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ARTICLE INFO ABSTRACT

Keywords: Investigating waterborne viruses is of great importance to minimizing risks to public health. Viruses tend to
SARS'C‘_’V'Z adsorb to sludge particles from wastewater processes by electrostatic and hydrophobic interactions between
Adenovirus virus, aquatic matrix, and particle surface. Sludge is often re-used in agriculture; therefore, its evaluation is also
f}ﬁferemoval of great interest to public health. In the present study, a pilot scale system treating real domestic wastewater from

Sewage a large city in Brazil was used to evaluate the removal, the overall reduction, and liquid-solid partitioning of
UASB human adenovirus (HAdV), the novel coronavirus (SARS-CoV-2) and fecal indicators (F-specific coliphages and
E. coli). The system consists of a high-rate algal pond (HRAP) post-treating the effluent of an upflow anaerobic
sludge blanket (UASB) reactor. Samples were collected from the influent and effluent of each unit, as well as from
the sludge of the UASB and from the microalgae biomass in the HRAP. Pathogens and indicators were quantified
by quantitative polymerase chain reaction (QPCR) (for HAdV), qPCR with reverse transcription (RTqQPCR) (for
SARS-CoV-2), the double agar plaque assay (for coliphages), and the most probable number (MPN) method (for
E. coli). The removal and overall reduction of HAdV and SARS-CoV-2 was greater than 1-logjo. Almost 60% of
remaining SARS-CoV-2 RNA and more than 70% of remaining HAdV DNA left the system in the sludge,
demonstrating that both viruses may have affinity for solids. Coliphages showed a much lower affinity to solids,
with only 3.7% leaving the system in the sludge. The system performed well in terms of the removal of organic
matter and ammoniacal nitrogen, however tertiary treatment would be necessary to provide further pathogen
reduction, if the effluent is to be reused in agriculture. To our knowledge, this is the first study that evaluated the
reduction and partitioning of SARS-CoV-2 and HAdV through the complete cycle of a wastewater treatment
system consisting of a UASB reactor followed by HRAPs.

High-rate algal ponds

DNA virus, have been suggested as preferred candidates as indicators for
viral pathogens because, compared to other viruses, HAdV are

1. Introduction

The study of waterborne viruses is of great importance to minimizing
risks to public health, especially in developing countries, where sani-
tation infrastructure is scarce and wastewater is commonly discharged
without any previous treatment (Pandey et al., 2021). For instance,
Brazil treats 49% of the generated wastewater (SNIS, 2019), India only
37%, and the situation in South-East Asian countries is even worse, as
only 10% of wastewater is treated (Pandey et al., 2021).

Human adenoviruses (HAdV), a non-enveloped and double-stranded
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frequently present in contaminated waters and their concentration in
wastewater is high (Allard, 2017). Also, they do not fluctuate seasonally
(Verbyla et al., 2016) and may survive long periods in aquatic envi-
ronments, not to mention that they are highly resistant to different
processes such as UV radiation (Allard, 2017).

New viral pathogens are constantly emerging or being discovered in
the environment. One example is the novel coronavirus (SARS-CoV-2)
that caused the COVID-19 pandemic. It is an enveloped and single-
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stranded RNA virus, which viral particles have been detected in stool
and urine samples of infected people that are subsequently discharged
into the wastewater (Saawarn and Hait, 2021). The detection of
SARS-CoV-2 has been reported in wastewater samples (Ahmed et al.,
2020a; Medema et al., 2020; Mota et al., 2021) and in sludge samples
(Peccia et al., 2020; Serra-Compte et al., 2021) from wastewater treat-
ment plants.

The detection of HAdV in wastewater and sludge has also been
widely studied (Allard, 2017; Fong et al., 2010; Yin et al., 2018).
Nevertheless, there is still a lack of knowledge and literature data about
the removal of viruses (including SARS-CoV-2 and HAdV) in wastewater
treatment processes, especially in developing countries (Verbyla et al.,
2017). This may be attributed to the high costs and expertise required to
perform the necessary quantitative molecular analyses.

Upflow anaerobic sludge blanket (UASB) reactors are one of the most
widely used wastewater treatment technologies in Latin America and
the Caribbean, mainly due to their low operating costs (Noyola et al.,
2012). High-rate algal ponds (HRAP) have been recently used as post
treatment for UASB reactors. Organic matter, solids, nutrients, pathogen
indicators and other pollutants have been reported for this combined
system (Espinosa et al., 2021; Vassalle et al., 2020b, 2020a) but there are
still very limited data available on the removal of pathogens.

An important factor which is often widely ignored in the literature is
the viruses’ affinity toward solids in the wastewater and their removal in
the solid phase. Viruses tend to adsorb to solids due to electrostatic in-
teractions influenced by the surface charge of the virus, and hydro-
phobic interactions influenced by the hydrophobic proteins of the viral
capsid (Verbyla and Mihelcic, 2015). If a virus is highly resistant to a
treatment process but has a high affinity toward solids and is discharged
in the sludge, there may be an illusion of high reduction based on the
observed differences in the concentration of the virus at the influent and
liquid effluent points, but there could still be a need to ensure sufficient
reduction of viruses in the sludge before it can be safely reused or dis-
charged. In our recently study (Espinosa et al., 2021), we proposed a
mass balance model, which helps estimating a mass balance of the mi-
croorganisms entering and leaving the system. The model is based on the
microbial influent and effluent concentrations in the liquid phase, and
the microbial fraction in the solid phase. This model can be used by
other WWTP since the concentrations of microorganisms in the liquid
phase are commonly reported. As the fraction of pathogens in the sludge
is not usually reported, it can be predicted using the total solid yields
with respect to the TS produced or COD treated in the system. A com-
plete explanation of the model is reported in (Espinosa et al., 2021).

