 
due to its persistence in the municipal sewage (Bivins et al., 2020), 
several papers have already demonstrated that SARS-CoV-2 remains 
active when it is present in the feces and urine of infected people (Jeong 
et al., 2020; Sun et al., 2020). The inhalation of polluted water droplets 
can happen in all the environments where an infected sewage source can 
be present (Bogler et al., 2020; Kang et al., 2020; Bogler et al., 2020; 
Kang et al., 2020). For example, several researchers reported that the 
virus presence in air samples of wastewater treatment plants strongly 
suggest that wastewater aerosols can be a source of SARS-CoV-2 spread 
(Kitajima et al., 2020). Some studies developed a quantitative microbial 
risk analysis that showed a relatively high risk of infection deriving from 
bioaerosols exposition (Gholipour et al., 2021). However, it is important 
to highlight that the lack of a SARS-CoV-2 model for dose-response is a 
critical limitation for conducting quantitative microbial risk analysis for 
this virus (Gholipour et al., 2021). It is also important to underline that 
some safety measures (that may have different social acceptance (Bon
tempi et al., 2020; Bontempi, 2021), such as facemask wearing, can 
contribute to decreasing occupational health risk also in wastewater 
treatment plants. On the contrary, the SARS-CoV-2 transmission through 
the fecal-oral way has been only postulated (García-Ávila et al., 2020; 
Yeo et al., 2020). Information concerning contamination from urine 
samples needs further and in-depth investigation because the reported 
results are inconsistent (Anayah et al., 2021). 

Finally, consideration must also be specifically addressed to the 
biosolid derived as by-products of wastewater treatment plants pro
cesses that may also contain human viruses (Brisolara, 2021), with the 
consequence of their possible transfer in wastewater systems and/or soil 
(Fitzmorris et al., 2021). Indeed, it is fundamental to underline that land 
application of biosolids may result in another potential way to generate 
aerosol (Siddique et al., 2020). This may be considered as another 
SARS-CoV-2 transmission pathway connected to pollution-to-human 
transmission through droplets and aerosols (Bontempi, 2020b). This 
can cause concerns because of pandemic, needing to re-consider the land 

applications of biosolids under the conditions. Finally, untreated sewage 
may also be used for soil penetration or exfiltrate accidently to under
ground soils. However, the SARS-CoV-2 survival in the soil is not still 
supported by solid literature (Wiktorczyk-Kapischke et al., 2021), and 
then it is difficult to predict its possibility of transmission to humans. 

3.2.1. Sewage as a vector of SARS-CoV-2 and infectivity 
Sewage that can also be defined as domestic wastewater or municipal 

wastewater is the untreated wastewater produced by a human com
munity. In addition to water, it mainly consists of organic matter, vi
ruses, bacteria, heavy metals, and inorganic salts. Due to its direct 
discharge in water bodies (rivers and streams) by many countries, 
sewage is often considered the oldest form of pollution. In particular, 
surface water, including rivers, oceans, estuary, and lakes, can be 
contaminated by viruses even after wastewater treatment due to the fact 
that sewage treated effluents often still contain some pathogens that 
could be discharged into surface water bodies (Okoh et al., 2010). 
Sewage, for example, may contain pieces of SARS-CoV-2 RNA. This is 
essentially caused by the feces of infected people or other shedding 
sources like sputum that end up in the sewage. It is extremely important 
to highlight that the presence of SARS-CoV-2 RNA does not directly 
mean that sewage can represent a way to transmit the contagious 
(Adelodun et al., 2020; Arslan et al., 2020) due to the possibility of virus 
inactivation. Indeed, there are several literature debating about the 
sewage ability to spread COVID-19 (Randazzo et al., 2020) due to the 
current lack of evidence. Moreover, SARS-CoV-2 RNA was already 
detected in sewage and wastewater in many countries (Davó et al., 2021; 
Weidhaas et al., 2021). Some research (e.g., Paleologos et al., 2020; 
Anayah et al., 2021) showed that residence time and temperature are the 
most significant factors that can be correlated with the diffusion/spread 
of COVID-19 in water. 

