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Abstract

The sulfur fluidizing bioreactor (S’FB) has significant superiorities in treating
nitrate-rich wastewater. However, substantial self-acidification has been observed in
engineering applications, resulting in frequent start-up failures. In this study, self-
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acidification was reproduced in a lab-scale S°FB. It was demonstrated that self-
acidification was mainly induced by sulfur disproportionation process, accounting for
93.4% of proton generation. Supplying sufficient alkalinity to both the influent (3000
mg/L) and the bulk (2000 mg/L) of S°FB was essential for achieving a successful
start-up. Furthermore, the S°FB reached 10.3 kg-N/m3/d of nitrogen removal rate and
0.13 kg-PO4*/m3/d of phosphate removal rate, respectively, surpassing those of the
documented sulfur packing bioreactors by 7—129 times and 26—65 times. This study
offers a feasible and practical method to avoid self-acidification during restart of S’FB
and highlights the considerable potential of S’FB in the treatment of nitrate-rich
wastewater.

Keywords: autotrophic denitrification, disproportionation, alkalinity, phosphate,
nitrate-rich wastewater



O 0 3 O i B W DN —_

e
v A WD~ O

16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31
32
33
34
35
36
37
38
39

1. Introduction

Nitrogen is recognized to contribute to surface water eutrophication, posing a
significant threat to aquatic systems (Dong et al., 2023). Stringent emission standards
and the pursuit of sustainable practices have greatly propelled the advancement of
nitrogen removal technologies. Biological treatment processes have currently become
the most widely utilized and cost-effective solutions for nitrogen removal (Ricardo et
al., 2012). However, certain industrial wastewaters from ammunition, pharmaceutical,
metal finishing, and nuclear industries (Glass & Silverstein, 1998; Nancharaiah &
Venugopalan, 2011), contain hundreds to thousands of milligrams per liter of nitrate-
nitrogen with a low carbon to nitrogen (C/N) ratio (Kim et al., 2004b). This presents a
challenge to the efficiency of biological treatment. Address this issue necessitates the
addition of a substantial amount of organic carbon to uphold an effective heterotrophic
denitrification process (Gong et al., 2013; Karanasios et al., 2016). However, this results
in undesirable operational expenses and carbon dioxide emissions (Sun et al., 2017; Xu
et al., 2018).

The sulfur-driven autotrophic denitrification (S°’AD) process, especially through
the use of sulfur packing bioreactor (S’PB), is increasingly being employed in practical
engineering to attain reduced operational expenses and accomplish carbon-
neutralization objectives (Chen et al., 2022; Wang et al., 2022). However, the efficiency
of sulfur utilization severely restricts the performance of S°PB, primarily due to the low
water solubility of sulfur (0.16 umol/L at 25 °C) (Capua et al., 2017). Furthermore,
clogging is inevitable during S°PB operation and can worsen with increased
denitrification efficiency due to the accumulation of decomposed biomass and produced
N; in the sulfur-packing media (Di Capua et al., 2015). These characteristics determine
the unsuitability of using S’PB for the treatment of nitrate-rich wastewater.

The sulfur fluidizing bioreactor (S°FB) utilizing micron-sized sulfur particles has
proven effective in treating nitrate-rich wastewater, achieving a denitrification rate 2—5
times higher than that of S°PB (Kim et al., 2004a). This improvement is attributed to the
increased active biomass, specific surface area of sulfur particle, and substrate transfer
rate (Ozkaya et al., 2019). Despite using thiosulfate instead of elemental sulfur as the
electron donor under varying pH, temperature, and nitrate loading conditions has been
successfully demonstrated (Di Capua et al., 2017; Zou et al., 2016), its high cost is
generally deemed unacceptable, thus limiting its practical application. Instead, adapting
sulfur as an economic alternative promotes its potential applications. However, the
limited understanding (only 5 studies to date) of the S°FB results in numerous
uncertainties in the subsequent scaling-up process. Moreover, in previous engineering
practice, a significant acidification phenomenon was observed during the restart of
SOFB, which significantly caused restart failures and impeded the maintenance of an
effective operation of S°FB in the long run. Therefore, it is essential to bring this
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engineering issue back to the laboratory for comprehensively investigating the
underlying mechanism and providing feasible solutions.

