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CaO2 pretreatment enhances fecal
pollution indicator removal during
mesophilic anaerobic digestion of
sewage sludge
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Municipal sludge retains fecal pathogens that pose challenges in its treatment and utilization.
Mesophilic anaerobic digestion (MAD) fails to achieve adequate pathogen reduction while
demonstrating inconsistent methane. To address these, the feasibility of reducing fecal pollution
indicators, including Escherichia coli (EC), human-specific Bacteroides HF183 (HF183), human
adenovirus (HAdV), JC and BK polyomaviruses (JCPyV and BKPyV), and crAssphage by combining
MAD with CaO2 pre-treatment was assessed. Both ·OH and ·O2

− were produced during CaO2 pre-
treatment. ·OH mainly accounted for the removal of these indicators, while ·O2

− reduced their
infectivity. In MAD process, CaO2 pre-treatment accelerated the decay of most indicators with the
elevated ammonia nitrogen in digested sludge. Overall, CaO2 pre-treatment and the MAD process
predominantly contributed to the reduction of HF183, JCPyV and HAdV and the reduction of
crAssphage, EC, and BKPyV, respectively, and combining MAD with CaO2 pre-treatment is an
effective approach for removing fecal indicators from sludge.

Municipal sewage sludge, as the inevitable byproduct of municipal waste-
water treatment plants, harbors over 150 fecal pathogenic bacteria and
viruses, some of which remain infectious even under extreme environ-
mental conditions1,2. Considering the complexflocculent structure of sludge
provides a natural protective barrier for fecal pathogens, rendering con-
ventional treatment processes ineffective in eliminating fecal pollution3.
Insufficiently treated sludge can disseminate fecal pollution through mul-
tiple pathways, including soil infiltration, aqueous migration, and aerosol
transmission, posing severe threats to both the ecological environment and
public health1,4. Conventional detection methods rely on the isolation and
cultivation of fecal indicator bacteria (e.g., Escherichia coli (EC) and Enter-
ococci (ENT)) to indirectly assess fecal pollution levels5. However, these
approaches exhibit significant limitations, including prolonged detection
cycles (24–48 h) and weak correlation with viral pathogens6. To address the
inadequacyof traditional fecal indicators in correlatingwith actual pathogen
risks, we propose a suite of human-associated indicators as novel tracers for
fecal pollution in sludge3,7,8. These indicators exhibit environmental
responsiveness and health risk characteristics that better align with the

biological properties of human fecal pathogens9. Specifically, fecal viral
indicators such as JC polyomavirus (JCPyV), BK polyomavirus (BKPyV),
and HAdV have been documented to be prevalent in diverse aquatic
environments due to their high environmental persistence and human host
specificity10,11. Emerging fecal indicators like crAssphage and theBacteroides
marker HF183 have also been shown to be ubiquitous in global wastewater
systems in recent studies12,13. Nevertheless, systematic research on fecal
pollution indicators in municipal sludge remains underdeveloped. Eluci-
dating the transport behavior and inactivation mechanisms of these indi-
cators in sludge is critical for mitigating environmental risks during sludge
resource recovery.

Currently, anaerobic digestion (AD) has emerged as one of the
mainstream technological routes for sludge stabilization and utilization as it
can achieve sludge reduction, bioenergy recovery, sludge stabilization, as
well as the reduction of certain pathogens (e.g., EC and Clostridium
perfringens)14,15. The biosolids generated from the AD process have been
extensively used as fertilizers for crop growth or as soil conditioners16,17.
However, the impact of the AD process on these human fecal indicators,
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especially fecal viral indicators, which are a major health concern due to
their persistence in environments8, remains unclear. Although thermophilic
anaerobic digestion (TAD) (50–60 °C) can disrupt pathogen enzyme sys-
tems and structural proteins through thermal effects, its large-scale appli-
cation is constrained by significant energy consumption issues18.
Conversely, MAD (30–40 °C) faces technical bottlenecks in reducing fecal
indicators such as non-enveloped viruses compared toTAD15. Additionally,
the unstable performance and low methane production in MAD have
limited its widespread adoption19. To address these challenges, exploring
additional pre-treatment technologies to improve the efficiency of MAD
while achieving effective reduction of human fecal indicators is crucial for
reducing health threats associated with fecal pollution.

Chemical oxidation pre-treatment has gained attention as an effective
strategy to enhance the MAD efficiency20. Among these, CaO2 pre-
treatment demonstrates notable advantages inmaintaining digester stability
due to its unique sustained-release properties and pH buffering capacity. It
facilitates long-term promotion of hydrolytic acidification while neutraliz-
ing acidicmetabolites, thereby preventing abrupt pHdecline21–23. CaO2 pre-
treatment can generate reactive oxygen species (ROS) (e.g. ·OHand ·O2

−) in
a controlled state (reaction 1–4), which can contribute to the reduction of
antibiotic resistance genes during anaerobic sludge fermentation under
ambient conditions24. However, the impact of CaO2 pre-treatment on the
reduction of fecal pollution indicators in sewage sludge and the specific roles
of the generated ROS in their removal and inactivation have not been
thoroughly investigated. Moreover, previous studies have demonstrated that
the spatial distribution of fecal indicators within the complex structure of
extracellular polymeric substances (EPS) in sludge flocs can significantly
govern their interactions with intermediate products formed duringMAD3,25.
Variations in key components, such as soluble chemical oxygen demand
(SCOD), proteins (PN), polysaccharides (PS), and ammonia nitrogen, can
influence the migration behavior and decay kinetics of pathogen
indicators26. Previous research has shown that treating sewage sludge with
potassium ferrate resulted in a significant migration of fecal pollution indi-
cators from sludge pellets to sludge EPS with some extent of inactivation3.
Nevertheless, it remains unclear whether CaO2 pre-treatment can alter the
spatial distribution of fecal pollution indicators within sludge flocs and
influence the intermediate products of MAD to facilitate the decay of fecal
pollution indicators during the MAD process. We hypothesize that fecal
pollution indicators in municipal sewage sludge can be partially reduced
through CaO2 pre-treatment, and that the decay of some remaining indi-
cators can be accelerated during the subsequent MAD process.