3.2.2. Release of pathogens through landfill leachate 
Non-suitable waste management, mainly in low-income countries, 

has opened several problems of possible pathogens propagation through 
waste (UN report, 2017). In this frame, the effect of the pandemic in the 
change of waste management strategies (mainly in developed counties) 
has been extensively treated in literature (Sharma et al., 2020; Zand and 
Heir, 2021), reporting the change in the composition and quantity of 
solid wastes due to COVID-19. On the contrary, the emerging challenges 
in waste management practices have been rarely addressed (Zand and 
Heir, 2020). Concerning the waste discarded in landfilling sites that may 
contain a large quantity of infected wastes, such as facemasks, gloves, 
plastics, and tissues contaminated with sputum, new suggested issues 
are connected with the possibility of generating liquid pollutants 
(Fig. 5). The persistence of pathogenic bacteria in leachate landfill can 
be dependent on temperature, salt content, pH, and predation with other 
pathogenic bacteria (Madigan et al., 2006). SARS-CoV-2 remained 
viable on different surfaces as cardboard, copper, stainless steel and 
plastic from 15 to 72 h under laboratory conditions (Van Doremalen 
et al., 2020). Infectious SARS-CoV-2 was also detected from tissue pa
pers after 3 h, cloths after 2 days, glass and banknote for 4 days and a 
surgical mask for 7 days (Chin et al., 2020). In landfill site, waste 
compacting is commonly applied to minimize the size of waste before 
landfill. The persistence of SARS-CoV-2 on solid wastes thus poses 
transmission risks during waste compact and landfill process for on-site 
workers. Furthermore, most of the waste compacting process happens 
on open sites, attracting animals such as birds, bugs, or mice, which 
potentially become vectors for the transmission of SARS-CoV-2 to 
human (Fig. 5). 

Waste compacting coupled with the high moisture content of other 
collected wastes and precipitation mostly result in the landfill leachate 
(Zand and Heir, 2020). This liquid residue is a complex waste that may 
have different chemical compositions, depending on generating 
controlled nature and typologies of waste, among other factors (Iskander 
et al., 2018). Some sites collect the leachate into a tank or a retention 
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pond for further treatment (Renou et al., 2008). The leachate in the 
leachate ponds can infiltrate in the soil, which can also occur due to the 
leaching and washing by rainfalll can also generate groundwater 
pollution, which can be considered a secondary way of SARS-CoV-2 
spread in the environment (Langone et al., 2020). Then, secondary 
contagion sources of SARS-CoV-2, for example deriving from landfill 
leachate, is due to improper waste management that is more likely 
occurring in low-income countries, where the control and legislation 
about solid waste are lacking. During the pandemic, the leachate of 
landfills (also known as percolate) should be carefully processed, with 
the aim not only to avoid secondary pollution and virus spread but also 
to avoid the generation of aerosol that may occur during flushing or 
aeration processes in the treatment plant (Vaverková et al., 2020). It was 
published that the virus of avian influenza (H6N2) can be inactivated by 
landfill leachate, also due to the non-neutral pH of this waste (Graiver 
et al., 2009). However, the inactivation time was reported to be in the 
range of 30 and 600 days. Moreover, direct information regarding 
SARS-CoV-2 is lacking due to the lack of research about its fate in landfill 
leachate. It is thus essential to perform in-depth studies to investigate the 
potential virus presence in landfill leachate and its possibility to diffuse 
in the environment. 

3.3. Detection and treatment of SARS-CoV-2 

3.3.1. RT-qPCR methods of detecting SARS-CoV-2 
The wastewater-based epidemiology (based on the principle of 

SARS-CoV-2 genetic material detection in wastewater) has been pro
posed as a promising approach to monitoring the pandemic status in 
real-time (Bivins et al., 2020). This is based on establishing a way for the 
surveillance of people infected within an area (that may be a city of a 
region) that excrete viral genomes into wastewater. WBE has the great 
advantage to have samples containing excrement from both symptom
atic and asymptomatic people, returning a more real situation about 
contamination. Indeed, the current detection system is often not able to 
map a significant per cent of asymptomatic individuals that, on the 
contrary, can be accounted for by sewage analysis. Many works have 
reported SARS-CoV-2 molecular detection worldwide in wastewater in 
the USA, Australia, the Netherlands, and France (see, for example, 
Ahmed et al., 2020a, b, c, d; Lodder et al., 2020; Medema et al., 2020a, 
b). Generally, three SARS-CoV-2 genes (ORF1ab, S, and N) have been 

detected in the wastewater. Some of the studies depicted in the table 
(Table 2) focused on the presence of SARS-CoV-2 in various urban en
vironments. Nevertheless, it was also reported that a step to ensure 
SARS-CoV-2 concentration is mandatory to increase the chance of sub
sequent virus detection, even if the analysis concerns untreated waste
water (Ahmed et al., 2020a, b, c, d; Lodder et al., 2020). 