In this study, a lab-scale S°FB was used to reemerge the acidification phenomenon
in engineering practice. To tackle the problem of acidification, various approaches for
providing alkalinity were tested to determine their effectiveness in accomplishing a
successful and effective restart of the S’FB. The fundamental mechanism of
acidification occurrence and its impact on the denitrification process were explored
through stoichiometric, thermodynamic, and biological analyses. Additionally, the
maximum capabilities of the S°FB for nitrogen and phosphorus removal were
investigated. This study aims to improve the comprehension of acidification occurrence
and provide feasible solutions to promote S°FB applications.

2. Materials and Methods
2.1 Sulfur fluidizing bioreactor

A lab-scale S’FB with a diameter of 40 mm and a working volume of 1.5 L was
assembled (see Supplementary Materials). Sulfur particles, averaging 450 um in
diameter and obtained from a pilot-scale S°FB that remained idle after 2 months robust
operation, were filled into the S°FB to a depth of 255 mm. The expansion rate of sulfur
particles during fluidization was maintained at 150% with a recirculation rate of 266.7
ml/min using a self-priming pump (LS-0412, China). The S°FB was operated in a
continuous inflow mode, with synthetic wastewater (see Supplementary Materials)
introduced into the influent port at the base of the S’FB. The temperature was
maintained at 30£1 °C through the use of heating wires surrounding the reactor and
heaters in the influent tank.

2.2 Start-up and operation of the sulfur fluidizing bioreactor

The S°FB experienced three rounds of start-up followed by a long-term stable
operation, as described in Table 1. During each round of start-up, the S°FB was initially
filled with tap water containing approximately 2.5+0.5 mg-N/L of nitrate and 150+10
mg/L of alkalinity. Subsequently, tap water amended with nitrate, bicarbonate, and
phosphate was continuously fed into the S’FB with an empty bed contact time (EBCT)
of 40 min. During the 1% and 2" rounds of start-up, alkalinity of 285.8+48.0 mg/L and
2235.3+106.8 mg/L was solely supplied to the influent, while in the 3" round start-up,
3303.3+178.4 mg/L and 2000+50 mg/L of alkalinity were supplied to both the influent
and the S°FB bulk, respectively. Following a successful start-up (the 3" round), the
SOFB was continuously operated with gradual increases in the influent nitrate from
49.9£1.4 to 314.5+16.1 mg-N/L and phosphate from 1.0+0.04 to 4.2+0.1 mg/L. Influent
and effluent water samples were daily collected for chemical analysis.
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2.3 Chemical analysis

Water samples were collected using a 0.22 um membrane filter. Anions (nitrite,
nitrate, phosphate, and sulfate) were measured using an ion chromatograph (883 Basic
IC plus, Metrohm, Swizerland) equipped with a Metrosep A Supp 5—250 column
(Metrohm, Swizerland). pH values were measured using a pH meter (pH-Electrode
SenTix 940-3, WTW GmbH, Germany). Dissolved oxygen (DO) and temperature
values were measured using a multi-parameter portable meter (WTW Multi 3620 IDS).

2.4 Microbial community analysis

SEM images were obtained using a SU-8020 scanning microscope (Hitachi, Japan)
to visually inspect the microorganisms on the sulfur particle surface (see Supplementary
Materials). Biomass samples were collected from the sulfur particles prior to start-up
(SU) and post stable operation (SO) for the purpose of conducting microbial community
analysis. The details of biomass pre-treatment, primers, and high-throughput sequencing
can be found in the previous study (Zhang et al., 2022b). The raw sequences of all
samples have been deposited in GenBank database (NCBI, www.ncbi.nlm.nih.gov/)
with an accession number PRINA1030742.

