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SUMMARY

Membrane bioreactors (MBRs) are effective sewage treatment technologies, yet the differences in virus
removal efficiency between aerobic (AeMBR) and anaerobic membrane bioreactors (AnMBR), remain inad-
equately understood. This study compared the virus removal efficiency of AeMBR and AnMBR, focusing
on the interactions between aerobic (AeS) and anaerobic (AnS) activated sludge and viruses in the sewage
treatment process. Results showed average log removal values (LRVs) for MS2 of 2.53 = 0.54 in AeMBR
and 1.64 + 0.90 in AnMBR due to the higher virus inactivation in the aerobic mixed liquor. The virus concen-
tration in AnS was greater than in AeS, consistent with the predictions from the pseudo-second-order kinetic
model. Soluble extracellular polymeric substances (S-EPS) were key to virus adsorption in AeS, while tightly
bound EPS (TB-EPS) were significant in AnS. Additionally, more fluorescent substances in AnS contributed to

virus adsorption, while more functional groups in AeS offered adsorption sites.

INTRODUCTION

The membrane bioreactors (MBRs) are an advanced sewage
treatment process that combines membrane separation with
biological processes, offering advantages such as small foot-
prints and high-quality effluent.” MBRs are divided into aerobic
MBR (AeMBR) and anaerobic MBR (AnMBR) based on biological
processes. AeMBR utilizes microorganisms to metabolize and
degrade organic matter under aerobic conditions, effectively
achieving the removal of organic pollutants. In contrast,
AnMBR converts organic matter into bioenergy through anaer-
obic digestion, producing nutrient-rich effluent suitable for agri-
cultural use.” While AeMBR has been widely adopted in sewage
treatment, AnMBR is often regarded as impractical for similar
applications due to concerns about achieving comparable trans-
membrane flux rates. Nonetheless, the AnMBR is gaining recog-
nition as a viable alternative treatment technology for sewage,
owing to its potential for energy generation and low sludge
production.

As the population grows and urbanization accelerates, water
demand continues to rise, leading to a significant increase in
sewage reuse. However, concern regarding the public health

risk associated with exposure to viruses present in sewage is
critical limiting to the widespread adoption of sewage reuse.**
To address these concerns, the virus removal efficiency in
MBRs has been well studied.®” The log removal value (LRV) of
human pathogenic viruses in actual sewage using lab-scale
AnMBR ranged from 2.31 to 5.0, whereas the average LRV of vi-
ruses in full-scale AeMBR was between 3.9 and 7.1.%7 In the
MBR treatment of sewage, viruses are adsorbed by activated
sludge (AS) within the bioreactor and subsequently trapped by
the membrane. The trapped viruses are inactivated through pre-
dation or enzymatic breakdown. Therefore, the interaction be-
tween AS and virus is crucial to the removal efficiency of
MBRs.>” A key factor influencing the interactions between AS
and virus is the presence of extracellular polymeric substances
(EPS), which determine the surface properties of AS and signifi-
cantly affect interactions through functional groups and hydro-
phobic interactions.®° Additionally, EPS contributes to virus
inactivation due to abundant redox-active components.'® EPS
are categorized into soluble EPS (S-EPS) and bound EPS
(B-EPS), with the latter further classified into tightly bound (TB-
EPS) inner layer and loosely bound EPS (LB-EPS) outer layer
based on structure, while carbohydrates and proteins typically
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Figure 1. Virus removal performance of AnMBR and AeMBR

(A) Virus removal efficiency in AnMBR and AeMBR, respectively.

(B) MS2 adsorption amount weighed by MLSS mass in activated
sludge.

(C) Virus rejection by membrane and membrane fouling.
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constitute the predominant components of EPS, accounting for
approximately 20% of the total content.”

