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• SARS-CoV-2 RNAwas tracked inmunic-
ipal and hospital wastewater.

• Viral RNA emission via diffused aeration
process is lower than surface aeration.

• SARS-CoV-2 shows higher affinity to-
ward biosolids rather than liquid phase.

• Anaerobic digestion of the biosolids can
effectively destruct the SARS-CoV-2
RNA.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA transmission route was thoroughly inves-
tigated in the hospital wastewater, sewage collection network, and wastewater treatment plants. Samples
were taken on four occasions from December 2020 to April 2021. The performance of two different wastewater
treatment processes of sequencing batch reactor (SBR) and conventional activated sludge (CAS) was studied for
virus destruction. For this purpose, liquid phase, solid phase and bioaerosol samples were taken from different
units of the investigated wastewater treatment plants (WWTPs). The results revealed that all untreated hospital
wastewater sampleswere positive for SARS-CoV-2 RNA. The virus detection frequency increasedwhen the num-
ber of hospitalized cases increased. Detection of viral RNA in the wastewater collection system exhibited higher
load of virus in the generated wastewater in areas with poor socioeconomic conditions. Virus detection in the
emitted bioaerosols in WWTPs showed that bioaerosols released from CAS with surface aeration contains
SARS-CoV-2 RNA posing a potential threat to the working staff of the WWTPs. However, no viral RNA was de-
tected in the bioaerosols of the SBR with diffused aeration system. Investigation of SARS-CoV-2 RNA in WWTPs
showed high affinity of the virus to be accumulated in biosolids rather than transporting via liquid phase.
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Following the fate of virus in sludge revealed that it is completely destructed in anaerobic sludge treatment pro-
cess. Therefore, based on the results of the present study, it can be concluded that receivingwater resources could
not be contaminated with virus, if the wastewater treatment processes work properly.

© 2021 Elsevier B.V. All rights reserved.
RT-qPCR
SBR
1. Introduction

The novel Coronavirus Disease 2019 (COVID-19) is a global pan-
demic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which is considered a significant threat to the public
health. SARS-CoV-2 has spread worldwide to over 200 countries, and
up to now,more than 236million confirmed cases and 4,831,000 deaths
have been reported since the virus outbreak started in Wuhan. In Iran,
the total number of cases is 5,674,083with 122,012 deaths as of October
11, 2021 (WHO, 2021).

Dry cough, loss of taste or smell, tiredness, fever, shortness of breath,
diarrhea, muscle pains, sore throat, and conjunctivitis have been re-
ported as the symptoms of this lethal disease (Kitajima et al., 2020;
Ahmed et al., 2021; Gonçalves et al., 2021). Although symptoms of
SARS-CoV-2 are mainly respiratory diseases, human CoVs are known
to cause many gastrointestinal symptoms such as diarrhea and nausea
(Kitamura et al., 2021). Previous investigations on SARS-CoV (2002
−2003) and MERS-CoV (2012) confirmed the presence of viral RNA in
the stool specimens of both symptomatic and asymptomatic cases
(Leung et al., 2003; Corman et al., 2016). In the case of SARS-CoV-2, re-
cent studies also confirm the detection of viral RNA in the human stool
samples (Parasa et al., 2020; Tang et al., 2020). Furthermore, the detec-
tion of viral RNA in the human stool samples with high load (up to 108

genomic copies (GC) per gram of feces) (Kitajima et al., 2020) implies
that wastewater can be a pathway to transmit SARS-CoV-2 viral parti-
cles into the environment. In addition, respiratory secretions of positive
SARS-CoV-2 cases also contain large percentage of infected immune
cells that are directly entering into the wastewater collection system.
Therefore, probing wastewater for SARS-CoV-2 RNA or wastewater-
based epidemiology (WBE) could be a useful tool and earlywarning sys-
tem of (re-) emergence and outbreak of SARS-CoV-2 (Gonçalves et al.,
2021). In a newly published study, the researchers quantified the
SARS-CoV-2 concentration in wastewater to infer viral shedding dy-
namics, and to find the relationship between SARS-CoV-2 RNA concen-
tration in wastewater and clinically reported positive cases. They found
strong correlation between wastewater data and clinically diagnosed
newSARS-CoV-2 cases (Wu et al., 2022). In addition, Ai et al. (2021) im-
plemented a quadratic polynomial model to track COVID-19 cases from
wastewater surveillance data. The suggested model performed best in
predicting COVID-19 cases from wastewater data, which can provide
useful information regarding the effectiveness of vaccination in future
stage of the pandemic.