CaO2 þ 2H2O ! CaðOHÞ2 þH2O2 ð1Þ

2CaO2 þ 2H2O ! 2CaðOHÞ2 þ O2 ð2Þ

H2O2 þ e� ! �OH þ OH� ð3Þ

�OH þ H2O2 ! H2Oþ HO2 ! �O2
� þ Hþ þ H2O ð4Þ

To this end, the impact of CaO2 pre-treatment and it is subsequent
effects during theMAD process on the removal and inactivation of EC and
five human fecal indicators, including crAssphage, HF183, JCPyV, BKPyV,
andHAdVwere evaluated, in which EC andHF183 are bacterial indicators
while the others are viral indicators. Firstly, the impact of CaO2 pre-
treatment on the reduction of fecal pollution indicators from sewage sludge
was investigated. This involved determining the changes in abundances and
infectivity of these indicators in response to different dosages of CaO2,
identifying the role of primary ROS in removing and inactivating the
selected indicators, and revealing the effect of CaO2 addition on the
migration of the indicators within sludge flocs. Subsequently, the effect of
CaO2 pre-treatment on the decay of fecal pollution indicators during the
subsequentMADprocesswas assessed.Thiswas accomplishedbymodeling
the decay kinetics using a two-parameter log-logistic regression model and

establishing correlations between sludge physicochemical properties and
the abundances of fecal pollution indicators during the MAD process.
Finally, the overall removal of fecal pollution indicators during CaO2 pre-
treatment followed by MAD processes was analyzed to elucidate the
respective process contributions, mechanisms involved, and environmental
consequences. The findings of the present study will provide valuable
insights for controlling human fecal pollution in sewage sludge and miti-
gating associated environmental health risks.

Results and discussion
Effect of CaO2 pre-treatment on the removal and inactivation of
fecal pollution indicators from sewage sludge
The qPCR results revealed that at CaO2 dosages ranging from 0.08 to
0.24 g/g volatile suspended solid (VSS), HF183 demonstrated the log
removal values (LRVs), ranging from 0.81 to 0.88 logs. JCPyV and
crAssphage showed the LRVs between 0.52 logs and 0.77 logs, while HAdV
and BKPyV achieved much lower LRVs of 0.18−0.62 logs and 0.09-0.24
logs, respectively (Fig. 1). Notably, at a CaO2 dosage of 0.32 g/g VSS, sig-
nificant removal effects were observed for all five human fecal pollution
indicators, with removal efficiencies ranging from 0.86 to 1.85 logs (Sup-
plementary Table 1). However, CaO2 pre-treatment did not effectively
remove EC from the sewage sludge. In fact, the abundance of ECmeasured
by qPCR even increased by 0.47–0.53 logs after CaO2 pre-treatment
(Supplementary Table 1), which may be attributed to the presence of
organicmatter in sludge that served as nutrients to promote it is growth and
proliferation27,28. Viability-qPCR analysis revealed that the abundances of
fecal pollution indicators were 0.10−1.44 logs lower compared to qPCR
results, and the infectivity of all five human fecal pollution decreased as the
CaO2 dosage increased (Fig. 1). Overall, these findings suggest that CaO2

pre-treatment can remove and inactivate the five human fecal pollution
indicators, the effectiveness of which depended on the dosage of CaO2.

With CaO2 dosage elevated from 0 to 0.24 g/g VSS, the sludge pH
underwent progressive increase from an initial 7.15 to 8.95. Previous studies
have demonstrated that conventional pH adjustment within the 6–9 range,
employed as the control condition, exhibited limited inactivating efficacy
against common viral species29,30. Both enveloped and non-enveloped
viruses maintained their infectivity without significant alterations, with
most viral particles retaining high structural stability31,32. Conversely,
extreme acidic or alkaline environments (pH < 3.5 or pH > 10) proved
significantlymore effective for viral inactivation32.Given thatCaO₂-induced
pH elevation failed to achieve effective viral inactivation, this study
employed electron paramagnetic resonance (EPR) spectroscopy to sys-
tematically elucidate the inactivationmechanismsmediated by pivotal ROS
(·OH and ·O2

−) generated during CaO₂ pretreatment.
EPR measurement revealed a 5,5-dimethyl-1-pyrroline-oxide

(DMPO)-·OH signal with a characteristic peak height ratio of 1:2:2:1 and
a DMPO-·O2

− signal with a peak height ratio of 1:1:1:1 in the sludge
supernatant treated with CaO2 (Fig. 2a, b), indicating the presence of
both ·OH and ·O2

−. The generated ·OH and ·O2
− were completely

quenched by adding methanol (MeOH) or nitroblue tetrazolium (NBT),
respectively (Fig. 2a, b). After treatment with 1.16 g/L CaO2, the abun-
dances of EC, JCPyV, and BKPyV in the sludge supernatant, as measured
by qPCR, all fell below the limit of detection (LOD), and the abundances
of crAssphage, HF183, and HAdV measured by qPCR significantly
decreased by 0.26–0.94 logs (Fig. 2c). When NBT, an ·O2

− scavenger, was
used, the abundances of EC, JCPyV, and BKPyV, as measured by qPCR,
also remained below the LOD, and no significant changes were observed
in the abundances of crAssphage, HF183, and HAdV compared to the
treatment with CaO2 and without scavenging. However, whenMeOH, an
·OH scavenger, was used, the abundances of EC, JCPyV, and BKPyV
measured by qPCR became detectable, and the abundances of HF183 and
HAdV measured by qPCR were significantly higher than those in the
treatment with CaO2 and without scavenger (p < 0.05). These findings
suggest that during CaO2 pre-treatment, the generated ·OH is more
effective than the generated ·O2

− in degrading nucleic acids of fecal
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pollution indicators, thereby facilitating their removal from the sludge
liquid.

As shown in Fig. 2d, the abundance of infectious crAssphage
(1.00 × 104 gene copies/100mL) was notably lower when MeOH (an ·OH
scavenger) was used compared to when NBT (an ·O2

− scavenger) was
employed (7.41 × 104 gene copies/100mL) (p < 0.05). In the treatment
involving CaO2 and MeOH, although qPCR results indicate that EC and
JCPyV still tested positive (Fig. 2c), viability-qPCR results illustrated that
both indicators had been completely inactivated (Fig. 2d). Pavlova et al.
found that viruses aremore susceptible to oxidative damage inducedby ·O2

−

than by ·OH, and further revealed that ·O2
− can cause oxidative modifica-

tions of proteins, including the oxidation of amino acid residues and the
cleavage of disulfide bonds, whichhas the potential to disrupt the secondary
and tertiary structures of capsid proteins and to ultimately inactivate the
virus44. Therefore, although the generated ·O2

− is less effective than the
generated ·OH in degrading nucleic acids of fecal pollution indicators, the
role of generated ·O2

− in reducing the infectivity of these indicators in sludge
supernatant is still significant.

