
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Science of the Total Environment 772 (2021) 145268

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
The fate of SARS-COV-2 inWWTPS points out the sludge line as a suitable
spot for detection of COVID- 19
Sabela Balboa a,1, Miguel Mauricio-Iglesias a,⁎,1, Santiago Rodriguez b, Lucía Martínez-Lamas c,d,
Francisco J. Vasallo c,d, Benito Regueiro c,d,e, Juan M. Lema a

a CRETUS Institute, Department of Chemical Engineering, Universidade de Santiago de Compostela, Spain
b Viaqua Gestión Integral de Aguas de Galicia S.A.U, Ourense, Spain
c Microbiology and Infectology Research Group, Galicia Sur Health Research Institute (IIS Galicia Sur) SERGAS-Universidade de Vigo, Spain
d Department of Microbiology, Complexo Hospitalario Universitario de Vigo (CHUVI), Sergas, Vigo, Spain
e Department of Microbiology, Universidade de Santiago de Compostela, Spain
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Enveloped viruses in water, as SARS-
CoV-2, have bigger affinity to biosolids.

• The sludge line retains most SARS-CoV-
2 particles.

• Thickened sludge is a suitable spot for
Covid-19 incidence monitoring.

• SARS-CoV-2 rests were found in 6
wastewater and 15 sludge samples
across the WWTP.

• No SARS-CoV-2RNAwasdetected in the
effluent or in treated sludge.
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SARS-CoV-2 genetic material is detectable in the faeces of a considerable part of COVID-19 cases and hence, in
municipalwastewater. This factwas confirmed early during the spread of the COVID-19 pandemic and prompted
several studies that proposed monitoring its incidence by wastewater. This paper studies the fate of SARS-CoV-2
genetic material in wastewater treatment plants using RT-qPCR with a two-fold goal: i) to check its presence in
the water effluent and in the produced sludge and ii) based on the understanding of the virus particles fate, to
identify the most suitable spots for detecting the incidence of COVID-19 and monitor its evolution. On the
grounds of the affinity of enveloped virus towards biosolids, we hypothesized that the sludge line acts as a con-
centrator of SARS-CoV-2 genetic material. Sampling several spots in primary, secondary and sludge treatment at
theOurense (Spain)WWTP in 5 different days showed that, in effect, most of SARS-CoV-2 particles cannot be de-
tected in thewater effluent as they are retained by the sludge line.We identified the sludge thickener as a suitable
spot for detecting SARS-CoV-2 particles thanks to its higher solids concentration (more virus particles) and lon-
ger residence time (less sensitive to dilution caused by precipitation). These findings could be useful to develop a
suitable strategy for early warning of COVID-19 incidence based on WWTP monitoring.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Municipalwastewater can be a vector for the spread of viral diseases,
especially viruses that are transmitted through the faecal-oral route.
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There are numerous reports on detection of viruses inwastewater treat-
ment plants, including Norovirus, Sapovirus, Hepatitis A virus, Adenovi-
rus, Poliovirus or Enterovirus among others (Ehlers et al., 2005; Sassi
et al., 2018; Symonds et al., 2016; Taboada-Santos et al., 2020). Current
knowledge regarding the behaviour of SARS-CoV-2 in wastewater is
very limited, although its RNA has been detected in faeces of symptom-
atic (Holshue et al., 2020; Wölfel et al., 2020) and asymptomatic indi-
viduals (Park et al., 2020; Tang et al., 2020), and in municipal
wastewater in different countries, starting in the Netherlands
(Medema et al., 2020). Accounts of SARS-CoV-2 in wastewater quickly
followed in several countries, e.g. Spain (Randazzo et al., 2020a,
2020b), Italy (La Rosa et al., 2020), USA (Sherchan et al., 2020; Wu
et al., 2020), Japan (Haramoto et al., 2020) and Turkey (Kocamemi
et al., 2020a) among others. Although it is assumed that the enveloped
viruses are not excreted in high concentrations and that their survival in
water is limited, there is little experimental evidence to confirm these
hypotheses in wastewater.