Moreover, even if a lot of methods were developed to concentrate 
viruses in wastewater, it was shown that standard concentration 
methods, used for the most abundant viruses that can be found in 
environmental water samples, which have some specific structural and 
physical properties, are inefficient to recover coronavirus (Ye et al., 
2016). The persistence of SARS-CoV-2 and the methods that may be used 
for its concentration have been firstly investigated by using surrogates, 
such as other coronaviruses and bacteriophage Φ6 (Silverman et al., 
2020). 

Some of these results, even if sometimes controversial (Kitajima 
et al., 2020), also support the idea that using a filter for virus 

Fig. 5. Generalized overview diagram of the waste compacting and landfill process.  

Table 2 
SARS-CoV-2 RNA detection methods used for untreated wastewater and sludge 
from WWTPs.  

Environmental 
samples 

Methods Primers or probes [providers]. References 

Wastewater RT- 
qPCR 

N_Sarbeco [Tib-Molbiol (Berlin, 
Germany)] 
NIID_2019-nCOV_N [TOYOBO, 
Japan] 

Ahmed et al. 
(2020b) 

Wastewater 
Sewage sludge 

RT- 
qPCR 

RdRp; N-gene; E-gene [Bio-Rad, 
Hercules, CA] 

Balboa et al. 
(2020) 

Wastewater RT-PCR 2019-nCoV_N1–F • 2019- 
nCoV_N1-R • 2019-nCoV_N1–P 
[CDC 2019-nCoV Real-Time RT- 
PCR Diagnostic Panel] 

Medema et al. 
(2020a), b 

Wastewater RT-PCR Fast Start Universal Probe 
Master, forward and reverse 
primers including, TaqMan 
probe [Sigma-Aldrich] 

Bar-Or et al. 
(2021) 

Raw wastewater RT- 
qPCR 

nucleocapsid N gene [CDC 2019- 
nCoV Real-Time RT-PCR 
Diagnostic Panel] 

Wu et al. 
(2020) 

Raw wastewater RT- 
qPCR 

E_Sarbeco_F • E_Sarbeco_P1 •
E_Sarbeco_R [Tib-Molbiol 
(Berlin Germany)] 

Wurtzer et al. 
(2021)  
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concentration may have great potentialities to remove SARS-CoV-2 from 
sewage and water. Recent studies performed in the USA, Australia, the 
Netherlands, and France, have shown that RNA extraction of 
SARS-CoV-2 was possible by using several concentration methods, such 
as electronegative membrane adsorption, PEG precipitation, and ultra
filtration (Ahmed et al., 2020a, b, c, d; Medema et al., 2020a, b). In 
addition, the concentration of water volumes is a key factor that can 
affect the SARS-CoV-2 detection. The first studies treating SARS-CoV-2 
molecular detection investigated samples up to 200 mL of raw waste
water (Ahmed et al., 2020a, b, c, d; Medema et al., 2020a, b). However, 
it is evident that in situations where the virus may be less prevalent, 
larger sewage volume in comparison to the standard used for other 
analysis may be necessary for the detection. 

Concerning the SARS-CoV-2 detection, it primarily relies, at present, 
on reverse transcription-polymerase chain reaction (RT-PCR) and a 
quantitative assay (RT-qPCR) (see, for example, García-Ávila et al., 
2020), being N protein gene the most reported target gene for these 
assays (Shirato et al., 2020). For example, the last developed assays 
based on this protein were found to be able to detect few RNA copies per 
reaction (Shirato et al., 2020; Corman et al., 2020). These results are 
supported by a recent work (Nalla et al., 2020) that shows comparative 
results about the performance of the RT-qPCR assay concerning the 
genes that are targeted (N, E, and RdRp). 