The aim of this study was to fill important knowledge gaps regarding
the removal and liquid-solid partitioning of HAdV, SARS-CoV-2, F-

UASB reactor
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specific coliphages, and E. coli in a pilot-scale UASB reactor followed by
parallel HRAPs treating real domestic wastewater in Belo Horizonte,
Brazil.

2. Materials and methods
2.1. Experimental design

Experimental data were gathered in a demonstration scale system
located at the Research and Training Center for Sanitation (CePTS) in
Belo Horizonte, Brazil. The system consists of a UASB reactor followed
by twin high-rate algal ponds (Vassalle et al., 2020a) fed with real
wastewater from a full-scale wastewater treatment plant (WWTP) in the
city of Belo Horizonte, as shown in Fig. 1. The system was operating
normally during the pandemic.

The UASB reactor worked with a volume of 343 L (height 4.0 m;
diameter 0.3 m) and was operated at a flow rate of 50 L.h ™! and a hy-
draulic retention time (HRT) of 7 h. The HRAPs worked in parallel with a
volume of 205 L each (height 0.5 m; length 1.7 m; width 0.24 m) and
were operated at a flow rate of 25.5 L.day’1 (each) and an HRT of 8
days. The biomass settler worked with a volume of 30 L and was oper-
ated at an HRT of 14 hours. For the anaerobic co-digestion, 12 L of
harvested microalgae biomass were pumped to a plexiglass column
located 4 m above the UASB reactor and recirculated to the reactor at
flow rate of 0.5 L.h L. The system has been operating since July 2018 on
a continuous basis.

A total of 13 samples were collected from each sample collection
point during a total period of 6 weeks (i.e., approximately two samples
collected each week), between July and August 2020, during the “first
wave” of the COVID-19 outbreak in the city of Belo Horizonte. This
sampling period of six weeks was chosen because of the high concen-
trations of SARS-CoV-2 in the wastewater due to the outbreak, which
permitted its detection in both untreated and treated wastewater,
allowing for the calculation of removal rates. The samples were com-
posite samples, with subsamples collected every 20 minutes for 1 h, at
the influent (point 1, Fig. 1) and at the effluent of the UASB reactor
(point 2, Fig. 1), from the UASB sludge (point 5, Fig. 1), from the HRAP
liquid effluent (point 3, Fig. 1), and from the algal biomass at the bottom
of the settler (point 4, Fig. 1). These sample collection points were
chosen to perform a mass balance of microorganisms entering and
leaving each reactor, in the liquid and sludge/biomass phases. All
samples were stored at 4 °C and the microbial analyses were conducted
within 24 h of sample collection at the Laboratory of Microbiology of the
Sanitary and Environmental Engineering Department at Federal Uni-
versity of Minas Gerais.

HRAP System

'
Settler

Screened raw .
wastewater
1,176 L day”' |
—iE
UASB Sludge
11 L day”’

Microalgal Biomass 12 L

Liquid effluent from

HRAP system
39 Lday”'

day”!

Fig. 1. Diagram of the pilot-scale upflow anaerobic sludge blanket (UASB) reactor followed by twin high-rate algal ponds (HRAPs) with return of algal biomass,

showing the measured flow rates and sample collection points (1 — 5).
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2.2. Physical-chemical analysis

Liquid phase samples from the raw wastewater and the effluents of
the UASB reactor and the HRAPs were collected every sample day at
10:00 am + 2 h. Physical-chemical parameters analyzed were pH,
temperature, dissolved oxygen (DO), chemical oxygen demand (COD),
total and volatile suspended solids (TSS and VSS), total nitrogen (TN)
and ammonium nitrogen (NH4"-N). Temperature, pH and DO were
determined in-situ using a portable Hach® sensor - (HQ30D). COD was
measured through a Hach® kit COD at high range. TSS and VSS were
determined according to Standard Methods (APHA-AWWA-WEF, 2017).
TN and NH4"-N were analyzed by ionic chromatography (Metrohm® -
940 professional IC Vario). These chemical parameters were used to
determine the loadings of microorganisms present in the solid phase
system and to evaluate the treatment efficiency.

For microalgae biomass characterization, samples were taken once a
week from the settler. Total and volatile solids (TS and VS) and total
Kjeldahl nitrogen (TKN) were analyzed according to standard proced-
ures (APHA-AWWA-WEF, 2017). Total COD was analyzed using Hach®
kit COD at high range. For protein content, a conversion factor of 5.95
was used based on the results of TKN (Lopez et al., 2010). Microalgae
production was calculated using the methodology presented by Vassalle
et al. (2020a).

2.3. Viral and bacterial indicators analysis

F-specific coliphages were used as viral indicators. Their quantifi-
cation was performed using the double agar plaque assay based on the
protocols described in 9224B and 9224C of Standard Methods (APHA
SMWW, 2017). Results were measured as PFU per 100 mL. For sludge
samples, the coliphage quantification was based on Guzman et al.
(2007) and the results were quantified as PFU per g of dry matter. A
complete description of the coliphage method is in Espinosa et al.
(2021). E. coli was used as bacterial indicator. It was quantified using the
Colilert and Quanti-Tray 2000 most probable number (MPN) method
(IDEXX, Maine, EUA) and results were measured as MPN per 100 mL.

2.4. Viral nucleic acids concentration

Viral DNA/RNA concentration was performed using the adsorption-
extraction method (Ahmed et al., 2020b; Symonds et al., 2014), which is
a modified method of the adsorption-elution method described by
Katayama et al. (2002). The final elution volume of each sample was
100 pL. A description of the method is in the Supplementary Material.

