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This study proposes an integrated strategy combining intermittent aeration, methyl p-hydroxy-
phenylpropionate (MHPP) with syringic acid (SA), and hydrazine (N,H4) to address the instability of
nitritation in autotrophic nitrogen removal systems treating low-ammonia wastewater. Achieving stable
nitritation is critical for efficient autotrophic nitrogen removal in such systems. Yet, it remains challenging
due to the difficulty in selectively suppressing nitrite-oxidizing bacteria (NOB) under low ammonia-
conditions. Nitrogen transformation patterns and microbial community succession were analyzed by
comparing the effects of the two inhibitors with N,H4. The R1 reactor employing the MHPP + NoH4 +
intermittent aeration strategy achieved a nitrite accumulation rate (NAR) of 83.75% in the third phase, with
a nitrate accumulation efficiency of only 9.64%. In contrast, the R2 reactor (using SA + N,H,4 + intermittent
aeration) reached an NAR of only 55.61%, while its nitrate accumulation efficiency exceeded 38.63%.
Functional gene prediction revealed a 98% increase in the abundance of the AMO gene in R1 compared to
the initial phase, confirming that MHPP selectively inhibits nitrite-oxidizing bacteria (NOB) while promoting

the metabolism of ammonia-oxidizing bacteria (AOB). High-throughput sequencing further verified a
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significant reduction in NOB abundance in the Rl system (0.017%, p < 0.01). Microbial community
reconstruction revealed that stable system performance was achieved through the synergistic inhibition of
DOI: 10.1039/d5ew00814j NOB and the optimization of the AOB ecological niche. This study offers an innovative approach to
stabilize nitrogen removal in low-ammonia wastewater treatment, addressing an urgent need for effective

rsc.li/es-water and sustainable solutions under challenging operational conditions.

Water impact

Reactive oxygen species, a metabolic byproduct of nitrification inhibitors, are strongly tolerated by ammonia-oxidizing bacteria (AOB), but nitrite-oxidizing
bacteria (NOB) lack key genes needed to resist ROS. This study proposes a combined strategy of nitrification inhibitors, N,H, and intermittent aeration,
aiming to achieve rapid start-up and stable operation of the nitritation process. Methyl p-hydroxy-phenylpropionate and syringic acid, two biological
nitrification inhibitors, were chosen for this study to examine the effects of combining various biological nitrification inhibitors, N,H,, and intermittent
aeration on the stable operation of the low-ammonia nitrogen nitritation system. Combined with functional gene prediction, the influence of the combined
strategy's mechanism on the microbial community's function was revealed. It's an innovative method for stable & efficient nitrite production in low-
ammonia wastewater systems.

1. Introduction

Pursuing novel low-organic-carbon, high-efficiency biological
nitrogen removal technologies is necessary due to the high
energy consumption, high operating costs, and excess sludge
production of traditional biological nitrogen removal processes
(nitrification-denitrification).” The autotrophic  nitrogen
removal method, which combines nitritation and anaerobic
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ammonia oxidation (anammox), has garnered widespread
attention because it significantly reduces the energy required
for aeration, eliminates the need for an external carbon source,
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and has a low excess sludge yield.> In the two main phases of
complete nitrification, ammonia-oxidizing bacteria (AOB)
convert ammonia nitrogen (NH,'-N) to nitrite nitrogen (NO, -
N), which is then oxidized by nitrite-oxidizing bacteria (NOB) to
nitrate nitrogen (NO; -N).?

The nitrification process begins with nitritation, primarily
providing the required substrate NO, -N for the subsequent
anammox process. However, if improperly controlled, NOB can
oxidize NO, -N to NO; -N, disrupting autotrophic nitrogen
removal. AOB and NOB can destabilize the nitritation process,
as they are nitrifying bacterial communities with comparable
growth conditions, especially in low NH,-N environments,
where NOB readily adapt.* Therefore, the key to further
overcoming the application bottleneck of autotrophic nitrogen
removal technology is to effectively suppress the growth of NOB,
thereby achieving stable operation of the nitritation process.

When treating high-concentration NH,'-N wastewater,
high free ammonia (FA) can form a natural inhibition on
NOB, thereby achieving the efficient and stable operation of
the autotrophic nitrogen removal process.” As autotrophic
bacteria, the activity improvement of AOB is limited under
low-substrate conditions, and the low FA concentration is
insufficient to inhibit NOB for low NH,-N concentrations
(20-50 mg L™") in wastewater such as municipal sewage.®’” To
overcome this challenge, intermittent aeration is a frequently
employed control technique that inhibits NOB by taking
advantage of AOB's strong affinity for DO.

