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Synergistic denitrification mechanism of domesticated aerobic
denitrifying bacteria in low-temperature municipal wastewater
treatment
Fan Wang1, Qin Cui1, Wenai Liu1, Weiqing Jiang1, Shengshu Ai1, Wanqi Liu1 and Dejun Bian 1,2✉

To address the problems of low efficacy and low microbial activity in low-temperature municipal wastewater treatment, this study
utilized an air-lift micro-pressure internal circulation integrated reactor (AMICIR). Through controlling the amount of aeration and
dissolved oxygen (DO) in the reactor, AMICIR creates alternating aerobic and anaerobic environments, explores the enrichment
conditions of aerobic denitrifying bacteria, examines the changes in pollutant removal efficiency and the characteristics of bacterial
colony structure during the process of enrichment of aerobic denitrifying bacteria in the system, and reveals the mechanism of
nitrogen removal by aerobic denitrifying bacteria cooperating with anaerobic denitrifying bacteria in the low-temperature
municipal wastewater treatment system. Experimental results showed average removal rates of NH4

+-N, chemical oxygen demand
(COD), total phosphorus (TP), and total nitrogen (TN) reaching 93.85%, 89.30%, 92.75%, and 75.4%, respectively. The
microorganisms secreted large amounts of proteins and polysaccharides, forming zoogloea and anaerobic microenvironments
conducive to traditional denitrification reactions. IlluminaMiSeq sequencing analysis revealed the presence of anaerobic phyla. The
system was enriched with a large number of microorganisms, and aerobic denitrifying bacteria (Flavobacterium, Rhodoferax, and
Pseudomonas) were successfully cultured. Flavobacterium emerged as the dominant species, with relative abundance ranging from
18.56% to 22.60%. Functional gene prediction indicated high abundance of aerobic denitrification genes, such as napA. Aerobic
denitrifying bacteria were successfully enriched in the system to improve nitrogen removal from municipal wastewater at low
temperatures.
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INTRODUCTION
The low temperature environment, as an important influencing
factor in the biological treatment of wastewater, will delay the
expression of denitrification key enzyme genes1, inhibit enzyme
activity. The expression of nitrite reductase (nirs, narG) was
inhibited by 91% at low temperatures compared to 20–30 °C2. The
low-temperature environment can disrupt bacterial cell mem-
branes and increase cellular mortality3. Slowing down microbial
growth, resulting in a significant reduction of denitrification4, the
temperature was reduced from 25 to 15 °C, and the TN removal
rate was reduced from 89% to 60%5. Low temperatures also affect
the adsorption performance and settling performance of activated
sludge6. Certain hydrophobic microorganisms compete for acid at
low temperatures, resulting in SVI values that are 40–50% higher
than in summer7. Low temperatures also had a large effect on the
treatment of ammonia nitrogen, with removal decreasing from
96% to 70%8. The optimal nitrogen removal temperature of most
denitrifying bacteria is 25–30 °C9, and conventional biological
denitrification processes are affected by the low-temperature
environment; most of the microorganisms can’t metabolize the
exogenous substances, resulting in the effect of denitrification of
wastewater in the winter becoming worse. The discharged
effluent will also make the water quality of the river cross section
stink and deteriorate, affecting social production as well as the
natural environment on which people depend for their survival.
Elimination of the effects of low temperatures is mainly studied
through parameter control and the cultivation of cold-tolerant

bacteria. By using an aeration volume of 0.6 m3 h−1 to control
system produces different DO partitions, which leads to good
removal results10. The long hydraulic retention time (HRT)
operation for effective removal of COD and suspended solids
(SS), and the removal rates were 74–86% and 86–88%, respec-
tively11, to reduce the effect of low temperatures on the system.
The biofilm system to cultivate cold-tolerant microorganisms at
low temperatures, which improved the stability of the system and
made nitrogen removal more effective12.
However, this type of method is complex and has a long

operating cycle. Aerobic denitrifying bacteria have greater
advantages in low-temperature municipal wastewater treatment
because of their strong low-temperature13 and oxygen toler-
ance14 and high growth rate15. There are fewer studies on
aerobic denitrifying bacteria for the treatment of low-
temperature municipal wastewater. Aerobic denitrification can
produce alkalinity, stabilize the pH of the system9,16, and
facilitate the removal of inorganic nitrogen17. Some bacteria
also have heterotrophic nitrification, allowing denitrification and
nitrification to occur in a single system. Moreover, aerobic
denitrifying bacteria can utilize O2 and NO3