2.5. Molecular quantification

2.5.1. Human adenovirus

The concentration of human adenovirus (HAdV) from wastewater
samples was determined by quantitative polymerase chain reaction
(qPCR) using an assay published by Jothikumar et al. (2005), adapted
for SYBR Green chemistry. Sequences of primers were as published by
Jothikumar et al. (2005): (Forward 5'-GGACGCCTCGGAGTACCTGAG-3'
and Reverse 5'- ACIGTGGGGTTTCTGAACTTGTT-3'). Reaction condi-
tions were adapted from Jothikumar et al. (2005), Verbyla et al. (2016),
and the PowerUp SYBR Green Master Mix User Guide, resulting in a
pre-cycling stage of 50 °C for 2 min and 95 °C for 2 min, followed by 40
cycles of: denaturation at 95 °C for 15 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 15 s. At the end of the 40 cycles, a melting curve
analysis was performed.

Reactions were executed using a 7500 Real-Time PCR System
(Applied Biosystems) with a final volume of 20 pL containing: 7.66 uL of
ultra-pure water (RNase free), 0.17 pL of each primer (final concentra-
tion of 0.25 mM), 10 uL of PowerUp SYBR Green Master Mix and 2 pL of
the template DNA. Each sample was analyzed in triplicate. Ultra-pure
water was used as the negative control (no template) for each assay.
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An artificial template using gBlocks™ (detailed in the Supplementary
material) was used as positive control for each plate and to generate the
standard curve.

2.5.2. Standard curve. Six serial dilutions (1:10) from the gBlocks™
working stock were performed to generate the standard curve. All points
were analyzed in triplicate. The standard curve Cq values and respective
melt curves are presented in the Supplementary material. The final
standard curve had an R? value that was >0.99 and an efficiency of
91.1%.

2.5.3. SARS-CoV-2

The concentration of SARS-CoV-2 RNA was determined by a reverse
transcription quantitative polymerase chain reaction (RT-qPCR) with
Tagman chemistry using primers and probes published by CDC (2020)
(Forward  5'- GACCCCAAAATCAGCGAAAT-3, Reverse  5'-
TCTGGTTACTGCCAGTTGAATCTG-3’ and probe 5'-
ACCCCGCATTACGTTTGGTGGACC-3'). The analysis of the concentra-
tions was done using the N1 (nucleocapsid) region as it shown to be
more sensitive than the N2 assay for raw wastewater collected from the
same treatment plant (Calabria et al., 2020). The cycling conditions
were adapted from the CDC (2020) protocol and the recommendations
provided by the Master mix manufacturer (Biorad) and was carried out
as follows: 50 °C for 10 min (for reverse transcription), 95 °C for 2 min
(for enzyme activation/inactivation), followed by 45 cycles of 95 °C for
3 s (denaturation) and 55 °C for 30 s (annealing and extension).

All analyses were performed using a 7500 Real-Time PCR System
(Applied Biosystems). For the reaction, a MasterMix iTaq Universal
Probes One Step Kit (Biorad) was used. This mix features a combination
of iScript RNase H + reverse transcriptase and iTaq hot-start DNA po-
lymerase to complete the real time reaction in a single step. All reactions
were carried out with a final volume of 20 pL containing: 3 pL of ultra-
pure water (RNase free), 1.5 L of the primer/probe mixture (0.50 mM
final concentration for each primer; 0.125 mM final concentration for
the probe), 0.5 pL of iScript reverse transcriptase (Biorad), 10 uL of
MasterMix iTaq Universal Probes One Step (Biorad), and 5 pL of the RNA
template. Each sample was analyzed in triplicate. Ultra-pure water was
used as the negative (no template) control for each assay. Plasmid
containing the full sequence of the SARS-COV-2 nucleocapsid (N) gene
(IDT, USA) was used to generate the standard curve and as positive
control for each plate. Six serial dilutions from the plasmid working
stock were done to generate the standard curve and the final curve had
an R? value that was >0.99 and a q-PCR efficiency of 90.9%. The
standard curve points with their Cq values are in the Supplementary
material.

Samples that did not amplify any or just one replicate were marked
as “not detected” (ND). For quantitative calculations, the LOD was
defined as the number of copies corresponding with 95% probability of
amplification (Bustin et al., 2009). The calculation for the LOD was
carried out following the exponential model established by Verbyla
et al. (2016). Values obtained for the LOD in this study are presented in
the Supplementary material for both viruses (SARS-CoV-2 and HAdV).
In order to calculate removal, reduction, and partitioning values, the
concentrations of all ND samples were substituted with the LOD for the
respective assay.

2.6. Analysis of removal, reduction, and partitioning of the microrganisms

The removal and reduction of the four microbial constituents
analyzed in this study were calculated as previously explained in Espi-
nosa et al (2021), using the log;o removal or the log; reduction of the
geometric mean concentrations or loadings (see Eq. S1 and Eq. S2 in the
Supplementary material). Here, removal is defined as the removal of the
microorganism from the liquid fraction of influent and effluent streams,
whereas reduction is defined as the overall difference in the loadings
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coming into the reactor vs. leaving the reactor (including both liquid and
sludge/biomass streams). Solids partitioning was calculated using the
fraction of geometric mean loadings discharged in sludge or biomass,
where the loadings were calculated from the concentrations multiplied
by the respective volumetric flow rates (for liquid samples) or dry mass
loading rates (for sludge/biomass samples) (see Eq. S3 in the Supple-
mentary material).

2.7. Statistical analysis

The ANOVA and post-hoc Tukey test were performed in Minitab® 19
to determine whether log removals and log reductions were significantly
different from each other (p < 0.05) for the different microorganisms
throughout the treatment stages. Furthermore, the presence or absence
of significant differences (p < 0.05) between the influent loadings of the
four microorganisms were analyzed.