The reactivity of ·OH and ·O2
− exhibits distinct selectivity toward fecal

pollution indicators. Specifically, ·O2
− demonstrates pronounced efficacy in

reducing infectious abundance across all tested indicators, with the most
pronounced reduction (1.12 logs) notably observed for crAssphage. In
contrast, ·OH exhibits limited effectiveness in reducing the abundance of
crAssphage measured by qPCR. For EC and JCPyV, exposure to ·OH
reduced the infectious abundances of both indicators below detectable
thresholds. For BKPyV, ·OH synergistically enhances the removal of its
abundance as measured by viability-qPCR and qPCR. While ·OH achieves
higher efficacy in reducing infectious abundance of HAdV (0.99 log)
compared to its effect on abundance measured by qPCR, ·O2

− exhibits
greater specificity toward HF183, achieving 0.74 log in infectious abun-
dance, surpassing its effect on abundance measured by qPCR.

In the untreated sewage sludge, the abundances of fecal pollution
indicators determinedby qPCR in sludge pellets were 0.66−4.52 logs higher

compared to soluble EPS (S-EPS), loosely bound EPS (LB-EPS), and tightly
bound EPS (TB-EPS) (Supplementary Fig. 1). Furthermore, except for EC,
the indicators in sludge pellets constituted 97.9−99.9% of their overall
abundances (Supplementary Fig. 2). A previous study revealed that fecal
pollution indicators tend to be concentrated in the pellets of municipal
sewage sludge, offering a certain degree of protection to these indicators3.
Supplementary Fig. 3 demonstrates significant removal of fecal pollution
indicators, with exception of EC, from sludge pellets following pre-
treatment with CaO2 at dosages ranging from 0.08 to 0.32 g/g VSS
(p < 0.05). When sludge was pre-treated with CaO2 at 0.08 g/g VSS, sig-
nificant removal of crAssphage andHF183was observed in S-EPS, aswell as
HF183 andHAdV in LB-EPS, and allfive human fecal indicators inTB-EPS
(p < 0.05). Nevertheless, aside from theCaO2 pre-treatment at 0.08 g/g VSS,
the abundances of diverse fecal indicators in S-EPS and LB-EPS after CaO2

pre-treatment were generally higher than their initial levels, suggesting that
CaO2 pre-treatment resulted in the migrations of these indicators from
sludgepellets to sludgeEPS.These results alignwithpreviousfindingswhere
potassium ferrate induced a comparable migration effect, leading to an
increase in fecal indicator abundances with higher potassium ferrate
dosages3. In the present study, as the CaO2 dosage increased from 0 to
0.32 g/g VSS, the proportions of human fecal indicators in sludge EPS
increased from 0.05−2.84% to 0.70−35.77% (Supplementary Fig. 2b–e).
Notably, BKPyV and HAdV exhibited the most significant migration to
sludge EPS among all indicators. This suggests that at high CaO2 dosages,
the migration of fecal pollution indicators to EPS outweighs the removal
effect of oxidative radicals, changing their spatial distributionandenhancing
their accessibility in sludge liquids, which potentially aid in their removal
and inactivation during subsequent MAD processes.

AlthoughCaO2 pre-treatment removed and inactivated fecal pollution
indicators to a great extent, residual fecal pollution indicators were still
present in the treated sewage sludge, with 6.78 × 104−2.49 × 107 gene
copies/g VSS and 3.72 × 104−3.25 × 106 gene copies/g VSS as measured by
qPCR and viability-qPCR, respectively (Fig. 1). These findings underscore

Fig. 1 | Effect of CaO2 dosage on the abundances and infectivity of fecal pollution
indicators in sludge as measured by qPCR and viability-qPCR. a crAssphage,
bHF183Bacteroides (HF183), cEscherichia coli (EC),d JC polyomaviruses (JCPyV),

e BK polyomaviruses (BKPyV), and f human adenoviruses (HAdV). The red bars
present the abundances of fecal pollution indicatorsmeasured by qPCR, and the blue
bars present the infectivity of fecal pollution indicators measured by viability-qPCR.
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the substantial presence of fecal pollution indicators in CaO2 pre-treated
sludge and emphasize the importance of the subsequent MAD process in
mitigating fecal pollution risks.

Effect ofCaO2 pre-treatment onMADefficiency and the decay of
fecal pollution indicators during MAD process
The effect of CaO2 pre-treatment on the efficacy of the MAD process was
further investigated. As the CaO2 pre-treatment dosage increased from 0 to
0.24 g/g VSS, cumulative methane production rose by 72.85% (Fig. 3a).
However, at 0.32 g/g VSS, methane production only began after the 25th
day, indicating a delayed methane production due to CaO2 pre-treatment.
The enhanced cumulative methane production can be attributed to the
breakdown of sludge flocs by CaO2 pre-treatment at 0.08−0.24 g/g VSS,
which facilitated the release of organicmatters (such as SCOD, PN, and PS)
from the sludge (Fig. 3), thereby enriching the substrate available for the
subsequentMADprocess22,33. Specifically, with an increase in CaO2 dosage,
noticeable increases were observed in the concentrations of SCOD, PN, and
PS. The SCOD concentration rose from 159.97mg/L in the untreated
sewage sludge to 834.35mg/L in sludge pre-treated with CaO2 at 0.24 g/g
VSS. Similarly, the PN concentration increased from 31.71 to 120.67mg/L,
and the PS concentration increased from 13.93 to 56.10mg/L. However,
CaO2pre-treatment at 0.32 g/gVSS led to a significant increase in sludgepH
to 9.56 (Fig. 3e), exceeding the optimal pH ranges for methanogenesis (pH
6.5−7.2) and acidogenesis (pH 6.6−8.0)22. Therefore, while CaO2 pre-
treatment at 0.32 g/g VSS negatively impacted MAD performance, CaO2

pre-treatment at 0.08−0.24 g/g VSS effectively enhanced the efficacy of
MAD process.

