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ABSTRACT

The implementation of mainstream anaerobic ammonium oxidation (anammox) can facilitate the realization of
carbon-neutral wastewater treatment. However, this technology remains challenging owing to the inability to
stably provide nitrite. In this study, we developed a novel nitrification and elemental sulfur-based partial
autotrophic denitrification/anammox (NS’DA) process for mainstream nitrogen removal. The NS’DA system
consists of a nitrification reactor and a combined elemental sulfur-based denitrification and anammox (S°DA)
reactor. Each reactor was independently initiated and optimized before being integrated. At mainstream nitrogen
levels (48.5 + 1.7 mg NHZ-N/L) and 25 °C, the NS°DA system achieved 89.1 + 5.7 % total nitrogen (TN)
removal efficiency, with an effluent TN concentration of 5.4 + 2.8 mg N/L. The system exhibited a low N»O
emission factor (0.23 %), significantly lower than other anammox-based systems. The S’DA reactor achieved a
nitrogen removal rate of 0.53 kg N/(m3~d) with a short hydraulic retention time (2 h). Anammox accounted for
87.3 + 7.0 % of the TN removal in the S°DA reactor. Isotope experiments and kinetic analysis revealed the
cooperation between anammox and denitrification for nitrogen removal. Polysulfides formed in the S°DA reactor
enhanced the utilization rate of elemental sulfur. High-throughput sequencing identified Thiobacillus and Can-
didatus Brocadia as the dominant genera of sulfur oxidation and anammox, respectively. The nitrogen and sulfur
metabolic pathways were further verified through metagenomic analysis. Overall, the NS’DA process provides a
stable and efficient nitrogen removal process, minimizing oxygen demand, eliminating organic carbon re-
quirements, and reducing N,O emissions compared to conventional nitrification/denitrification. This approach
offers a promising solution for mainstream nitrogen removal in wastewater treatment.

1. Introduction

anammox remains a considerable challenge (Cao et al., 2017). This
process typically relies on partial nitrification or partial denitrification

Wastewater treatment plants (WWTPs) are pivotal in addressing
water-energy-sanitation challenges. However, conventional activated
sludge processes are energy-intensive (Li et al., 2015; McCarty et al.,
2011). Anaerobic ammonium oxidation (anammox) is an autotrophic
nitrogen removal process that does not consume organic carbon,
enabling the decoupling of carbon and nitrogen removal in wastewater
treatment (McCarty, 2018). Combining energy recovery from carbon
capture with anammox-driven nitrogen removal for sewage treatment
can make WWTPs energy-neutral or even energy-positive (Kartal et al.,
2010).

Despite extensive research on anammox, implementing mainstream
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to supply the required nitrite. While extensive studies have been con-
ducted on partial nitrification-anammox (PNA), its mainstream appli-
cation is hindered by unstable nitrite supply, despite strict control of
operational parameters such as dissolved oxygen (DO), temperature,
sludge retention time (SRT), and the use of various nitrite-oxidizing
bacteria (NOB) inhibitors (Niederdorfer et al., 2021; Wang et al.,
2023a). Compared with PNA, partial denitrification-anammox (PDA)
demonstrates a consistent capacity to provide nitrite for anammox
without complex control strategies to suppress NOB, and organic matter
can be used as carbon sources (Du et al., 2019). However, excessive
proliferation of heterotrophic denitrifiers in this combined system can
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outcompete anammox bacteria (AnAOB), deteriorating nitrogen
removal performance (Kumar and Lin, 2010).

Reduced sulfur compounds (such as $%7, % and Szog’) represent
promising alternatives as electron donors for denitrification (Deng et al.,
2022; Mulder, 1992). Among these reduced sulfur compounds,
elemental sulfur offers distinct advantages, such as low price,
non-toxicity, and easy availability (Sierra-Alvarez et al., 2007). Nitrite
accumulation is commonly observed in elemental sulfur-based denitri-
fication systems (Sierra-Alvarez et al., 2007; Yuan et al., 2022). Addi-
tionally, sulfur-oxidizing bacteria (SOB) and AnAOB exhibit comparable
biomass yields and growth rates (Beffa et al., 1991; Zhang and Okabe,
2020), rendering it feasible to maintain balanced microbial communities
in coculture systems. Thus, elemental sulfur-based denitrification com-
bined with anammox (S°DA) has attracted significant attention for
sustainable nitrogen removal (Deng et al., 2022; Li et al., 2022).
Although S°DA has been applied for high-strength nitrate- and
ammonium-containing wastewater in warm conditions (> 30 °C) (Li
et al., 2019; Zhang et al., 2020), its potential for mainstream nitrogen
removal remains to be explored.

This paper introduces a novel nitrification combined with S°DA
process (NS°DA) for treating low-strength ammonium wastewater (i.e.,
20-75 mg N/L). NS’DA is a low-cost and fully autotrophic nitrogen
removal process that can facilitate the establishment of energy-self-
sufficient WWTPs with carbon capture and cost-effective nitrogen
removal capabilities. However, several challenges remain in the imple-
mentation of NSDA. First, the stable and efficient supply of nitrite for
anammox by elemental sulfur-based denitrification is a challenge. It was
reported that well-controlled conditions, such as high temperature (> 30
°C) and high pH (> 8.5), are essential for elemental sulfur-based partial
denitrification (Chen et al., 2018; Li et al., 2023). Second, the nitrogen
removal efficiency of the NS’DA process remains to be investigated. The
application potential of NS’DA is contingent on achieving a satisfactory
nitrogen removal rate (NRR), which is hindered by the low bioavail-
ability of elemental sulfur (Boulegue, 1978; Di Capua et al., 2016). The
capability of NS’DA to overcome this technical barrier remains to be
clarified.