To date, several studies worldwide reported the detection of SARS-
CoV-2 in hospital wastewater (Achak et al., 2021; Gonçalves et al.,
2021), raw and treated municipal wastewater (Sherchan et al., 2020;
Hata et al., 2021; Nasseri et al., 2021;Westhaus et al., 2021), wastewater
aerosols (Gholipour et al., 2021), and solid fraction of wastewater
(D'Aoust et al., 2021; Graham et al., 2021; Kitamura et al., 2021). Sur-
vival of coronavirus in wastewater treatment systems depends on
some critical factors including the presence of organic matter and oxi-
dizing agents; presence of antagonistic bacteria; pH and temperature
values. It has been reported that the presence of the sufficient amount
of strong oxidant (e.g., chlorine) improves inactivation of the virus. In
contrast, suspended solids and organic matters reduce the virus inacti-
vation efficiency, as they adsorb and protect the virus. The presence of
antagonistic bacteria also helps enhance virus inactivation, which is
due to the virus removal through enzymatic breakdown and predation
(Arslan et al., 2020).
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In addition to aforementioned parameters affecting coronaviruses
survival/persistence, the types of wastewater treatment processes are
also important for virus removal. Therefore, it is of great importance
to track the virus fate in various types of biological wastewater treat-
ment processes. Furthermore, WWTP employs various processes that
their operation is associated with the production of various waste
streams such as biosolids, solid wastes, sand and grits, and bioaerosols,
which can also act as a route to transmit SARS-CoV-2 viral particles into
the environment. The affinity of SARS-CoV-2 genetic material to be ac-
cumulated in biosolids have been proved recently in a study conducted
by Balboa et al. (2021). They found primary sludge and mostly sludge
thickener as a suitable sampling spot for detecting SARS-CoV-2 genetic
materials, since they detected high concentration of accumulated SARS-
CoV-2 viral particles in these wastewater fractions. Moreover, SARS-
CoV-2 can spread into adjacent environment via generated aerosols
fromWWTP. Even though SARS-CoV-2 is not an airborne virus, it can at-
tach to particulatematter present in thewastewater aerosols and trans-
port to longer distances. Thereby, this might increase the risk of
transmission of viral infections to the plant workers and nearby resi-
dents (Kitajima et al., 2020). Although various studies have been con-
ducted worldwide to analyze the presence of SARS-CoV-2 RNA in
wastewater, sludge and bioaerosols, no study has been performed on
the detection of SARS-CoV-2 RNA in solid wastes and grits separated
from the primary units of WWTP. In addition, literature review results
revealed that no studywas conducted to investigate the effect of waste-
water treatment types and aeration types on the spread of SARS-CoV-2
RNA from wastewater.

Accordingly, present study is comprehensively investigating the
presence of SARS-CoV-2 RNA in hospital wastewater, sewage collection
network and wastewater treatment plant. In fact, this study monitors
SARS-CoV-2 from zero-point to the end-point where the virus can
enter into the environment (ambient air, soil or receivingwater bodies).
Moreover, in the presentwork,we compared the potential of two differ-
ent biological processes of conventional activated sludge (CAS) and se-
quencing batch reactor (SBR) processes in case of virus emission in to
the environment.

2. Materials and methods

2.1. Study area

Maragheh is an ancient city and capital of Maragheh County, which
is located southwest of the East Azerbaijan province, Iran. Maragheh
with a population of more than 185,000 people and an area of 26 Km2

is the second-largest city and the second-most populous city in the
province. Maragheh has been situated in longitude 46°9′–46°44′E and
latitude 37°1′–37°45′N with a height of 1477 m above sea level.

2.2. Sample collection

Four sampling runs were conducted in four separate days from 28
December 2020 to 13 April 2021. At each sampling run, 12-h composite
samples were collected at 2-hourly intervals from the selected points in
sterile 1500mL HDPE bottles, preserved on ice (4 °C) and dispatched to
the Maragheh Cellular-Molecular diagnostics laboratory for analysis
(Baldovin et al., 2021). The sampling personnel wore standard personal
protective equipment during sampling, including face mask, gloves and
safety goggles, etc.
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2.2.1. Wastewater samples
Municipal wastewater samples were collected from Maragheh

wastewater treatment plant (WWTP) located at the study area, as
well as from various access points (e.g. manholes) inwastewater collec-
tion network. Three points were chosen to take wastewater samples in
wastewater collection system in Maragheh city. Sampling points were
selected in a way to cover almost the entire wastewater collection
system.

Maragheh municipal WWTP consists of two modules: a conven-
tional activated sludge process and a sequencing batch reactor. These
two WWTPs were constructed to treat maximum volumes of 43,000
m3/day of influent wastewater and serve population of 190,000 in
total. Fig. 1 illustrates the series of treatment processes implemented
in these two WWTPs along with the sampling points.