3. Results and Discussion
3.1 Self-acidification in the sulfur fluidizing bioreactor

The S°FB experienced three start-up rounds with different alkalinity feed
conditions, as described in Table 1. During the 1% round of start-up, the effluent
demonstrated a gradual increase in nitrate concentration from 1.1 to 4.6 mg-N/L over
the first 4 days (Fig. 1A). Simultaneously, there was a considerable decrease in pH from
6.8 to 3.0 (Fig. 1C), strongly inhibiting the activities of denitrification reductases (Liu &
Koenig, 2002; Oh et al., 2000). Subsequently, the effluent nitrate continued to increase,
reaching 28.9 mg-N/L on day 19, with higher influent levels of nitrate (46.6+2.2 mg-
N/L) and alkalinity (2044.6+£107.4 mg/L). Consequently, this resulted in an ineffective
nitrate removal efficiency of only 33%, indicating the failure of the start-up. To mitigate
substantial acidification, an initial alkalinity of 2235.3+106.8 mg/L was introduced to
the influent during the 2" round of start-up. Effective nitrate removal from 49.4 to 54.5
mg-N/L was achieved within the initial 7 days, accompanied by a moderate decline in
pH from 7.0 to 6.7. However, there was a dramatic drop in pH from 6.3 to 4.8 starting
from day 8, leading to a continuous increase in nitrate from 2.0 to 26.0 mg-N/L and an
accumulation of nitrite up to 6.3 mg-N/L (Fig. 1C) in the effluent, indicating the start-up
failed once again. To stabilize the pH, 2000+£50 mg/L and 3303.3+178.4 mg/L of
alkalinity were introduced into the bulk and influent, respectively, during the 3" round
of start-up. Consequently, effective and stable S°AD performance was achieved,
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maintaining the pH at approximately 8.3+0.1, exhibiting the complete removal of
49.5+1.8 mg-N/L nitrate and minimal accumulation of nitrite. This illustrates the
successful start-up of the S°FB.

During the stable operation period of the S’FB, the influent nitrate concentration
was stepwise increased from 49.9+1.4 mg-N/L to 314.5+16.1 mg-N/L. Generally,
nearly complete removal of nitrate was achieved until the influent nitrate concentration
reached 314.5+16.1 mg-N/L. Meanwhile, a considerable accumulation of nitrite
occurred during the initial days of elevating the influent nitrate concentration, which
also exerts bio-toxicity on microorganisms (Di Capua et al., 2019; Ricardo et al., 2006).
Under an influent nitrate concentration of 314.5£16.1 mg-N/L, the effluent nitrate
gradually increased from 3.9 to 75.4 mg-N/L, with a maximum nitrite accumulation of
219.9 mg-N/L, illustrating that the S°FB reached its maximum S°AD process capability
at an EBCT of 40 min. Additionally, although a stable pH value was sustained in the
SOFB, variations in pH drop occurred based on the amount of proton production through
the SAD process (Bai et al., 2023).

3.2 Inducing mechanism of self-acidification

To comprehend the control of self-acidification by various alkalinity addition
approaches, the levels of alkalinity consumption were investigated, as shown in Fig. 2.
Throughout the 1% round start-up, complete alkalinity consumption was consistently
observed, despite the increasing influent alkalinity from 285.84+48.0 to 2044.6+107.4
mg/L (Fig. 2A), corresponding to the notable decline in pH (Fig. 1C). Although initially
introducing 2235.3+106.8 mg/L of alkalinity into the influent slowed down the pH drop
during the 2™ round start-up, an average effluent alkalinity of 98.8 + 18.0 mg/L was
observed during the initial 7 days. Subsequently, it further decreased to 14.4+7.9 mg/L
due to the significant consumption of alkalinity amounting to 2222.0+118.4 mg/L. In
contrast, supplying 3303.3+£178.4 mg/L of alkalinity to the influent and 2000+50 mg/L
directly to the bulk effectively maintained the normal pH and reasonable alkalinity
consumption. Over the initial 15 days with 49.5+1.8 mg-N/L of nitrate removal, an
average consumption of alkalinity totaling around 861.6+143.2 mg/L was observed,
presenting a ratio of alkalinity consumption nitrate removal at 17.3+3.5. Subsequently,
the increase in alkalinity consumption coincided with an improvement in nitrogen
removal efficiency.