Therefore, this study aimed to (1) investigate the feasibility of the
NS°DA process for treating mainstream wastewater at 25 °C, (2) analyze
N-removal pathways within the NS’DA system, (3) reveal the utilization
mechanisms of elemental sulfur, and (4) clarify the microbial commu-
nity dynamics during the operation of the NS’DA process.
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2. Materials and methods
2.1. Operational strategies for continuous reactors

The NSDA system was composed of a nitrification reactor and an
S°DA reactor. The NS®DA process is schematically illustrated in Fig. 1.
The operation of NS’DA process was divided into phases I and II. Phase I
involved the independent startup and optimization of the nitrification
and S°DA reactors. In Phase II, the two reactors were integrated to
establish the NS®DA process.

2.1.1. Phase I: separate operation of nitrification and S°DA reactors

A moving bed biofilm reactor (MBBR) with a working volume of 0.5
L was used for nitrification. This reactor used the Mutag BioChip 30™
carrier (protected active surface area of 5500 m?/m?%) with a filling ratio
of 20 %. Biofilm-covered carriers were sourced from a 2 L biofilm reactor
in the laboratory. The MBBR operated in the continuous flow mode with
a hydraulic retention time (HRT) of 4 h at 25 °C. The DO concentration
in the reactor was maintained above 5.0 mg/L. The MBBR was fed with
synthetic wastewater containing 50 mg N/L NHj and mineral media
(Table S1).

The S°DA process was implemented in an up-flow anaerobic sludge
blanket (UASB) reactor with a working volume of 0.5 L, diameter of 6.5
cm, and height of 15 cm. A three-phase separator was installed at the top
of the reactor. The seeding sludge for the SDA reactor was sourced from
a combined sulfide-based partial denitrification and anammox system
(Deng et al., 2021). The concentrations of initial suspended solids (SS)
and volatile suspended solids (VSS) in the reactor were 7.02 and 5.74
g/L, respectively. To enhance mixing intensity, a peristaltic pump
continuously circulated the produced gas from the reactor headspace to
its bottom, with a recycling ratio of the gas flowrate to the influent
flowrate of 1.3. Phase I operations of the S°DA system were divided into
three phases (Table 1). In Phase IA, S°DA was rapidly initiated at 30 °C,
with influent NO3 and NHj concentrations each set at 50 mg N/L. In
Phases IB and IC, the performance of S°DA was evaluated using
low-strength wastewater (NH{ /NO3 = 25/25 mg N/L) at 30 °C and 25

Table 1
Operating conditions of the S°DA system in Phase 1.

Phase Time HRT NO3 NHj NLR Temperature

d h mgN/L  mgN/L kg N/(m*d) °C

1A 1-54 5 50 50 0.48 30

1B 55-109 2 25 25 0.60 30

IC 110-143 2 25 25 0.60 25
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Fig. 1. Schematic of the NS°DA process.
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°C, respectively. The detailed composition of synthetic wastewater is
presented in Table S1. Elemental sulfur powder was added daily ac-
cording to the nitrogen loading rate (NLR).

2.1.2. Phase II: operation of the NS’DA system

After 143 days of independent operation, the nitrification and S°DA
reactors were integrated to establish the NS’DA system (Fig. 1). The
influent stream contained 50 mg N/L NHj and mineral media
(Table S1). Synthetic wastewater was fed to the MBBR and S°DA reactor
in series, with a bypass flow of 50 %. The HRTs for the nitrification and
S®DA reactors were 4 and 2 h, respectively. The NLRs for the nitrification
and S°DA reactors were 0.30 and 0.60 kg N/(m?d), respectively. The
NS°DA system operated at 25 °C throughout Phase II.

2.2. Batch experiments for S’DA

2.2.1. °N isotope labeling experiment

At the end of Phase II, nitrogen removal pathways in the S°DA
reactor were evaluated through a !N isotope labeling experiment.
Biomass (295 + 13 mg VSS) obtained from the S°DA reactor was washed
three times with deionized water and transferred into a 120 mL serum
bottle with a working volume of 100 mL. The biomass was resuspended
in 100 mL of mineral medium (Table S1). Subsequently, the bottle was
thoroughly purged with helium gas (99.999 %) to eliminate nitrogen
and oxygen from the reactor. The serum bottle was allowed to stabilize
for 1 h under the action of a magnetic stirrer (200 rpm) at 25 °C, and the
batch test was initiated by adding 2.5 mg *NHZ-N and 2.5 mg °NO3-N.
29N, and %°N, in the headspace of the serum bottle were collected and
measured using isotope ratio mass spectrometry (MAT253, Gas Bench,
USA) throughout the batch test. Simultaneously, the concentrations of
NHZ, NO3, NO3, N2O, and SO%~ in the liquid phase were monitored.
This batch test was conducted in triplicate.

2.2.2. Determination of polysulfide anions in the S°DA reactor

To determine the role of polysulfides in sulfur metabolism in the
S°DA reactor, a batch test was conducted under anaerobic conditions
without nitrate. After three rounds of washing with deionized water, the
sludge was evenly distributed into three parallel serum bottles and
resuspended in 100 mL of mineral medium (Table S1) without NO3 and
NHj. The biomass concentration in these bottles was 2.0 g VSS/L. Each
bottle was supplemented with 100 mg of elemental sulfur powder. After
deoxygenation, the batch experiment was conducted by placing the
bottles on a magnetic stirrer (200 rpm) at 25 °C for 20 h. Sulfide, sulfate,
and polysulfides concentrations in the reactor were measured during the
experiment.