The recovery of NOB activity during the anoxic-to-aerobic
transition is slower than that of AOB, and a proper distribution
of anoxic and aerobic time can sustain NOB's low-activity state
for extended periods.*® Intermittent aeration and a low DO
concentration (0.15 mg L) during the aerobic phase were used
by Ma et al' to inhibit NOB activity further. Long-term
operation causes NOB to adapt to their environment, gradually
disrupting the nitritation process. Researchers have recently
investigated several novel techniques to inhibit NOB activity,
including the use of blue light irradiation," ultrasonic
irradiation,'® and magnetic field exposure,'* among others. This
research group has also previously performed optimized dosage
tests for hydrazine (N,H,). A low N,H, concentration can
effectively inhibit NOB, however, NOB subsequently adapt to
the environment, thereby disturbing the nitritation process
again.'* Although this research has progressed, issues including
their high cost and inconsistent inhibitory effects on NOB
remain. It is challenging to achieve long-term stable operation
of the nitritation process with a single inhibitory strategy."

In current wastewater treatment practices, other strategies
for suppressing nitrite-oxidizing bacteria (NOB), such as the
application of electric/magnetic fields, maintaining high free
ammonia (FA) concentrations, or precise dissolved oxygen (DO)
control, often face limitations. These include high operational
costs, questionable practical feasibility, significant operational
complexities, and the known resilience of NOB. Consequently,
utilizing nitrification inhibitors presents a more straightforward
and rapid approach (e.g., via ROS generation, natural NOB
suppression), benefiting from easier availability and
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implementation. “Nitrification inhibition” was postulated by
Subbarao et al'® Chemical nitrification inhibitors are
compounds synthesized through chemical processes. In
contrast, biological nitrification inhibitors (BNIs) are substances
that produce and secrete inhibitory effects on nitrification in
the root systems of plants in nature.’® Nitrification inhibitors
are widely applied in soil agriculture, but systematic research
has not yet been conducted in water treatment."”

In preliminary experiments, the research team discovered
that different nitrification inhibitors could effectively suppress
nitrifying bacteria (NOB) while promoting the activity expression
of ammonia-oxidizing bacteria (AOB). Subsequently, a
comprehensive preliminary screening was conducted on two
significant categories of nitrification inhibitors: chemical
nitrification inhibitors and biological nitrification inhibitors
(BNIs). This study evaluated the effects of multiple biological
nitrification inhibitors on ammonia-oxidizing bacteria (AOB)
and nitrifying bacteria (NOB). Comparative assessments
revealed that in short-term batch experiments, MHPP and SA
demonstrated superior nitrification efficiency. Therefore, SA
and MHPP, two biological nitrification inhibitors, were chosen
for this study to examine the effects of combining various
biological nitrification inhibitors, N,H,, and intermittent
aeration on the stable operation of the low-ammonia nitrogen
nitritation system. While previous studies have investigated the
application of hydrazine (N,H,) alone for achieving partial
nitrification, our experimental results demonstrate a clear
advantage of the proposed synergistic strategy. Key performance
indicators, including the nitrite accumulation rate and the
relative abundances of AOB/NOB, were significantly higher in
our system compared to those reported in studies utilizing
N,H, solely. Therefore, the synergistic effect proposed in our
study is confirmed to be substantial and effective. Moreover, the
microbial community's phylum and genus-level succession
patterns were examined using high-throughput sequencing
technology. In contrast, when combined with functional gene
prediction, the influence of the combined strategy on the
microbial community's function was revealed.

2. Materials and methods

2.1. Experimental set-up

The experiment utilized two plexiglass upflow sludge blanket
(USB) reactors, with a cylindrical reaction zone (height: 80
cm, inner diameter: 7 cm) and a three-phase separator. The
reactors had a total volume of 8.1 L and an effective volume
of 5 L.

A 2 cm thick water bath layer (1 L) was externally wrapped
and connected to a temperature control system and then
covered externally with black insulation material to minimize
light exposure. Continuous flow operation was employed,
HRT was controlled by peristaltic pumps, and sampling ports
were set on both sides to collect samples (Fig. 1). NH,'-N,
NO, -N, and NO; -N concentrations in the influent and
effluent were monitored daily.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic design of the reactor unit.