3. Results and discussion
3.1. Effluent quality and system monitoring

The results of the physical-chemical analyses of raw wastewater,
UASB effluent and HRAP effluent are presented in Table 1. Physical-
chemical parameters of the sludge and biomass are shown in the Sup-
plementary material. An overall average efficiency of 71% was observed
in COD removal. This result agrees with the average values referenced in
the literature, which ranging from 64 to 75% for UASB followed by
HRAP (Espinosa et al., 2021; Vassalle et al., 2020a; Villar-Torres et al.,
2018).

Regarding the removal of TSS and VSS in the system, the average
concentrations in the UASB effluent were 34.4 mg.L ™! and 29.3 mg.L ™},
respectively. These values are below those reported in the literature,
50-160 mg TSS.L ! and 30 mgVSS.L™1 (Chernicharo, 2007). After the
post-treatment of the effluent by HRAP, there is an increase in TSS and
VSS concentrations to 74.5 mg.L ! and 56.6 mg.L "}, respectively . The
increase in both TSS and VSS is due to microalgae biomass production in

Table 1
Physical-chemical characterization of raw wastewater, UASB effluent and final
effluent from the treatment system (total number of samples = 13).

Raw wastewater UASB effluent HRAP effluent
Mean Min/ Mean Min/ Mean Min/
(SD) Max (SD) Max (SD) Max
TSS (mg. 162.8 110.0/ 34.4 19.0/ 74.5 26.4/
L™ (47.5) 247.9 9.3) 54.0 (44.0) 194.0
VSS (mg. 134.5 82.7/ 29.3 15.5/ 56.6 19.3/
L’l) (47.6) 223.8 (7.0) 39.0 (34.1) 148.0
TS (mg. 697.5 267.5/ 306.6 195.0/ 475.5 250.0/
LY (691.6) 2750.0 (117.2) 430 (117.2) 675.0
VS (mg. 542.5 175.0/ 191.5 56.0/ 313.6 85.5/
L’l) (710.0) 2740.0 (92.5) 390 (131.4) 480.5
COD 402.8 355.5/ 135.3 94.0/ 116.8 185.0/
(mg. (28.1) 460 (33.2) 415.0 (31.2) 80.0
LY
NH4"-N 30.1 20.4/ 38.5 24.3/ 16.1 13.1/
(mg. (5.8) 42.3 (6.5) 45.5 3.8) 20.8
L
TN 46.5 38.2/ 50.1 42.3/ 28.6 25.1/
(mg. (11.1) 52.9 (8.9) 58.8 (6.9) 34.8
L™
pH 7.7 (0.1) 7.6/7.8 7.8 (0.2) 7.4/8.0 8.5(0.4) 8.0/9.0
DO (mg. 0.8(0.3) 0.4/1.1 0.2(0.1) 0.2/1.1 13.8 12.0/
L 1.6) 16.0
Temp. ( 23.3 21.0/ 21.8 17.9/ 21.7 17.8/
°C) (1.8) 27.2 (1.8) 23.0 (2.0) 25.0

Note: UASB - Upflow anaerobic sludge blanket; HRAP — High rate algal pond;
DO - Dissolved Oxygen; COD — Chemical Oxygen Demand; TSS — Total Sus-
pended Solids; VSS — Volatile Suspended Solids; N-NH4+ - Ammonium nitrogen;
TN - Total Nitrogen.
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the HRAPs during effluent treatment, which has been reported previ-
ously (Vassalle et al., 2020a; Villar-Navarro et al., 2018). The ammo-
nium N concentration increased slightly in the anaerobic reactor (from
30 to 38 mg N-NH,4*.L 1), a likely result of the hydrolysis of proteins and
urea (Tchobanoglous et al., 2003). In the HRAP, the average N-NH,;"
removal was 57%. Previous studies have shown similar results (64%) in
HRAPs operated at an HRT of 6 days treating anaerobic effluent (Gon-
calves et al., 2020). Total Nitrogen (TN) removal in the HRAP was on
average 44%. The same removal efficiency was observed in another
UASB-+HRAP system treating domestic wastewater with HRT of 6 days
in the HRAP (Goncalves et al., 2020). It is important to highlight that the
overall concentration of pollutants in the treated effluent met the Bra-
zilian regulatory requirements, which are 180 mg COD.L™}, 150 mg TSS.
L7! and 20 mg N-NH4".L ! (CONAMA, 2011).

Microalgae production was calculated from the average TSS con-
centration into the HRAP (155 mg.L ™), which resulted in an average
value of 9.2 g TSS.m~2.day ! over the year. This value is similar to that
reported for this system over 1 year of operation (Vassalle et al, 2020a).
In terms of biomass characterization, the average composition was as
follow: 1.75 g TS.L ™}, 1.19 g VS.L 1, 3.15 g COD.L™}, 206 mg TKN.L™!
and 1226 mg.L~! of proteins. The main microalgae species found in
harvested biomass was Scenedesmus sp., which has been reported to be
the most common species in microalgae-based wastewater treatment
systems (Mohsenpour et al., 2021). Physical-chemical parameters of
UASB sludge and microalgae biomass are in the Supplementary
material.

3.2. Concentrations and removals of the microrganisms

Measured concentrations of microbial constituents and the resulting
logip removal values (using Eq. S1) are shown in Tables 2 and 3,
respectively. The geometric mean concentrations of SARS-CoV-2 RNA in
the influent (raw wastewater) and liquid effluent of the UASB reactor
were 2.09 and 1.92 log(copies)/mL, respectively, which results in a
calculated removal of 0.18-log1¢ units. The geometric mean concentra-
tions of HAdV DNA were slightly higher than SARS-CoV-2 RNA, with
2.81 and 2.74 log(copies)/mL in the influent and effluent, respectively,
and a log;o removal of less than 0.1 log; ¢ units. Geometric mean influent
and liquid effluent concentration of F-specific coliphages were 3.51 and
2.79 log (PFU)/mL, respectively, with a removal of 0.73 log;o units.
ANOVA + Tukey test showed significant difference (p = 0.000) between
influent concentration of coliphages and the two human viruses. No
significant difference (p = 0.193) was observed between the influent
concentrations of HAdV and SARS-CoV-2.