In this study, untreated hospital wastewater samples were obtained
from the main sewer of Amir al-muminin Hospital (Maragheh, Iran),
which is the main hospital in Maragheh allocated to treat positive
Fig. 1. Schematic flow diagram of the studiedWWTPs: (a) primary treatment unit, (b) conventi
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COVID-19 patients. As part of the main hospital complex in Maragheh,
Amir al-muminin Hospital has 5 wards and 236 beds in total, all of
which (including 176 beds in the general ward and 32 beds in the
intensive care unit) except for the post-angiography ward (20 beds)
and the critical care unit (8 beds) are dedicated to positive COVID-19
patients. Totally, during four sampling runs, 44 wastewater samples
were collected from Maragheh WWTP, wastewater collection network
and hospital wastewater.
2.2.2. Solid waste and grit samples
Solid waste and grits separated from screening and grit removal

units were sampled to investigate the presence of SARS-CoV-2 RNA.
Time-proportional, 12 h composite samples were taken at 4-hourly in-
tervals. Totally, eight composite samples were collected during four
sampling runs. At each sampling day, 2 L of solid waste and grit samples
were collected and transported to the laboratory on ice (4 °C).
onal activated sludge process, (c) sequencing batch reactor, and (d) sludge treatment unit.
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2.2.3. Sludge samples
Sludge samples were taken from various sections in CAS and SBR

processes. In addition, the presence of viral RNA in the anaerobic sludge
digesterwas alsomonitored. It should benoted that in the studied plant,
screening and grit removal sections are the same for SBR and CAS pro-
cesses. Furthermore, the wasted activated sludge discharged from
both SBR and CAS processes follows the same route for digestion.

In each sampling run, 12 h composite sludge sampleswith 4-h inter-
vals were collected from primary clarifier sludge, secondary clarifier
sludge and treated sludge of the CAS process, as well as from settled
sludge of the SBR system (Graham et al., 2021). In sum, 16 sludge sam-
ples were taken from both CAS and SBR systems. The collected sludge
samples were stored on ice and shipped to the Maragheh Cellular-
Molecular diagnostics laboratory for analysis. The anaerobic digester
was also investigated in case of the virus removal. Samples taken from
the anaerobic digester were mixed liquor containing both solid fraction
and supernatant.

2.2.4. Air samples
In the present study, passive and active methods were used for de-

tecting SARS-CoV-2 RNA in WWTPs aerosols. Sampling points in the
studied WWTPs were selected considering the dominant wind direc-
tion, which is west-to-east. Active sampling was carried out using
impinger containing phosphate buffer solution (Gholipour et al.,
2021). Active air samples were collected using a vacuum pump at a
flow rate of 24 L/min for 1 h (1440 L). In addition, passive air samples
were collected using a petri dishes containing phosphate buffer solu-
tion. Sampling was performed in four runs at three points with dis-
tances of 1.5, 10, and 50 m from the aeration tanks of the CAS and SBR
systems. In sum, a total of 48 air sampleswere collected and transported
to the laboratory in an insulated cooling box.

2.3. Sample processing

Upon arrival to the laboratory, all samples were concentrated prior
to the SARS-CoV-2 extraction and detection. Briefly, 200 mL of each
wastewater samples was centrifuged at 3500 rpm for 30min to remove
large floating particles. Then, aluminum hydroxide adsorption-
precipitation method as described in reference criteria (APHA/AWWA/
WEF, 2005) was used to concentrate SARS-CoV-2 in the samples. After
concentration,water sampleswere stored at−80 °C prior to beingproc-
essed for RNA extraction.

In the case of solid waste and grit samples, considering that no
method was found in the literature that illustrates virus recovery from
these samples, we used the following method for SARS-CoV-2 RNA re-
covery from solidwaste and grit samples. First, wewashed the collected
solid waste and grit samplesmany times with deionized water to trans-
fer viruses from solid phase into the liquid phase. Then, 200 mL of each
prepared sample was taken and centrifuged at 3500 rpm for 30 min to
eliminate the debris. After that, the rest of concentration process was
similar to the water samples.

Sludge samples were concentrated using polyethylene glycol (PEG).
Themethod presented by Balboa et al. (2021)was employed for the sep-
aration of SARS-CoV-2 from organicmaterials present in sludge samples
intended for RNA extraction. After which the sludge samples were con-
centrated and prepared, they were kept at −80 °C for further analysis.

Air samples taken from various points in the studied plants were
also concentrated using PEG (Gholipour et al., 2021). In addition in
this study, some samples such as air and final effluent samples were
concentrated using both PEG and aluminum hydroxide adsorption-
precipitation methods in order to enhance virus recovery performance.