Although both AeMBR and AnMBR integrate the bioreactors
with the membrane modules, they differ in several key aspects,
including physiochemical environments, microbial niches, meta-
bolic products, and characteristics of membrane fouling."'? Spe-
cifically, EPS in AeMBR are typically rich in proteins and polysac-
charides linked to aerobic microbial metabolism, whereas AnMBR
tends to contain a higher proportion of humic substances and
polysaccharides. Additionally, the EPS yield in AeMBR is generally
greater than that in AnNMBR due to the heightened activity of aer-
obic microorganisms. Furthermore, the particle size of anaerobic
activated sludge (AnS) is usually an order of magnitude smaller
than that of aerobic activated sludge (AeS). These differences
contribute to variations in virus adsorption and inactivation by
AS in AeMBR and AnMBR, resulting in differing virus removal ef-
ficiencies in the two types of MBRs and consequently presenting
varying levels of public health risks.®° Another critical factor is that
the aerobic conditions in AeMBR enhance virus inactivation within
the mixed liquor.'®'*

Despite advancements in the investigation of virus removal ef-
ficacy in AeMBR and AnMBR, a comprehensive comparison of
both MBRs of respective efficiencies and characteristics in
virus removal remains elusive due to the confounding effects
of sewage characteristics and operational parameters. This
research gap hinders our understanding of optimizing MBR sys-
tems, particularly in enhancing the virus removal efficiency from
sewage. Consequently, this study employed MS2 as a surrogate
virus to compare the efficacy of virus removal in AeMBR and
AnMBR during sewage treatment, focusing on the adsorption
and inactivation between AS and virus, thereby providing novel
insights for the advancement of MBR technologies in sewage
treatment.

RESULTS AND DISCUSSION

Virus removal performance of membrane bioreactors
The AeMBR and AnMBR achieved average COD removal effi-
ciencies of 94.88% =+ 2.43% and 90% =+ 1.71%, respectively
(Figure S1A). The COD conversion to CH4 in AnMBR was
74.9% with CH4 content of 88.2 + 1.3% (Figure S1B). The
MLVSS/MLSS ratios of AeMBR and AnMBR were consistently
0.81 + 0.05 and 0.93 + 0.02, respectively, indicating the high
biomass and biological activity in mixed liquor of both MBRs
(Figure S1C)." The stable biological performance and consis-
tent COD removal efficiency demonstrated the performance sta-
bility of MBRs during operation.

The average LRV for MS2 of the AeMBR and AnMBR were
2.53 + 0.54 and 1.64 + 0.90, respectively, indicating significant
variability in MS2 removal, particularly in AnMBR (Figure 1A).
The virus concentrations in AeS and AnS of the MBRs were
9.72 log4o PFU/g, and 10.89 logo PFU/g, respectively, indicating
the high virus adsorption of AS in MBRs (Figure 2B). Similarly, AS
in anaerobic-anoxic-oxic (A20) processes also demonstrated
strong virus adsorption capabilities.’®'” However, research
on virus adsorption by wastewater solids suggests that waste-
water solids have a limited virus adsorption capacity.'® The com-
parison between the virus adsorption of AS and wastewater solids
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highlights the significance of microorganisms and metabolic me-
tabolites in the virus adsorption process. Furthermore, the differ-
ences in virus concentrations in AS from AeMBR, AnMBR, and
the A20 process suggest that the types of microorganisms and
metabolites significantly influence virus adsorption in AS. The
contribution of membrane alone to LRV in AeMBR and AnMBR
referred to as the “baseline removal,” was 0.76 and 1.12, respec-
tively. As membrane fouling accumulated, the virus removal effi-
ciency of membrane fouling in MBRs improved, with the impact
of membrane fouling on virus removal being more pronounced
in AnMBR compared to AeMBR (Figure 1C). Overall, the LRV of
AeMBR was higher than AnMBR, while viral adsorption was signif-
icantly higher of the AnS compared to AeS in MBRs, and mem-
brane fouling improved the virus retention efficiency.

Generally, three mechanisms are related to virus removal in
the MBRs: (i) virus adsorption to activated sludge, (ii) virus inac-
tivation within mixed liquor, and (jii) virus retention by membrane
and membrane fouling.” By adjusting process conditions, oper-
ating parameters, and exogenous additives, the characteristics
of activated sludge and membrane fouling process can be regu-
lated, thereby enhancing virus removal efficiency.'® Wang et al.
demonstrated an improved method for virus removal nu inte-
grating electrochemical with MBR technology.?® Additionally,
the virus removal efficiency of ANMBR was enhanced by regu-
lating the particle size distribution of mixed liquor and the
composition of membrane fouling.*®