The decay kinetics of fecal pollution indicators during the MAD pro-
cess weremodeled by using a two-parameter log-logistic regression (Fig. 4),
and the correspondingfittingparameters are detailed inTable 1. The impact
of CaO2 pre-treatment on the persistence of fecal pollution indicators in
sludge was evaluated by comparing the decay rate b values among different
treatment groups. InMADwithout CaO2 pre-treatment, the fecal pollution
indicators showed varying decay rates. The crAssphage exhibited the fastest
decay rate (b = 1.81), followed by JCPyV (b = 1.64) and HF183 (b = 1.17).
On the other hand, HAdV and BKPyV exhibited the slowest decay rate
(b < 1). In MAD with CaO2 pre-treatment, the decay of HF183, JCPyV,
HAdV, crAssphage, and BKPyV was accelerated. Notably, HF183 and
JCPyV were significantly reduced within 2 days of CaO2 pre-treatment
(0.80−1.50 logs), making it challenging to determine their exact decay rates
during theMADprocess. HAdV demonstrated a rapid decay rate (b > 2) in
MADwith CaO2 pre-treatment at 0.08 and 0.24 g/g VSS, while crAssphage
showed a fast decay rate (b = 2.60) at 0.24 g/gVSS. BKPyVshowed thedecay
rates with b values of 1.21 and 1.03 at 0.08 and 0.24 g/g VSS of CaO2,
respectively. However, the abundance of EC showed an initial increase
followed by a subsequent decline in MAD processes (Fig. 4), regardless of
CaO2 pre-treatment, making it difficult to determine its decay rate through
simulation fitting. As a specific bacteriophage widely present in the human
gut, crAssphage often exhibits faster decay rates and higher removal effi-
ciencies compared to other fecal indicators (such as HF183, JCPyV, HAdV,

Fig. 2 | Effect of free radicals on the abundances and infectivity of fecal pollution
indicators in sludge supernatant pretreated with 1.16 g/L of CaO2. aDMPO-·OH
signal in sludge supernatant. b DMPO-·O2

− signal in sludge supernatant. c The
abundances of fecal pollution indicators measured by qPCR. d The abundance of
fecal pollution indicators measured by viability-qPCR. Control (red): sludge
supernatant without CaO2 pre-treatment; CaO2 (blue): sludge supernatant pre-
treated with CaO2 (1.16 g/L); CaO2+NBT (orange): sludge supernatant pretreated

with CaO2 (1.16 g/L) and NBT (·O2
− quencher); CaO2+MeOH (green): sludge

supernatant pretreated with CaO2 (1.16 g/L) and MeOH (·OH quencher). HF183
human-specific HF183 Bacteroides, EC Escherichia coli, JCPyV JC polyomaviruses,
BKPyVBKpolyomaviruses, HAdVhuman adenoviruses. ND indicates not detected.
Columns with different lowercase letters indicate significant differences among
samples at p < 0.05, whereas columns with the same letter do not indicate significant
differences.
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etc.) in sewage or sludge treatment12,34. This phenomenon is primarily
attributed to its biological characteristics, sensitivity to environmental fac-
tors, and the mechanisms of treatment processes12,35. In this study,
crAssphage exhibited the highest b values, with its abundance being sig-
nificantly higher than that of the other indicators. Its higher initial abun-
dance resulted inmore extensive exposureduring theMADprocess, thereby
demonstrating a higher decay rate. Furthermore, crAssphage demonstrated
greater sensitivity to ROS and by-products of MAD (such as ammonia
nitrogen), which may accelerate its decay during the MAD process. Con-
versely, the failure to fit the EC data primarily resulted from its non-
monotonic behavior, manifested as a potential regrowth phenomenon
during the later experimental phase. Evidence indicates that the abundance
of EC may rebound during the decay phase due to altered nutrient condi-
tions or cellular repair mechanisms, leading to deviation from the two-
parameter log-logistic regression model36,37. Thus, CaO2 pre-treatment not
only aided in the removal and inactivation of human fecal pollution indi-
cators from sewage sludge but also accelerated the decay of most indicators
during the MAD of CaO2 pre-treated sludge.

To further investigate how various physicochemical parameters
impact the decay of fecal pollution indicators during the MAD process,
Spearman correlation analysis was utilized to identify key factors sig-
nificantly associated with changes in their abundances. In addition to
increasing the concentration of soluble organic matter (SCOD, PN, and
PS) in sludge, CaO2 pre-treatment significantly increased ammonia
nitrogen level from 38.21 to 125.26mg/L (Fig. 3f). As shown in Fig. 5,
crAssphage and EC exhibited a strong negative correlationwith ammonia
nitrogen in sludge (r ≤−0.70, p ≤ 0.001), andHF183, JCPyV, BKPyV, and
HAdV showed a moderate negative correlation with ammonia nitrogen
(−0.70 < r ≤−0.4, p ≤ 0.001), highlighting influence of ammonia nitrogen
(38.21−422.88mg/L) on the survival of fecal pollution indicators. Addi-
tionally, the abundance of HF183 displayed a moderately positive corre-
lation with SCOD (59.95−834.35mg/L), PN (23.28−120.67mg/L), and
PS (2.62−64.07mg/L) in sludge (0.4 ≤ r < 0.7, p ≤ 0.01), while the abun-
dance of EC also exhibited a moderately positive correlation with PS
(0.4 ≤ r < 0.7, p ≤ 0.01). These results suggest that ammonia nitrogen
played a crucial role in influencing the decay of fecal pollution indicators
during theMADprocess, and organic compounds (SCOD, PS, andPN) in
sludge may support the survival of fecal bacteria indicators. Previous

studies have demonstrated that ammonia nitrogen has significant bac-
tericidal effects on typical pathogens during anaerobic fermentation38.
High concentrations of ammonia nitrogen are able to penetrate bacterial
cell membranes, disrupt their physiological functions, and effectively
inhibit or eradicate pathogenic bacteria39. Additionally, recent research
has also indicated that ammonia nitrogen enhances the inactivation effect
on non-enveloped viruses during MAD process by destabilizing the sta-
bility of viral genomes15. Ammonia nitrogen can cause damage to the
nucleic acid in viral pathogens without affecting the integrity of their
capsid proteins or altering the isoelectric point of the viral particles40.
Moreover, research has revealed that PS and PN are essential for the
survival of Bacteroides under anaerobic conditions41,42. Meanwhile, Liang
et al. have pointed out that EC in sludge not only promotes the conversion
and removal of carbon during the MAD process but also persists in the
anaerobic digester, maintaining its ecological function42.