2.4. SARS-CoV-2 extraction

SARS-CoV-2 RNA extraction and one-step reverse transcription
quantitative polymerase chain reaction (RT-qPCR) was performed at
4

Maragheh Cellular-Molecular diagnostics laboratory, a specialized cen-
ter dedicated to SARS-CoV-2 diagnosis. 200 μL of each concentrated
sample (including wastewater, solid waste, grit, sludge, and air sam-
ples) was used for SARS-CoV-2 RNA extraction using the RNJia Virus
Kit (ROJETechnologies, Yazd, Iran) (Joukar et al., 2021), according to
manufacturer protocol (see the Supplementary Material for details). A
negative control was used with SARS-CoV-2 RNA extraction to analyze
possible cross-over contamination of samples during viral RNA extrac-
tion process. The negative control was prepared using nuclease-free de-
ionized water.

2.5. SARS-CoV-2 detection

The isolated RNA was subjected to RT-qPCR assay for molecular de-
tection of SARS-CoV-2. COVID-19 ONE-STEP RT-PCR kit (Pishtaz Teb Di-
agnostics, Tehran, Iran) was used for detecting SARS-CoV-2 genes in the
samples according to the manufacturer's instructions. The kit's primer
and probe mixture is designed based on dual-target gene method
targeting two different regions of the SARS-CoV-2 genome, specifically
RdRp and N genes. This kit includes a solution containing probe and in-
ternal control primer (RNase P) for enhancing the sensitivity of detec-
tion and avoiding false negative results. In addition, this kit includes
PCR positive and negative (Diethyl pyrocarbonate (DEPC)-treated
water) controls. For each PCR run, 10 μL of sample was added to 10 μL
of master mix and primer probe mixture. The thermal cycling condi-
tions for the RT-qPCR assay were as follows: reverse transcription at
50 °C for 20 min and cDNA initial denaturation at 95 °C for 3 min,
followed by 45 cycles of denaturation at 94 °C for 10 s, and primer an-
nealing and extension reaction at 55 °C for 40 s, and finaly cooling at
25 °C for 10 s.

2.6. Quality control

In this study, for the sake of increasing accuracy and re-checking the
samples, we used other SARS-CoV-2 detection kits including Novel Co-
ronavirus (2019-nCoV) Nucleic Acid Diagnostic Kit (Sansure Biotech,
China) which targets ORF-1ab and N genes, and Novel Coronavirus
2019-nCoV) Real Time Multiplex RT-PCR Kit (Liferiver Bio-Tech, US)
which targets ORF1ab, E, and N genes. Each sample was assayed in trip-
licate. RT-qPCR results were interpreted as following: the gene target
(RdRp, N) with a Ct value lower or equal to 40 was considered positive.
When at least two of the three replicates were positive, the correspond-
ing sample was considered positive for SARS-CoV-2. For SARS-CoV-2
quantification, standard curves were constructed using 10-fold dilu-
tions of SARS-CoV-2 positive control of the reference kit according to
the manufacturer's instructions. RNA extraction and RTqPCR prepara-
tion were carried out in different laboratories in order to avoid cross
contamination.

3. Results and discussion

3.1. SARS-CoV-2 detection in hospital wastewater and sewage collection
system

Hospital wastewater is always considered as the source of patho-
genic micro-pollutants such asmicroorganisms, toxic chemicals, antibi-
otic residual, etc. (Pourakbar et al., 2016; Al Aukidy et al., 2018).
However, it is usually discharged into the municipal wastewater collec-
tion systemwithout any pre-treatment, which is also true in case of the
selected hospital in the present study. In order to identify the fate of re-
leased SARS-CoV-2 throughwastewater discharge, generatedwastewa-
ter was monitored by taking samples at four different runs. Table 1 is
illustrating the results of this sampling. The molecular detection of
SARS-CoV-2 RNA in the collected samples was performed targeting
two genes: nucleocapsid (N) gene and RNA-dependent RNA polymer-
ase (RdRp) gene. Although RdRp gene has higher sensitivity than the



Table 1
Mean amplification cycles of SARS-CoV-2 RNA in hospital wastewater and wastewater collection network in Maragheh city.

Sampling point Sample type
Molecular 

target *
12/28/2020 01/05/2021 01/13/2021 04/14/2021

Hospital 

wastewater
Main sewer

RdRp

N

Khorramshahr 

Sq.

Raw 

wastewater

RdRp - - -

N - - -

Yousef-Abad
Raw 

wastewater

RdRp - -

N - - -

Dabbagh-

khaneh

Raw 

wastewater

RdRp

N

* Results are reported for each of the two regions of the SARS-CoV-2 RNA; RdRp and N genes.

Abbreviation: white boxes = negative.