Municipal wastewater constitutes a complex matrix which includes
suspended solid materials, colloidal and dissolved biodegradable or-
ganic matter, nutrients, pathogens, etc. In wastewater treatment plants
(WWTP) most of solids are separated from the water to the so-called
sludge line.ManyWWTPs have a first stage of solid separation (primary
settler) and a secondary settler where the activated sludge is separated
from the clarified water. Finally, the two types of sludge (primary and
secondary) are concentrated in the thickener from where they are
sent to the sludge treatment unit.

Pollutants of hydrophobic nature are mostly retained in primary or
secondary sludge (Prado et al., 2014), a phenomenon described for
some viruses already many decades ago (Wellings et al., 1976). It is
known that enveloped viruses, due to the presence of a lipid bilayer sur-
rounding the protein capsid, have a different affinity to non-enveloped
viruses, with a greater tendency to adsorb to solid and/or colloidal par-
ticles (Ye et al., 2016). This was experimentally proved to occur for two
enveloped viruses: Murine coronavirus MHV (murine hepatitis virus)
and Pseudomonas phage ϕ6 (Ye et al., 2016). Therefore, most probably,
SARS-CoV-2 and particles thereof are indeed hydrophobic and, accord-
ingly, they would be associated to the solids and/or colloidal material.
Yet, most of the current literature concerning SARS-CoV-2 or its genetic
material inwastewater dealswith their presence in thewater phase and
very little attention has been paid to their fate in the sludge line, with
the exception of the work carried out by Peccia et al. (2020) and
Kocamemi et al. (2020).

Another aspect of concern forwater boards and utilities is the poten-
tial transmission of SARS-CoV-2 in WWTP and their effluents. Actually,
what is known so far about the transmission of SARS-CoV-2 is not par-
ticularly worrisome, given that WWTP operation is already intended
to avoid the transmission of potential pathogens present inwastewater,
although only a fraction of WWTP count with tertiary treatment en-
abling effective virus removal. Being sludge and the water effluents
the main outflows from a WWTP, it is important to ascertain whether
SARS-CoV-2 can be detected in these streams. However, whether the
absence or detection of SARS-CoV-2 genetic material can lead to any
conclusion on the infectivity of water or sludge remains to be
ascertained.

Hence, this manuscript pays special attention to the sludge in
WWTPs. The sludge treatment is very heterogeneous in WWTPs as
large plants often feature anaerobic digestion treatment, usually at
moderate temperatures (35–40 °C) and long residence times
(10–20 days), which would help to inactivate the possible viral load.
Furthermore, thermal hydrolysis or similar thermal treatment of sludge
is increasingly common in largeWWTPs andprovides effective inactiva-
tion of viral inputs. In contrast, in smaller plants sludge can receive a
mere heat drying treatment before being shipped to an authorizedman-
ager, or even just centrifugation to reduce its water content.

The goal of this manuscript is two-fold: first, to shed some light on
the fate of SARS-CoV-2 in WWTPs by examining the detection of its
2

genetic material along the water and sludge lines, a topic which needs
to be further investigated (Foladori et al., 2020) and second to check
whether the hydrophobic nature of SARS-CoV-2 make the sludge line,
and particularly the thickened sludge, as a suitable spot for monitoring
its incidence in the WWTP catchment area.

2. Materials and methods

2.1. Wastewater and sludge samples

Wastewater and sludge sampleswere taken fromOurenseWWTP in
north-western Spain (characteristics and sampling points in Table 1).
The 250 mL samples were taken twice a week from April 6 to April 21,
2020, kept at 4 °C before being sent in less than 24 h to the Universidade
de Santiago de Compostela (USC) facilities to be concentrated.