2.3. Physical and chemical analysis

NHJ, SS, and VSS were detected following standard methods (Rice
et al., 2005). The concentrations of NO3, NO5, and SO%’ were deter-
mined using an ion chromatography device (Thermo Fisher Scientific,
USA) equipped with a Dionex IonPac AS19 column. Gas- and
liquid-phase concentrations of NoO were measured using a gas chro-
matography device equipped with a thermal conductivity detector
(Agilent Technologies 7890A GC, USA) and an NO microsensor (N2O-R,
Unisense, Denmark), respectively. The pH and DO values were moni-
tored using MultiLine® IDS portable meters (WTW 3620, German).
Polysulfide samples were stabilized using methyl triflate (C3FSO3Me) to
form stable dimethyl polysulfides (Me2Sy) (Kamyshny et al., 2004). After
derivatization, the samples were immediately analyzed using a
high-performance liquid chromatography (HPLC, Agilent 1260 Infinity
11, USA) equipped with a C18 column (COSMOSIL 5C18-PAQ, 4.6 mm I.
D. x 250 mm).

Water Research 283 (2025) 123836

2.4. Calculations

2.4.1. Nitrogen removal pathways in the S’DA reactor

Nitrogen removal pathways in the S°DA reactor were evaluated
through calculations and experiments. Based on the long-term perfor-
mance of the S’DA reactor, the contributions of anammox (C,,) and
denitrification (Cqp) to nitrogen removal were determined using Eqs. (1)
and (2), respectively.

ANH; — N

0 1)
AN~ 100% (

Can =1.974 x

Can = 100% — Cyy (2)

where ANHZ-N and ATN represent the amounts of NH4 and total ni-
trogen (TN) removed in the S’DA reactor, respectively. The factor 1.974
represents the mass concentration ratio between nitrogen gas produced
and NHZ removed in the anammox process (Lotti et al., 2014).

Moreover, the nitrogen removal pathways in the S’DA reactor were
directly estimated by measuring the yields of 2°N, and 3°Nj, using
14NH4C1 and Na15N03 (> 98 atom % 15N) as substrates in the batch tests.
Assuming that nitrogen gas produced by anammox contains one nitro-
gen atom each from NH; and NO3, 28N2 and 29N2 gases are formed.
Sulfur-based denitrification can also generate 28N,, 2°N, and %°N,. The
corresponding conversion relationships are as follows (Thamdrup and
Dalsgaard, 2002):

A A
Aptal = - =2 3
l1-p p
D23 D29 D30
Diotal = = ===
T 1-p? 2x(1-pxp p @

where Azg/A29/Atotal and Dog/Dog/D3o/Dyotal represent the Ny produced
through anammox and denitrification, respectively. p represents the
proportion of °N in NO3. Based on the yields of 2°Ny (Ya9) and °Nj
(Y30, Y30=D30), Atotal and Dyota) can be calculated using Egs. (5) and (6),
respectively.

Yoo — Y5 x 2 x (p' —1)
p

(5)

Atotal =

Y
% 6)

Drotal =
2.4.2. N,O emission factor of the NS’DA system

The N3O emission factor (ry,0-n) of the NS°DA system was estimated
using the following equation:

Qgas X Cgas x 1076 x my x My

QInf. x TN (7)

I'N,0-N =

where Qy, is the volume of gas emitted from the reactor (L/d), Cg,s is the
N2O concentration in the emitted gas (ppmv), my is the molar volume of
N-O at standard conditions (0.041 mol/L), My is the molar mass of N in
N2O (28 g/mol), Q. is the influent flow rate of the reactor (L/d), and
TN is the TN concentration in the influent (g N/L).

2.5. Microbial analysis

Sludge samples were collected from the S°DA reactor on days 50
(Phase IA), 100 (Phase IB), 140 (Phase IC), 240 (Phase II), and 340
(Phase II). Additionally, two biomass samples were collected from the
carriers in the MBBR on days 140 and 340. DNA was extracted from
these samples using the magnetic soil and stool DNA kit (Tiangen, Bei-
jing, China). Polymerase chain reaction (PCR) amplification targeted the
V3-V4 region of the extracted DNA fragments. Subsequently, the puri-
fied PCR products were subjected to library construction and sequenced
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on the Illumina NovaSeq6000 platform (Novogene Co., Ltd.).

Samples collected from the S°DA reactor on days 50, 100, 140, and
340 were subjected to metagenomic sequencing on the Illumina
sequencing platform (Novogene Co., Ltd.). After quality control, the
clean data were assembled using MEGAHIT software. Open reading
frames (ORFs) were predicted for the scaftigs using MetaGeneMark, and
a non-redundant gene catalogue was constructed by removing redun-
dancy (Nielsen et al., 2014). Functional annotations were performed by
comparing the gene catalogue against the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database using DIAMOND software (Kanehisa
et al., 2017).

3. Results and discussion
3.1. Phase I: separate operation of nitrification and S’DA reactors

In Phase I, the nitrification and S°DA reactors were operated sepa-
rately. Nitrification was performed in the MBBR, and the S’DA process
was initiated in the UASB. The operating conditions of each reactor were
optimized to achieve stable performance and prepare for the establish-
ment of the NS’DA process.