Ct scale: 30 31 32 33 34 35 36 37 38 39 40
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N gene, N gene is more specific for tracking, screening, and first-line
detection of SARS-CoV-2 (Shirato et al., 2020). Furthermore, for addi-
tional confirmatory testing, the RdRp gene was used. Based on the re-
sults of this study, RT-qPCR amplifications produced almost congruous
results between the two assays. However, the N gene, which is specific
only for SARS-CoV-2 was used to quantify SARS-CoV-2 RNA in the
samples.

As it shown in Table 1, SARS-CoV-2 RNAhas beendetected in all hos-
pital wastewater samples. Quantification results revealed that SARS-
CoV-2 genome concentration in the hospital wastewater ranged from
(0.49–7.3) × 103 gene copies/L. The Ct values also indicate that there
was a high load of viral RNA in the hospital wastewater during the
fourth runof sampling. This fact could be associated to the number of in-
fected patients in the hospital which was higher than the other investi-
gated runs. To prove this fact, the number of new cases and also new
hospitalized cases are illustrated in Fig. 2. As it is shown in the figure,
the lowest new cases of hospitalized patients are in the second run of
sampling. However, the forth sampling run was conducted when
there were a high number of positive COVID-19 cases in the hospital.
Various studies have been conducted to track SARS-CoV-2 RNA in the
hospital wastewater. Zhang et al. (2020) investigated the presence of
SARS-CoV-2 in medical wastewater treated in a septic tank and high
Fig. 2. Daily new positive SARS-Co

5

loads of viral RNA have been reported. They have also reported that
the recommended disinfection strategy by WHO needs to be re-
evaluated to effectively remove virus from wastewater. Gonçalves
et al. (2021) also investigated the SARS-CoV-2 presence in hospital
wastewater in Slovenia. They detected SARS-CoV-2 RNA in the hospital
wastewater one day after hospitalization of the first confirmed positive
COVID-19 case. In another study conducted in Japan, 45 rawwastewater
sampleswere taken from the inlet ofWWTP. Theyhave reported that 21
out of 45 (46.6%) samples were positive in case of SARS-CoV-2 RNA. It
has also been reported that the detection frequency of the positive sam-
ples strongly correlates with the number of total confirmed SARS-CoV-2
cases (Hata et al., 2021). Therefore, based on the results of our study and
similar reported studies, it can be deduced that wastewater monitoring
can be considered as a potential complementary tool for public health
monitoring.

As it is shown in the Table 1, SARS-CoV-2 RNA was also detected in
wastewater collection system. The samples taken from Dabbagh-
khaneh sampling point were tested to be positive in all cases with
high level of SARS-CoV-2 RNA concentration ranging between
0.38 × 104–2.8 × 104 gene copies/L. However, only one of the samples
taken from Khorramshahr Sq. and Yousef-Abad vicinities was positive
for SARS-CoV-2 RNA with genome concentration of 15.4 × 103 and
V-2 cases in the studied area.
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3.9 × 103 gene copies/L, respectively. This difference could be due to the
difference in the socioeconomic features of the investigated households.
Dabbagh-khaneh sampling point is collecting wastewater from densely
populated area with lower wealth of properties. On the other hand,
Khorramshahr Sq. and Yousef-Abad vicinities are among the old areas
of the city with small family members. Therefore, it can be deduced
that collected wastewater from densely populated areas contain higher
loads of virus which is well-confirmed based on our results.

3.2. Fate of SARS-CoV-2 in wastewater treatment plants

Viral RNA of the SARS-CoV-2 has been reported in stool samples of
infected patients. In the next chain of the virus transformation into the
receiving water bodies, the viral RNA was also detected in the hospital
wastewater as well as municipal wastewater collection system. There-
fore, wastewater treatment plants and various treatment processes
are the last barrier to cease virus entrance into the environment. To bet-
ter illustrate the fate of SARS-CoV-2 RNA in theWWTP, liquid, solid, and
air samples were taken from both CAS and SBR processes.

3.2.1. Virus track in liquid phase of the wastewater treatment plants
Table 2 is illustrating the mean amplification cycles of SARS-CoV-2

RNA in the liquid phase of the CAS and SBR processes. Both treatment
plants receive the same wastewater. As can be seen in Table 2, SARS-
CoV-2 RNA was detected in raw wastewater in all sampling runs.
Based on calculations, viral RNAs with concentrations in the range of
1.8 × 104–22.4 × 104 gene copies/L were consistently detected in raw
wastewater. In a similar study conducted by Kumar et al. (2021a), the
average SARS-CoV-2 RNA concentration in raw wastewater samples of
the CAS system was calculated about 1.25 × 103 gene copies/L. In CAS
system, SARS-CoV-2 RNA was also detected in the effluent of the aera-
tion tank. However, in CAS process which is using surface aeration of
the wastewater for biological degradation of the organic contaminants,
a reduction in the concentration of SARS-CoV-2 RNA (0.3 × 103–
2.1 × 103 gene copies/L) was observed and samples taken in the first
and third runswere negative for SARS-CoV-2 RNA. Further investigation
of the fate of SARS-CoV-2 RNA in the liquid phase revealed that there
Table 2
Mean amplification cycles of SARS-CoV-2 RNA in the liquid