It is also important to remember that RT-qPCR assays that are 
currently available at laboratory levels were developed for clinical 
diagnosis. Then their application in the environmental analysis may 
involve some unexpected problems and produce conflicting results 
(Ahmed et al., 2020a, b, c, d). To overcome this obstacle, it is strongly 
suggested to perform sequencing analysis or PCR pre-amplification, 
followed by sequencing, if RT-qPCR detects the virus RNA in waste
water samples (Ahmed et al., 2020a, b, c, d). In the future, new im
provements or new techniques are foreseen. For example, it is expected 
that technologies will be improved to allow SARS-CoV-2 RNA detection 
more easily and rapidly, especially when laboratory facilities are not 
available. To limit the use of thermal cycler, essential to perform PCR, 
loop-mediated isothermal amplification methods are needed to be 
improved (Matsuyama et al., 2020). The use of digital RT-PCR can also 
introduce some advantages in detecting SARS-CoV-2 RNA in wastewater 
samples, such as higher sensitivity and accuracy in detection and 
quantification than RT-qPCR (Dong et al., 2021; Suo et al., 2020). 
Another critical issue of RNA analysis with molecular-based method is 
the inhibition, which requires process controls (Haramoto et al., 2018) 
to avoid the necessity to re-analyses the samples. 

The conventional RT-PCR techniques used for analysis have some 
drawbacks, such as their unavailability in remote regions. They also are 
labor–intensive and requires high resources. Biosensors, some of them 
based on nanoparticles, were also explored as an alternative to RT-qPCR 
for the SARS-CoV-2 detection (Tetteh et al., 2020; Hui et al., 2020a, b). 
Nevertheless, for the integration of WBE into a conventional 
SARS-CoV-2 detection and surveillance context, other points need to be 
opportunely addressed, like the incidence of PCR false-positives and 
negatives (that may be due to unsuitable primers/probe or virus muta
tion in the targeted genome region), the SARS-CoV-2 persistence in 
wastewater and other environmental matrices (Medema et al., 2020a, b; 
Polo et al., 2020). SARS-CoV-2 RNA detection in sewage plants need to 
be investigated more accurately (Street et al., 2020; Gwenzi, 2020), and 
the proposed assays need to be studied and tested by multiple labora
tories, also to better evaluate their sensitivities and viability. 

Many research groups all over the world are monitoring wastewater 
for SARS-CoV-2 RNA. However, potential impacts of temporal and 
spatial variables on the correlation of RNA and human infection prev
alence have been posed (Bivins et al., 2020; Li et al., 2021b). It is also 
important to investigate these relationships in different contexts, such as 
in low-income areas and rural locations (with decentralized infrastruc
ture for wastewater management) and/or in urban centralized waste
water facilities. International collaborative activities must be done to 

assess the uncertainty and variation of the diverse settings, using sys
tematic methodologies for the validation and the harmonization of the 
methodologies. Efforts in data sharing, the introduction of appropriate 
standards, suitable quantitative controls, and coordinated actions must 
also be encouraged. Efforts must also be devoted to suggesting suitable 
strategies for sample storage, virus concentration and extraction 
requirements. 

In addition, efforts must also be made to recommend appropriate 
strategies for sampling, surveillance, and the reduction of infectivity as 
well as the decay of SARS-COV-2. An overall study design should be 
considered (Michael-Kordatoua et al., 2020). All these actions will help 
to ensure high quality, data defensibility, quality control, high-quality 
publications, and cross-laboratory comparability, to reach solid 
robustness of resulting data sets making able the scientific community to 
analyze transmission dynamics also considering various temporal and 
spatial levels (Bivins et al., 2020). Some concerns about sewage moni
toring may include privacy implications. A protocol should be stan
dardized to SARS-CoV-2 recovery and detection from environmental 
water samples. The protocol should include several of the described is
sues, such as concentration methods, detection assays, and process 
controls (Kitajima et al., 2020) and sampling and preserving methods. 