3.1.1. Achieving nitrification in the MBBR

In Phase I, the MBBR achieved complete nitrification at 25 °C, as
shown in Fig. 2. The influent contained 47.4 + 2.2 mg N/L ammonium
and 1.6 + 1.3 mg N/L nitrite. Robust nitrification performance was
observed throughout this period, with an average NH4 removal effi-
ciency of 98.9 + 1.3 %, and the effluent NH4 concentration was
consistently low at 0.5 + 0.6 mg N/L. The effluent concentrations of
NO3 and NO3 were 47.8 + 2.3 and 0.5 + 0.7 mg N/L, respectively.
Nitrate was the main nitrogen species in the effluent, accounting for 97.8
+ 2.4 % of the effluent TN. Nitrogen loss owing to denitrification and
anammox was negligible, given the absence of organics and high DO
concentration in the nitrifying MBBR. The nitrification kinetics in the
reactor were investigated. In the in-situ batch test, 45.5 mg N/L NHj
was eliminated within 2.75 h, less than the HRT of the MBBR (4 h)
(Fig. S1). These results indicated that the reactor has a higher potential
for nitrifying activity. Overall, the MBBR demonstrated effective and
reliable nitrification performance, establishing the necessary conditions
for the NS°DA process.

3.1.2. Redlizing robust and high-rate nitrogen removal in the S°DA reactor
The nitrogen removal performance of the S°DA reactor was evalu-
ated over 140 days of operation, divided into three phases based on
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different NLRs and temperatures. Phase IA represented the quick startup
period, in which the S°DA reactor was operated at 30 °C with influent
ammonium and nitrate concentrations of 47.7 + 1.5 and 49.4 + 1.8 mg
N/L (Figs. 3a & b), respectively. The NLR in Phase IA was maintained at
0.47 + 0.01 kg N/(m®.d). As shown in Fig. 3c, the S°DA reactor rapidly
started up within 13 d, achieving a TN removal efficiency of 93.2 %.
Subsequently, stable nitrogen removal was gradually achieved, with a
TN removal efficiency of 98.6 + 1.3 % at the end of Phase IA (38-54 d, n
= 15). The effluent concentrations of NHf and NO3 were 0.9 + 0.8 and
0.2 4+ 0.7 mg N/L, respectively. In the assessment of the feasibility of the
S°DA reactor for treating mainstream wastewater, the influent NHj and
NOj3 concentrations were decreased to 23.6 + 0.9 and 25.5 + 0.7 mg N/
L, respectively, in Phase IB. Additionally, the HRT was shortened to 2 h,
with an NLR of 0.60 + 0.01 kg N/(m>-d). In Phase IB (94-109 d,n=16),
the TN removal efficiency remained 97.6 + 2.4 %, and the NRR
increased from 0.46 + 0.02 kg N/(m3~d) (Phase IA) to 0.59 + 0.02 kg N/
(m3-d). In Phase IC (110-143 d, n = 34), the operating temperature
decreased to 25 °C. The effluent NHf and NO3 concentrations slightly
increased to 5.6 + 2.1 and 2.1 + 1.4 mg N/L, respectively, and the TN
nitrogen removal efficiency was 84.2 + 3.1 %. The S°DA reactor ach-
ieved a high NRR of 0.50 = 0.02 kg N/(m>-d) at 25 °C with an HRT of 2
h. The NRR of the S’DA system was considerably higher than that of
reported mainstream anammox systems, which typically achieved NRRs
below 0.20 kg N/(m®-d) (Hausherr et al., 2022; Lotti et al., 2015). These
results highlight that elemental sulfur is an effective electron donor for
the PDA process, supporting high-rate nitrogen removal.

The variation in sulfate concentration during long-term operation of
the S°DA reactor is shown in Fig. 3d Sulfate was the primary product of
elemental sulfur oxidation, and other sulfur compounds (e.g., thiosul-
fate) were not detected in the reactor. In Phase IA, the average sulfate
production was 72.0 mg S/L. Subsequently, as the influent nitrogen
concentration was halved in Phase IB, the sulfate production decreased
to 39.0 mg S/L. During Phase IC, the sulfate production slightly
increased to 44.9 mg S/L. The variation in sulfate production was closely
related to nitrate removal, and the mass ratio of sulfate production to
nitrate removal (ASO3 -S/ANO3-N) provided insights into the in-
teractions between SOB and anammox bacteria in the S°DA reactor. This
ratio is 0.95 in the ideal S°DA process, where the nitrite produced by
SOB is completely consumed by anammox bacteria (Table S2). In
contrast, this ratio is 2.51 for complete denitrification (Koenig and Liu,
2004; Strous et al., 1998). As shown in Fig. 3e, the ASO%™-S/ANO3-N
values were 1.2, 1.3, and 1.6 in Phases IA, IB, and IC, respectively. These
findings suggested that SOB consumed more elemental sulfur in Phase IC
than Phase IB, and the competitive ability of SOB against anammox
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bacteria for nitrite increased at lower temperatures.

Anammox and elemental sulfur-based denitrification were the main
pathways for nitrogen removal in the S°DA reactor. Their respective
contributions to nitrogen removal are shown in Fig. 3f. At the end of
Phase IA, anammox contributed to 96.3 + 1.8 % of nitrogen removal.
This contribution slightly decreased to 93.1 + 6.5 % in Phase IB, indi-
cating that high anammox activity could be retained even at an HRT of 2
h and with low influent nitrogen. When the temperature was decreased
to 25 °C in Phase IC, AnAOB exhibited higher sensitivity to the tem-
perature change than SOB (Fig. S2). Nevertheless, anammox still
contributed to 83.6 + 7.6 % of nitrogen removal. In contrast, the
contribution of anammox to nitrogen removal is typically below 80 % in
organics-based mainstream PDA systems (Le et al., 2019; Takekawa
et al., 2014). These results indicated that nitrite produced by SOB was
mainly utilized by AnAOB, and further nitrite reduction by SOB was
restricted in the S°DA reactor. Suppressing nitrite reduction by SOB is
crucial for realizing the S°DA process. The factors contributing to the
successful operation of the S°DA can be summarised as follows. First, the
residual nitrate (2.1 + 1.4 mg N/L) in the S°DA reactor prevented nitrite

reduction by SOB. Nitrate reductase has a competitive advantage for
electrons over nitrite reductase, especially in the presence of nitrate
(Almeida et al., 1995; Glass and Silverstein, 1998). Second, AnAOB, as
nitrite scavengers, limit the accessibility of nitrite for SOB. AnAOB
exhibit a higher affinity for nitrite with a lower half-saturation constant
for nitrite (Ks: 0.2-40.0 pM) compared with SOB (7.1-57.1 pM) (Wang
et al., 2016; Zhang and Okabe, 2020).