2.2. Experimental design

The experiment set up two reactors, with MHPP as the
biological inhibitor in R1 and SA as the biological inhibitor
in R2. The temperature was kept at 35 + °C, the HRT at 14 h,
and the pH between 7.5 and 8.0 during the experiment.
Phase I examined how stored sludge affected the low NH,"-N
nitritation system's ability to operate stably and compared
the relative abundances of the bacterial community before
and after sludge storage. Phase II investigated the effect of
the combined strategy on the startup and steady-state
operation of the low NH,'-N nitritation system by integrating
the biological inhibitor with the stored sludge approach.
Phase I and phase II employed an intermittent aeration
strategy to control DO (Table 1).

2.3. Wastewater composition and inoculated sludge

The synthetic wastewater had the following composition,
which was in accordance with the results of Xiang et al.'® 0.2
g L' CaCl,, 0.2 ¢ L™ MgSO,, 2 g L™ NaHCO;, 0.025 g L™
KH,PO,, and 1 mL L trace element solution.'®

The primary source of NH,'-N was ammonium sulfate
((NH,4),S0,), which had a concentration of 40 mg L. The

Table 1 Experimental design
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source of the sludge was the nitrifying sludge from the
Sanbaotun Sewage Treatment Plant in Fushun City, Liaoning
Province, China. After inoculation, the concentrations of
mixed liquor suspended solids (MLSS) and mixed liquor
volatile suspended solids (MLVSS) were 4000 mg L™ and
2800 mg L', respectively. The sludge samples were settled
for 24 hours after collection, and then, the supernatant,
suspended heterotrophic bacteria, and impurities were
removed.

NH,-N, NO,-N, and NO, -N concentrations were
determined according to standard methods.>* A multiparameter
water quality analyzer measured DO, temperature, and pH.

2.4. Microbial analysis

DNA samples extracted from the sludge were sequenced on an
Mlumina MiSeq platform after amplification of the V3-V4
hypervariable region of the 16S rRNA gene using primers 338F
and 806R. The raw sequencing data were processed using a
standardized bioinformatics pipeline. Quality filtering and
assembly of paired-end reads were performed with QIIME and
FLASH, respectively. High-quality sequences were clustered into
operational taxonomic units (OTUs) at a 97% similarity

Stages Strategy Bioinhibitor/N,H, (mg L™) Operating time (days) NH,-N (mg L ™)
I Intermittent aeration 0/0 0-15 40
I Bioinhibitor 5/0 16-36 40
II1 Bioinhibitor + N,H, 5/5 37-45 40

This journal is © The Royal Society of Chemistry 2026
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threshold using the USEARCH software. Taxonomic assignment
was performed using the RDP classifier against the Greengene
database at an 80% confidence threshold. Subsequent analyses
included microbial community succession and changes in
functional abundance. The raw sequence data have been
deposited in a public database. The dynamic succession of
microbial communities and shifts in the abundance of
functional bacterial populations were then examined in detail
using the raw sequencing data.

2.5. PICRUSt2 analysis

The PICRUSt2 analysis was performed to predict the functional
potential of the microbial communities based on the 16S rRNA
gene sequencing data. The analysis used PICRUSt2 software
(version 2.5.0) with the standard workflow. Briefly, the ASV
sequences were placed into a reference phylogeny using
place_seqs.py. The hidden state prediction algorithm was then
applied to infer gene families (KEGG Orthologs) with the
-stratified option. Finally, metagenome contributions were
predicted, and pathway abundances were computed. Default
parameters were used for all steps unless otherwise specified,
including the default HMMER e-value threshold for sequence
placement. This approach provided inferred relative
abundances of Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways.