3.3.2. Treatment technologies for the inactivation of SARS-CoV-2 
Environmental persistence accounts for the time a pathogen can 

survive outside the human body. The virus is more likely to cause 
infection the longer it survives (Lahrich et al., 2021). The virus persis
tence is dependent on the type of environment (for example natural 
water or sewage) and by the environment chemical, physical and bio
logical properties (for example, pH, temperature, and humidity) (Lah
rich et al., 2021). The demonstrated capability of some viruses in 
comparison to bacteria to travel for long distances in the soil and 
probably into groundwater sources is attributed to their persistence that 
may occur for a considerable period (up to 17 days in the environment). 
Their limited size makes their removal extremely hard and the risk of 
contamination very high (Paleologos et al., 2020). Enveloped viruses 
were found able to survive for 6–7 days in sewage (Casanova et al., 
2009), while it was suggested that SARS-CoV-2 might persist for periods 
ranging from 4 to 72 h on the surfaces, depending on the environmental 
conditions and the material surface nature (van Doremalen et al., 2020). 
This evidence supports the hypothesis that the SARS-CoV-2 virus may be 
present in water bodies, resulting in reservoirs for human diseases. As a 
consequence, virus inactivation is a fundamental factor that can allow to 
control virus fate and transport in the environment. By inactivation, a 
virus is destroyed or rendered non-pathogenic. This usually can be 
realized by altering the environment around the virus, that in turn 
produces an irreversible disruption and denaturation of the viral struc
ture. It can be obtained by using physical, chemical, and/or energetic 
methods (Sakudo et al., 2011). 

The EPA communicated that standard wastewater treatment and 
disinfection are expected to be effective for SARS-CoV-2 (EPA, 2020a, 
b). Similar considerations have been suggested by other water utilities in 
some European countries, such as Poland and Czech Republic. 

On the contrary, China has proposed increased use of chlorine to 
improve its disinfection efficiency to reduce the possibilities of SARS- 
CoV-2 circulation by wastewater (Taleb et al., 2020), not evaluating 
the possibility that high concentration and high dose of disinfectants 
may promote the evolution toward antimicrobial resistance (Chen et al., 
2021). On April 23, 2020, WHO guidance (WHO, 2020) has informed 
about the role of temperature, pH, and sunlight in reducing the virus 
persistence. However, it highlighted the possible occurrence of problems 
for wastewater treatment plants not optimized for the removal of vi
ruses. It must also be considered that even if the available and most used 
treatment technologies show high performances for chemical, physical, 
and some microbiological contaminants (Adelodun et al., 2021), the 
removal of some human viruses (like enteric viruses) in the sewage is 
still unsatisfactory. In addition, regulatory standard procedures for the 
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treatment of sewage-contaminated with viruses have not been intro
duced at this time. Despite that, a list of some active disinfectants against 
SARS-CoV-2 has been published (EPA, 2020b), essentially for surface 
use. On the contrary, no standard guideline exists related to sewage 
treatments. 

SARS-CoV-2 is an enveloped virus with a fragile outer lipid mem
brane surrounding a protein capsule consisting of protein and glyco
protein, susceptible to chemical inactivation (García-Ávila et al., 2020) 
or other disinfectant solutions (Kitajima et al., 2020). For example, if 
chlorine is used, when it penetrates the lipid membrane, its reaction 
with the internal proteins leads to SARS-CoV-2 inactivation. Then, 
wastewater disinfection with chlorine dioxide or free chlorine has been 
reported to be effective (Tetteh et al., 2020). Wang et al. (2005) inves
tigated the SARS-CoV persistence in hospital sewage, domestic sewage, 
urine, feces, wastewater and tap water. They also studied the role of 
contact time for the coronavirus inactivation in sewage with different 
chlorine and chlorine dioxide concentrations. Results showed that 
coronavirus can persist for a longer time at lower temperatures (at 4 ◦C 
in comparison to 20 ◦C) in domestic sewage, hospital sewage, and 
dechlorinated tap water. At 20 ◦C, coronavirus persisted in some fecal 
and urine samples for some days. They also showed that free chlorine 
resulted more effective inactivation in comparison to chlorine dioxide 
(Wang et al., 2005). However, a more recent work seems to be in 
contrast with the reported results, showing that disinfection seems less 
effective than other processes, as for example adsorption and coagula
tion for SARS-CoV-2 removal (Kumar et al., 2021c), highlighting the 
need of technological improvement (Ardito et al., 2021; Coccia and 
Watts, 2020; Coccia, 2019). 