For the water line, 24-h composite samples were taken and
characterised following standard methods (APHA, 2017) in terms of
pH, conductivity, total and volatile suspended solids (StandardMethods
2540-D), chemical oxygen demand (spectrophotometry, Standard
Methods 5220-D), ammonium (spectrophotometry, Standard Methods
4500-F), nitrate (kit equivalent toDIN38405-9 (DIN, 2011)), total nitro-
gen (kit equivalent to ISO 11905-, (International Organization for
Standardization, 1997)) and total phosphorus (spectrophotometry,
Standard Methods 4500-P). For the sludge lines, point samples were
taken the pH and total and volatile suspended solids were measured.

2.2. Sample processing

Water samples were concentrated by ultrafiltration. To do so,
100 mL were first gently centrifuged to remove large particles at
4600 ×g during 30 min to avoid blocking the filtration membrane. Su-
pernatants were concentrated by filtration using Amicon 15 mL 10 K
centrifugal devices to a 1 mL sample. Then, 10 mL of phosphate buffer
saline pH 7.4 (PBS, with composition 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4 and 1.8 mM KH2PO4) were added and the sample
was concentrated again to 1 mL.

Samples taken from the sludge lineswere concentrated by precipita-
tion with polyethylene glycol (PEG) according to Hjelmsø et al. (2017).
Then, 1:8 (v/v) of Glycine buffer (0.05 M glycine, 3% beef extract) was
added to 50 mL of sludge, incubated for 2 h at 4 °C to detach viruses
bound to organic material. Samples were then centrifuged at 8000 ×g
during 30 min and filtered through a 0.45 μm polyethersulfone (PES)
membrane to remove eukaryotic and prokaryotic cells. Then, viruses
were precipitated by adding 1:5 (v/v) of PEG 8000 (80 g/L) and NaCl
(17.5 g/L) during an overnight shaking (150 rpm) at 4 °C and a centrifu-
gation at 13,000 ×g during 90 min. Samples were then resuspended in
PBS buffer pH 7.4 and stored at −80 °C for further analysis.

Concentration control was performed with bacteriophage MS2, by
inoculating each samplewith 250 μL the virus (5.5× 106 plaque forming
units/mL) before starting the concentration process.

2.3. RNA extraction and RT-qPCR detection

RNA extraction and RT-qPCR was carried out at the department of
Microbiology of Complexo Hospitalario Universitario de Vigo. Nucleic
acid extraction from both water and sludge concentrated samples was
performed usingMicrolabStarlet IVD using the STARMag 96 × 4Univer-
sal Cartridge Kit (Seegene, Seoul, South Korea) according to manufac-
turer specifications.

Viral RNA was detected and quantified by a one-step multiplex RT-
qPCR Allplex system™ 2019-nCoV (Seegene, Seoul, South Korea). The
assay is designed to detect RNA-dependent polymerase (RdRP) gene
and nucleocapsid (N) gene, both specific to SARS-CoV-2, and a region
conserved in the E gene of the structural protein envelope for the detec-
tion of pan-Sarbecoviruses including SARS-CoV-2. The test uses internal
RNA control for sample preparation and control of the PCR amplification



Fig. 1. Simplified description of OurenseWWTP layout and sampling points (circled numbers corresponding to Table 2 labels) in thewater and sludge line. Measured flowrates (inm3/d)
during a representative dry weather period (here taken as 21st April) are shown next to the corresponding streams and nominal residence times are next to the corresponding unit.
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process. For the RT-PCR, the CFX96 system was used ™ (Bio-Rad
Laboratories, Hercules, CA, USA). The analysis of the results was
performed using the specific Seegene viewer software 2019-nCoV.
Following the kitmanufacturer instruction, amplification and extraction
efficiency is evaluated by the internal RNA control Ct, which should be
in the 25–30 range (indicating inhibition otherwise).

In parallel, a SARS-CoV-2 EDX standard (Bio-Rad, Hercules, CA) con-
taining synthetic RNA transcripts of five SARS-CoV-2 genetic targets
(genes E, N, ORF1ab, RdRp and S) of known concentration was used to
establish a linear regression curve and obtain the concentration in
copies/mL.