3. Results and discussion

3.1. Nitrogen transformation in the low-NH,'-N nitritation
system under the combined strategy

3.1.1. Changes in nitrogen elements during R1 operational
phases. The dynamic variations in nitrogen concentrations over
time in the R1 reactor are depicted in Fig. 2. The initial influent
NH,*-N concentration was 40 mg L™'. The experiment was
conducted in three phases for investigation. The reactor
operated solely on intermittent aeration without adding MHPP
during phase I (1-6 d). On day 6, the NH, -N transformational
efficiencies were 50.83%, and the NO, -N and NO; -N
accumulated efficiencies were 8.89% and 82.03%, respectively.
This suggests that sole DO regulation is insufficient to inhibit
NOB activity under low NH,"-N conditions effectively. Phase II
(7-16 days) commenced with the addition of 5 mg L™ MHPP to
the reactor influent, while intermittent aeration continued as
the aeration method. The NAR exhibited an overall rising trend,
reaching 42.22% by day 16, while the NH, -N transformational
efficiency stabilized at approximately 50%. Concurrently, the
accumulated efficiencies of NO;-N dropped to 58.41%. The
findings suggest that although this approach might promote
NO, -N accumulation to a certain degree, the accumulation
effect was relatively limited. Based on this observation, the R1
reactor entered phase III (17-44 d) by adding 5 mg L™ N,H, on
top of the phase II regulatory method. The NAR then sharply
rose, peaking at 83.75% on day 31 and then remained at 80%.
The concentrations of NO, -N, NH,-N, and NO; -N in the
effluent were 17.93 mg L™, 21.54 mg L™, and 8.04 mg L™ on
day 31. During phase III, the cumulative NO; -N efficiencies
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Fig. 2 Variations in nitrogen transformation efficiency during different
operational phases of R1: (A) NO,-N; (B) NH4*-N; (C) NOs-N.

showed a continual decline trend, falling to at least 9.64%,
while the NH,-N transformative efficiency continuously
remained around 50 + 10%. A comparative analysis reveals that
our strategy yields better results than those achieved by the sole
addition of N,H, (reported NAR: 65 + 5%) under comparable
conditions reported in the literature.>® These results
demonstrate that the NAR is effectively enhanced and the
combined control strategy of intermittent aeration, MHPP, and
N,H, significantly reduces NO; -N accumulation. This provides

This journal is © The Royal Society of Chemistry 2026
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a synergistic enhancement effect under low NH,-N
concentrations. Additionally, the NH,'-N transformational
efficiency meets the actual requirements of the autotrophic
nitrogen removal process.>”

3.1.2. Changes in nitrogen elements during R2 operational
phases. The R2 reactor's dynamic nitrogen concentration
changes over time are depicted in Fig. 3. The experiment was
divided into three phases. During phase I, the experimental
data are identical to those of reactor R1.
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Fig. 3 Variations in nitrogen transformation efficiency during different
operational phases of R1: (A) NO, -N; (B) NH;*-N; (C) NOs -N.
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Based on intermittent aeration, 5 mg L™ SA was added to
the reactor during phase II (7-16 d). The NAR peaked on day
15 of this phase at 41.01%, but simultaneously, the
accumulated efficiency of NO; -N showed a declining trend,
falling to 64.15%. Additionally, the NH, -N transformational
efficiency remained approximately 50%. The data changes
indicate that NO, -N accumulation was partially achieved,
and the NH,'-N transformative efficiency progressively met
the requirements of the autotrophic nitrogen removal
process.>? Although effective NO,-N accumulation occurred
in phase 1II, further improvement was needed. Therefore, 5
mg L' N,H, was continually supplied to the R2 reactor
during phase III (17-43 days). The NAR rose during this
phase, peaking on day 37 at 55.61%. During that period,
NO, -N, NH,-N, and NO; -N effluent concentrations were
9.03 mg L™, 26.20 mg L™, and 12.98 mg L™, respectively.
During this phase, the NO; -N accumulation efficiency
dropped to at least 38.63%. Notably, the NH,-N
transformative efficiency dropped compared to phases I and
II. This could be because the addition of N,H, made SA more
toxic to AOB.

Based on these findings, the combined strategy of
intermittent aeration, SA, and N,H, is more effective than any
single method in promoting nitrite accumulation. It may
effectively promote NO, -N accumulation and substantially
increase the NAR. However, it is worth noting that adding SA
slightly reduces the transformational efficiency of ammonium
nitrogen. The R1 reactor performed better experimentally than
the R2 reactor. This means that the nitrification inhibitor
MHPP, in conjunction with intermittent aeration and N,H,
dosage, produced a greater effect on NO, -N accumulation than
SA. Notably, the addition of MHPP did not reduce the ammonia
nitrogen transformational efficiency.