Influent concentrations in the raw wastewater for all three viruses
are consistent with values reported in the literature. For instance, SARS-
CoV-2 concentrations reported previously have ranged from <1 to 5.1
log(copies)/mL (Ahmed et al., 2020a; Medema et al., 2020; Prado et al.,
2021), HAdV concentrations generally range from 1.7 to 5.8 log
(copies)/mL (Garcia-Aljaro et al., 2018; Kaliakatsos et al., 2019; Prado
et al., 2011; Sheludchenko et al., 2016) and coliphage concentrations
range from 2.8 to 4.0 log(PFU)/mL (Dias et al., 2018; Jebri et al., 2016).
The efficiency of virus removal from wastewater depends on the types of
treatment technologies used, the wastewater characteristics (e.g., tem-
perature, pH, organic matter content, etc.) and design/operational fac-
tors such as hydraulic retention times (Ali et al., 2021). For instance,
El-Senousy and Abou-Elela (2017) obtained a removal of HAdV in a
UASB reactor between 0 to 1 log; units, with a mean of 0.5 log;¢ units
and Fong et al. (2010) obtained a mean removal of HAdV after primary
sedimentation of only 0.01 logy¢ units. Symonds et al. (2014) reported
negligible removal for some enteric viruses in a UASB reactor in Bolivia.
In a recent review, the viral removal in a UASB reactor treating waste-
water was reported between 0 to 0.7 log; o units (Oakley et al., 2017). In
the UASB reactor analyzed in this study the viral removal was <1 logio
units, which is expected in these reactors. Recently, Kumar et al. (2021)
reported a removal of >1.3 logjop units for SARS-CoV-2 in a UASB
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Table 2
Microbial concentrations throughout the different stages of the pilot-scale wastewater treatment system.
Stage Statistics’ SARS-CoV-2 RNA HAdV DNA F-spec. coliphages E. coli
Logio copies/mL Logio copies/mL Logi0 PFU/mL Logi0 MPN/mL
Raw wastewater N 13 13 13 13
Mean 2.08 2.81 3.51 5.85
Max/Min 2.85/0.93 3.28/2.30 3.78/3.17 6.51/5.17
UASB effluent N 13 13 13 13
Mean 1.92 2.74 2.79 4.79
Max/Min 2.42/0.96 3.02/2.23 3.30/1.00 5.17/4.16
HRAP effluent N 13 13 13 13
Mean 1.18 1.82 1.09 291
Max/Min 2.11/0.90 2.51/1.65 2.10/0.30 3.46/2.47

! Means reported are the arithmetic means of the log;o-transformed concentrations (which are equivalent to the geometric means of the non-transformed con-

centrations). N = number of measurements.

Table 3
Logio removals of the microorganisms throughout the different stages of the
pilot-scale wastewater treatment system.

SARS-CoV-2 RNA HAdV DNA F-spec. coliphages  E. coli
UASB 0.16 0.07 0.73 1.07
HRAP 0.74 0.92 1.70 1.87
Overall system  0.90 1.00 2.43 2.94

reactor, which is higher than the removal obtained in this study.

On the other hand, E. coli had a removal above 1 log; o units, which is
similar to values reported in the literature for UASB reactors (Dias et al.,
2014; Oakley et al., 2017). The geometric mean influent and effluent
concentrations for E. coli were 5.85 and 4.79-log MPN/mL, respectively.
Statistical results showed that SARS-CoV-2 RNA and HAdV DNA re-
movals were significantly lower than E. coli (p < 0.05). Coliphages re-
movals were significantly greater than HAdV (p < 0.05), but they did not
show a significant difference with SARS-CoV-2 RNA and E. coli removals
(p > 0.05). It is expected for this to happen because bacteria are more
sensitive to treatment processes compared with viruses and other
pathogens (Rodriguez-Manzano et al.,, 2012; WHO, 2001). Another
important factor affecting the results is that the measurement of HAdV
DNA and SARS-CoV-2 RNA using (RT)qPCR does not assess viability,
whereas the double agar layer plaque assay used to quantify F-specific
coliphages only measures coliphages that are viable. It is possible for
(RT)gPCR to detect intact segments of genome associated with virus
particles that have lost viability. However, once viral RNA is released
from a damaged capsid, its persistence in wastewater is likely very
limited; one study reported that free viral RNA released into wastewater
was no longer detectable after only a few minutes (Limsawat and
Ohgaki, 1997). Extracellular DNA (free-DNA and adsorbed-DNA), on the
contrary, have more persistence in the environment since it can be
adsorbed onto solid particles and organic matter which gives protection
against degradation by nuclease (Gutiérrez-cacciabue et al., 2016; Yuan
etal., 2019). This may lead to an overestimation of the HAdV DNA in our
study. It is important to note that even though culture-based methods
were not used to quantify the human viruses in this study, the results
presented here advance knowledge as they show the dynamics of the
removal of these viruses and indicators in a treatment system.

For the HRAPs, only 2 of the 13 HRAP effluent samples amplified for
SARS-CoV-2 RNA and for HAdV DNA. Therefore, the limit of detection
(LOD) of 28 and 45 copies/reaction, respectively, was used for the non-
detect samples, to calculate a conservative estimate for removal and
reduction (i.e., the estimated values are likely less than the actual
values). This assumption also likely led to partitioning values that
overestimated the fraction present in liquid effluent and underestimated
the fraction present in biomass. The geometric means of the effluent
concentrations were 1.18 log(copies)/mL, 1.82 log(copies)/mL, 1.09 log
(PFU)/mL, and 2.91 log(MPN),/mL, for SARS-CoV-2 RNA, HAdV DNA, F-
specific coliphages, and E. coli, respectively. SARS-CoV-2 RNA and

HAdV DNA removals were both <1 log;o unit. F-specific coliphages and
E. coli had removals of 1.70 and 1.87-log units, respectively. Statistical
results showed that SARS-CoV-2 RNA and HAdV DNA removals were
significantly lower than E. coli and coliphages removal (p < 0.05).