Sulfur autotrophic denitrification is an acidogenic process (Eq. 1) (Bai et al.,
2023), which consumes 4.57 mg/L of alkalinity (accounted as CaCQO3) for the complete
reduction of 1.0 mg-N/L nitrate to dinitrogen gas (Capua et al., 2017). However, the
actual alkalinity consumption during the 1% start-up was 1673.8+743.9 mg/L,
significantly exceeding the theoretical value of 112.8+31.3 mg/L calculated using the
alkalinity consumption ratio of 4.57. This additional alkalinity consumption was
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significantly eliminated following the successful start-up of S°FB, particularly during
the stable operation period with a higher nitrate loading. The results indicate that apart
from the S°AD process, other biological processes also substantially contributed to the
reduction in alkalinity. Sulfur oxidation by oxygen (S°OX, Eq. 2) and sulfur
disproportionation (S°DP, Eq. 3) are also identified as acidogenic processes (Finster et
al., 1998; Zhang et al., 2021a). To verify whether the oxygen was involved through
recirculation to induce the occurrence of the S°OX process, an experiment of
recirculating anaerobic pure water was conducted. As a result, oxygen was indeed
induced through the recirculation process but with a rate of only 4.0 mg-DO/d.
Considering the DO concentration of approximately 7.4+0.2 mg/L present in the
influent as well, the overall alkalinity consumption related to the S°OX process was
calculated to be a maximum of 42.5+1.1 mg/L. This indicates that the S°OX process did
not primarily contributor to the extra alkalinity consumption. Therefore, the remaining
possible cause of the remarkable alkalinity consumption was proposed to be the S’DP
process.

Previous reports indicate that S’DP bacteria are strictly anaerobic microbes
incapable of conducting the S°DP process in the presence of nitrate and nitrite (Lovley
& Phillips, 1994). At the beginning of the 1 start-up, due to the dilution by the large
recirculation ratio, the concentrations of sulfur-heterologous electron acceptors
(SHEAS) in the bulk were quite low, thereby providing an optimal inducing for the
SODP process (Sun et al., 2023). Moreover, this was reasonable due to the serious acid
inhibition in the S°AD process (Liu & Koenig, 2002; Oh et al., 2000), but not in the
SYDP process, which could remain highly active under pH < 4.5 (Hardisty et al., 2013),
similar to the condition in this study. The increased addition of external alkalinity was
essential to achieve a robust S’AD process by maintaining a suitable pH.

558" +50NO; +38H,0 + 20C0O; +4NH4 —4CsH;0,N + 55807~ +25N, +64H " (1)
S°+1.220, +0.267C0O; +0.018HCO; +0.057NH, +1.10H,0—0.057CsH;0,N + SO3

+2.04H " (2)

480 +AT,O IOV ENAmeG 13- L AaS T 1SH T (3)

3.3 Contributions of different pathways to self-acidification.

The total sulfate production from the combined S°’AD, S°0OX, and S°DP processes
was determined, as shown in Fig. 3A. Generally, the influent sulfate concentration
ranged from 29.9 to 41.8 mg/L throughout the operation of S°FB. The effluent sulfate
concentration sharply increased to 2404.7 mg/L and 2205.4 mg/L by the end of the 1%
and 2™ start-up periods, respectively. In contrast, stable sulfate production was
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observed during the successful 3™ start-up, ranging from 1221.6 mg/L to 1272.8 mg/L.
Subsequently, it dropped to a lower level of 329.5 mg/L on day 23 and consistently
correlated with the nitrogen removal performance.