It is widely acknowledged that aeration is a fundamental
requirement for initiating and maintaining partial
nitrification, as insufficient dissolved oxygen (DO) will hinder
the process.”® Theoretically, the stoichiometric oxidation of 1
mol of NH,"-N to NO, -N consumes 0.75 mol of O,, which
translates to a theoretical oxygen demand of approximately
68.5 mg L™ O, for converting 40 mg L™* of NH,*-N. However,
the observed oxygen deficiency in the system is a dynamic
outcome of controlled operational conditions rather than
merely a stoichiometric necessity. From the perspective of
oxygen mass transfer kinetics, the DO concentration we
measure (C;) represents the bulk liquid phase. As AOB
consume oxygen for partial nitrification, C;, decreases, which
in turn increases the oxygen concentration gradient (Cs—Cp)
and drives the oxygen transfer rate from air bubbles. More
critically, within the microbial flocs, a significant oxygen
concentration gradient exists due to diffusion limitations.
The measured C; in the bulk liquid is already low;
consequently, the actual DO level within the inner layers of
the flocs can be substantially lower or even approach zero.
This anoxic microenvironment inside the flocs is crucial for
selectively suppressing NOB activity, as NOB typically reside
in the outer oxygen-rich zone and are more sensitive to
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oxygen fluctuations than AOB. Therefore, intermittent
aeration is a strategic control measure. It creates a kinetic
limitation that exploits the differential oxygen affinity and
spatial distribution between AOB and NOB, effectively
promoting nitrite accumulation while preventing excessive
aeration that would stimulate the growth of NOB. Our study's
rationale is that intermittent aeration alone offers limited
enhancement to a partial nitrification system. Introducing
Biological Nitrification Inhibitors (BNIs) under such aeration
conditions allows us to attribute the observed improvement
primarily to the BNIs. BNIs cannot achieve significant effects
independently without an ongoing partial nitrification
process. This has been consistently demonstrated in our
group's preliminary batch tests and previous reactor
operations; BNIs only enhance the process when the basic
conditions for partial nitrification are met. To directly
address this comment, we conducted a dedicated batch
experiment. The results confirmed that solely adding BNIs
without aeration led to an ammonium conversion rate and a
nitrite accumulation rate below 10%, which strongly supports
our argument.

Indeed, while N,H, alone can achieve partial nitrification,
our results clearly demonstrate a superior performance with
the synergistic strategy. We observed a marked improvement
in the nitrite accumulation rate and AOB/NOB ratio over the
systems using N,H, solely, underscoring the effectiveness of
our approach.

The risk of N,H, accumulation is negligible, as its potential
degradation rate by AnAOB (17.67 mg (g VSS™* h™")) would
remove a typical dose within minutes, consistent with its
undetectable level in our effluent. Furthermore, safety
concerns are addressed by using stable, non-corrosive
hydrazine sulfate powder (diluted to <5 mg L™ N,H,), not the
hazardous liquid hydrazine hydrate. Economically, this
strategy also offers advantages. Taking a wastewater treatment
plant with a daily capacity of 50000 tons as an example, its
operating costs are primarily composed of electricity expenses.
The main electricity-consuming units are the lift pump station
(with a total power of 365 kW) and the aeration tanks (with a
power of 800 kW). Calculated at $0.15 kWh™ and a 75%
equipment utilization rate, their monthly electricity costs are
$29565 and $64 800, respectively, totaling $94 365. Compared
to conventional denitrification processes, the ammonia
stripping process theoretically reduces aeration energy
consumption by 62.5%, lowering monthly electricity costs to
$35387. It also eliminates the carbon source costs of $46 830
per month required by traditional processes. However, the
ammonia stripping process involves the addition of N,H,-H,-
SO, and MHPP. Calculated at an average dosage concentration
of 5 mg L™ for both chemicals, the monthly cost for these
chemicals amounts to $59 006. Labor costs at the wastewater
treatment plant (42 employees) amount to $42 205 monthly.
Final calculations show that the operating cost of the
traditional biological denitrification process is $0.12 per ton-
day, while the new denitrification process costs $0.09 per ton-
day, demonstrating superior economic efficiency.>*
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3.2. Characteristics of microbial community succession in
the low-NH,'-N nitritation system under the combined
strategy