Removal of fecal pollution indicators during CaO2 pre-treatment
followed by MAD processes: process contributions, distinct
mechanisms, and environmental consequences
The overall contributions of CaO2 pre-treatment and the following MAD
process to the removal of fecal pollution indicators from sewage sludge are
illustrated in Fig. 6. The proportional contribution ofCaO2 pre-treatment at
0.08 and 0.24 g/g VSS to the removal of the investigated fecal pollution
indicator, excluding EC, ranged from 5 to 97%. In particular, CaO2 pre-
treatment at both dosages accounted for 84–97% of the removal of HF183,
JCPyV and HAdV. Following the CaO2 pre-treatment, the subsequent
MADprocess exhibited pronounced effectiveness in removing crAssphage,
EC, and BKPyV, with the proportional contributions ranging from 52 to
69%. Increasing the CaO2 dosage from 0.08 to 0.24 g/g VSS resulted in an
increase in the proportional contribution of the MAD process to the
removal of fecal pollution indicators such as HF183, EC, JCPyV, and
BKPyV. Specifically, the proportional contribution of the MAD process to
HF183 removal rose from 5 to 11%, EC from 52 to 67%, JCPyV from 5 to
16%, and BKPyV from 63 to 69%. This enhancement is likely due to the
higher CaO2 dosage facilitating the breakdown and solubilization of sewage
sludge, as well as the migration of fecal pollution indicators. It is thus clear
that CaO2 pre-treatment and the following MAD process predominantly
contributed to the removal ofHF183, JCPyV andHAdV and the removal of

Fig. 3 | Effects of CaO2 pre-treatment on the cumulativemethane production and
physicochemical properties of sludge over time during MAD with CaO2 pre-
treatment. a The cumulative methane, b soluble chemical oxygen demand (SCOD),

c soluble protein, d soluble polysaccharides, e pH, and f ammonia nitrogen. Black,
red, blue, green, and purple represent the control group and CaO2 dosages of 0.08,
0.16, 0.24, and 0.32 g/g VSS, respectively.
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crAssphage, EC, and BKPyV, respectively, and increasing the CaO2 dosage
can enhance the efficacy of the MAD process in reducing fecal pollution
indicators.

The novelty of this study lies in itsfirst systematic investigation into the
removal efficacy of CaO2 pre-treatment on fecal indicators in municipal
sludge and the underlying mechanisms duringMAD process. The research
not only validated the effectiveness ofCaO2 pre-treatment in removing fecal
indicators but also elucidated its mechanism via EPR technology, particu-
larly highlighting the roles of ·OH and ·O2

−. This discovery provides new
insights into the oxidative mechanisms of CaO2 pre-treatment. Specifically,
during the CaO2 pre-treatment, CaO2 decomposed to produce ·OH and
·O2

−. The generated ·OH can damage the guanine, adenine, and the C=C
bonds ofDNAof fecal pollution indicators, leading to their degradation and
removal30,43. Meanwhile, the generated ·O2

− can also damage the protein

structure of these indicators, thus effectively eliminating their
infectivity30,43,44. Furthermore, CaO2 disrupted the sludge floc structure to
release soluble organic matter (such as SCOD, PN, and PS), which can
provide more available substrates for microorganisms during the MAD
process, thereby enhancing the efficiency of MAD22,33. Additionally, the
disruption of floc structure made fecal pollution indicators more accessible
to the oxidative radicals, promoting their removal and inactivation during
the pre-treatment process3. In the subsequent MAD process, CaO2 pre-
treatment increased the degradation of proteins in sewage sludge to elevate
the ammonianitrogen levels.High concentrationsof ammonianitrogen can
penetrate bacterial cellmembranes todisrupt their physiological functions39.
For viral indicators, ammonia nitrogenmay disrupt the stability of the viral
genome15. Therefore, the intermediate product of MAD process, ammonia
nitrogen, in conjunction with the oxidative radicals produced during CaO2

Fig. 4 | Decay of fecal pollution indicators in sewage sludge over time during
MAD with CaO2 pre-treatment. a crAssphage, b human-specific HF183 Bacter-
oides (HF183), c JC polyomaviruses (JCPyV), d human adenoviruses (HAdV), e BK

polyomaviruses (BKPyV), and f Escherichia coli (EC). Black, red, and blue represent
the control group and CaO2 dosages of 0.08, 0.24 g/g VSS, respectively.
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pre-treatment, synergistically promoted the removal and inactivation of
fecal pollution indicators, thereby effectively reducing fecal pollution indi-
cators from municipal sewage sludge (Fig. 7a).

After 20 days of MAD with or without CaO2 pre-treatment, the resi-
dual abundances of crAssphage, HF183, and JCPyV in sludge ranged from
1.31 × 106 to 1.61 × 106 gene copies/g dry sludge (DS), 2.32 × 104 to
2.94 × 104 gene copies/g DS, and 8.50 × 103 to 1.66 × 104 gene copies/g DS,
respectively (Fig. 7b). There were no significant differences in the levels of
these indicators among the treatments. Recent studies have shown that
under mesophilic conditions, the T90 values of crAssphage, HF183, and
JCPyV indewatered sludge cakes all exceed 30days.However, theT90 values

(0.99−23.62 days) of these three indicators in MAD with or without CaO2

pre-treatment were notably lower (Table 1). These results suggest that a 20-
day MAD process effectively reduces the levels of crAssphage, HF183, and
JCPyV, regardless of CaO2 pre-treatment. Significant differences in the
residual abundances of EC,HAdV, and BKPyVwere observed in the sludge
with CaO2 pre-treatment and a subsequent 20-day MAD treatment. In the
MADwith CaO2 pre-treatment at 0.24 g/g VSS, the residual abundances of
EC, BKPyV, and HAdV were 1.20 × 104 gene copies/g DS, 8.49 × 103 gene
copies/g DS, and 7.17 × 103 gene copies/g DS, respectively, these levels
represent a significant decline compared to the levels observed in theMAD
process without CaO2 pre-treatment, which were 1.31 × 106 gene copies/g

Table 1 | Decay kinetic parameters of fecal pollution indicators in MAD with and without CaO2 pre-treatment