Properties of activated sludge associated with virus
adsorption

The particle size of AeS ranged from 13.01 um to 497.83 um
with a mean value of 85.2 um, and AnS varied from 7.78 um

between viruses and like-charged solid

surfaces hinders or completely inhibits

adsorption. The average zeta potential of

AeS and AnS was —22.06 + 0.86 mV and
—8.96 + 2.1 mV, respectively, indicating that the electrostatic
repulsion between MS2 and AeS was significantly greater than
that between MS2 and AnS, attributed to the net negative charge
of MS2 in the mixed liquor (Figure 2B). The disparity in electro-
static repulsion between the virus and AS suggests that the
adsorption efficiency of the virus by AnS was superior to that
of AeS. Figure 2C illustrates that the growth rate for AeS was
0.18 g/(L-d), and AnS was 0.07 g/(L-d), excluding the effects of
endogenous digestion. The additional virus adsorption attrib-
uted to the growth of AS was calculated to be 8.15 log;o PFU/
d for AeS and 9.26 logio PFU/d for AnS based on growth rate
and MS2 concentration in AS. Throughout the entire run, the total
quantity of virus from AeMBR and AnMBR entering the environ-
ment through AS discharge was 10.71 logo PFU and 11.11 logo
PFU, respectively (Figure S2). AS from MBRs is believed to be a
reservoir with abundant virus, implying the exposure and trans-
mission risk during AS treatment and disposal, particularly for
AnS. In terms of the specific production of EPS expressed by
protein and carbohydrate production per gram MLVSS, the con-
centration of total protein and polysaccharide in the AS from the
AeMBR and AnMBR were 27.79 mg/g MLVSS and 25.62 mg/g
MLVSS, respectively (Figure 2D). The differences in virus
adsorption characteristics between AeS and AnS could be influ-
enced by the total amount and composition of EPS.

Adsorption behavior of activated sludge to virus

In order to better understand the interactions between viruses
and AS, the pseudo-second-order kinetic model was employed
to describe the adsorption behavior of viruses at AS concentra-
tions of 6 g/L, 8 g/L, and 10 g/L, with fitting coefficients indicating
that the adsorption processes of both AeS and AnS to the virus
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Table 1. Constants and fitting coefficients of pseudo-second-
order kinetic model

Parameter 6 g/L 8 g/L 10g/L

AeS

g. (PFU/g) 11.40 log+o 11.36 logqo 11.13 logqo

K (9/(PFU-min)) 8.03 x 100 968 x 102  3.06 x 101
R? 0.9192 0.9987 0.9981

AnS

9o (PUF/g) 11.52 logyo 11.93 logso 11.91 logyo
K, (@/(PFU-min) 457 x 1012 346 x 10" 7,07 x 10
R? 0.9991 0.9978 0.9997

can be effectively described by this model (Figure S3; Table 1).
The adsorption equilibrium time was between time and MS2
adsorption efficiency prior to assessing the adsorption capacity
of AS at varying concentrations (Figure S4). The results indicated
that the rate-limiting steps of both AeS and AnS were chemisorp-
tion processes, consistent with findings from Wei et al.?* In a
range of 6 g/L to 10 g/L, there was little difference in the pre-
dicted g, values for AeS and AnS, suggesting that MLSS con-
centration may not be a key operational parameter for improving
virus removal in MBRs. The predicted g, values for AnS were
higher than those for AeS within the MLSS concentration range
of 6 g/Lto 10 g/L, indicating that AnS has a greater virus adsorp-
tion capacity. The MS2 concentration on AeS of AeMBR (9.72
log1o PFU/g) was lower than the predicted g, values (11.13
log1o PFU/g), while the predicted g, value (11.91 logio PFU/Q)
closely matched the MS2 concentration on AnS in AnMBR
(10.89 logyo PFU/g). We speculated that the longer SRT in
AnMBR facilitates the saturation of viral adsorption on AS,
contributing to its higher adsorption concentration.

Survivability of infective virus surrogate

The MS2 inactivation rates in aerobic mixed liquor were higher
than those in the anaerobic mixed liquor, probably owing to
the DO and differing compositions of microorganisms (Fig-
ure 3A). However, the virus inactivation rate in inactivated AeS
was lower than that in inactivated AnS, indicating that the activity
of aerobic microorganisms has a more pronounced effect on vi-
rus inactivation compared to anaerobic microorganisms (Fig-
ure 3A). Previous studies have confirmed that DO contributes
to the loss of viral infectivity through the oxidative destruction
of viral capsid proteins, making it a key factor in virus inactivation
in sewage.'®"'* Moreover, the introduction of biological factors,
especially microorganisms, alters the virus inactivation in mixed
liquor."®2° The redox reaction between microorganisms and mi-
crobial metabolites in the aerobic mixed liquor is more prone to
occur, thereby enhancing virus inactivation.'® The virus inactiva-
tion rate in aerobic mixed liquor surpassed that in the anaerobic
mixed liquor, potentially contributing significantly to the higher
virus removal efficiency observed in the AeMBR compared to
the AnMBR.