3.2. Phase II: establishment and long-term operation of the NS’DA
process

After the startup and optimization of nitrification and S°DA in
separate reactors, these processes were integrated to establish the
NS°DA system. The NS’DA was operated for 198 days in Phase II (from
day 145 to day 342) to investigate its stability under mainstream con-
ditions, and N,O emissions from the combined process were evaluated.

3.2.1. Long-term performance of the NS’DA process
The performance of the NS®DA process is shown in Fig. 4. The
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influent ammonium concentration was maintained at 48.5 + 1.7 mg N/L
in Phase II. Half of the ammonium-containing influent was fed to the
MBBR for complete nitrification, providing nitrate for the S°DA process
in the UASB. In the MBBR, 99.4 % of NHJ was converted to NO3,
yielding 49.0 + 1.8 mg N/L of nitrate in the effluent (Fig. 4a). The
effluent nitrite concentration in the MBBR in Phase II was below the
detection limit. Only 0.3 mg N/L of nitrogen was lost in the nitrification
reactor, with 0.10 mg N/L emitted as NoO (Section 3.2.2), while the
remaining 0.2 mg N/L was likely utilized for biomass growth.

The nitrified effluent and bypassed synthetic wastewater were mixed
in a 1:1 ratio, resulting in a mixture containing 22.6 + 1.2 mg N/L NH4
and 24.7 + 1.2 mg N/L NO3, which was fed into the S°DA reactor
(Fig. 4b). The ammonium and nitrate removal efficiencies were 85.6 +
8.6 % and 92.8 + 6.3 %, respectively. The nitrite concentration in the
S°DA reactor consistently remained at a low level of 0.3 = 0.5 mg N/L.
The S°DA reactor achieved an impressive TN removal efficiency of 89.0
+ 5.7 %, with a high NRR of 0.53 + 0.04 kg N/(m°-d) in Phase II.
Overall, the TN removal efficiency of the NS°DA ranged from 78.2 % to
100.0 % during Phase II, with an average value of 89.1 & 5.7 % (Fig. 4c¢).
The effluent TN of the NS°DA process was as low as 5.4 & 2.8 mg N/L.

The excellent nitrogen removal of the NS°DA process stemmed from
the stable and efficient performance of the S°DA reactor (Fig. 4e). The
ratio of removed nitrate to removed ammonium was 1.24 in the S°DA

reactor, closely aligning with the theoretical value of 1.06 for the SDA
process. Notably, throughout the 198-d operation of the S°DA reactor in
Phase II, the anammox process consistently accounted for 87.3 + 7.0 %
of the nitrogen removal (Fig. S3), higher than that in Phase IC (83.6 +
7.6 %). This result indicated that nitrate from the nitrification reactor
was a reliable substrate for the subsequent S°DA process. Although ox-
ygen in the nitrifying effluent may have entered the S°DA reactor, it did
not adversely influence the anammox activity.

The stable performance of the S°DA reactor depended on maintain-
ing the optimal influent composition, which was a mixture of nitrifica-
tion effluent and synthetic wastewater. The ratio of nitrate to
ammonium was constantly maintained at 1.09, which was ideal for the
S°DA process. The high nitrifying activity was attributable to constant
nitrate production, which enabled consistent control of the nitrate-to-
ammonium ratio in the influent of S°DA. Therefore, controlling this
ratio is a crucial strategy for the long-term operation of the NS’DA
process. Suppression of NOB is a bottleneck for the application of
mainstream PNA (Du et al., 2019), while the operation of NS°DA is more
controllable and easier to sustain in long-term operation.

The NS°DA process without recirculation has distinct advantages
over recirculating PDA systems. NS’DA eliminates the energy con-
sumption associated with pumping recirculated wastewater, which
typically accounts for 1.5-3.5 % of the total energy consumed in
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wastewater treatment (Longo et al., 2016). Additionally, the NS’DA
system has a higher nitrogen removal efficiency than the PDA with
circulation flow. Recirculating PDA systems typically use a circulation
ratio of 200-300 % (Jiang et al., 2023), resulting in a maximum nitrogen
removal efficiency of only 79.5-85.4 %. In contrast, the maximum ni-
trogen removal efficiency for NS°DA can reach 100 %. In this study, a TN
removal efficiency of 89.0 £ 5.7 % was achieved, exceeding the
threshold of recirculating PDA systems. In addition, optimizing the
mixed ratio of nitrification effluent to raw wastewater can further
improve the nitrogen removal efficiency of the NS°DA process. These
findings highlight the effectiveness and energy-saving benefits of the
NSDA process in mainstream nitrogen removal.