Indicator Treatment Decay rate (b) T90 (days) R2

crAssphage MAD without CaO2 pre-treatment 1.81 19.37 0.99

MAD with CaO2 pre-treatment at 0.08 g/g VSS 1.38 23.62 0.95

MAD with CaO2 pre-treatment at 0.24 g/g VSS 2.60 13.26 0.88

HF183 MAD without CaO2 pre-treatment 1.17 4.89 0.76

MAD with CaO2 pre-treatment at 0.08 g/g VSS - <5 -

MAD with CaO2 pre-treatment at 0.24 g/g VSS - <5 -

EC MAD without CaO2 pre-treatment - - -

MAD with CaO2 pre-treatment at 0.08 g/g VSS - - -

MAD with CaO2 pre-treatment at 0.24 g/g VSS - - -

JCPyV MAD without CaO2 pre-treatment 1.64 0.99 0.99

MAD with CaO2 pre-treatment at 0.08 g/g VSS - <5 -

MAD with CaO2 pre-treatment at 0.24 g/g VSS - <5 -

BKPyV MAD without CaO2 pre-treatment 0.65 219.28 0.67

MAD with CaO2 pre-treatment at 0.08 g/g VSS 1.21 122.23 0.85

MAD with CaO2 pre-treatment at 0.24 g/g VSS 1.03 65.58 0.93

HAdV MAD without CaO2 pre-treatment 0.91 13.52 0.92

MAD with CaO2 pre-treatment at 0.08 g/g VSS 2.35 12.74 0.90

MAD with CaO2 pre-treatment at 0.24 g/g VSS 2.93 28.22 0.98

Fig. 5 | Spearman’s rank correlation between
physicochemical properties of digested sludge and
the abundances of fecal pollution indicators.
HF183 human-specific HF183 Bacteroides, EC
Escherichia coli, JCPyV JC polyomaviruses, BKPyV
BK polyomaviruses, HAdV human adenoviruses,
NH3-N ammonia nitrogen, SCOD soluble chemical
oxygen demand, PS soluble polysaccharides, PN
soluble protein. * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001.
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DS, 1.83 × 104 gene copies/g DS, and 2.62 × 104 gene copies/g DS for EC,
BKPyV, and HAdV, respectively (Fig. 7b). The land application of anae-
robically digested sludge requires careful consideration of the mixing ratio
with soil, which can vary based on factors such as the characteristics of the
sludge and soil, as well as the intended use. For non-food crops, the sludge
application rate (on a dry solids basis) typically ranges from10 to 30%of the
soil. However, for food crops, the ratio is kept more conservative, at around
5–10%45.TheCaO2pre-treatment followedbyMADprocesshelps toensure
that the abundance of fecal indicators in the soil is effectively diluted,
reaching levels that are equal to or even lower than the natural background
levels in soils46,47, thereby mitigating the potential for elevating the levels of
fecal pollution indicators in soil through the land application of sludge
treated with the MAD process.

Prior to the full-scale implementation of this technology, a com-
prehensive evaluation of the economic feasibility of investment and
production factors is essential. Based on existing literature and research,
we conducted an economic analysis of the CaO2-based technical
approach. As shown in Table 2, we evaluated the net benefit based on the
optimal CaO2 dosage (0.24 g/g VSS) required for efficient removal of
fecal indicators from sludge. The results indicate a methane yield revenue
of 84.33 $/t DS, while chemical costs reached 126.94 $/t DS. This
demonstrates that investment costs exceeded production revenues,
yielding a net profit of−42.61 $/t DS. However, here the benefit from the
reduction of fecal pollution indicators was not included in the cost
evaluation, although it greatly reduced the environmental risks associated
with the utilization of digested sludge. A recent study has revealed that
the same CaO2 pre-treatment significantly enhances the AD perfor-
mance of primary sludge and improves its co-digestion efficiency with
waste activated sludge22. Using an identical calculation method, we
evaluated the net benefits of CaO2 pre-treatment at the optimal dosage
(0.14 g/g VSS) (Supplementary Table 2). The cumulative methane pro-
duction from the pre-treated sludge mixture reached 411mL/g VSS,
representing an increase of 105mL/g VSS compared to the untreated
control group (306mL/g VSS). Correspondingly, methane revenue rose
to 156.52 $/t total suspended solids (TSS), while chemical costs decreased
to 87.82 $/t TSS, resulting in a net profit of 68.70 $/t TSS. These findings
underscore that sludge properties directly influence the optimal CaO2

dosage and cumulative methane yield.
Full-scale application of CaO2 pre-treatment with MAD process can

significantly reduce the residual levels of fecal pollution indicators in

sludge. This mitigates the risk of soil pollution associated with sludge
land application and prevents the transport of fecal pathogens into water
via irrigation or stormwater runoff, thereby safeguarding water quality.
Concurrently, CaO2 pre-treatment accelerates organic matter degrada-
tion and enhances methane production within the MAD process.
However, the full-scale implementation of this technology faces chal-
lenges related to long-term operational stability, economic viability, and
technical integration. While CaO2 sustained-release enhances system
stability, large-scale feasibility depends on optimizing substrate-tailored
dosing strategies (e.g., for sludge solid content and organic/inorganic
matter levels). CaO2 dosage requires careful optimization to prevent
operational complications, including pH fluctuations, inhibitory bypro-
duct formation, and disproportionate capital expenditures. Prospective
investigations should systematically investigate CaO2 pre-treatment
efficacy across diverse sludge classifications and process configurations,
with parallel evaluation of microbial consortia dynamics and functional
adaptations. Comparative efficacy analyses with alternative oxidants (e.g.,
ozone, hydrogen peroxide) could provide critical insights for optimizing
treatment protocols in full-scale applications.

Methods
Sewage sludge samples
Themunicipal sewage sludge used in this experimentwas obtained from the
sludge thickening tank of theQiaobeiWWTP inNanjing, Jiangsu Province,
China. TheWWTPutilizes the anaerobic-anoxic-aerobic process and treats
~200,000 tons of municipal sewage per day. The sludge samples were
transported to the laboratory in insulated containers with ice packs
immediately after collectionwithin 4 h. The physical-chemical properties of
the thickened sewage sludge were determined upon collection, as per the
standard methods. The sludge pH is 6.47, the solid content of the sludge is
2.57%, and its organic matter content is 64.5%.

Pre-treatment of sewage sludge using CaO2

The effect of CaO2 pre-treatment on fecal pollution indicators in sewage
sludge was investigated at the CaO2 dosages of 0.08, 0.16, 0.24, and 0.32 g/g
VSS, along with a control group without CaO2 addition. A series of 250mL
Erlenmeyer flasks, each containing 150mL of sewage sludge, was respec-
tively added with CaO2 at the abovementioned dosages in triplicate. Sub-
sequently, all flasks were placed in a rotary shaker and shaken at room
temperature and 150 rpm for 48 h.