2.4. RNA quantification

RNA was quantified by an external standard curve built as follows.
The Allplex™2019-nCoV (STARlet) assay was run in triplicate using
2 × 104 DNA copies/mL and 2-serial dilutions of SARS-CoV-2 standard
at starting concentrations of 2 × 105 DNA copies/mL to 31.25 DNA
copies/mL. Additional dilutions were tested yielding 40, 20 and 2 DNA
copies/mL. The sensitivity of the assay was considered as the lowest
concentration of SARS-CoV-2 giving a positive result for any target.
The EDX SARS-CoV-2 Standard (Exact Diagnostics, TX, USA) containing
200,000 copies/mL of synthetic RNA transcripts from five gene targets
Table 1
Wastewater treatment plant characteristics and sampling points for wastewater and
sludge.

Ourense WWTP characteristics

Nominal size 350,000 population equivalent
Pretreatment Grit and sand separator, oil and grease removal
Wastewater
treatment

Primary settler
Biological SBR for COD and N removal
Chemical removal of P
Microfiltration of secondary effluent

Sludge treatment Gravity thickening and centrifuge, thermal hydrolysis,
anaerobic digestion

Sampling points
water line

Wastewater after grit removal; outflow primary settler;
outflow secondary treatment

Sampling points
sludge line

Primary sludge, secondary, thickened mixed sludge, digested
sludge

3

(E, N, ORF1ab, RdRP and S Genes of SARS-CoV-2) was used. The limit
of detection resulted in 4 genome copies/reaction for Allplex™2019-
nCoV assay after nucleic acid extraction with STARlet system (Hamilton
(US). The gene target N was preferably used for quantification and the
gene target RdRP to confirm detection and specificity. To continuously
assure the correct performance of the quantification, in each PCR plate
several controls are included, namely, a positive control (that coincides
with one of the values of the standard), a negative control (non-tem-
plate control) and endogenous controls provided by the RNA
extraction kit.

The triplicate external standard curve for target N led to the follow-
ing equation: ln(copies/mL) = −0.7121 (0.044) Ct + 31.913 (1.54)
where bracketed values are the standard errors of the slope and inter-
cept. Confidence intervals of single sample quantifications were esti-
mated by error propagation from the calibration curve error. From the
calibration curve, we estimated a limit of quantification of 25 copies/mL
in the concentrated sample which corresponds to 1.0 copy/mL in
preconcentrated raw wastewater.

3. Results

3.1. Wastewater physicochemical characterisation

The characterisation of the sample in terms of chemical oxygen de-
mand (COD), suspended solids and, for water samples, total nitrogen
is shown in Table 2. It can be seen how the influent has a very variable
composition, which is most probably caused by precipitation events.

Indeed, the influence of rain on sewerage streams is a hurdle to the
use of theWWTP influent as an epidemiological indicator if influent di-
lution prevents the virus particles concentration from being compared
on a day-to-day basis. However, the sludge streams tend to have a
more steady content of biosolids as it is related to themass flowof solids
and COD entering theWWTP, whichmostly depends on the population
served by the WWTP. Properly operated settlers would lead to sludge
streams with steady solid contents despite incoming rain in sewerage.
Among the different sludge streams in a WWTP, solid concentration in
thickeners seems to be much more stable than the characteristics of
the primary influent thanks to characteristics of the thickening stage
and to the comparably larger retention time.

Image of Fig. 1


Table 2
Physicochemical characterisation of samples (full characterisation in Supplementary materials). Number in brackets after sampling spot corresponds to Fig. 1. NT = total nitrogen,
TSS = total suspended solids, VSS = volatile suspended solids. NA = Non-available sample.