The observed sulfate production was significantly higher than what would be
anticipated from considering only the S’AD process during each round of start-up. This
finding, in agreement with the alkalinity consumption (Fig. 2), further supports the
notion that self-acidification primarily stemmed from a reaction other than S’AD. In
addition to alkalinity consumption, the production of sulfate is another shared feature
among the S°AD, S°0X, and S°DP processes (Bai et al., 2023; Finster et al., 1998;
Zhang et al., 2021a). Based on Eq. 1-3 and the specific reaction conditions, the total
sulfate production of 1568.6+731.9 mg/L was contributed by 186.0+51.6 mg/L from
S°AD, 40+1.0 mg/L from S°0OX, and 1342.6+679.3 mg/L from S°DP, respectively (Fig.
3B). A decrease in sulfate production was noticed as the addition of alkalinity increased,
reaching levels comparable to those from the sole S’AD process during the stable
operation period.

The results showed that the S’AD, S°0X, and S’DP processes made varying
contributions to self-acidification. By examining the mass balance of alkalinity and
sulfate, the contributions of the S’AD, S°0OX, and S°DP processes to self-acidification
under different operational conditions were calculated, as shown in Fig. 3C. The S°DP
process emerged as the primary driver of self-acidification, accounting for 70.3-93.4%
of proton production. This underscores the active metabolism of the S’DP bacteria, even
under acidic conditions, consistent with previous observations (Hardisty et al., 2013).
The decrease in S°DP contribution to 63.7% during the 3™ start-up signaled a decline in
SYDP activity, attributed to sulfur competition with the survival of S’AD bacteria under
suitable pH conditions (Di Capua et al., 2017). During the stable operational period, the
SODP contribution was significantly reduced to a negligible level, ranging from 17.0%
to 11.0%, owing to the presence of SHEAS that significantly inhibited the S°DP process
(Sun et al., 2023b). While the S°OX process could play a role in self-acidification, its
relatively minor contribution, ranging from 1.2 to 5.7%, suggests that it was not a
significant inducing factor of self-acidification.

3.4 Maximum capabilities of nitrogen and phosphate removal

Following the successful start-up of S°FB, the nitrate loading was gradually
increased from 1.9+0.08 to 15.1+0.8 kg-N/m?/d, as depicted in Fig. 4A. Complete total
nitrogen (TN) removal was achieved with a TN removal rate of 10.3 kg-N/m3/d at a
nitrate loading of 11.2 kg-N/m?/d. However, with each subsequent increase in nitrate
loading, there was a significant drop in the TN removal rate, attributed to decreased
nitrate removal efficiency or increased nitrite accumulation (Fig. 1A and B).
Fortunately, the TN removal rate could gradually recover from 1.9 to 4.3 kg-N/m3/d
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between day 24-30, and rapidly increased from 0.8 to 9.2 kg-N/m?3/d by day 45 under
the nitrate loading of 4.0 and 9.6 kg-N/m?/d, respectively. However, an ongoing decline
in the TN removal rate from 13.3 to 1.8 kg-N/m3/d was observed after increasing the
nitrate loading to 15.1 kg-N/m?3/d. The phosphate input into the influent gradually
increased from 0.3+0.1 to 4.2+0.1 mg/L, in line with the rise in nitrate loading to fulfill
cell synthesis demands (Kong et al., 2016; Qu et al., 2022). Under moderate pH
conditions, significant phosphate removal was achieved, following a consistent trend
with nitrogen removal. For instance, the average total phosphorus (TP) removal of
1.5+0.4 mg/L was achieved at a TN removal rate of 3.9+0.3 kg-N/m3/d. This removal
increased to 2.2+0.9 mg/L with a higher TN removal rate of 9.5+0.5 kg-N/m?3/d and
decreased to 0.6+0.3 mg/L when the TN removal rate dropped to 5.7+3.3 kg-N/m?/d.