−-N as electron
acceptors, and the frequent conversion of aerobic and anaerobic
environments is conducive to stimulating the potential of
bacteria, improving the removal efficiency of pollutants, and
becoming the dominant bacteria in the competition18. Some
researchers found that Acinetobacter harbinensis HITLi7T19,
Acinetobacter sp. HA220, and Pseudomonas putida Y-921 can
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effectively remove NO3
−-N, NO2

−-N, and NH4
+-N, which

provides biotechnological support for nitrogen removal from
wastewater at low temperatures. Aerobic denitrification occurs
in relation to the DO content gradient, and according to the
theory of oxygen mass transfer, there is an aerobic zone on the
outside of the zoogloea, and an anoxic and anaerobic zone on
the inside22. This phenomenon can lead to the simultaneous
occurrence of microscopic anaerobic denitrification and aerobic
denitrification.
This study designed the unique structure of AMICIR to create

an alternating aerobic/anaerobic DO environment. In this way,
aerobic denitrifying bacteria were domesticated at low tem-
peratures and synergized with traditional denitrifying bacteria
genera to achieve improved effluent treatment efficiency. This
paper mainly examines the changes in pollutant removal
efficiency during the operation of AMICIR, and analyzes the
abundance and diversity of species at different stages. To study
the nitrogen metabolism and carbon metabolism pathways of
aerobic denitrifying bacteria. To reveal the mechanism of
denitrification by aerobic denitrifying bacteria in synergistic
manner with anaerobic denitrifying bacteria in the municipal
wastewater treatment system. Providing a theoretical basis for
aerobic denitrification synergized with anaerobic denitrification

for nitrogen removal in low-temperature municipal wastewater
treatment.

RESULTS AND DISCUSSION
Analysis of pollutant removal effects
The pollutant removal effects of the AMICIR system at low
temperatures for 115 days of continuous operation are shown
in Fig. 1. The reactor treatment effect was poor in the initial
phase, and Fig. 1a, b illustrates that the treatment effect of COD
and NH4

+-N in the system became better after 18 days and
34 days, and was not affected by the change in influent
concentration. The microbial abundance increased, and the
average COD and NH4

+-N effluent concentrations were
37.77 mg L−1 and 1.95 mg L−1, respectively, which indicated
that the carbon source in the system was fully absorbed and
utilized by the heterotrophic microorganisms23. This is related
to the unique structure of the reactor, the formation of three
stable cyclones in the reactor greatly extends the movement
path of pollutants, able to make the pollutants enter the system
and then diffuse to the surrounding area. The system has a high
oxygen utilization rate, and COD can be fully utilized in
denitrification, which improves the removal of pollutants.
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Fig. 1 Pollutant removal efficiency during system operation. a COD; b NH4
+-N; c TN; and d TP.
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Coupled with the reactor’s aerobic environment, nitrification is
obvious.
Figure 1c shows the TN removal effect, After 80 days, the TN

removal efficiency showed obvious improvement. The micro-
organisms adapted to the low-temperature environment and
grew rapidly, frequently switching between aerobic and anae-
robic, which stimulated the potential of functional bacteria. TN in
the system reached the standard later than the NH4

+-N effluent,
nitrifying bacteria adapted to the low-temperature environment
with strong ability24,25. Cultivation of denitrifying bacteria at low
temperatures takes longer. As shown in Fig. 1d, the TP effluent
content showed a continuous decreasing trend during the whole
system operation period, and the average TP effluent content
was reduced to 0.35 mg L−1 after 58 d. When the denitrification
effect in the reactor was improved, the NO3