3.2.1. Variations in bacterial communities’ relative
abundance during R1's operational phases. Fig. 4 illustrates the
shifts in the relative abundance of bacterial communities
throughout the R1 reactor's operation. The Proteobacteria
phylum's relative abundance rose from 31.51% in phase I to
34.02% in phase II at the phylum level. This may be because
the MHPP addition selectively inhibits phyla linked to
nitrification, reducing competition and promoting the
proliferation of Proteobacteria. The relative abundance of the
Proteobacteria  phylum grew to 35.03% in phase IIJ,
demonstrating that the synergistic effect of MHPP and N,H,
significantly promoted the enrichment of Proteobacteria,
aligning with the goal of nitritation system optimization. The
relative abundances of the Bacteroidota and Chloroflexi phyla
remained unchanged during the three phases, suggesting that
neither tactic increased their abundance. The relative
abundance of the Actinobacteriota phylum initially decreased
from 4.43% in phase I to 3.37% in phase II, suggesting that the
addition of MHPP may have slightly inhibited the growth of
Actinobacteria. In phase III, it rose to 6.21%, indicating that
actinobacterial synthesis was stimulated by the reducing
environment that N,H, produced. In phase I, the Patescibacteria
phylum's relative abundance was 3.74%; in phase II, it
increased to 4.52%; and in phase III, it dropped to 3.60%. The
fact that these bacteria are typically oligotrophic implies that
Patescibacteria may have gained a transient advantage upon the
initial addition of MHPP, but that the subsequent addition of
N,H, impeded their growth.>® The Nitrospirota phylum's relative
abundance steadily declined during the first three stages, falling
to 2.75% in phase I, 1.03% in phase II, and 0.25% in phase IIIL.
This is the result of the combined action of MHPP and N,H,,
indicating that this joint strategy played a crucial role in the low
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Fig. 4 Distribution of the microbial community in the R1 reactor.
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NH,'-N nitritation system by effectively inhibiting the growth of
nitrifying bacteria.

Nitrosomonas rose from 0.775% to 0.926% at the genus level,
whilst Nitrospira sharply declined from 0.745% to 0.201% (p <
0.001). This suggests that AOB abundance rose while NOB was
successfully suppressed following the addition of MHPP. This
indicates that AOB abundance increased while NOB was
effectively inhibited by the addition of MHPP. Being a biological
nitrification inhibitor, MHPP?*® reduced the transformation of
NO, -N to NO; -N by selectively inhibiting NOB activity, thereby
promoting NO, -N accumulation.

Nitrosomonas then grew to 0.954% while Nitrospira continued
to decrease to 0.017% due to the continuous addition of N,H,
during the transition from phase II to phase III. In this case,
N,H, may play two roles: firstly, acting as a reducing agent to
further reduce NO; -N, decreasing its accumulation. It may also
inhibit nitrate reductase activity, further restricting the metabolic
activities of NOB.'® N,H, and MHPP had a strong synergistic
effect, as evidenced by the nearly complete inhibition of NOB
abundance and the continued rise in AOB abundance.

3.2.2. Variations in bacterial communities’ relative
abundance during R2 operational phases. Fig. 5 illustrates the
variations in the relative abundance of bacterial communities
during the operating stages of the R2 reactor. The Proteobacteria
phylum's relative abundance rose from 31.51% in phase I to
33.44% in phase II at the phylum level. This may be because SA
addition selectively inhibits phyla linked to nitrification, thereby
reducing competition and promoting the proliferation of
Proteobacteria.”” Proteobacteria’s relative abundance dropped to
32.01% in phase III, presumably due to several bacterial groups
being adversely affected by the addition of N,H,. The relative
abundance of the Bacteroidota phylum remained essentially
unchanged during the three periods, suggesting that neither
strategy significantly enhanced its abundance. The relative
abundance of the Chloroflexi phylum rose dramatically from
9.57% in phase I to 12.93% in phase II, most likely due to the
inhibition of other bacterial groups by SA addition, which
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Fig. 5 Distribution of the microbial community in the R2 reactor.
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allowed the Chloroflexi to occupy additional ecological niches.
In phase III, it dropped significantly to 8.92% (p < 0.01),
indicating that the addition of N,H, might have changed
metabolic pathways and inhibited its growth.

The relative abundance of the Actinobacteriota phylum
increased steadily throughout the three phases, from 4.43% to
5.34%, indicating that these strategies promoted actinobacterial
synthesis or inhibited competing phyla. The Patescibacteria
phylum's relative abundance rose from 3.74% in phase I to
4.52% in phase II before falling to 3.04% in phase III. This may
be because N,H, hindered the growth of oligotrophic bacteria
by changing environmental conditions, whereas SA inhibited
dominant bacterial groups, allowing them to proliferate
temporarily. During phase I, the relative abundance of the
Nitrospirota phylum was 2.75%; in phase II, it dropped to
1.12%; and in phase III, it further declined to 0.76%.