Sampling spot 6-Apr 7-Apr 14-Apr 16-Apr 21-Apr

Influent flowrate m3/d 72,778 41,235 54,349 54,398 41,876
Influent (1) COD (mgCOD/L) 1211 164 613 535 387

TSS (mg/L) 990 100 280 350 230
TN (mgN/L) 56 21 52 38 37

Outflow primary (3) COD (mgCOD/L) 101 53 212 160 59
TSS (mg/L) 51 75 128 107 33
TN (mgN/L) 35 26 41 38 30

Treated effluent(4) COD (mgCOD/L) 17 13 23 19 13
TSS (mg/L) 2.5 6.0 8.6 3.0 1.4
TN (mgN/L 8.5 8.0 9.8 11 6.7

Primary sludge (2) TSS (g/L) 5.54 1.50 11.4 14.5 9.33
VSS (g/L) 2.93 1.10 8.89 10.2 6.22

Biological sludge A (5) TSS (g/L) 6.15 6.87 9.00 5.43 7.63
VSS (g/L) 4.29 5.12 7.00 4.05 5.60

Biological sludge B (6) TSS (g/L) 6.34 5.64 6.68 5.67 6.31
VSS (g/L) 4.29 4.52 4.33 4.12 4.59

Thickened sludge A (7) TSS (g/L) 28.2 27.3 26.1 20.8 NA
VSS (g/L) 20.8 20.1 20.2 15.1 NA

Thickened sludge B (8) TSS (g/L) 28.7 16.9 25.1 19.2 17.5
VSS (g/L) 20.6 19.8 19.1 13.8 10.5

Digested sludge A (9) TSS (g/L) 43.8 41.4 41.4 44.0 43.7
VSS (g/L) 23.8 21.7 22.2 23.6 23.6

Digested sludge B (10) TSS (g/L) 40.8 38.7 37.9 38.5 41.2
VSS (g/L) 23.0 21.1 20.2 21.5 22.5
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3.2. Presence of SARS-CoV-2 genetic material in water and sludge

A total of 15 samples of water and 35 samples of sludge collected
from April 6 to April 21 (2020) were tested for the presence of
SARS-CoV-2 RNA. All samples were positive for our internal control,
bacteriophage MS2, although with variable efficiency (36.0 ± 15.4%
for wastewater and 32.1 ± 15.8% for sludge). Such a variation has
been described before (Petterson et al., 2015; Silva-Sales et al., 2020),
and it is probably caused by the physicochemical complexity and vari-
ability of sewage samples during the different sampling days.

The interpretation of results in Table A1 (Supplementary material)
was based on considering a positive sample when the cycle threshold
took place below cycle 40, for either RNA-dependent polymerase
(RdRP) and nucleocapsid (N) SARS-CoV-2 specific genes. The analysis
was repeated to confirm the quantification in these cases. This strategy
is coincident with the results reported by Hur et al. (2020) who found,
in average, higher Ct values for N gene than for RdRp. The kit used in
this work was also evaluated by Sung et al. (2020) who suggest that the
possible detection of only one of the RdRP or N genes is caused either
by the matrix of the sample or a consequence of the lower limit of detec-
tion inherent to multiplex analyses. In samples where only gene E (char-
acteristic of pan-Sarbecoviruses) was detected, the analysis was repeated
for confirmation, usually leading to a confirmed negative result.

Formost entries in Table A1 (Supplementarymaterial), both specific
genes were detected, suggesting that non-specific amplification is un-
likely although full confirmation would require sequencing of the am-
plified fragments.

3.3. Quantification of SARS-CoV-2 particles in water and sludge line WWTP

Following the presence of SARS-CoV-2 genetic material along the
WWTP allows inferring its fate in the different processes. For that pur-
pose, samples were quantified using commercial standards, as ex-
plained in Section 2, leading to the results shown in Table 3.

4. Discussion

The level of SARS-CoV-2 RNAdetected in the influentwas low in gen-
eral, at most up to 9 copies/mL (cp/mL) rising to more than 20 cp/mL in
4