−-N and NO2
−-N

content in the water and the inhibitory effect on the system
decreased26, and the average removal rate reached 92.75%.
Compared with other (Membrane bioreactors) MBR and partial
nitrification-anaerobic ammonia oxidation processes27,28, the air-
lifted micro-pressure internal recirculation integrated reactor at
low temperatures has a more efficient pollutant removal

efficiency and achieves COD and NH4
+-N standards earlier. The

system was able to have high pollutant removal efficiency at low
temperatures, which was related to the structure within the
reactor and the dissolved oxygen environment. Functional
bacteria were enriched to remove pollutants synergistically and
achieved good results.

DO distribution and sludge characteristics in the system
The change rule for DO content is shown in Fig. 2a. The average
DO content in the center area of the three compartments was
0.87, 1.25, and 1.72 mg L−1, which gradually increased along the
direction of water flow, mainly because the pollutants were
gradually degraded, microorganisms consumed less DO, and the
DO content in the B and C biological reaction areas increased. The
water-sludge mixture passes through the aerobic biological
reaction area of three compartments, A, B, and C, and arrives at
reflux channel D, in which the average DO concentration is
0.072mg L−1. The alternating environments of aerobic and
anaerobic can stimulate the microorganisms’ potential and
improve the system’s denitrogenation efficiency29. As shown in
Fig. 2b for the variation of EPS content, the cells secreted more
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Fig. 2 System operational characteristics. a DO variation of the reactor over the three compartments during operation; b EPS variation of
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proteins and polysaccharides during the stabilization phase (A, B,
and C), and the content of TB-EPS in the bioreactivity zones at
three compartments was 97.47, 92.71, and 88.18 mg gMLVSS−1,
respectively. The content of LB-EPS was 3.13, 3.00, and 6.13 mg
gMLVSS−1, respectively. Figure 2c shows the changes in particle
size in the three compartments, mainly observing the particle sizes
of D10, D50, and D90 (the cumulative percentage of particle size
reaches 10%, 50%, and 90%). The particle size obviously increased
in the stabilization stage, and the average values of D10, D50, and
D90 were 81.01, 172.88, and 264.76 μm respectively. The system
tends to be stabilized, and the cultivation of functional bacteria
and domestication are completed. The activated sludge basically
matured to form a compact and large activated sludge floc.
EPS, as the basis for the formation of zoogloeae22, can enable

the formation of an anaerobic microenvironment inside the
zoogloeae and promote denitrification, and the increase of
polysaccharides and proteins creates favorable conditions for
the formation of zoogloeae30. Some studies have shown that
some functional bacterial genera are able to secrete protective
EPS in low-temperature conditions, forming a buffer layer that
plays a protective role for the cells against low temperatures12,31.
As can be seen from the pattern of change in DO and particle size,
a larger activated sludge floc is formed in the activated sludge
system where the aerobic environment dominates, which is
conducive to the generation of an anaerobic microenvironment. It
can consume its own carbon source for denitrification in the
anaerobic environment inside the bacterial colloid, which
improves the denitrification performance of the system.

Along-range variation of pollutants in the system
In order to highlight the pollutant removal effect of AMICIR at low
temperatures, sludge samples were obtained from three compart-
ments, A, B, and C, at different stages, and the variation along the
way in the reactor is shown in Fig. 3. During the initial period of
operation (24 d), the effect of nitrogen removal is poor; the
contents of COD, NH4