3.2.2. N0 emissions from the NS’DA process

N-0, a potent greenhouse gas, is a significant concern owing to its
role in global warming, and wastewater treatment systems are a key
source of NoO emissions (Terada et al., 2017). The N,O emission from
the NS®DA process was measured during the stable operation period of
Phase II (Fig. 5a). In the NS’DA process, 89.8 % of N,O was emitted from
the nitrification reactor (Fig. 5b). The N2O emission factor from the
nitrification reactor varied in the range of 0.05-0.39 %, with an average
value of 0.21 %. By contrast, the S’DA reactor accounted for only 0.02 %
of the N»O emission factor, contributing 10.2 % of the total N3O emis-
sions from the NS®DA process.

The N,O emission factors from mainstream anammox-based nitrogen
removal processes have been noted to be 1.25 % for a pilot-scale PNA
process (Hausherr et al., 2022), 5.1-6.6 % for a full-scale PNA process
(Desloover et al., 2011), and 2.22 % for a lab-scale nitrification-PDA
process (Zhou et al., 2020). In comparison, the NS’DA process strongly
represses N,O emissions, attributable to the following factors. 1) Nitrite
was not accumulated in nitrification. The nitrifying reactor in the NS’DA
process produced nitrate instead of nitrite, preventing nitrite accumu-
lation. Nitrite accumulation is known to significantly increase NyO
production through nitrifier denitrification (NHf + NO3 — N,0),
especially under oxygen-limitation conditions (Terada et al., 2017). In
this study, the high DO level (> 5.0 mg/L) and undetectable nitrite
concentrations prevented nitrifier denitrification. Consequently, the
N30 emission factor of the nitrification reactor was lower than those
reported for partial nitrification systems (0.57-9.6 %) (Ahn et al., 2011;
Hausherr et al., 2022). 2) N,O did not function as an essential inter-
mediate in the S°DA nitrogen removal pathway. In the S°DA reactor,
anammox contributed to 87.3 + 7.0 % of nitrogen removal. In contrast,
denitrification was responsible for only 12.7 £ 7.0 % of nitrogen
removal, where N>O was potentially produced. Moreover, the NO3
concentration considerably affects NoO emissions in denitrification.
When the NO3 concentration was below 2 mg/L, the NyO production
was limited owing to the alleviation of nitrite inhibition on N3O
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reductase (Pocquet et al., 2016; von Schulthess et al., 1994). The nitrite
concentration was as low as 0.3 & 0.5 mg N/L in the S°DA reactor, and
thus most of the produced N»O was immediately reduced to nitrogen gas
without accumulation.

3.3. Mechanisms for effective nitrogen removal in the S’DA reactor

3.3.1. Isotope analysis to clarify the cooperation between anammox and
denitrification

Isotope tracing was performed to investigate the nitrogen removal
pathway and evaluate the cooperation between anammox and denitri-
fication in the S’DA reactor. Batch tests (Fig. 6a) revealed that anammox
contributed 60.1-75.3 % to nitrogen removal, aligning with the value of
65.8 £+ 4.1 % calculated by the nitrogen mass balance (Fig. 6b). These
contributions were lower than those in the continuously operated
reactor (87.3 % + 7.0 %). This observed discrepancy likely resulted
from changes in operational parameters, such as variations in sludge
concentration and the ratio of elemental sulfur to nitrate (Li et al.,
2022).

During the batch test, a decline in anammox’s contribution to ni-
trogen removal was observed (Fig. 6a), consistent with the increased
ratio of ASO3-S/ANO3-N (Fig. 6¢). To clarify the underlying mecha-
nism, the kinetics of nitrogen and sulfur were analyzed. Based on the
trends of nitrogen and sulfate concentrations, the batch test was divided
into two stages: I (0-3 h) and II (3-9 h). As shown in Fig. 6d, the specific
activity of denitrification for nitrate reduction (rp_no; ) decreased from
1.50 + 0.04 mg N/(g VSS-h) in Stage I to 1.21 + 0.06 mg N/(g VSS-h) in
Stage II. In contrast, the specific activity of denitrification for nitrite
reduction (rp_no, ) increased from 0.40 + 0.18 mg N/(g VSS-h) in Stage I
to 0.67 + 0.10 mg N/(g VSS-h) in Stage II. These results indicated a
weakening of nitrate reductase’s competitive advantage for electrons.
Furthermore, the specific activity of anammox for nitrite reduction
(ra-no; ) decreased from 1.10 + 0.15 mg N/(g VSS-h) in Stage I to 0.54 +
0.04 mg N/(g VSS-h) in Stage II. Overall, the increase in rp_yo, led to a
decline in anammox’s contribution to nitrogen removal. Some possible
explanations for the increase in rp_no, are as follows. The decrease in pH
from 8.06 to 7.48 during the batch test alleviated the suppression of
nitrite reduction (Fig. S4). Nitrite reductase obtains protons from the
extracellular side of the cytoplasmic membrane, while nitrate reductase
acquires the necessary protons from the interior of the cytoplasmic
membrane (Cui et al., 2019a). In high pH conditions, a deficiency of
protons in the periplasmic space limits nitrite reduction, causing nitrite
accumulation and the diversion of more electrons towards nitrate
reduction, which enhances the rate of nitrate reduction (Glass and Sil-
verstein, 1998). Moreover, variations in electron transfer pathways,
sulfur conversion mechanisms, and interactions among SOB and
anammox bacteria likely influenced nitrite reduction rates and require

(b)

Nitrification
89.8%

Fig. 5. N,O emissions in the NS°DA process: N>O emission factors in nitrification and S°DA reactors (a); and distribution of N,O emissions in the NS°DA process (b).
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further exploration.