The virus inactivation rate constants were 0.41 days’1,
1.44 days™", and 0.45 days™' in aerobic mixed liquor, at the
DO concentration of 0 mg/L, 2 mg/L, and 4 mg/L, respectively
(Figure 3B). The virus inactivation rate did not rise with the in-

4 iScience 27, 111450, December 20, 2024

iScience

crease in DO concentration, with the highest inactivation rate
constant observed at a DO concentration of 2 mg/L. The aerobic
mixed liquor was obtained from the acclimatized activated
sludge with 2 mg/L of DO concentration, indicating that the virus
inactivation at a DO concentration of 2 mg/L may be largely
attributed to higher microbial activity in the survivability
experiment.

The virus is also inactivated by the physical action of the air-
water interface (AWI) produced by the aeration of MBRs.>* At
the same aeration intensity, the smaller particle size of AnS gen-
erates more AWI than AeS, a factor that was overlooked in the
batch experiment.”>® Although MS2 is commonly used as a
surrogate virus for human enteroviruses in virus studies, it is
important to note that MS2, as a typical non-enveloped virus, dif-
fers significantly from enveloped viruses due to fragile lipid
envelop.® Consequently, the conclusions drawn regarding the
inactivation of MS2 in aerobic and anaerobic mixed liquor may
not be applicable to enveloped viruses.

Interactions between activated sludge and virus
Adsorption kinetic changes

The pseudo-second-order kinetic model was employed to fit the
adsorption capacity of each AS fraction at equilibrium, thereby
assessing the contribution of each fraction to virus adsorption.
Under a MS2 concentration of 10" PFU/L and 25°C, the adsorp-
tion kinetics of S-EPS, LB-EPS, and TB-EPS were investigated
following the extraction of AS to explore the interactions be-
tween each EPS fraction and the virus (Figure S5; Figure S6; Ta-
ble 2). The pseudo-second-order kinetic model effectively char-
acterizes the adsorption behavior of S-EPS and LB-EPS, but not
TB-EPS. The g, value after the S-EPS extraction of AeS was one
order of magnitude lower than that of untreated AeS, highlighting
the significant role of S-EPS in virus adsorption within AeS. While
the maximum adsorption capacity after the TB-EPS extraction of
AnS was not determined, the g, values of AnS after the S-EPS
and LB-EPS extraction were comparable to the predicted g,
value of untreated AnS, suggesting the predominant role of
TB-EPS in virus adsorption by AnS.

Spectra changes

The peaks of S-EPS in AeS were observed at excitation/emission
wavelengths (Ex/Em) of approximately 276/335 nm, 336/420 nm,
and 250/375 nm, corresponding to tryptophan protein-like sub-
stances, humic acid-like substances and humic acid, respec-
tively. The peaks of LB-EPS and TB-EPS of AeS were detected
at Ex/Em around 305/375 nm, identified as human acid (Fig-
ure S7). The peak of EPS in AnS was found at Ex/Em of about
230/330 nm and 276/335 nm, representing tyrosine aromatic
protein-like substances and tryptophan protein-like substances,
respectively (Figure S8). Further, the changes in the content and
composition of EPS fractions before and after virus adsorption
were analyzed using three-dimensional fluorescence spectra
combined with parallel factor analysis (PARAFAC), as illustrated
in Figure S9. Table 3 summarizes the variations in fluorescence
intensity of EPS fractions before and after MS2 adsorption.
The fluorescence intensity of tryptophan protein-like substance
in S-EPS of AeS decreased from 205 to 103. Similarly, the fluo-
rescence intensities of marine humic acid and tryptophan pro-
tein-like substances in B-EPS of AeS decreased from 1312 to
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1198 and from 1956 to 1736, respectively. The decrease in fluo-
rescence intensity indicates that these substances of AeS were
bound to MS2, as evidenced by fluorescence quenching.?’
Different from AeS, the tyrosine aromatic protein-like substance,
tryptophan protein-like substance, humic acid A, and humic acid
B in the EPS of AnS bound to viruses. Notable differences in vi-
rus-binding fluorescence substances were observed between
different AS and EPS fractions were seen. Additionally, the pro-
tein-like substance in EPS of both AeS and AnS exhibited a
greater binding capacity for MS2 compared to humic sub-
stances, consistent with findings regarding the EPS adsorption
of heavy metals, antibiotics, and organic pollutants.?*?"2°