Fig. 6 | Proportional contribution of CaO2 pre-treatment and the subsequent
MAD process on the removal of fecal pollution indicators. a Proportional con-
tribution of CaO2 pre-treatment at 0.08 g/g VSS and the subsequent MAD process
on the removal of fecal pollution indicators. b Proportional contribution of CaO2

pre-treatment at 0.24 g/g VSS and the subsequent MAD process on the removal of
fecal pollution indicators.HF183 human-specificHF183Bacteroides, ECEscherichia

coli, JCPyV JC polyomaviruses; BKPyV BK polyomaviruses, HAdV human ade-
noviruses. Red, blue and orange represent proportional contribution of CaO2 pre-
treatment, proportional contribution of MAD process, and proportional contribu-
tion of post CaO2 pre-treatment andMAD process on the removal of fecal pollution
indicators, respectively.
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Following the CaO2 pre-treatment, the removal and inactivation of
fecal pollution indicators in the treated sewage sludge were analyzed using
qPCR and viability-qPCR methods, respectively. Briefly, 50mL of treated
sludge sample was added to 200mL of 5% beef extract solution for eluting
fecal pollution indicators from the sludge samples47–49. Then, the mixture
was placed in a rotary shaker at 180 rpm and room temperature for 30min
and centrifuged at 8000 × g and 4° C for another 30min to obtain the
supernatant as the eluent. The resulting eluent was separated into two parts.
One part was adjusted to a pH range of 3.0–3.5 with 6 NHCl. Then, 30mL

of the above sample was passed through a negatively charged HA mem-
brane, and the DNA was directly extracted from the HA membrane for
subsequent qPCR analysis. The other part of the eluent underwent PMAxx
pre-treatment, and DNA was extracted from the treated eluent for sub-
sequent viability-qPCR analysis.

To further clarify the effect of CaO2 pre-treatment on the spatial dis-
tribution of fecal pollution indicators in sludge flocs, sludge samples with or
without CaO2 pre-treatment were stratified into S-EPS, LB-EPS, TB-EPS,
and sludge pellets, using the centrifugation and ultrasound method3. The
stratified samples of S-EPS, LB-EPS and TB-EPS were adjusted to a pH
range of 3.0 to 3.5 with 6N HCl and then passed through a negatively
charged HAmembrane. DNA extracted from the HAmembrane was used
for qPCR analysis. The sludge pellet samples were freeze-dried using a
freeze-drying device (Scientz-10N/C, China), and then the dried samples
were subjected toDNA extraction following the protocol of the Power Soil®
DNA Isolation Kit (MOBIO, USA) for subsequent qPCR analysis7. The
concentration and purity of all extracted DNA were determined using a
Nanodrop One spectrophotometer (Thermo Scientific, USA), and the
results are shown in Supplementary Tables 3 and 4.

Sampleswere pre-treatedwithPMAxx before being analyzed for
the infectivity of fecal pollution indicators using viability-qPCR
500 μL of the target samples was mixed with 100 μM PMAxx and then
incubated in darkness for 10min with gentle agitation to allow the pene-
tration of the PMAxx dye to penetrate compromised viral capsids or bac-
terial cell membranes. Following incubation, the samples were exposed to
light activation under a 650-W halogen light for 5min50. It is important to

Fig. 7 | Proposed mechanisms of CaO2 pre-treatment on fecal pollution indica-
tors duringmesophilic anaerobic digestion. a Proposedmechanisms for theMAD
process with CaO2 pre-treatment. bThe abundances of crAssphage, human-specific

HF183 Bacteroides (HF183), Escherichia coli (EC), JC and BK polyomaviruses
(JCPyV and BKPyV), and human adenoviruses (HAdV) after a 20-day MAD pro-
cess with CaO2 pre-treatment at 0.08 and 0.24 g/g VSS.

Table 2 | The net benefit calculation of MAD with CaO2 pre-
treatment at 0.24 g/g VSS

Parameters Calculations Results

Increase of methane yield
(kg/t DS)

76.25 mL/VSS ÷ 22.4 L/mol × 16 g/
mol × 16.58 g/L ÷ 25.7 g/L

35.14

Methane calorific value
(kWh/kg CH4)

— 16

Output energy (kWh/t DS) 35.14 × 16 562.19

Power price ($/kWh) — 0.15

Benefit of methane ($/t DS) 537.12 × 0.15 84.33

Chemical dosage (kg/t DS) 1000 kg DS × 0.645 × 0.24 kg/kg VSS 154.8

Chemical price ($/kg) — 0.82

Chemical cost ($/t DS) 154.8 × 0.82 126.94

Net benefit ($/t DS) 84.33−126.94 −42.61
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note that during the light exposure, the samples were placed at a distance of
15–20 cm from the light source, and the centrifuge tubes were placed on ice
to prevent overheating.

Stratification of sewage sludge samples with or without CaO2

pre-treatment
The sewage sludge with or without CaO2 pre-treatment was stratified
using the centrifugation and ultrasound method3. Briefly, the sludge
samples were centrifuged at 2000 × g for 15 min for the collection of
S-EPS and the sediment. Subsequently, the sediment was resuspended
to its original volume using a 0.05% (w/v) NaCl solution and then
centrifuged at 5000 × g for 15 min to collect LB-EPS and the sediment.
The collected sediment was once again resuspended to its original
volume with the NaCl solution, sonicated at 20 kHz for 10 min, and
centrifuged at 16,000 × g for 20 min. The resulting supernatant was
collected as TB-EPS, while the remaining sediment was regarded as the
sludge pellets.

Identification of free radicals during CaO2 pre-treatment of
sewage sludge
In order to identify the primary radicals involved in CaO2 pre-treatment,
EPR analysis and quenching experiments were conducted on the sludge
supernatant. The free radicals generated were determined using a Bruker
A300 spectrometer (Bruker Instrument Co., Germany) with DMPO as a
spin-trapping agent51. Sewage sludge was thoroughly mixed and then cen-
trifuged at 2000 × g for 15min to collect sludge supernatant. The sludge
supernatant was added with 1.16 g/L CaO2 (equal to the CaO2 dosages of
0.08 g/g VSS), phosphate-buffered saline (50mmol/L, pH = 7.4),
Fe(NH4)2(SO4)2 (1.0mmol/L), and DMPO (0.9 mol/L). The mixture was
then promptly transported into a quartz capillary for EPR measurement.
Additionally, quenching experiments were conducted by introducing
MeOH or NBT into the system, followed by EPRmeasurement via DMPO
trapping.

To determine the effects of ROS species on the abundance and infec-
tivity of fecal pollution indicators, the sludge supernatant was divided into
four groups, with untreated sludge supernatant serving as the control. The
other three groups received the same CaO2 dosage of 1.16 g/L. One group
was treatedwith2mMMeOHto scavenge ·OHradicals, anotherwith 2mM
NBT to scavenge ·O2

− radicals, and the final group received no radical
scavenging treatment.All groupswere agitated for 2 h at 180 rpm in a rotary
shaker at room temperature. Subsequently, 500 μL sample was taken from
each group for DNA extraction for subsequent qPCR analysis, and another
500 μL was pre-treated with PMAxx for viability-qPCR analysis. To ensure
the reliability of the results, three parallel samples were prepared for
each group.