Sampling point Sample type
Molecular 

target
12/28

CAS system

Influent
Raw 

wastewater

RdRp

N

Primary 

sedimentation

Outlet 

wastewater

RdRp

N

Aeration tank
Outlet 

wastewater

RdRp

N

Secondary 

clarifier

Outlet 

wastewater

RdRp

N

Disinfection
Outlet 

wastewater

RdRp

N

SBR system

Influent
Raw 

wastewater

RdRp

N

Aeration tank
Inlet 

wastewater

RdRp

N

Aeration tank
Outlet 

wastewater

RdRp

N

Disinfection
Outlet 

wastewater

RdRp

N

* Results are reported for each of the two regions of th

Abbreviation: white boxes = negative.

Ct scale: 30 31 32 33 34
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were no viral RNAs in the secondary clarifier effluent and also final chlo-
rinated effluent.

On the other hand, second wastewater treatment plant (one basin
cyclic activated process) shows almost the same results. Treated waste-
water in the SBR system also showed a reduction in the viral RNA con-
centration in the liquid phase (1.8 × 103–2.9 × 103 gene copies/L).
However, positive samples were detected in the first and forth sampling
runs. The final chlorinated effluent samples tested negative for SARS-
CoV-2 RNA, proving that the viruswas removed via biological and chem-
ical disinfection processes to undetectable level. Sherchan et al. (2020)
investigated the presence of SARS-CoV-2 RNA in two WWTPs using
CAS process located in Louisiana, USA. They have also reported that the
secondary-treatedwastewater and the final effluent tests were negative
in case of SARS-CoV-2 RNA. In another study in Milano Metropolitan
Area, Italy, the presence of SARS-CoV-2 has also been reported in raw
wastewater, but the effluent of three investigated WWTP were free of
the virus (Rimoldi et al., 2020). In another similar study conducted in
United Arab Emirates, SARS-CoV-2 RNA has been detected in 85% of
rawwastewater samples taken from different locations across the coun-
try. However, none of the 11 WWTPs' liquid effluents was positive dur-
ing the entire sampling period, indicating the effectiveness of treatment
processes for virus removal (Hasan et al., 2021). Considering the results
of our study and the similar reported studies, it can be concluded that no
virus is released into the environment through the liquid phase of the
WWTP effluents. In addition, various investigated biological processes
such as CAS and SBR are acting equally in case of virus removal from
liquid phase of the WWTP. Therefore, the final effluent is probably safe
for discharging into the receiving water bodies or reusing in the plant.

3.2.2. Virus track in solid phase of the wastewater treatment plants
The presence of SARS-CoV-2 RNA in the solid phase of the two inves-

tigated WWTPs was also investigated. Table 3 is illustrating the mean
amplification cycles of SARS-CoV-2 RNA in the solid phase in both CAS
and SBR processes. As it is shown in Table 3, the physically separated
solids from screening and grit chamber were positive for SARS-CoV-2
RNA in half of the taken samples. Positive solid waste and grit samples
were found at SARS-CoV-2 genome concentration of (1.54–3.9) × 104
phase of MaraghehWWTPs (CAS and SBR systems).

/2020 01/05/2021 01/13/2021 04/14/2021

- -

- -

- - - -

- - - -

- - - -

- - - -

- -

- -

- - - -

- - - -

e SARS-CoV-2 RNA; RdRp and N genes.

35 36 37 38 39 40



Table 3
Mean amplification cycles of SARS-CoV-2 RNA in the solid phase of Maragheh WWTPs (CAS and SBR systems).

Sampling point Sample type
Molecular 

target
12/28/2020 01/05/2021 01/13/2021 04/14/2021

CAS system

Screening Solid waste
RdRp - -

N - -

Grit removal
Sand and 

grit

RdRp - -

N - -

Primary 

sedimentation

Waste 

sludge

RdRp - -

N - -

Secondary 

clarifier

Waste 

sludge

RdRp -

N -

Anaerobic 

sludge digester

Densified 

sludge

RdRp - - - -

N - - - -

SBR system

Screening Solid waste
RdRp - -

N - -

Grit removal
Sand and 

grit

RdRp - -

N - -

Aeration tank
Waste 

sludge 

RdRp

N

Anaerobic 

sludge digester

Densified 

sludge

RdRp - - - -

N - - - -

* Results are reported for each of the two regions of the SARS-CoV-2 RNA; RdRp and N genes.