The peak intensities of functional groups before and after MS2
adsorption by EPS fractions of AeS and AnS were characterized
(Figure 4). Based on the changes in peak intensity before and af-
ter virus adsorption, the functional groups involved in the virus
adsorption of AS fractions were analyzed to identify the sub-
stances contributing to virus adsorption in each fraction. The
peak at 3428 cm ' was attributed to the O-H and N-H stretching
vibrations of amines, while the band in the range of 3200-
3500 cm~ ! was associated with the O-H bond in hydroxy! func-
tional groups.®®*" The intensity of the peaks in the EPS of both
AeS and AnS decreased following MS2 adsorption, indicating
that the -OH groups also served as active binding sites for
MS2 adsorption.®>*® The decrease in the intensity of the CH,
asymmetric stretch of hydrocarbons and the C-O, C-O-C stretch
from polysaccharides peaks in EPS indicates that the hydrocar-
bon and polysaccharide in AeS provide active sites for virus

Table 2. Kinetic parameters of AS and their fractions for the
adsorption of MS2 at 25°C

Parameter Ko(@/(PFU-min))  ge(PFU/g) R?
AeS

Untreated AeS 3.06 x 10 " 11.13loge  0.998
After S-EPS extraction 487 x 10 10.23logyo  0.936
After LB-EPS extraction ~ 6.44 x 10 <" 10.29logso  0.856
After TB-EPS extraction - - -
AnS

Untreated AnS 7.078 x 10" 11.92log;y  0.999
After S-EPS extraction 4237 x 10" 11.191log,, 0.984
After LB-EPS extraction ~ 1.890 x 10 ©'?  11.04log;,  0.875

After TB-EPS extraction - - -

pollutant adsorption.>* Moreover, the

functional groups derived from polysac-

charides in AeS were involved in virus
adsorption, which differs from the conclusion that the functional
group of protein in EPS was involved in ciprofloxacin adsorp-
tion.?® Meanwhile, the AS from A20 separated the polysaccha-
ride with high virus adsorption.>® Unlike AeMBR, where the
peak intensity at 3428 cm~" changed, the remaining peak inten-
sities in AnNMBR did not exhibit significant alterations after MS2
adsorption. This discrepancy may be attributed to the fact that
microorganisms in AnMBR and AeMBR degrade through distinct
pathways, resulting in different consumption or production of
related microbial metabolites.”'® Among the fluorescent sub-
stances of the both AnS and AeS in EPS, mainly protein-like sub-
stances provided the adsorption of the virus. Functional groups
of polysaccharides in AeS participate in viral adsorption.

Conclusions

The average removal efficiency of AeMBR was higher than that
of AnMBR. The virus concentration in AS of the AnMBR was
greater than that in the AeMBR, which was consistent with the
predictions made by the pseudo-second-order kinetic model.
S-EPS was the primary contributor to virus adsorption in AeS,
and TB-EPS played a significant role in virus adsorption in
AnS. Among the fluorescent substances in EPS of the both
AeS and AnS, protein-like substances were primarily responsible
for virus adsorption. Additionally, the functional groups of poly-
saccharides in AeS were involved in viral adsorption. The virus
inactivation rate in the aerobic mixed liquor was higher than
that in the anaerobic mixed liquor, which may explain the supe-
rior virus removal efficiency observed in the AeMBR compared
to the AnMBR.

Limitations of the study

It is important to acknowledge that the synthetic sewage utilized
in this study simulates actual sewage, with MS2 serving as a sur-
rogate virus to investigate the virus removal efficiency in MBRs
and the interactions between AS and viruses. However, the
behavior of MS2 in synthetic sewage may not fully reflect the
behavior of enteroviruses in real sewage environments. This
discrepancy primarily arises from the fact the enteroviruses in
actual sewage are typically particle-associated, whereas MS2
exists in a free state in synthetic sewage. Furthermore, as a
non-enveloped virus, the mechanisms of the inactivation and
adsorption of enveloped viruses in conjunction with AS differ
significantly from those of enveloped viruses.
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Table 3. Variations in fluorescence intensities of EPS fractions