Other proposed disinfection strategies are based on advanced 
oxidation process, including ultrasonic process, Fenton and photo- 
Fenton, photocatalysis, UV irradiation, ozone combined with catalysts, 
and ozone combined with hydrogen peroxide (Tetteh et al., 2020). 
Several studies have experimented with hybrid methods where two or 
more technologies can be integrated to increase treatment efficiency and 
performance. Also, there are other strategies using solar and UV irra
diation (Polo et al., 2015), coagulation and microfiltration (Matsushita 

et al., 2013), and ceramic water filtration (Farrow et al., 2013). A hybrid 
process consisting of several steps involving ozonation, coagulation, and 
ceramic membrane separation, has also been proposed to abate water 
contamination (Im et al., 2018). Several of the proposed technologies 
can be implemented at the plant scale in the treatment of municipal 
wastewater (Fig. 6). 

Moreover, they are relevant only for large cities where suitable 
treatment plants are already in place. However, some studies propose 
advanced and expensive technologies that cannot be applied for low- 
income countries or when the implementation should be on a large 
scale, like the use of Ag for wastewater decontamination, that results in 
an advantage for photocatalytic degradation, ceramic pot filtration, and 
adsorption column (Liga et al., 2011). For wastewater remediation, 
magnetic nanomaterials have also been proposed as a promising 
wastewater treatment technology. In this case, contaminant-loaded 
magnetic particles can be selectively removed from the original solu
tion using a magnetic field (Tetteh et al., 2020). 

Membrane-coupled bioreactors are an effective system to remove 
SARS-CoV-2 (Lesimple et al., 2020). Literature generally assumes 
wastewater treatment technologies to be effective also for SARS-CoV-2, 
even though no experimental investigation was done. On the other hand, 
even if their effectiveness for SARS-CoV-2 must be investigated in detail, 
there are some simple existing technologies for virus decontamination, 
e.g., ceramic water filter (Farrow et al., 2014) due to their applicability 
in low-income countries and/or rural areas. Some of these simple 
technologies may also be improved and re-designed for application in 
these areas. 

Finally, it is also extremely important to consider that excessive 
disinfectants and drug use of such may produce some effects on the 
environment (García-Ávila et al., 2020; Kuroda et al., 2021; Islam et al., 
2020) that are not still considered or suitably evaluated. For example, in 
the environment, chlorine can be transformed into substances that can 
be highly dangerous for aquatic organisms. If it reacts with organic 
matter, it can also produce haloacetic acids (HAA) that are toxic for 
aquatic species can also be persistent for a long time in the environment 
(Li et al., 2019). Some research highlighted the overuse of antimicrobial 

Fig. 6. Methods for inactivating microorganisms in wastewater treatment, and the impact of SARS-CoV-2 presence in wastewater on the United Nations Sustainable 
Development Goals. 
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agents as a possible reason for the increase in antimicrobial resistance 
(Koch et al., 2021 Anand, 2021a) 

3.4. Pandemic and the water-related United Nations Sustainable 
Development Goals (SDGs) - clean water and sanitation for a sustainable 
future 

COVID-19 is wreaking havoc on people’s lives, destabilizing the 
global economy, and upsetting the lives of billions of people worldwide. 
The pandemic is a historic wake-up call, exposing profound inequalities 
and highlighting precisely the failures addressed in the 2030 Agenda for 
Sustainable Development and the Paris Climate Agreement (Sustainable 
Development Goals, 2021). 

Despite that lockdown policies have generally produced a reduction 
of atmospheric emissions of several pollutants (Parida et al., 2021), the 
pandemic has caused negative effects on water, as discussed in the 
previous sections. Specifically, in connection with water pollution, 
pandemic has a high impact on several SDGs. Fig. 6 shows the proposed 
remediation technologies (discussed in section 3.3.2), that are strictly 
related to SDGs 3 and 6. However, in conventional methods, the addi
tion of disinfectant chemicals frequently results in the formation of 
disinfection by-products (DPBs), which are again harmful and pose 
health risks. As a result, safe and environmentally friendly removal of 
microorganisms from wastewater is required to meet the United Nations 
SDGs. Viruses cannot be removed by microfiltration as they are too 
small. Most water filters will remove contaminants that are on the 
micron scale, however, viruses are only nanometers (1–100 nm) in size 
and will break through. Advanced oxidation processes (APOs) are 
convenient methods for degrading and detoxifying contaminants in 
water systems. The combination of systems such as UV radiation with 
ozone, hydrogen peroxide, and ferrous and titanium oxide are used for 
micro-pollutant removal. Viruses can be inactivated by oxidizing their 
DNA/RNA and protein envelope structures. 