+-N, TN, and TP in the effluent are 41.7,
12.75, 26.95, and 2.192mg L−1, respectively. Due to the influence
of the low-temperature environment, the functional bacteria have
not yet been cultivated successfully, the efficiency of removing
the pollutants is low, and the concentration of the pollutants in
the three compartments does not vary significantly. The removal
of pollutants is mainly realized by the anaerobic microenviron-
ment inside the zoogloea, which is capable of internal denitrifica-
tion and external nitrification in an environment rich in dissolved
oxygen32.
System operation to 98d, as shown in Fig. 3b, shows that the

system along the course of the pollutant removal law has a

downward trend, the treatment effect is good, the effluent TN
and NH4

+-N concentrations are 10.88 and 0.22 mg L−1, and the
systems of nitrifying bacteria and denitrifying bacteria after the
enrichment began to play a role. The pollutants were diluted
and adsorbed by the water-sludge mixture in A. The NH4

+-N
was almost completely removed, and the NO3

−-N and NO2
−-N

concentrations were 21.98 and 0.13 mg L−1, respectively. This is
related to the structure of the reactor, and the inside of the
AMICIR is an aerobic environment, and the NH4

+-N was all
converted to NO3

−-N, and the generated NO3
−-N was used for

assimilation and respiration, with the denitrification function of
the bacterial flora playing a role in reducing the TN concentra-
tion. Undegraded NO3

−-N and part of the activated sludge are
driven by water flow into compartment B for further degrada-
tion, and NO3

−-N may act as electrons for denitrifying
phosphorus removal, resulting in lower NO3

−-N and TN
concentrations. The undegraded pollutants were driven by
the water flow into compartment C to enhance the removal,
and the TN and NO3

−-N content were reduced to 13.25 and
10.26mg L−1, respectively. Finally, the effluent TN and NO3

−-N
content were further degraded to 10.88 and 8.32 mg L−1,
respectively. Excellent aerobic absorption of phosphorus took
place in the system, and the TP removal rate reached 34.38%. The
influent COD concentration is 349.10 mg L−1, which provides
plenty of carbon sources for denitrification and aerobic phos-
phorus absorption in this system. Stable cyclonic flow and
different DO concentrations in the three biological reaction zones,
the anaerobic sedimentation zone, and the unique structure of
powerless sludge reflux provide the possibility of simultaneous
and efficient removal of NH4

+-N, TN, COD, and TP under low-
temperature aerobic conditions.

Analysis of microbial communities and genes in the reactor
In order to further investigate whether the biological community
is associated with pollutant removal, IlluminaMiSeq gene sequen-
cing was used for microbial community analysis. As shown in
Table 1, the species richness and diversity in the initial (YN) and
stabilization (A, B, C, and D) phases of operation. The experimental
results showed that Observed species, Shannon, Simpson, and
Chao1 indices were low in the initial phase of operation. The
system is affected with the low-temperature environment, which
leads to low microbial species and quantities. With the reactor
running, the abundance and diversity of microorganisms
increased significantly, and sufficient substrate concentration
and DO created the conditions for microbial growth. Compared
with the YN stage, the species diversity in the stabilization stage
showed an increasing trend, which, in combination with the
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pollutant removal effect, suggests that a large enrichment of
microorganisms is favorable for pollutant removal. It was
presumed that the cultivation of functional flora was successful
and that a variety of bacterial flora grew synergistically in the
system33. The microorganisms in the system fully utilized the
nutrients, the TN removal effect became better, and it was
presumed that the denitrifying bacteria multiplied in large
numbers. The microbial abundance and diversity in the reflux
channel D were higher, and it was presumed that a better
denitrification effect also occurred in the D area, which performed
an important role in the whole system. The ASVs index YN and
stabilization period were 376 and 355–637, respectively, which
also showed the same change rule.
The top 20 bacterial phylum-level abundances within the