The results demonstrated prominent efficiency in removing both nitrogen and
phosphate. At an influent nitrate concentration of 202.8+6.0 mg-N/L and an EBCT of
40 min, the maximum nitrogen removal rate reached 10.3 kg N/m3/d. This value
surpasses the robust performance of S°PBs (0.08—1.47 kg-N/m?3/d) by 7.0-129 times (Di
Capua et al., 2015; Zhang et al., 2022b). And that of S°FBs (0.9-3.4 kg-N/m3/d) by 3.0—
11.4 times, as indicated in earlier research (Kim et al., 2004a), highlighting the
suitability of using S’FBs for treating nitrate-rich wastewater. A higher TN removal rate
was observed when the nitrate loading was raised to 15.1+0.8 kg-N/m3/d, however, the
SOFB exhibited unstable performance. The probable cause of this instability was
attributed to the significant accumulation of nitrite, reaching levels as high as to 219.9
mg-N/L, which can be highly toxic to the denitrifying microorganisms. Meanwhile, the
maximum phosphate removal rate reached 0.13 kg-PO,*/m3/d, exceeding that of S°’PBs
(0.002-0.005 kg-PO4*/m3/d) by 26-65 times. However, a comparison with S’FBs was
not possible due to insufficiently reported data.

3.5 Microbial community analysis

The structures of the microbial community in the sulfur-attaching biofilm were
investigated before start-up (SU) and during the stable operation period (SO), as
illustrated in Fig. 5. The two groups exhibited significant differences in the relative
abundances of Proteobacteria, Acidobacteriota, Bacteroidota, Choroflexi,
Planctomycetota and Campilobacterota at the phylum level. Proteobacteria,
Bacteroidota, and Choroflexi were the dominant phyla, representing 40.8%, 15.6%, and
2.1% in the SU group and 58.1%, 23.0%, and 13.3% in the SO group, respectively.
Notably, a significant increase to 38.4% in Acidobacteriota was observed in the SU
group. As previously reported, the majority of sulfur-oxidizing bacteria belong to the
Proteobacteria phylum (Shao et al., 2010). Additionally, Bacteroidota, Chloroflexi, and
Planctomycetota contain a substantial population of denitrifying microorganisms
(Fernandez et al., 2009; Musat et al., 2010; Zhang et al., 2017).
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At the genus level (Fig. 5B), the predominant genera in the SU group were
Acinetobacter, unclassified f Enterobacteriaceae, Pseudomonas, and Desulfocapsa,
constituting 29.8%, 20.8%, 12.6%, and 5.9% of the relative abundance, respectively.
Acinetobacter exhibits a pH tolerance range of 3.0-9.0, allowing its growth during the
self-acidification period. Furthermore, acidophilic bacteria like Pseudomonas,
discovered in the 20" century, have been identified as sulfur-oxidizing bacteria (Zhang
et al., 2020). Desulfocapsa was observed to facilitate the coupling of elemental sulfur
and thiosulfate disproportionation (Finster et al., 1998), illustrating the presence of the
SDP process during the start-up period. The dominant genus in the SO group were
Thiobacillus, Arenimonas, and unclassified f Commonadaceae, presenting high
relative abundances of 12.3%, 18.3%, and 17.1%, respectively. Thiobacillus is
particularly abundant in the S°AD process, utilizing various reduced sulfur species (e.g.,
SO, S?-, S,0;%) as electron donors while consuming inorganic carbon sources (e.g.,
HCOs5, CO,) to facilitate nitrate reduction to N, (Alvarez et al., 2007; B et al., 2021; Xu
et al., 2021). Arenimonas has been verified for its effective nitrate removal in the S’AD
process (Fang et al., 2022), with its relative abundance showing a positive correlation
with the TN removal rate (Zhang et al., 2023). Moreover, Arenimonas has been reported
to be closely related to the anammox process by achieving an effective short-cut
denitrification process (Huang et al., 2021; Zhang et al., 2022a). Therefore, the high
relative abundance of Arenimonas is proposed to be a reason for serious nitrite
accumulation during the last period in this study. Compared to the previously observed
microbial community in S°PBs (Sun et al., 2023a; Wang et al., 2022), Arenimonas was
significantly enriched, which might indicate its significant role in achieving high-rate
nitrate removal. Although Commonadaceae was not identified at the genus level, this
family is commonly observed with a high relative abundance in the S’AD process,
playing a crucial role in denitrification processes (Zhang & Lv, 2021). Norank f A4b
and PHOS-HE36 were enriched to 3.1% and 3.8% in the SO group, respectively, and
have been identified in numerous denitrification systems that actively engage in the
sulfur cycle (Shi et al., 2021). Flavobacterium, Thremomonas, and Truepera were
detected in the S°FBs, contributing to denitrification (Yin et al., 2019; Zhang et al.,
2021b), with Thremomonas even operating under aerobic conditions (Xing et al., 2018;
Xlab et al.).