It also shows the SDGs that can be directly correlated with water 
management due to COVID-19 crisis. In particular, the possibility of 
virus survival on aquatic media can also impact SDG 2. Concerning food 
production, it is interesting to highlight that lockdown may promote the 
development of local food supply chains, that requires less transport and 
packaging in comparison to conventional food supply chains (Marusak 
et al., 2021; Thilmany et al., 2021), offering a better alternative for 
responsible consumption and production (SDG 12). However, sustain
able food systems need to acquire food security that can be guaranteed 
by suitable irrigation and fertilizers. Therefore, the problem concerns 
not only water but also sewage sludge management that cannot be al
ways reused as fertilizer (Ducoli et al., 2021). At urban level wastewater 
treatment management need particular attention, to limit the possibility 
of virus spread during the treatment (see section 3.2 with impact on SDG 
11. In addition, it was shown that in several countries, wastes generated 
by personal disposal used because of pandemic (as for example face
mask) are often discarded in the environment and consequently found in 
water bodies, as for example in wastewater gullies, inland waterways, 
and drainage canals. Also, this practice strongly impacts SG 11 (Benson 
et al., 2021) and SDG 15. 

In developing countries, the food insecurity can cause the rise in 
poverty levels (SDG 1); the lack of safe water can lead to search for water 
far from home. The installation of piped water near the home promotes 
better economic development (Bontempi et al., 2021b). With large 
populations relying on forests for survival, land degradation, makes 
population more vulnerable to climate change that can exacerbate 
existing inequalities and problems related to safe water supply. 

The sixth United Nations SDGs focus on the availability of clean 
water and better sanitation to all communities across the world. This is 
especially pertinent in the context of low-income countries since 
accessibility to these basic life necessities are the lowest in these coun
tries. The pandemic has had a negative impact on water management 
strategies across the world in general, but low-income countries have 

faced tougher challenges in ensuring the availability of safe drinking 
water due to several infrastructural handicaps (Fig. 7). In particular, the 
proximity of the pit-latrine sanitation system and groundwater source is 
a major concern in many low-income countries while also open defe
cation close to the surface water is also a common practice (Adelodun 
et al., 2020). In these areas, most of the population, especially the 
population living in rural communities, largely rely on the surface and 
groundwater resources for the daily water consumption need. This not 
only can represent a local sanitary problem, but also can increase the 
risk of COVID-19 disease spread. In addition, the pandemic has raised 
the water supply-demand, for example, for the increase of the personal 
hygiene measures. In this context it is important also to highlight that, 
during the last century, water use is globally increasing, with more than 
twice the rate of population growth (TLGH, Editorial, 2020). 

Consequently, measures devoted to water resources protection and 
suitable treatment and discharge of wastewater are urgently needed. 
Improved sanitation facilities are necessary to ensure hygienic proced
ures to assure the separation of human excreta (avoiding direct human 
contact) from water sources destined to humans. COVID-19 pandemic 
has highlighted the extent of the existing gap in safe water availability 
worldwide and stressed the need to reach the SDG 6, addressed to 
guarantee water availability and sustainable management and sanita
tion world population by 2030. To reach SDG 6, more efforts are needed 
to develop and diffuse cost-effective technologies for the detection and 
disinfection of sewage. Reuse of wastewater for agricultural purposes to 
recover nutrients must be carefully considered and controlled. The po
tential for SARS-CoV-2 airborne transmission during sewage manage
ment due to aerosolisation of the virus must be carefully evaluated. 
However, the impressive global disruption due to pandemic offers an 
opportunity to proceed, react, and increase people’s resilience. With a 
change of global vision and a revision of the priorities, we can achieve a 
more sustainable world by accelerating the process mainly concerning 
SGD 6 and addressing future environmental and health challenges. 