AMICIR system are shown in Fig. 4a. The four phyla with the
highest average relative abundance of the YN, stable phase (A, B,
and C) were Proteobacteria (49.26%, 48.94%), Bacteroidetes
(35.58%, 36.78%), Actinobacteria (5.74%, 4.00%), and Acidobacteria
(0.31%, 2.25%). Proteobacteria maintained a high abundance in all
samples, and Proteobacteria were the dominant phylum of
microorganisms in the effluent at the phylum level34, confirming
the presence of an anaerobic environment in the system.
Bacteroidetes contain a wide range of autotrophic bacteria with
nitrogen and phosphorus removal functions that can degrade
large amounts of soluble organic carbon such as PN and PS.
Actinobacteria can play a large role in the denitrification, removal
of phosphorus, and degradation of organic matter in wastewater
treatment, degrading small molecules of organic matter in
anaerobic conditions35, and participating in phosphorus uptake
under aerobic conditions. Microorganisms of the phylum Acid-
obacteria possess denitrification genes and exhibit corresponding
denitrification capacity36, which can effectively achieve carbon
and nitrogen cycling37. Apart from these, the rest of the phyla are
relatively less abundant but may also perform an integral role in
the system. Nitrospirae, Verrucomicrobia, and Gemmatimonadetes

may be involved in the cycling of nitrogen in the system38.
Nitrospirae (0.00%, 2.26%) is the dominant nitrifying bacteria in
low-temperature conditions, which can adapt to sudden cooling39,
while it is less abundant in the raw sludge, which suggests that
the growth of nitrifying bacteria in the system is involved in the
low-temperature environment during the experiment.
Figure 4b shows the abundance plot of the 20 most abundant

genera during reactor operation. From this figure, the microbial
community of the system continuously shifted during the low-
temperature operation. The relative abundance of Chryseobacter-
ium, Pseudochrobactrum, Rhodobacter, and Flavobacterium in the
YN was the highest, with 31.67%, 12.20%, 3.67%, and 2.83%,
respectively. When the system was run to the 110th day, the
abundance as well as the species of the microbial community
shifted considerably under the influence of the low temperature
environment, and Flavobacterium (18.56%–22.60%) became the
dominant species with an increase in abundance. Flavobacterium
has the aerobic denitrifying function, and some of its species are
aerobic denitrifying bacteria40,41, the activated sludge switched
between anaerobic and aerobic environments, which led to the
increase in its abundance and ensured the efficient nitrogen
removal in the system, and the large number of dominant
bacterial species inhibited the growth of other species, which is
consistent with the characterization of the Observed species and
the Shannon’s index, and the diversity of the biological commu-
nities in the system increased, but some of them were reduced in
abundance, and the abundant bacterial community in the reactor
ensured nitrogen and phosphorus removal, and functional
bacterial communities had been successfully cultivated. Rhodo-
ferax (2.25%–3.03%), Haliangium (1.76–2.81%), and Rhodobacter
(1.20%–2.17%)42,43 are functional bacteria with denitrification and
nitrogen fixation under aerobic conditions. Dechloromonas44

(2.41%–3.21%), Simplicispira45 (1.2%–1.54%), and Thermomonas46

(0.68%–1.06%) and others are functional bacteria with denitrifica-
tion, providing assurance for the denitrification of the system.
Typical nitrifying bacteria such as Niabella (6.74%–7.18%) and HN-
AD bacteria such as Pseudomonas (2.14%–2.51%) were also
present in the system. The system is capable of cultivating a
variety of aerobic denitrifying bacteria to synergistically treat
pollutants at low temperatures, and the vast majority of the
bacteria have a higher abundance in A. This is mainly due to the
unique aeration structure of the reactor, which creates a different
DO concentration gradient within the reaction zone, and the
richness of the substrate concentration, which provides a suitable
environment for the functional bacteria to grow. Microorganisms
are also enriched in the reflux channel D. By flowing through the
reflux channel to A, the activated sludge switches between
anaerobic and aerobic conditions in large quantities and
frequently, which contributes to microbial growth as well as
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Table 1. Richness and diversity of microorganisms communities in
activated sludge.

Sample Observed
species

ASVs Chao1 Shannon Simpson Coverage

YN 628.2 376 660.75 5.8237 0.938312 0.997929

A 1138.8 355 1176.69 8.0029 0.982884 0.997321

B 1343 393 1434.23 8.0385 0.981047 0.995007

C 1420.4 637 1434.27 8.1395 0.980227 0.997321

D 1340.8 395 1465.1 7.9902 0.980869 0.994102
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stimulating the potential of functional bacteria to improve the
efficiency of pollutant utilization at low temperatures.