3.3.2. Role of polysulfides in high-rate nitrogen removal

In the S°DA reactor, effective utilization of elemental sulfur by
sulfur-based denitratation is a prerequisite for high-rate nitrogen
removal. Sulfur-based denitratation first reduces nitrate to nitrite, fol-
lowed by the reduction of nitrite to nitrogen gas by anammox. However,
elemental sulfur is a limiting substrate for SOB owing to its extremely
low solubility. Sulfur disproportionation results in the formation of
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polysulfides as an intermediate in the elemental sulfur-based denitrifi-
cation system, which accelerates the elemental sulfur utilization rate
(Qiu et al., 2022). SOB rapidly consumes generated polysulfides and
sulfide in the presence of oxidized nitrogen (i.e., NO3 and NO3),
resulting in an undetectable level of sulfide/polysulfides (Sun et al.,
2023). To confirm the occurrence of sulfur disproportionation and
presence of polysulfides in the S°DA reactor, batch tests were conducted
with 1 g/L of elemental sulfur powder without oxidized nitrogen. As
shown in Fig. 7a, the produced sulfide and sulfate at the end of the batch
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Fig. 7. Identification of different sulfur forms in the batch test: variation in sulfide/sulfate concentrations (a); and HPLC chromatogram of polysulfides (b).
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test increased to 5.2 and 4.7 mg S/L, respectively. The $27-S/SO%-S
ratio was 1.1, lower than the theoretical value (3.0) for sulfur dispro-
portionation. The low S?7-/S0%-S ratio may be attributable to the
formation of metal sulfides in the sludge (Fig. S5). The sulfide produced
through sulfur disproportionation serves as a precursor for polysulfides
formation. The formation of polysulfides in this batch test was verified
through derivatization methods. As shown in Fig. 7b, the polysulfides
concentration gradually increased with the formation of sulfide, and
S3-, 837, 83, and S2~ were detected during the batch test. These results
indicate that sulfide can potentially be produced by sulfur dispropor-
tionation in the anaerobic zone, and the elemental sulfur is therefore
activated by polysulfides formation. Thus, the self-acceleration of sulfur
utilization driven by polysulfides supports high-rate nitrogen removal in
the S°DA reactor. The polysulfides formation appears to be a break-
through in addressing the slow denitrification rate of elemental
sulfur-based nitrogen removal.

Water Research 283 (2025) 123836
3.4. Microbial analysis

Changes in the microbial community in the NS’DA system during the
experiment were explored through 16S rRNA gene sequencing and
metagenomics. In the nitrification reactor, Nitrosomonas (ammonia-
oxidizing bacteria) and Nitrospira (NOB) were the dominant functional
genera (Chen et al., 2020), as shown in Fig. 8a. The relative abundances
of Nitrosomonas and Nitrospira throughout the operation were
14.88-16.38 % and 8.16-16.16 %, respectively. The enrichment of ni-
trifying bacteria guaranteed stable complete nitrification in the MBBR.

As shown in Figs. 8b and S6, both 16S rRNA gene sequencing and
fluorescence in situ hybridization (FISH) analyses confirmed the coex-
istence of AnAOB and SOB in the S°DA reactor. In the S°DA reactor, the
dominant AnAOB were Candidatus Brocadia and Candidatus Kuenenia.
The relative abundance of Candidatus Brocadia increased from 0.69 % to
1.09 % with the increase in NLR from Phase IA to Phase IB. However, it
decreased to 0.28 % when the temperature dropped from 30 °C (Phase
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IB) to 25 °C (Phase IC) and then gradually increased to 1.30 % by the end
of the experiment. The relative abundance of Candidatus Kuenenia
gradually decreased from 0.77 % on day 50 to 0.03 % on day 260. The
low relative abundance of AnAOB was likely attributable to the limita-
tions of 16S rRNA gene sequencing, as the FISH results showed high
abundance in the S°DA reactor (Fig. S6). Candidatus Kuenenia exhibits a
lower nitrite affinity compared with Candidatus Brocadia (Lotti et al.,
2014) and thus dominates AnAOB groups under nitrite-limited condi-
tions, as observed in certain PDA systems treating high-strength
wastewater containing nitrate and ammonium (Deng et al., 2021; Li
et al., 2019). However, in this study, Candidatus Brocadia was the
dominant AnAOB in the S’DA reactor despite the low nitrite concen-
tration (0.3 £+ 0.5 mg N/L) in the system. Certain species of Candidatus
Brocadia, such as Candidatus Brocadia sp.40 and Candidatus Brocadia
sinica, exhibited higher specific growth rates compared with Candidatus
Kuenenia, enabling their dominance under low-nitrogen conditions
(Zhang and Okabe, 2020). In addition to the influent nitrogen concen-
tration, other factors such as temperature and polysulfide may have
influenced anammox community composition.

The relative abundance of Thiobacillus, the dominant SOB in the
S°DA reactor, increased from 2.32 % in Phase IA to 11.97 % in Phase IB,
decreased to 2.87 % in Phase IC, and finally recovered to 8.32 % by the
end of Phase II. The subdominant SOB was Sulfurimonas, which main-
tained a relative abundance of 0.06-0.41 % throughout the experiment.
Thiobacillus and Sulfurimonas are widely recognized for their roles in
sulfur (e.g., sulfide, elemental sulfur, and thiosulfate)-based partial
denitrification combined with anammox (Deng et al., 2021; Wang et al.,
2023b), where they supply nitrite for anammox. However, these SOBs
typically exhibit a low uptake rate of elemental sulfur, especially for the
pure cultured strains, owing to the challenging bioaccessibility of
elemental sulfur (Di Capua et al., 2016). Notably, some sulfate-reducing
bacteria (SRB), such as Sva0081_sediment group, Desulfoprunum,
Desulfomonile, and Desulforhabdus, which are capable of reducing sul-
fur/sulfate to sulfide, were identified in the SODA reactor (Fig. S7).
Among these, Desulfomonile is capable of the dismutation of sulfur
compounds (Slobodkin and Slobodkina, 2019), which may account for
the sulfide production observed in the batch test. Moreover, the pres-
ence of SRBs provides further evidence for sulfide production in the
S°DA reactor. The produced sulfide may undergo nucleophilic reaction
with elemental sulfur to produce polysulfides, thereby enhancing ni-
trogen removal in the S°DA reactor.