The removal of microorganisms was higher in the HRAP stage than in
the UASB reactor, which is expected due to sunlight exposure and longer
hydraulic retention time in the ponds (Symonds et al., 2014; Verbyla and
Mihelcic, 2015). The observed removal of 1.70-log;¢ units for F-specific
coliphages in HRAPs with an HRT of 8 days was within the range re-
ported (1-3-log ¢ units) for HRAPs operating under acidic conditions by
(Delanka-Pedige et al., 2020b). The observed removals of HAdV DNA
(0.92-1og1¢ unit) and SARS-CoV-2 RNA (0.74-log;o unit) in the current
study were more consistent with the removal rates (1-log;o unit) of
enteric viruses and bacteriophages reported by Verbyla and Mihelcic
(2015) for conventional stabilization ponds (not high rate) with HRTs of
15 to 20 days. However, our observed removals of HAdV DNA and
SARS-CoV-2 RNA were slightly lower than those reported by Delan-
ka-Pedige et al (2020a) for enterovirus RNA (1.05-logio units) and
Norovirus GI RNA (1.49-log;¢ units) in an acidic HRAP with an HRT of
4-5 days. E. coli removal in HRAPs has been reported in the literature
between 1.76 to 2.19-log units (Buchanan et al., 2018; Fallowfield et al.,
2018; Young et al., 2016) and virus removal between zero and 1.7-log
units (Verbyla et al., 2017). Hence, removals observed in the current
study are within the range of values previously reported in the literature.

When considering the overall system, UASB+HRAP (influent = point
1, effluent = point 3, Fig. 1), the removal of SARS-CoV-2 RNA was 0.9
logio units and for HAdV DNA it was 1 log; units. It is important to note
that UASB + HRAP systems are generally not designed to optimize the
removal of pathogens. The main design objective is usually to reduce
organic matter and nutrients to comply with discharge regulations,
which was the case for this system. The viral and bacterial indicators
(coliphages and E. coli) had an overall removal of 2.43- and 2.94-log;¢
units, respectively. There is still a lack of studies in the literature about
SARS-CoV-2 removal in different wastewater treatment processes
(Saawarn and Hait, 2021). Only a few studies of the removal of
SARS-CoV-2 in wastewater treatment systems have mostly focused on
conventional activated sludge system, in some cases followed by tertiary
treatment processes (Randazzo et al., 2020; Serra-Compte et al., 2021;
Sherchan et al., 2020), or for systems using a moving bed biofilm reactor
and sequencing batch reactor technologies (Arora et al., 2020; Balboa
et al., 2021), with a maximum removal value of 1.97-log. Due to the
limited amount of data from the literature on this type of UASB-HRAP
system, we compared our results with similar anaerobic reactors fol-
lowed by similar algal-based treatment technologies. For example, in an
anaerobic digester followed by a HRAP, coliphages had a 1-log;¢ overall
removal (Davies-Colley et al., 2005). In a septic tank followed by HRAP
the removal was found to be 1.8-logj¢ (Young et al., 2016). Symonds
etal. (2014) reported a 0.8-log;o removal of culturable enteric viruses in
a UASB reactor followed by polishing (maturation) ponds. Our findings
regarding virus removal are generally within the range of previously



M.F. Espinosa et al.

published literature, except for coliphages, where our observed removal
was higher than what has been reported in similar systems with
anaerobic reactors followed by ponds or lagoons. One possible hypoth-
esis is that the combination of a high-rate anaerobic reactor with gran-
ular sludge followed by a high-rate algal system may somehow enhance
the decay rate of viable coliphages. However, more studies with direct
comparison of anaerobic reactor + algal pond systems (e.g., septic tank
followed by conventional stabilization pond) and high-rate anaerobic
reactor + high-rate algal pond systems (e.g., UASB+HRAP) to be able to
test this hypothesis.

On the other hand, for E. coli removal, Santiago et al. (2013) reported
a removal of 2-log;o units in a UASB reactor followed by HRAP and
Young et al. (2016) reported the same 2-log;o removal in septic tank
followed by HRAP. Our finding resulted a little higher than these re-
movals. In an algal-based system (with acidic conditions), the removal of
total coliforms was 7-logip and for pathogenic E. coli was 4-logio
(Delanka-Pedige et al., 2019), These high removals are attributed to the
system’s low pH (=4). E. coli and also other fecal indicator bacteria have
been demonstrated to be less resistant to treatment than viruses
(Momba et al., 2019). This state was confirmed with our finding, where
E. coli removal was significantly higher than SARS-CoV-2 RNA, HAdV
DNA and coliphages removal (p < 0.05). Fig. 2 shows boxplots of the
concentrations of the microorganisms in the liquid phase of the overall
system.

3.3. Overall reductions and liquid-solid partitioning of the
microorganisms

Results of influent and effluent loadings and overall reduction
including flow rate and the total loading inactivation of each microor-
ganism throughout the UASB reactor, HRAPs and complete system, are
presented in Tables 4-6, respectively. A diagram with the liquid - solid
partitioning in the system is presented in Fig. 3. No significant correla-
tion (p<0.05) was found between water parameters (OD, COD and SST)
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and influent, effluent, and sludge loadings (results not shown).