Functional prediction based on PICRUSt2
In this study, we used the method of PICRUSt2, based on the
analysis of metabolic pathway data from the KEGG database, to
further investigate which metabolic pathways are involved at low
temperatures and to verify that the different reactions occur
specifically because of the action of which enzyme system in the
cell. As shown in Fig. 5a for sludge samples from the four
bioreactor zones A, B, C, and D during the stabilization phase of
the system, the abundance of carbohydrate metabolism as well as
amino acid metabolism was greater in the functional subsystem
(Level 2), which is consistent with the findings of the GUO47. The
relative abundance of glycolysis/glycolysis, citric acid cycle,
pentose phosphate pathway, and pyruvate metabolism in
carbohydrate metabolism ensured energy production as well as
the synthesis of cellular organisms in the system. The high relative
abundance of methane metabolism and nitrogen metabolism
demonstrated the presence of methane oxidation and nitrogen
pollutant degradation.
There are 6 nitrogen transformation processes and 25 functional

genes, such as nitrification, denitrification, and assimilative/isotropic
nitrate reduction are shown in Fig. 5a. As shown in Fig. 5c, the heat
map of the carbon and nitrogen metabolism genes of aerobic
denitrifying bacteria at low temperatures, where the horizontal
coordinates of the graph are A, B, D, and C, can be more intuitively

compared with the differences of the same gene at different levels.
The low relative abundance of functional genes related to
nitrification in the system indicates the existence of another
potential pathway for NO3

−-N production and further denitrification.
Aerobic denitrification can reduce inorganic nitrogen to gaseous
nitrogen, which is more conducive to purifying the water
environment. The metabolic pathway of aerobic denitrification is
NO3

−-N→NO2
−-N→NO→N2O→N2, and there may also be

NH2OH→N2O48. Both aerobic denitrification and anaerobic deni-
trification are capable of denitrification using NO3

−-N reductase
(nap, nar, nas), NO2

−-N reductase (nir), NO reductase (nor), and N2O
reductase (nos)49. The simultaneous presence of norB, nirK, nirS, and
nosZ functional genes associated with conventional denitrification
ensured nitrogen removal in the system50. The alternation of aerobic
and anaerobic environments in the reactor facilitates the enrichment
of aerobic denitrifying bacteria. Based on the higher TN removal
efficiency of the system, the different DO environments, and the
variations in microbial colony abundance, it is presumed that there
is a synergistic process of aerobic denitrification and anaerobic
denitrification in the system. The highest abundance of aerobic
denitrifying bacteria was found in A. As the activated sludge flowed
through B and C, the abundance of denitrifying genes decreased
slightly because of the decrease in substrate concentration and the
increase in DO concentration, but the abundance of nitrifying genes
showed an increasing trend; the abundance of C was lower than
that of D because in the recirculation system, due to the unique
structure of the reactor, the flow rate of the activated sludge
exchange from C to D was larger, which resulted in a higher
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Fig. 5 Main functions within the system. a Relative abundance of metabolic subsystems in different compartments of the reactor
(percentage per million functional units); b Aerobic denitrifying bacterial carbon and nitrogen metabolic pathways; c Heat map of functional
genes for carbon and nitrogen metabolism at low temperatures.
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abundance of genes in the reflux channel. and because of the
nitrifying liquid reflux, the sludge-water mixture of D then flows to
and replenishes A. This cyclic system provides a guarantee for
synergistic nitrogen removal by aerobic denitrifying bacteria.
Organic carbon sources provide electrons and energy for the