Mesophilic anaerobic digestion of CaO2 pre-treated sludge
The impact of CaO2 pre-treatment on the MAD efficacy of sewage
sludge was investigated. Various dosages of CaO2, namely 0.08, 0.16,
0.24, and 0.32 g/g VSS, were added to the sewage sludge, along with a
control group without CaO2 addition, which was then mixed and agi-
tated at room temperature and 180 rpm for 48 h. After CaO2 pre-
treatment, 720 mL of treated sludge was combined with 80 mL of
inoculated digested sludge in a 1000mL serum bottle and sealed under
anaerobic conditions after purging with nitrogen gas. The inoculated
digested sludge was obtained from an anaerobic digester continuously
operated in our laboratory. The bottles were then placed in a rotary
shaker at 35° C and 180 rpm for a 40-day MAD process. Samples of
50 mL sludge were collected on Day 0, 5, 10, 20, 25, 30, and 40 to analyze
changes in sludge physicochemical properties, including SCOD, PN, PS,
pH, and ammonia nitrogen. Methane production was also monitored
during the process. After each 50mL sampling, an equal volume of
anaerobic digester liquid was supplemented from synchronized backup
AD bottles to maintain the reaction volume. The amount of methane
produced was measured using a gas chromatograph (GC-9890B, Agilent

Technologies, USA). The SCOD was determined using the potassium
dichromate colorimetric method52. PN was measured using the Folin-
Phenol method, and PS was quantified using the phenol-sulfuric acid
method. The sludge pH and ORP were determined by a pHmeter (PHS-
3C, LeTkingok, China), and ammonia nitrogen was determined using
Nessler’s reagent colorimetric method52.

Furthermore, to study the decay of fecal pollution indicators during
MAD of CaO2 pre-treated sludge, sludge pre-treated with CaO2 at 0.08 g/g
VSS and 0.24 g/g VSS was used in the experiment, with untreated sewage
sludge serving as the control. The experimental conditions and sludge
sampling procedures were consistent with the previous MAD experiment.
Following sampling,DNAextractionandqPCRanalysiswere performedon
the sludge samples according to themethods outlined in the section on pre-
treatment of sewage sludge usingCaO2. The concentration and purity of the
extracted DNA were determined, and the results are shown in Supple-
mentary Table 5.

qPCR and viability-qPCR analysis
The primers and probes used for analyzing fecal pollution indicators,
along with their corresponding reaction conditions, are provided in the
Supplementary Table 6. To quantify crAssphage and HF183, a 20 μL
qPCR reaction mixture was prepared with 10 μL of Realtime PCRMaster
Mix (Toyobo Co., Ltd, Japan), 1000 nM each of the forward and reverse
primers, 100 nM of the probe, molecular grade water, and 3 μL of the
extracted DNA. For the quantification of EC, a similar 20 μL qPCR
reaction was set up with 10 μL of Realtime PCRMasterMix, 800 nM each
of the forward and reverse primers, 80 nM of the probe, molecular grade
water, and 3 μL of the extracted DNA. In the case of quantifying HAdV, a
20 μL qPCR reaction was prepared with 10 μL of Realtime PCR Master
Mix, 400 nM each of the forward and reverse primers, 100 nM of the
probe, and 3 μL of the extracted DNA. For the quantification of BKPyV
and JCPyV, each 20 μL qPCR reaction included 10 μL of Realtime PCR
Master Mix, 500 nM each of the forward and reverse primers, 200 nM of
the probe, molecular grade water, and 3 μL of the extracted DNA. In the
viability-qPCR analysis, the reaction conditions were the same as the
qPCR analysis, except that the DNA extracted from PMAxx-treated
samples was utilized. Standard curves were generated ranging from 3 to
3 × 106 gene copies/reaction according to the protocol described in our
previous publications3,7,8. The qPCR amplification efficiencies for all
reactions fell within the acceptable range of 90–110%, with R2 values of
the standard curves exceeded 0.99 (Supplementary Table 5). Instances
where amplification was absent or occurred in only one replicate were
recorded as “Not detected” (ND). The LOD for the quantitative method
was set at three gene copies/reaction, representing the minimum
detectable gene copies reliably identified in at least two out of three qPCR
reactions (each performed in triplicate). To reduce qPCR inhibition
associated with sludge samples, a tenfold serial dilution was undertaken.
The optimal dilution for fecal pollution indicators to reduce qPCR
inhibition in nucleic acid samples was confirmed by Wang et al.
Viability-qPCR analysis of fecal pollution indicators was conducted
according to the protocol outlined in previous studies3,50,53,54.

Data processing and statistical analysis
LRV was utilized to measure the capacities of CaO2 pre-treatment in
removing fecal pollution indicators. TheLRVcan be calculated according to
Eq. 5:

LRV ¼ log10ðAÞ � log10ðBÞ ð5Þ

Where A and B represent the abundances of the fecal pollution indi-
cator before and after a specific dosage of CaO2, respectively.

The decay of fecal pollution indicators during the MAD of sewage
sludge was modeled over the course of time using a two-parameter log-
logistic regression model (Eq. 6). The model’s goodness of fit (R2) and root
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mean square error (RMSE)were calculated to assess the accuracy of the fit55.

Ct

C0
¼ 1

1þ eðb× lnt�eÞ ð6Þ

In this equation, Ct and C0 represent the abundances of fecal pollution
indicators on Day t andDay 0, respectively. The parameter b represents the
decay rate of fecal pollution indicators, with a higher b value indicating a
more rapid decay. The parameter e, which is analogous to lnT50, is related to
the inflection point on the curve, signifying a change in the decay rate. The
parameterT90,which represents the time taken for a90%reduction fromthe
initial abundance, is calculated by the logarithmic logistic equation.

Statistical analysis was conducted using SPSS V26.0 (IBM, USA) for
significance testing. To compare the abundances of fecal pollution indica-
tors across different samples, non-parametric Kruskal-Wallis one-way
ANOVA and Dunn’s post-hoc tests were performed. Pearson correlation
analysis was used to explore the relationship between sludge physico-
chemical properties and the abundances of fecal pollution indicators. Sta-
tistical significance was defined as p ≤ 0.05, with correlations classified as
strong (0.7 ≤ r < 1), moderate (0.4 ≤ r < 0.7), or weak (0.2 ≤ r < 0.4), and
whether they were positive or negative in nature.

Data availability
The data utilized and outcomes obtained in this study are presented within
the paper.
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