Abbreviation: white boxes = negative.

Ct scale: 30 31 32 33 34 35 36 37 38 39 40
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and (0.8–2.3) × 104 gene copies/L, respectively. It shows that some por-
tion of the inlet SARS-CoV-2 RNAare removed by attaching to the solids.

Thewaste sludge from the primary sedimentation tank is also show-
ing that half of the samples are positive for SARS-CoV-2 RNA (Table 3).
Comparing the results of SARS-CoV-2 RNA tracking in solid phase and
liquid phase (Tables 2 and 3) shows that only a small portion of the
viral RNAs in the influent are removed through unit operation in
WWTP. This is due to the presence of SARS-CoV-2 RNA in the aqueous
outlet of the primary sedimentation tank.

Tracking SARS-CoV-2 RNA in the aeration tank showed that the liq-
uid outlet of the aeration tanks in both CAS and SBR were not always
positive for SARS-CoV-2 RNA (Table 2). However, the separated biolog-
ical solids at this stage were found positive in all cases for SBR process
and three cases for CAS process. Our findings show that SARS-CoV-2
RNA has higher affinity toward the biological solids in activated sludge
processes. Therefore, solid lines of the WWTP can be considered as a
suitable spot for viral RNA detection.

In addition, the higher concentrations of viral RNAswere observed in
the secondary sludge (0.71 × 104–3.1 × 104 gene copies/L) than the pri-
mary sludge (0.32 × 104–1.3 × 104 gene copies/L) of the CAS process.
This could bedue to the higher solids retention time (SRT) in the aerobic
section which was about 16–20 days in the investigated process. The
higher SRT may lead to the attachment of the viral RNA to the biomass.
Furthermore, extracellular polymeric substances (EPS) generated in the
biological process are capable of absorption of contaminants in the bio-
reactor (Lu et al., 2021). Therefore, presence of EPS in the bioreactor
could also be considered as another reason for higher virus detection
in the sludge. Balboa et al. (2021) also investigated the fate of SARS-
CoV-2 RNA in WWTP. They have also reported that most SARS-CoV-2
RNA are retained by the sludge line and they cannot be detected in
water effluent of the WWTP. In another study conducted in one of the
regions of Japan, the adsorption of SARS-CoV-2 onto the solid fraction
of wastewater has also been reported (Kitamura et al., 2021).

Waste activated sludge in the investigated processes goes into the
anaerobic sludge digester with SRT value of about 30 days. All the sam-
ples taken from the solid phase of the digester were also tested negative
in case of SARS-CoV-2 RNA. This finding proves that higher retention
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times and anaerobic biological processes are able to effectively destruct
the viral RNA. This also could be due to the higher temperature of the
anaerobic digester (35–40 °C) which can provide a thermal inactivation
and removal of the viral inputs. This is also in accordance with the find-
ings of other studies. Balboa et al. (2021) reported that thermal hydro-
lysis or similar thermal treatment of sludge such as anaerobic digester is
capable of destruction of the SARS-CoV-2 RNA which makes the sludge
disposal safer. Serra-Compte et al. (2021) also reported that sludge pro-
cessing units such as sludge thickeners are effective for virus removal,
whereas viral RNA was note detected after applying thermal processes
for sludge treatment. Kumar et al. (2021b) also reported a considerable
reduction in SARS_CoV-2 RNA concentration during anaerobic waste-
water treatment process.

Based on the results obtained from tracking SARS-CoV-2 RNA in the
liquid and solid phase of theWWTP, it can be concluded that the SARS-
CoV-2 RNA transmission into the environment through liquid and solid
phase of wastewater could be ceased if the biological processes work
properly.

3.2.3. Virus track in the off-gas released from wastewater treatment plants
Wastewaters contain variousmicroorganisms such as viruses, bacte-

ria, fungi, etc., which originate from the household, commercial, and
hospital sewage. These microorganisms can easily become airborne
bioaerosols during operational processes of the WWTP including aera-
tion and mechanical agitation of wastewater (Sánchez-Monedero
et al., 2008; Uhrbrand et al., 2011). Nevertheless, very limited studies
have investigated the presence of airborne SARS-CoV-2 RNA in WWTP
(Corpuz et al., 2020; Gholipour et al., 2021). Gholipour et al. (2021)
have reported the pesence of SARS-CoV-2 RNA in the aerosols released
from WWTP, which can pose a potential threat to the plant workers.
However, they have not investgated the various types of aeration pro-
cesses which may affect the presence of viral RNA in the aerosols.