Fluorescence substances

S-EPS

B-EPS

Before adsorption

After adsorption

Before adsorption

After adsorption

AeS

Marine humic acid 117 140 1312 1198
Tryptophan protein-like substance 205 113 1956 1736
Aromatic protein-like substance - - 227 230
AnS

Tyrosine aromatic protein-like substance 626 398 1030 865
Tryptophan protein-like substance 208 259 1722 1598
Humic acid A 36 42 132 127
Humic acid B 42 57 104 91
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

MS2 ATCC ATCC 15597-B1
E.col ATCC ATCC 155977

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
No experimental models were used in this study.
METHOD DETAILS

Membrane bioreactors and operating conditions

AeMBR and AnMBR were operated under identical conditions to treat synthetic sewage spiked with MS2 bacteriophage, uti-
lizing a polyvinylidene fluoride (PVDF) flat membrane with a membrane pore of 0.2 um (Figure S10). The synthetic sewage con-
tained a chemical oxygen demand (COD) of 500 mg/L and essential nutrients for microbial growth, with detailed composition
provided in Table S1. MS2 stock was introduced daily into the synthetic sewage, achieving a final concentration of approxi-
mately 10'® PFU/L. The substrate tank was maintained at 4°C to prevent the COD degradation and MS2 inactivation. The
seed sludge for AeMBR was sourced from the aerobic tank of a local sewage treatment plant in Xi’an, China, while seed sludge
of AnMBR was obtained from an AnMBR that had been operating stably for over two years in our laboratory. During operation,
the mixed liquor suspended solid (MLSS) concentration of the MBRs was maintained at 10 g/L. The sludge retention time (SRT)
for AeMBR and AnMBR was calculated as approximately 65 days and 238 days, respectively. Control of membrane fouling and
ensure mixing of the bulk sludge by aeration from the bottom of the MBR at a rate of 4.5 L/min, and the gas of AnMBR and
AeMBR originated from the biogas produced by anaerobic digestion and air, respectively. The dissolved oxygen (DO) concen-
tration in the mixed liquor of AeMBR was kept at approximately 2 mg/L. A digital pressure meter (Sinomeasure; China) was
installed between the membrane module and the effluent pump to record the transmembrane pressure (TMP). Other operating
conditions for MBRs were performed as previously described.® Additionally, a separate group of AeMBR and AnMBR was oper-
ated under same operating parameters to treat synthetic sewage without MS2, in order to obtain AS for conducting adsorbabil-
ity experiment, survivability experiment and spectral analyses. Although different batches of AS were utilized for the adsorbabil-
ity experiments, survivability experiments and spectral analyses, each experiment employed a consistent batch of AS within its
respective procedure.

MS2 stock preparation and counting
The preparation of bacteriophage MS2 (ATCC 15597-B1) stock and the MS2 counting method were conducted as described by
Zhang et, al.”> The concentration of MS2 in the mixed liquor was assessed by separately measuring the liquid and solid phases.
Initially, the liquid and solid phases were isolated by centrifugation at 4°C for 60 min at 10,000 g (theoretical size cutoff 340 nm).
The supernatant was carefully collected to determine the volume and MS2 concentration, allowing for the quantification MS2 asso-
ciated with the liquid phase. The solid phase was then resuspended in a 10% tris-glycine beef extract buffer, matching the volume of
the mixed liquor, and mixed thoroughly. After thorough mixing, the sample was incubated in isothermal shaker at 25°C with shaking at
100 rpm for 30 min to elute MS2 from solid phase, followed by centrifugation at 10,000 g for another 30 min. The eluent was carefully
collected to measure the MS2 concentration, thus determining the MS2 associated with the solid phase. The overall MS2 concen-
tration in the mixed liquor was calculated using the following equation:
CeVe
Cmix = CIVI+R—%
Vmix
where C, (PFU/L) and V, (L) are the MS2 concentration and the volume of the liquid phase, respectively. C, (PFU/L) and V, (L) are the
MS2 concentration and the volume of eluent, respectively. C,;x (PFU/L) and V,,,; (L) are the MS2 concentration and the volume of
mixed liquor, respectively. R% is the viral recovery efficiency from AS.