When analyzing the UASB reactor alone (considering influent as the
raw wastewater and the microalgae biomass recirculated from the
HRAPs, point 1 + point 4, Fig. 1), viruses and E. coli loadings into the
reactor came mostly from the raw wastewater, with the loadings from
the microalgae biomass contributing only negligible amounts. The ma-
jority of coliphage and E. coli effluent loadings also left the UASB reactor
in the liquid phase, whereas approximately one-third of SARS-CoV-2
RNA and HAdV DNA left the UASB reactor in the sludge.

Using Eq. S2, the overall reduction in the UASB reactor was less than
1-log1o unit for all the viruses. The reduction of E. coli in the UASB
reactor was significantly greater than the reduction of viruses. F-specific
coliphages reduction was significantly greater than the reduction of
HAdV DNA, demonstrating that coliphages may not be the best in-
dicators for enteric virus nucleic acids.

A mass balance for the HRAPs showed that more than 99% of all
microorganisms left the HRAPs in the liquid phase (Fig. 3b). The overall
reductions (Eq. S2) in this stage were higher than they were in the UASB
reactor. SARS-CoV-2 RNA, HAdV DNA, F-specific coliphages, and E. coli
had logio reductions of 0.86, 1.04, 1.81 and 1.99, respectively. Reduc-
tion of the viral and bacterial indicators was significantly higher than
the reduction of SARS-CoV-2 RNA and HAdV DNA in the HRAP.

A mass balance for the complete system (UASB-+HRAP) showed that
the influent loadings of the different viruses were not significantly
different from each other, but the influent E. coli loading was higher than
influent loadings for viruses (p < 0.05). The percentage of SARS-CoV-2
RNA and HAdV DNA leaving the reactor in the UASB sludge was 58.3%
and 71.5%, respectively, indicating that these viruses may have had
affinity to solids in the reactor (Fig. 3c). In contrast, F-specific coliphages
showed a lower affinity to solids, with only 3.7% of them leaving the
system in the sludge. Regarding E. coli, 37.3% were removed in the
sludge and 62.7% were removed in the liquid phase. However, the larger
percentage of E. coli leaving in the sludge compared to coliphages may
have been due to the higher removal of E. coli observed in the liquid
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Fig. 2. Boxplots of the concentrations in raw wastewater, UASB effluent and HRAP effluent, a) SARS-CoV-2 RNA (log copies/mL), b) HAdV DNA (log copies/mL), c)
F-specific coliphages (log PFU/mL) and d) E. coli (log MPN/mL). The lower and upper bars denote minimum and maximum values, respectively. The lower and upper
boxes represent the 25th and 75th percentiles, respectively. Mean values are represented by an “x”. The line inside the box denotes the median value.
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Table 4
Mass balance of the four microorganisms for the UASB reactor.

Water Research 212 (2022) 118069

Flow (L/ SARS-CoV-2 RNA loading copies/ ~ HAdV DNA loading copies/  F-specific coliphages loading PFU/  E. coli loading MPN/
d) d d d d

Raw wastewater 1176 1.40010° 7.67010° 3.83010° 8.37e10!!

HRAP biomass (returned to 12 2.3110° 8.95¢10° 9.6810> 1.38010°

UASB)

TOTAL IN 1188 1.400108 7.67010° 3.8310° 8.37E+11

UASB liquid effluent 1177 9.78¢107 6.48010° 7.19¢10° 7.19¢10'°

UASB sludge 11 2.55¢107 2.55¢10° 6.3110° 5.90010°

TOTAL OUT 1188 1.34¢10° 1.03010° 1.06010° 7.2710%°

Log1o Reduction Value 0.02 -0.13 0.56 1.06

Table 5
Mass balance of the four microorganisms for the HRAPs.
Flow SARS-CoV-  HAdV F-specific E. coli
rate 2 RNA DNA coliphages loading
(L/d) loading loading loading MPN/d
copies/d copies/d PFU/d
UASB effluent 51 4.24010° 2.81¢107 3.12¢107 3.11e10°
(sent to
pilot-scale
HRAPs)
TOTAL IN 51 4.2410° 2.810107 3.12¢107 3.1110°
Clarified 39 5.85010° 2.56010° 4.7710° 3.18107
liquid
HRAP
effluent
HRAP 12 2.31e10° 8.95¢10° 9.6810> 1.38¢10°
microalgae
biomass
TOTAL OUT 51 5.87010° 2.5710° 4.7810° 3.200107
Logio 0.86 1.04 1.81 1.99
Reduction
Value

fraction, compared to F-specific coliphages. As mentioned before, vi-
ruses can adsorb to particles by electrostatic and hydrophobic in-
teractions. These interactions not only depend on the particle surface
and the water composition (Arraj et al., 2005; Verbyla and Mihelcic,
2015), but also on the characteristics of the virus (Arraj et al., 2005).
Even if viruses are of the same family, they can present different be-
haviors (Yin et al., 2018). For instance, the percentage of six types of
Echoviruses in the solid phase varied from 67 to 99.5% (Gerba et al.,
1980), HAAV in primary and secondary sludge was 75.8 and 67.8%,
respectively (Yin et al., 2018), and coliphages ranged from 1 to 99%
(Arraj et al., 2005). Our results agree with these observations. However,
more studies are needed on the liquid-solid partitioning of different vi-
ruses to better understand the viral distribution and removal mecha-
nisms in wastewater treatment plants.