Table 4 gives themean amplification cycles of SARS-CoV-2RNA in air
samples taken from various units of the studied WWTPs involving CAS
(surface aeration) and SBR (diffused aeration) processes. According to
Table 4, air samples (active and passive) collected with 1.5 m distance
from the aeration tank of CAS system were positive for SARS-CoV-2



Table 4
Mean amplification cycles of SARS-CoV-2 RNA in the air phase of MaraghehWWTPs (CAS and SBR systems).

Sampling point Sample type
Molecular 

target
12/28/2020 01/05/2021 01/13/2021 04/14/2021

CAS system
1.5 m from 

aeration tank
Air sample

RdRp

N

10 m from 

aeration tank
Air sample

RdRp - - - -

N - - - -

50 m from 

aeration tank
Air sample

RdRp - - - -

N - - - -

SBR system
1.5 m from 

aeration tank
Air sample

RdRp - - - -

N - - - -

10 m from 

aeration tank
Air sample 

RdRp - - - -

N - - - -

50 m from 

aeration tank
Air sample

RdRp - - - -

N - - - -

* Results are reported for each of the two regions of the SARS-CoV-2 RNA; RdRp and N genes.

Abbreviation: white boxes = negative.

Ct scale: 30 31 32 33 34 35 36 37 38 39 40
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RNA. However, other collected samples including samples with 10 and
50 m distances from the aeration tank of CAS system were negative
for SARS-CoV-2 RNA.

Gholipour et al. (2021) reported the presence of SARS-CoV-2 RNA in
40% of air samples of WWTPs. Also, Courault et al. (2017) investigated
the presence of different viruses in the wastewater reused for irrigation
proposes. Their results proved the presence of at least one type of virus
in 23% of the collected air samples.

In addition, based on the findings of this study, no SARS-CoV-2 viral
RNA was observed in all air samples collected at 1.5, 10, and 50 m dis-
tances from the aeration tank of SBR system. The possible reason for de-
tecting SARS-CoV-2 RNA in the air samples of CAS system compared to
SBR system can be related to the type of aeration implemented in these
two modules. The implemented aeration systems in the studied CAS
and SBR processes are surface mechanical aeration and diffused aera-
tion, respectively. The surface mechanical aeration system can create
high turbulence that lead to the generation ofmore bioaerosols contain-
ing microorganisms (Brandi et al., 2000; Chen et al., 2021). Han et al.
(2020) reported that surfacemechanical aeration could cause the trans-
mission of themicroorganisms fromwastewater into the ambient air. In
addition, the results of similar studies (Sánchez-Monedero et al., 2008;
Li et al., 2011) showed that surface mechanical aeration such as surface
turbines could generatemore bioaerosols than diffused aeration system
which is in agreement with the results of this study.

The quantification results revealed that the concentration of SARS-
CoV-2 RNA in the wasted activated sludge of the CAS system
(0.71 × 104–3.1 × 104 gene copies/L) is lower than that of the SBR sys-
tem (0.75 × 104–4.2 × 104 gene copies/L). This could also be speculated
that some portion of the viral RNA in the CAS process (surface aeration)
is released into the atmosphere; consequently, leading to lower concen-
tration of SARS-CoV-2 RNA in thewasted activated sludge than SBR pro-
cess (diffused aeration). However, in general, given the approximately
low occurrence of SARS-CoV-2 RNA in the secondary treatment units
(e.g. aeration tank), the dispersion potential of SARS-CoV-2 via gener-
ated aerosols during aeration is low (0.15 × 102–2.4 × 102 gene cop-
ies/L) but still important. Based on our finding, it can be suggested
that application of diffused aeration for biologicalwastewater treatment
can be considered as a safemethod to cease the transmission of not only
SARS-CoV-2 RNA, but also other infectious microorganisms. In addition,
it is highly recommended that personal protective equipment and reg-
ular disinfection are essential for the epidemic prevention among the
WWTP staff.
8

4. Conclusion

The following conclusions can be pointed out in the present study:

• Wastewatermonitoring could be considered as a complicated and fast
method for the presence and prevalence of SARS-CoV-2 in the com-
munities.

• SARS-CoV-2 RNA detection in wastewater collection system differs
based on the socioeconomic condition of the communities.

• SARS-CoV-2 RNA was detected in all untreated wastewater samples.
However, it was not found in the liquid and solid effluent of the
WWTPs.

• The large portion of the viral RNA in theWWTPs has higher affinity to
biosolids rather than liquid phase.

• SARS-CoV-2 RNA release through gaseous phase as a result of surface
aeration has been proved in the present study posing a threat to the
WWTP staff.

• Comparing the fate of SARS-CoV-2 RNA in conventional activated
sludge (with surface aeration) and cyclic activated sludge (with dif-
fused aeration) show that diffused aeration process is reliable due to
the lower gaseous emission of the viral RNAs.
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