This demonstrates that the combined strategy inhibited the
nitrifying bacterial population, effectively promoting stable
nitritation operation. The Nitrosomonas genus' relative
abundance rose from 0.775% in phase I to 1.442% in phase II
and 1.554% in phase III at the genus level. This suggests that
the inclusion of SA either promoted or did not impede the
growth of AOB. Nitrospira dropped from 0.745% to 0.110% and
then to 0.049%, indicating that SA successfully inhibited NOB.
N,H, further strengthened this inhibitory effect.

3.2.3. Microbial community shifts under MHPP and SA
inhibition. Analysis of microbial community succession
revealed distinct shifts in response to the different inhibitor
strategies. At the phylum level, the key nitrification-associated
phylum Proteobacteria was more abundant in reactors
employing the MHPP-based strategy (C1: 34.02%; C3: 35.03%)
compared to those with SA (C2: 33.44%; C4: 32.01%), suggesting
a more favorable niche for nitrifying bacteria. A more
pronounced difference was observed in the abundance of
Chloroflexi, which was significantly lower in MHPP systems (C1:
9.80%; C3: 9.78%) compared to SA systems (C2: 12.93%; C4:
8.92%), suggesting that MHPP had a lower impact on organic
matter degradation pathways. Furthermore, the SA system
exhibited a higher abundance of the Actinobacteriota phylum
(C2: 5.08%j C4: 5.34%), which can negatively impact nitritation
stability by impeding AOB activity. The proliferation of the
oligotrophic phylum Patescibacteria was also more limited
under MHPP treatment, indicating less community disturbance.
Crucially, the relative abundance of the NOB-containing phylum
Nitrospirota was substantially lower in the MHPP + N,H,
reactor (C3: 0.25%) than in the SA + N,H, reactor (C4: 0.76%),
demonstrating a superior inhibitory effect on NOB. This
differential inhibition was corroborated at the genus level. The
abundance of the AOB genus Nitrosomonas was enriched in the
MHPP + N,H, system (C3: 1.55%) compared to its SA
counterpart (C4: 0.95%). Concurrently, the critical NOB genus
Nitrospira was almost completely suppressed in the MHPP +
N,H, system (C3: 0.02%), achieving a lower level than in the SA
+ N,H, system (C4: 0.05%) and outperforming inhibition levels
reported in previous studies using N,H, alone. In summary, the
combined strategy of intermittent aeration with MHPP and
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N,H, established a microbial community structure that was
more conducive to the enrichment of AOB while achieving more
complete suppression of NOB, thereby proving more effective in
stabilizing the nitritation process (Fig. 6).

According to the sequencing data, the only NOB genus
detected was Nitrospira. In contrast, other NOB taxa such as
Nitrobacter, Nitrotoga, and comammox species (including
Candidatus Nitrospira nitrosa, Candidatus Nitrospira nitrificans,
and Candidatus Nitrospira inopinata) were not detected. The
literature suggests that Nitrotoga are often found in
environments with high free ammonia. At the same time,
comammox organisms tend to thrive under oligotrophic
conditions—neither of which aligns with the experimental
conditions in this study. In addition, both our previous research
and published reports indicate that Nitrospira are often the
dominant NOB in actual wastewater treatment plants and
synthetic wastewater systems, occupying a broader ecological
niche than Nitrobacter. Therefore, we consider the detection
result to be reasonable.

3.3. Functional gene analysis

PICRUSt2 can predict the functional composition of microbial
communities in samples by analyzing amplicon sequencing
data. Based on the obtained microbial sequencing data,

PICRUSt2 was used for the functional analysis of functional
bacterial populations to derive the relative abundance of
different functional genes, especially those closely related to the
autotrophic nitrogen removal pathway.”® The nitrogen cycle
mechanism in the autotrophic nitrogen removal process is
depicted in Fig. 7, which also explains the functions of these
functional genes.