Ali et al. (2021) obtained ~1-log removal of SARS-CoV-2 RNA in a
primary sedimentation tank, indicating that most of SARS-CoV-2 RNA
were attached to settled solids. Balboa et al. (2021) also suggested that
SARS-CoV-2 RNA is mainly adsorbed to the settled solids by the lipid
bilayer surrounding the SARS-CoV-2 protein capsid. Other studies have
also detected the SARS-CoV-2 in primary, secondary and anaerobically

Table 6
Mass balance of the complete system (UASB+HRAP).

digested sludge samples (Bhattarai et al., 2021; Peccia et al., 2020),
indicating that this enveloped virus may have a higher affinity to solids
compared to other waterborne viruses. Our findings support these sug-
gestions, indicating that almost 60% of SARS-CoV-2 RNA leaving the
reactor were found in the sludge, despite the fact that the sludge
removed accounted for <1% of the volumetric flow leaving the reactor.
The removal of SARS-CoV-2 and liquid-solid partitioning in the sludge of
UASB reactors has not been reported previously. These results were not
strongly affected by our assumptions about non-detect values. When
using the half the LOD instead of the LOD for non-detect samples, the
percentage of SARS-CoV-2 leaving in the sludge varied only slightly,
from 58.3% to 66%. For HAdV the difference was only 1%.

Ye et al. (2016) hypothesized that some enveloped viruses may have
a higher affinity for solids compared to non-enveloped viruses and mi-
crobial indicators. Our findings do not support this statement since DNA
from HAdV (a non-enveloped virus) also showed evidence of having a
high affinity to solids, with more than 70% of them leaving the UASB
reactor in the sludge, which only accounted for <1% of the volumetric
flow leaving the reactor. This finding was also reported by Verbyla
(2015), who showed that adenovirus was volumetrically concentrated in
the sludge from two UASB reactors in Brazil, one pilot-scale, and one
full-scale (the pilot-scale UASB was not the same UASB reactor from the
present study). On the other hand, the effluent loadings of the microbial
indicators (coliphages and E. coli) support the results presented by Ye
et al. (2016).

As summarized by Yin et al. (2018), the sorption of viruses to
wastewater solids can be highly variable. For that reason, it is important
not only to analyze the removal in the liquid phase but also analyze in
the solid phase for each microorganism in wastewater treatment sys-
tems. This is especially important when biosolids produced from sludge
or biomass extracted from wastewater treatment unit processes is reused
for beneficial purposes such as soil amendment (Kumar et al., 2017). The
fraction of viruses and E. coli leaving in the microalgae biomass in our
study was negligible (<0.5%). This contrasts with previous findings
from the literature, such as Young et al. (2016), who reported that
microalgae from HRAPs could influence pathogen removal by increasing
adsorption to microalgae biomass. There are tools that can be used to
assess virus-solid affinity/adsorption from a mechanistic or genetic
perspective, in a controlled laboratory setting. This was not the aim of
our study, but previous studies have already reported the affinity of
viruses to solids using these approaches (Moore et al., 1975; Ye et al.,

Flow rate (L/ SARS-CoV-2 RNA loading copies/

HAdV DNA loading copies/

F-specific coliphages loading PFU/

E. coli loading MPN/

d) d d d d
Raw wastewater (partial) 39.4 4.6810° 2.57107 1.28010° 2.80010'°
TOTAL IN 39.4 4.6810° 2.57107 1.28010° 2.80010'°
Clarified liquid HRAP 39.0 5.85¢10° 2.56010° 4.7710° 3.18¢107
effluent

UASB sludge (partial) 0.4 8.4910° 8.4610° 2.10010* 1.960107
TOTAL OUT 39.4 1.66010° 1.240107 8.1410° 5.52¢107
Logio Reduction Value 0.45 0.32 2.20 2.71
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Fig. 3. Liquid-solid partitioning of the microrganisms throughout the different stages, a) UASB reactor, b) HRAP settler and c¢) UASB reactor + HRAP.

2016; Yin et al., 2018).

A low reduction (<0.5-log units) of SARS-CoV-2 RNA and HAdV
DNA was observed for the overall system. At the same time, viral and
bacterial indicators had significantly higher reductions with values of
2.20 and 2.74-log units, respectively. This echoes previous reports that
the concentrations of coliphages quantified by plaque assays may not
correlate with the concentrations of enteric viruses detected via (RT)
qPCR (Sheludchenko et al., 2016). SARS-CoV-2 RNA and HAdV DNA
had very similar behavior throughout the system, but no significant
correlation was found between both viruses.

In order to find suitable indicators of microbial risk for wastewater
reuse and resource recovery activities, further studies are needed to
better understand the factors that influence reduction and liquid - solid
partitioning of different viruses for different wastewater treatment
technologies.

4. Conclusions

A pilot-scale UASB reactor followed by twin HRAPs treating real
domestic wastewater showed high removal of organic matter and nu-
trients (71% COD and 57% N-NH4 1), but low removal and reduction of
viruses, demonstrating the potential need for additional tertiary treat-
ment or disinfection processes if resources are to be safely recovered
from systems like these. Furthermore, the results of this study showed
that E. coli and F-specific coliphages are both inadequate indicators for
the liquid-solid partitioning of enteric viruses. Almost 60% of remaining
SARS-CoV-2 RNA and more than 70% of HAdV DNA left the system in
the sludge, compared to <5% of coliphages, demonstrating that the
human viruses may have a higher affinity for solids than the coliphages.
This study demonstrates the importance of analyzing concentrations of
pathogens and indicators not only in the liquid phase of wastewater
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treatment processes, but also in the solid phase. A mass balance
approach can be used to compare overall reduction and liquid-solids
partitioning for different pathogens and indicators. More studies are
needed about liquid-solid partitioning in different treatment systems to
better understand differences in the affinity of different viruses and viral
surrogates to wastewater solids.

There is a limitation of these results since SARS-CoV-2 RNA and
HAdV DNA were quantify using molecular methods (RT-qPCR), while
for coliphages and E. coli was used culture methods. Thus, these differ-
ences with the detection methods must be considered when analyzing
the obtained results. Even with this limitation, the results presented here
advance knowledge when it shows the dynamics of removing these vi-
ruses and indicators in this treatment system.
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