(Equation 1)
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Adsorbability experiment
The MLSS concentration in MBRs was generally maintained between 6 g/L and 10 g/L. Consequently, the adsorption kinetics of the
AS at concentrations between 6 g/L and 10 g/L were investigated by a series of batch tests. The MS2 stock was spiked into mixed
liquor, which was then stirred and incubated at 25°C, 120 rpm. Regular samples were taken to determine the MS2 concentration in
the liquid phase. The adsorption efficiency and the amount of MS2 adsorbed q; (PUF/g) was calculated using the following equation:
Co — C;

Removal efficiency (%) = c
0

(Equation 2)

Co — Cy)xV .
g: = (Co = C)xV (Equation 3)
m
where C; (PFU/L) is the concentration of adsorbate at time t (min), V (L) is the volume of adsorbate solution, m (g) is the mass of AS, g;
(PFU/qg) is the amount adsorbed at time t (min).
In order to better understand the mechanism and rate-control step in the overall adsorption process, the adsorption kinetics data for

MS2 were evaluated using the pseudo-second-order model. The pseudo-second-order equation model is expressed as following:
t 1 1

= +—t
kG2 Qe

where g; (PFU/qg) is the amount adsorbed at time t, g, (PFU/g) is the amount adsorbed at equilibrium, k> (PFU/(g min)) is the equilibrium
rate constant of the pseudo-second-order kinetic model.

(Equation 4)

Survivability experiment

AeS and AnS were collected from the AeMBR and AnMBR that treated MS2-free sewage, respectively, and placed in serum bottles.
Headspace of serum bottle containing AnS was purged with nitrogen gas for 2 min to remove oxygen, and then seal with a butyl rubber
stopper. The serum bottle containing AeS was left unsealed to allow for oxygen supply, maintaining a DO concentration of about 2 mg/L.
MS2 stock was spiked into serum bottles, achieving a final concentration of 10'° PFU/L. The AS with spiked MS2 were promptly stirred
and incubated at 25°C. During the incubation period, regular samples were taken to measure the MS2 concentration in the mixed liquor.
Simultaneously, the AS was inactivated at high temperature to investigate the MS2 inactivation rate in both inactivated AeS and AnS.
The specific procedure for high-temperature inactivation of AS involved autoclaving at 121°C for 15 min. Additionally, the survival of
virus in AeS was studied at DO concentrations of 0 mg/L, 2 mg/L, 4 mg/L, respectively. All samples were analyzed in triplicate. The
inactivation kinetics of virus surrogate was fitted to virus inactivation kinetics using the following equation:

In=2 = — Kopst (Equation 5)

where C, (PFU/L) and C; (PFU/L) represent the concentrations of MS2 at time 0 and ¢, respectively, and K, is the virus inactivation
kinetics constant (day ).

Virus removal and recovery efficiency
The experiments to determine the recovery efficiency of MS2 from AS were performed as follows: mixed liquor sample was intro-
duced into the serum bottles, which were then sealed with butyl rubber stoppers. MS2 stock identified the virus amount was spiked
into the serum bottles, and the serum bottles were mixed to ensure MS2 was adsorbed onto AS. Subsequently, a quantitative aliquot
of mixed liquor was transferred from the serum bottles to centrifuge tubes to determine liquid-phase and solid-phase associated
MS2, respectively. It was hypothesized that no inactivation occurred during the process. The recovery efficiency of MS2 was calcu-
lated by the formulae:
- CeVe .
MS?2 recovery efficiency (%) = —————— (Equation 6)
Sspiked - CIV/

where C,; (PFU/L) and V, (L) are the MS2 concentration and the volume of liquid phase, respectively. C, (PFU/L) and V, (L) are the MS2
concentration and the volume of eluent, respectively. Syieq (PFU) represents the total amount of MS2 spiked. The MS2 recovery
efficiency from AeS, AnS, inactivated AeS, and inactivated AnS is 23.96%, 8.07%, 7.33%, 5.21%, respectively.

MS2 removal efficiency could be expressed as LRV and was calculated using Equation 7. LRVygr and LRVy, were applied to
represent the overall removal and membrane rejection, respectively. Influent and effluent samples of MBRs were collected every
2 days or 3 days and then filtered by a 0.22 ym membrane filter for infection assay to obtain the virus removal efficiency by
MBRs. The virus concentration in the mixed liquor was measured regularly to calculate the virus rejection efficiency of the membrane.