Fig. 8 illustrates the predicted relative abundance of
functional genes related to the nitritation process in R1 and
R2 reactors during various treatment phases. The findings
show that phase C3 had the highest relative abundance of
AMO, at 0.0097%, 98% more than phase CO0. This indicates
that the synergistic effect of MHPP and N,H, enhanced the
activation of AOB gene expression, leading to a better
promotion of AOB functional genes. The relative abundance
of HAO closely synchronized with AMO, indicating overall
activation of the AOB metabolic pathway. N,H, may further
enhance the hydroxylamine oxidation capacity of AOB by
optimizing the substrate environment. The increase in HAO
abundance indicates the effective operation of the nitritation
process.'® Because of the exceptionally high NOB activity in
the original sludge (as noted in the NXR abundance of
0.0169% in C0), it was challenging for traditional
intermittent aeration to inhibit NOB effectively. NXR
abundance was dramatically decreased by the addition of

AMO HZS
NH20H <—————— NH,N | NH,
HDH
L 5
HAO NirK (Anammox) f
——————— NO,-N 1 NO
NirS ( Denitrification )
NXR NR Nor
NosZ
| NOSN S NO

Fig. 7 Schematic diagram of the autotrophic nitrogen removal process, its position in the nitrogen cycle, and the associated functional genes.
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both MHPP and SA, indicating that both inhibitors
successfully inhibited NOB. NXR abundance subsequently
declined upon additional combination with N,H,, with C3
showing the most decrease. NirS/NirK abundance showed
minimal variation across phases, indicating that the system
was primarily dependent on nitritation with only a moderate
denitrification contribution, which is in line with the
characteristics of the Partial Nitritation/Anammox (PN/A)
process.

NR was undetected throughout the experiment, indicating
that dissimilatory nitrate reduction did not occur within the
system, with nitrogen removal solely dependent on the PN/A
pathway. It has been demonstrated that the oxidation
pathway of NO, -N was successfully inhibited, allowing the
nitritation process to operate steadily, combined with the
changes and relative abundances of NAR and functional
bacterial populations.

3.4. Mechanisms of MHPP and SA on AOB and NOB

Based on functional gene and microbial community analyses,
MHPP and SA exert distinct inhibitory mechanisms on AOB and
NOB, particularly in terms of metabolic targeting and ROS-
mediated toxicity. The selective inhibition profile of MHPP
suggests a mechanism that predominantly impedes the NXR
complex in NOB, thereby blocking nitrite oxidation, while
largely sparing the AMO pathway of AOB. This functional
selectivity between the two nitrifying groups is a recognized
characteristic of certain biological nitrification inhibitors.”® This
is consistent with the distinct metabolic outcomes observed in
our system for MHPP. This enzymatic selectivity allows AOB to
maintain high metabolic activity and AMO gene expression, as
demonstrated by the 98% increase in AMO abundance in
MHPP-amended reactors. In contrast, SA exhibits broader
metabolic interference, likely through non-specific binding to
metalloenzymes involved in both ammonia and nitrite
oxidation, which suppresses NOB and partially impairs AOB
activity, especially under N,H, synergy.
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Furthermore, the two inhibitors differentially influence
intracellular ROS homeostasis. MHPP appears to mitigate
oxidative stress in AOB by supporting the upregulation of
key antioxidant enzymes, such as superoxide dismutase
(SOD) and catalase, thereby enhancing their resilience
under intermittent aeration.*® This is consistent with the
observed enrichment of Nitrosomonas and elevated HAO
gene expression under MHPP treatment. In contrast, SA
may exacerbate ROS accumulation within microbial cells
due to its phenolic structure, resulting in increased lipid
peroxidation and protein damage. While NOB—especially
Nitrospira—are more susceptible to such oxidative injury,
AOB also experience metabolic compromise under
prolonged SA exposure, as reflected by the decline in
ammonium transformation efficiency. Such mechanistic
divergence highlights the ecological and operational
benefits of MHPP in maintaining nitritation stability
under low-ammonia conditions.

4. Conclusion

The MHPP + N,H, combination performed optimally in
dynamic operation during the study's investigation of
synergistic enhancement of its combined strategy under
intermittent aeration. It achieved a NO, -N accumulated
efficiency of up to 83.75%, decreased the NO; -N
accumulation efficiency to 9.64%, and maintained a stable
ammonia nitrogen transformation rate of approximately
50%. Nitrosomonas abundance rose to 0.954% whereas
Nitrospira decreased from 0.745% to 0.017%, indicating
that NOB genera were successfully inhibited. Although the
SA + N,H, group promoted AOB enrichment to some
extent, its inhibitory effect on NOB was inferior to that of
MHPP. The ammonia nitrogen transformative rate dropped
to 40%, indicating that adding SA may have an
antagonistic impact on N,H,, affecting the system's
stability. According to functional gene prediction, the
MHPP + N,H, strategy favors the long-term stable
operation of the low-NH,-N nitritation system by
efficiently suppressing NXR expression while also
significantly activating the expression of AMO and HAO
genes.
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