4. Conclusions and future perspectives 

This review paper concerns the surveillance, infectivity, and inacti
vation of SARS-CoV-2, addressed to wastewater, landfill leachate, and 
sewage sludge. Despite the lack of papers specifically devoted to landfill 
leachate, a systematic literature analysis allowed to provide some 
fundamental information. Also thanks to the recent advances in mo
lecular biology SARS-CoV-2 (and other pathogenic organisms) has been 
detected in municipal wastewater, sewage sludge, and solid waste, 
imposing high risks of potential circulation and transmission. In 
particular, based on data (sometimes contrasting) about its fate and 
decay in urban wastewater and environment, SARS-CoV-2 has been re
ported to only induce a remote chance of pollution-to-human 
transmission. 

However, this review paper shows that the knowledge of SARS-CoV- 
2 transmission routes and environmental fates still needs to be improved 
and that the effective surveillance and deactivation are critical, calling 
for significant efforts in establishing standardized and quantitative 
detection methods. 

As a result, it is fundamental to conduct proper monitoring of 
wastewater for any pathogenic organism that has been scientifically 
identified. Natural water systems that receive untreated or inadequately 
treated wastewaters poses an even higher risk of transmitting infectious 
diseases. Change of wastewater and solid waste management will be 
critical in alleviating the problems and ensure UN SDGs to be achieved 
worldwide, especially in developing countries under the impact of 
COVID-19. 

This study presents some limits. One of the main limitations of this 
research is due to the data source, which was confined to articles 
collected from SCOPUS till a certain data (on July 14, 2021). The in
formation about COVID-19 and “sewage sludge” and wastewater ob
tained from the following periods may provide additional data that are 
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not considered in this work. Another limitation of this work concerns the 
lack of data about COVID-19 and “landfill leachate”. This make neces
sary to use already published literature, concerning similar pathogens, 
but not directly related to SARS-CoV-2. 
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Sahin Tutak, A., Söylemez, F., Konuk, H.B., Çakmak, E., Karakaya, B., Doğan, A., 
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Vaverková, M.D., Paleologos, E.K., Dominijanni, A., Koda, E., Tang, C.S., Małgorzata, W., 
Li, Q., Guarena, N., Mohamed, A.M.O., Vieira, C.S., Manassero, M., 2020. Municipal 
solid waste management under COVID-19: challenges and recommendations. 
Environmental Geotechnics 40, 1–16. 

Viau, E., Peccia, J., 2009. Evaluation of the enterococci indicator in biosolids using cul- 
ture-based and quantitative PCR assays. Water Res. 43, 4878–4887. 

Wang, X.W., Li, J., Jin, S., Zhen, M., Kong, B., Song, N., Xiao, W.J., Yin, J., Wei, W., 
Wang, G.J., Si, B.Y., Guo, B.Z., Liu, C., Ou, G.R., Wang, M.N., Fang, T.Y., Chao, F.H., 
Li, J.W., 2005. Study on the resistance of severe acute respiratory syndrome- 
associated coronavirus. J. Virol Methods 126 (1–2), 171–177. 

Weidhaas, J., Aanderud, Z.T., Roper, D.K., VanDerslice, J., Gaddis, E.B., Ostermiller, J., 
Hoffman, K., Jamal, R., Heck, P., Zhang, Y., Torgersen, K., 2021. Correlation of 
SARS-CoV-2 RNA in wastewater with COVID-19 disease burden in sewersheds. Sci. 
Total Environ. 775, 145790. https://doi.org/10.1016/j.scitotenv.2021.145790. 

WHO, 2020. https://apps.who.int/iris/bitstream/handle/10665/331846/WHO-2019 
-nCoV-IPC_WASH-2020.3-eng.pdf. 

WHO, 2021. WHO Corona Virus Dash Board. Retrieved from. https://covid19.who.int/. 
Wigginton, K.R., Ye, Y., Ellenberg, R.M., 2015. Emerging investigators series: the source 

and fate of pandemic viruses in the urban water cycle. Environ. Sci.: Water Research 
& Technology 1 (6), 735–746. 

Wiktorczyk-Kapischke, N., Grudlewska-Buda, E., Wałecka-Zacharska, E., Kwiecińska- 
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