LRV = — log% (Equation 7)

where C; (PFU/L) and C, (PFU/L) represent the MS2 concentrations before and after treatment, respectively.
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EPS extraction and detection

EPS were extracted from AS using a combination of centrifugation and a cation exchange resin extraction method.*® Briefly, a 40 mL
AS sample was centrifuged at 4,000 rpm for 10 min at 4°C. The resulting supernatant was filtered through a 0.45 um filter to obtain the
S-EPS. The remaining sediment was re-suspended with a 59, NaCl solution. Afterward, cation exchange resin (DOWEX R
Marathon C, Na* form, Sigma-Aldrich, USA) was then added at a ratio of 60 g per gram of MLVSS, and mixed thoroughly. The mixture
was centrifuged for 10 min at 10,000 rpm, at 4°C, and the supernatant was filtered through a 0.45 pum filter to obtain the LB-EPS. The
remaining sediment was re-suspended in a 5%, NaCl solution, and shaken at 200 rpm, at 25°C for 4 h. Following, it was centrifuged
again at 10,000 rpm for 10 min at 4°C, and the supernatant was decanted and filtered through a 0.45 um membrane to obtain TB-EPS.
The carbohydrate content in EPS was quantified using H,SO,4/phenol oxidation and a colorimeter method, and the protein content
was determined using the Folin-Ciocalteu methods. All analyses were conducted in duplicate.

Spectral analysis

The three-dimensional excitation-emission matrix (3D-EEM) fluorescence spectra of EPS fractions before and after MS2 adsorption
were obtained for a three-dimensional fluorescence spectrophotometer (F-7000; Hitachi, Japan). The excitation wavelength domain
was set from 250 nm to 550 nm, and the emission range was from 200 nm to 400 nm. The slit widths for both excitation and emission
monochromator were set at 5 nm, and the scan speed was 12000 nm/min 3D-EEM of each sample underwent spectral subtraction
with a deionized water blank to eliminate Rayleigh and Raman scattering and other background noises. Parallel factor analysis
(PARAFAC) was employed to analyze the fluorescence intensity of EPS fractions before and after MS2 adsorption. Additionally,
the functional groups of EPS fractions before and after MS2 adsorption was identified using Fourier transform infrared spectroscopy

(FTIR) (1S50, Nicolet, American) with wave number in the range of 4000 cm~" to 400 cm~".

Other analytical methods

The COD concentration of influent and effluent, MLSS and MLVSS concentration in MBRs were determined as per the Standard
Methods.®” The DO concentration was measured by a HACH HQ30d corresponding probe (LDO101, HACH Company, USA). The
methane (CH,4) content of the biogas was measured with a gas chromatograph (GC-7900; Tianmei, China) equipped with a thermal
conductivity detector. A laser granularity distribution analyzer (LS 230/SVM+; Beckmen Coulter, USA) was used to analyze the par-
ticle distribution of mixed liquor. The zeta potential of mixed liquor was measured by electrophoretic light scattering method (Malvern
Zetasizer Nano-ZS90).

Materials

The purity of all chemical agents is analytical grade at least and use without further purification. 10% tris-glycine beef extract buffer
(10% tris-glycine, CAS556-33-2, Yeast extract), nutrient agar (CM107) was purchased from Beijing Land Bridge Co., Ltd (Beijing,
China), tryptone (CM001) was purchased from Beijing Land Bridge Co., Ltd (Beijing, China), Luria-Bertani agar (CM158) was pur-
chased from Beijing Land Bridge Co., Ltd (Beijing, China), agar powder (01-023) was purchased from AOBOX Co., Ltd (Beijing,
China), Yeast extract was purchased from AOBOX Co., Ltd (Beijing, China), Na ion cation exchange resin (CAS: 150604-77-6)
was purchased from Merck KGaA Darmstadt (Germany), 0.45 um mixed cellulose ester membrane and 0.22 pum mixed cellulose ester
membrane were purchased from Shanghai Xin Ya Purification Equipment Co., Ltd (Beijing, China), 4% BSA solution (CAS: 9048-46-
8) was purchased from Merck KGaA Darmstadt (Germany), Folin & Ciocalteus phenol reagent (Cat.No.F8060) was purchased from
Solarbio science & technology Co., Ltd (Beijing, China), Phosphate-buffered saline (G0002-2L) was purchased from Huhan Service-
bio Co., Ltd (Huhan, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as means + the standard deviations (s.d.) from a minimum of three independent experiments. Origin 2022 was
used to produce all bar chart figures.

ADDITIONAL RESOURCES

There no additional resources.
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