some sludge samples. The titers in raw wastewater are in the low range
compared to other results currently reported. For instance, titers were
reported from 2 to 20 cp/mL in Istanbul (Turkey) area WWTPs
(Kocamemi et al., 2020a), 5–20 cp/mL in a WWTP in Massachussets
(Wu et al., 2020) increasing to 100–1000 cp/mL in Murcia region,
Spain (Randazzo et al., 2020b) and 50–3000 cp/mL in Paris, France
(Wurtzer et al., 2020). Foladori et al. (2020), in probably the first review
of the work rapidly being reported on SARS-CoV-2 content in wastewa-
ter, point out to very different levels of loadings in WWTP, with a range
of 20 copies/L to 3·106 copies/L. According to these authors,many factors
are identified as responsible for this large range, including the occurrence
of rainwater in combined sewers, the high variability of the viral load in
faeces (up to 4 orders of magnitude) and methodological differences in
sampling, concentration and quantification. Such a large variability in
the detected virus loadings suggests that a widely standardisedmethod-
ology would be required to obtain more comparable figures. Still, it is
likely that SARS-CoV-2 surveillance should be based on time-
comparison of measurements from the same location and that compari-
sons between different sites will be inaccurate.

4.1. Fate of SARS-CoV-2 particles in the WWTP

SARS-CoV-2 RNA was systematically detected in the influent to the
primary settler (up to 9 cp/mL) but not in the secondary treatment ef-
fluent. Regarding SARS-CoV-2 transmission, the effluent is probably
safe for reuse and discharge to water bodies, as other studies have also
reported (Randazzo et al., 2020b; Rimoldi et al., 2020) given the absence
of SARS-CoV-2 genetic material in the effluent although infectivity tests
were not carried out. Another potential mechanism of transmission of
airborne viruses is the production of aerosol in secondary treatment,
particularly if aeration is provided by horizontal rotors or surface tur-
bines (Gotkowska-Płachta et al., 2013; Sánchez-Monedero et al.,
2008). Given the rare occurrence of SARS-CoV-2 RNA in the inflow to
the secondary treatment, the potential of dispersion by aerosols created
during aeration is low.

As for the sludge line, it appears that SARS-CoV-2 RNA is mainly
retained at the primary settler (up to 24 cp/mL) and only detected in
one occasion in the biological sludge, which suggest that, as hypothe-
sized, the virus particles have a higher affinity for the sludge. On the
5th sampling day (April 21st) it can be seen, that virus RNA is detected



Table 3
Quantification of SARS-CoV-2 genetic material at several WWTP sampling spots. (Pos= positive; Neg= negative;
Inh = inhibited). All values in copies/mL, α = 0.1 confidence interval in square brackets.

Sampling point 6-Apr 7-Apr 14-Apr 16-Apr 21-Apr

W
at

er
 li

ne

Influent (1)
2.8

[2.0–4.0]

2.15 

[1.5–3.2]

9.8

[7.7–12.5]

3.2

[2.3–4.5]

3.8

[3.0–5.0]

Ou�low primary (3) Inh Neg Neg Neg
4.2

[3.3–5.4]

Treated effluent(4) Neg Neg Neg Neg Neg
Sl

ud
ge

 li
ne

Primary sludge(2) Neg
1.3

[0.9–2.0]

3.8

[2.9–5.2]

13.5

[11.5–16.4]

24.5

[20.6–29.0]

Biologic sludge A (5) Neg
1.9

[1.3–2.8]
Neg Neg Neg

Biologic sludge B(6) Inh Neg Neg Neg Neg

Thickened sludge A (7)
4.9

[3.7–6.5]

18.8

[15.7–22.6]

18.3

[15.2–22.0]

8.8

[7.1–11.1]

1.9

[1.4–2.8]

Thickened sludge B (8) Neg
4.2

[3.0–5.5]

13.5

[11.0–16.4]

4.3

[3.3–5.8]

4.0

[3.0–5.4]

Digested sludge A (9) Neg Neg Neg Neg Neg

Digested sludge B (10) Neg Neg Neg Neg Neg

Ca
se

s

Detected cases in last 14

days

654 638 480 349 221

Detected cases in last 14

days/100 000 inhabitants

562.8 548.7 412.8 300.2 190.1

Nega�ve Inhibited Posi�ve <5 5–10 10–15 15–20 20–25
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in the outflow of the primary settler. This is consistent with a partition
between the water and the sludge line and would correspond with
the high loading detected in the primary sludge (24 cp/mL).