To date, 36 culturable microbial species, such as Desulfobulbus, Desulfocapsa,
Desulfomonile, etc., have been identified as capable of conducting the sulfur
disproportionation process (Finster et al., 1998; Jackson et al., 2000). Despite the
significant contribution of SDP to self-acidification and sulfate production, the S°DP
bacteria, identified according to reported species, were not enriched in the SO group of
this study. Similar results were also obtained in the previous study that those known
SYDP bacteria were not enriched even in obligative S°DP bioreactors (Sun et al.,
2023b). Therefore, it is reasonable to deduce that certain S’AD and S°OX bacteria
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might possess the capability to perform S°DP by altering their metabolic pathways from
sulfur oxidation to sulfur disproportionation. However, the functional genes associated
with the S’DP pathways have not yet been identified, which poses challenges in further
exploring the underlying mechanism.

4. Conclusions

Self-acidification was observed during the restart of S°FB, primarily resulting from
the dominant sulfur disproportionation process, leading to an excessively low pH that
hindered the efficiency of sulfur autotrophic denitrification. Ensuring sufficient
alkalinity in both the influent and S°FB bulk could prevent self-acidification, thereby
achieving an effective S°FB start-up. The S°FB can achieve nitrogen and phosphate
removal capacities one order of magnitude higher than those reported for S°PB. This
study offers a solution for controlling self-acidification during S°FB start-up and
emphasizes the significant potential of utilizing the S’FB in nitrate-rich wastewater
treatment.

E-supplementary data for this work can be found in e-version of this paper online.
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Captions
Table 1. Start-up and operation conditions of S°FB.

Fig.1. Periodic variation of nitrate concentrations (A), nitrite concentration (B), and pH
values (C) in SFB.

Fig.2. Periodic variation (A) and pathways (B) of alkalinity consumption in S°FB.

Fig.3. Periodic variation (A) and pathways (B) of sulfate production, as well as the
contributions of different pathways to self-acidification (C) in S°FB.

Fig.4. Periodic variation (A) and average values (B) of TN removal rate, as well as
periodic variation (C) and average values (D) of phosphate removal rate in S’FB.

Fig.5. Relative abundance of the microbial communities before restart-up and during
stable operation at the phylum level (A) and genus level (B).
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497  Table 1.

498  Start-up and operation conditions of S’FB

Influent Influent
Stages NO;—N PO—P Alkalinity (mg/L as CaCO3) pH
S
Influent 285.8+48.0 8.5+0.2
20.3+1.4 SOFB bulk
150 7.0-7.2
(initial value)
15t round 0.08+0.03
Influent 2044.6+107.4  8.5+0.2
46.6£2.2 S°FB bulk
(initial value) 150 7072
Start-up
Influent 2235.3£106.8  9.2+0.3
nd
2"round  50.8+3.5 0.3+0.07 SOFB bulk
150 7.0-7.2
(initial value)
Influent 3303.3£178.4  8.7+0.2
rd
3dround  49.9+1.4 1.0£0.04 49 9S9FB bulk
2000 9.2+0.3
(initial value)
105.9£3.9 1.9£0.1
Stable operation 202.8+6.0 3.2+0.3 Following round 3
314.5+16.1  4.240.1
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