To further investigate the interaction between sulfur and nitrogen
metabolisms in the S’DA reactor, the functional genes encoding sulfur
and nitrogen metabolic enzymes were analyzed by metagenomics, and
the results are shown in Fig. 8c. Microbes mainly access elemental sulfur
through direct transport and indirect transport involving polysulfides
(Zhang et al., 2021). The genes encoding the dissimilatory sulfate
reduction pathway (e.g., sat, aprAB and dsrAB) were detected, verifying
the potential for polysulfides production. After entering the cell,
elemental sulfur/polysulfides are converted into sulfate primarily
through the sulfur-oxidizing enzyme (Sox)-dependent pathway and the
Sox-independent pathway (Cui et al., 2019b), which was supported by
the identification of genes linked to the Sox-dependent pathway (sox-
ABCDXYZ) and the Sox-independent pathway (dsrAB, aprAB and sat).
The nitrogen metabolism in the S°DA system was also evaluated in the
S°DA system. Notably, the relative abundance of napAB (0.005 %—0.012
%) and narGHI (0.076 %—0.095 %) encoding nitrate reductase was
higher than that of nirKS (0.014 %—0.016 %) encoding nitrite reductase.
This finding indicates a significant potential for nitrite accumulation in
denitrification, guaranteeing a sufficient supply of nitrite for anammox.
Subsequently, the nitrite produced by SOB and ammonium in the
wastewater were eliminated by AnAOB via a series of enzymes,
including nitrite reductase encoded by nirKS, hydrazine synthase sub-
unit encoded by hzs (0.002 %—0.006 %), and hydrazine dehydrogenase
encoded by hdh (0.001 %—0.002 %). The symbiotic relationship be-
tween SOB and AnAOB was further validated through genetic evidence
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of synergistic nitrogen and sulfur metabolic pathways, which explained
the excellent nitrogen removal performance in the NS’DA process.

3.5. Implications

This study demonstrates that NS’DA is a reliable and cost-efficient
technology for mainstream nitrogen removal. NS°DA can reduce oxy-
gen consumption by 50 % compared with the traditional nitrogen
removal process. Although this value is slightly lower than that of the
PNA process (60 %), NS°DA eliminates the need for complex control
systems for NOB suppression. The electron donor cost (elemental sulfur)
is only 0.05 USD/kg N in the NS°DA system, representing a reduction of
75.4-92.1 % relative to the organics-based PDA process (Table S3) (Di
Capua et al., 2019). Moreover, the NS°DA process reduces sulfate pro-
duction by 67.5 % compared with elemental sulfur-based denitrifica-
tion. The average sulfate concentration in the effluent of NS’DA is 46.8
mg S/L (equal to 140.4 mg SO3~/L), which is well below drinking water
standards (250 mg SO%’/L) (WHO, 2004). Hence, the NS°DA process
offers a safe, cost-effective, and efficient solution for mainstream ni-
trogen removal.

To ensure sustainable wastewater treatment, it is preferable to cap-
ture organics for energy recovery rather than oxidizing them to carbon
dioxide. Several physicochemical and biological processes can be
applied for harvesting organics from wastewater, such as high-rate
activated sludge, chemically enhanced primary treatment, and anaer-
obic membrane bioreactors (Guven et al., 2022). However, effectively
removing nitrogen from carbon-capturing effluent remains a significant
bottleneck to achieving sustainable wastewater treatment. The NS’DA
process, as a fully autotrophic nitrogen removal system, can be inte-
grated with these carbon-capturing units to realize energy/carbon
neutrality in mainstream wastewater treatments. This integration
demonstrates significant potential for practical engineering applica-
tions. However, this integrated process still involves various challenges
that necessitate further exploration, including the mechanism of
elemental sulfur bio-oxidation, microscale distributions of SOB and
AnAOB, and the applicability of NS’DA in real municipal wastewater.

5. Conclusion

This study developed a novel NS°DA process for nitrogen removal,
consisting of a nitrification reactor and an S°DA reactor. The long-term
performance of the NS’DA process in mainstream conditions was
investigated. The following conclusions were derived.

e The NS’DA system demonstrated an outstanding TN removal effi-
ciency (89.1 + 5.7 %) for treating mainstream wastewater at 25 °C.
The S°DA reactor operated with an HRT of 2 h, and its NRR was
stably maintained at 0.53 kg N/(m3~d).

e Anammox and denitrification were responsible for 87.3 % and 12.7
% of the TN removal, respectively. Moreover, isotope analysis veri-
fied the high activity of anammox in the NS’DA system.

e The absence of nitrite formation in the nitrification reactor and high
anammox activity in the S°DA resulted in a low N5O emission (0.23
%) factor from the NS°DA system.

e The formation of polysulfides improved the bioavailability of the

elemental sulfur and supported the high NRR in the NS°DA process.

The functional bacteria in the nitrification reactor were Nitrosomonas

and Nitrospira. Additionally, the coexistence of AnAOB (Candidatus

Brocadia), SOB (Thiobacillus), and several SRBs in the S°DA reactor

was confirmed.
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