From these results it is concluded that the virus particles are mostly
diverted to the sludge line although RNA degradation may also contrib-
ute to their absence in the water line beyond the primary settler. Inter-
estingly, the virus RNA concentration increases in the thickeners which
have a longer retention time, (approximately 24 h) and a higher solid
content. In the interpretation of results from Table 3, it must be under-
stood that aWWTP should not be seen as a “plug-flow” but as a complex
system with many recirculation streams to the plant inlet. As an exam-
ple, it is seen that the virus RNA detected in the thickeners on the 5th
sampling day is lower than in the remaining streams and in contrast
with the very high loading of the primary sludge. However, the thick-
eners integrate the incoming concentration of the previous 24 h and
therefore are not a complete correspondence to the primary sludge of
the same day. Interestingly, the solid concentration in the thickened
sludge is significantly lower on April 21st compared to the rest of days
(less than 30% of the solid concentration of the remaining days),
which can be related to maintenance and washing and may explain
the low virus RNA loadings.

No genetic material was detected in the digested sludge, which is
surely related both to the severe temperature undergone during
thermal hydrolysis and to the long residence time in the anaerobic
digesters. Therefore, the results confirm the safety of the sludge
after thermal treatment and anaerobic digestion. However, in
smaller WWTPs is only treated by volume reduction methods with
no thermal treatment, the safety of sludge disposal remains to be
verified.
5

4.2. Primary and/or thickened sludge as indicators of incidence

It is seen that the concentration of SARS-CoV-2 genetic material is
systematically higher in some sludge sampling spots (particularly at pri-
mary sludge and thickened sludge) compared to the influent samples
(Table 3). This result confirms one of the hypotheses of this work,
namely that the affinity of virus particles for biosolids would divert
the genetic material of SARS-CoV-2 towards the sludge line. Peccia
et al. (2020) also pointed out at the sludge line as suitable for indication
or detection of SARS-CoV-2 in the population. Although the number of
samples analysed in this work is limited and replication in other
WWTPs is required, this finding suggests that detecting COVID-19 inci-
dence in the population in the sludge might have a higher sensitivity
than in the wastewater… In this WWTP, the primary settler and the
sludge thickeners would act in effect as “concentrators” of SARS-CoV-2
genetic material. Furthermore, the retention times in sludge thickeners
(~24 h) are usually higher than in primary settlers (~1–2 h). In small
WWTPs with limitations of staff or instrumental (in particular flow-
proportional automatic samplers), these spots could replace or comple-
ment the influent as the preferred spot for sampling.

This higher retention time results in dampening the potential varia-
tions of SARS-CoV-2 particles in wastewater in an even more effective
way than taking composite samples. Such a buffering is not helpful
when the phenomenon to be monitored has fast dynamics, but in the
case of COVID-19 population incidence, the desired monitoring dynam-
ics would be in the order of days, making both the thickened and the
primary sludge, suitable sampling spots even if used for early detection
of outbreaks (Orive et al., 2020). Further investigationwill be needed to
establish the validity of this work in smaller WWTPs in absence of a
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primary settler, where all the sludgewould be collected after aerobic bi-
ological treatment with larger solid retention times.

5. Conclusions

The affinity of SARS-CoV-2 by biosolidswas seen to govern to a large
extent its fate in WWTPs by being associated to sludge streams. As a
consequence, SARS-CoV-2 genetic material was not detected in the
WWTPeffluent, indicating its probable safetywhich could be confirmed
with infectivity tests. The combined treatment of thermal hydrolysis
and anaerobic digestion also prevented the detection of SARS-CoV-2
in sludge leaving the plant. The primary sludge and mostly the thick-
ened sludge showedhigher and steadier concentrations,which suggests
that COVID-19 incidence could bemonitored in the sludge line, possibly
in addition to the raw wastewater sampled in the influent. Longer resi-
dence times and higher solid concentrations in sludge thickeners would
make it a robust sampling spot, whichmerits being further investigated.
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