aerobic denitrification process, as shown in Fig. 5b. Several
reactions can generate electron donors required for system
metabolism, ensuring a good removal effect within the system.
The average relative abundance of carbon metabolism function
genes within each reaction zone was high, indicating that each
compartment had a better carbon metabolism function in low-
temperature conditions. From the analysis of the pathway along
the way of the reactor, the concentration of TN and COD from C to
the effluent water showed a downward trend, and the relative
abundance of genes in D was higher, which indicated that the
denitrification reaction also occurred in D. D shares the role of TN
removal from the system with aerobic denitrifying bacteria.
The results showed that the unique structure of the AMICIR

reactor at low temperatures resulted in different DO concentra-
tions in each compartment. The alternating aerobic/anaerobic
internal environment promotes the growth and enrichment of
aerobic denitrifying bacteria. The microorganisms secrete EPS in
large quantities, leading to an increase in the particle size of the
activated material sludge, which is conducive to the formation of
an anaerobic microenvironment and promotes denitrification
effects. Under aerobic conditions, the system successfully
domesticated aerobic denitrifying bacteria with the relative
abundance of 31.98%~39.02%, and Flavobacterium became the
dominant species. Aerobic denitrifying bacteria synergized with
anaerobic denitrifying bacteria to denitrify nitrogen and achieved

a good effect. The average effluent COD, NH4
+-N, TN and TP

removal rates were 89.30%, 93.85%, 75.4%, and 92.75%, respec-
tively. Functional gene prediction indicated that the enrichment of
aerobic denitrification genes, such as napA, with denitrification
genes, such as nirK, norB, and nosZ, indicated that there was a
pathway and function of aerobic denitrification synergizing with
anaerobic denitrifying bacteria for denitrification in the system at
low temperature. Carbon metabolism provided electron donors
and energy for the occurrence of synergism.

METHODS
Introduction of the air-lift micro-pressure internal circulation
integrated reactor
As shown in Fig. 6, this experiment is an AMICIR device made of
plexiglas plates. The size (L ×W × H) of AMICIR is
355 × 100 × 1120mm. The total volume is 39.76 L, the effective
volume is 39.5 L, and the center reaction area is 27 L. The reactor is
split into four parts: A, B, C, and D correspond to the primary,
secondary, and tertiary bioreaction areas and the reflux channel,
respectively, and the aeration method is perforated aeration. The
inlet point, aeration, and sludge reflux are all located in A, with a
volume of 9 L. The position of the single-side aeration tube is
located at the bottom of A, at the outlet of the reflux channel. The
system is oxygenated by aeration, and the bubbles generated can
be used as the driving force to drive the water-sludge mixture to
form a stable cyclonic flow, and the negative pressure can return
the sludge from the reflux channel back to the A, forming a good
reflux of sludge and nitrification solution. Bubbles can drive the
water-sludge mixture to B, through the role of the top partition to

Fig. 6 Test operation device. a Schematic diagram of air-lift micro-pressure internal circulation integrated reactor, b Flowchart of air-lift
micro-pressure internal circulation integrated reactor.
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form a better circulation in the internal B for further removal of
pollutants, and the volume of 9 L. C for further removal of
ammonia nitrogen and removal of organic matter, and the volume
of 11.4 L. After the treatment of sewage flow to the sedimentation
tank, sludge-water separation, supernatant discharged out of the
system through the role of the overflow, activated sludge sludge
through the role of sedimentation through the D (return channel),
which is circulated to the system.

Original sludge and experimental water quality
The activated sludge was collected from the tail section of
biochemical pond in a municipal wastewater treatment plant in
Changchun, Jilin Province, China, with good wastewater treatment
performance. It was obtained from the wastewater plant in winter
and injected into the system after removing the larger particles of
residue through a screen mesh, and the initial sludge content of
the system was controlled at (4700 ± 200) mg L−1.
The water used for operation in the system was simulated

municipal wastewater at low temperatures, in which COD was
mainly provided by soluble starch and CH3COONa, NH4

+-N was
mainly provided by NH4Cl, and TP was mainly provided by
KH2PO4. The purity of the above reagents was analytically pure
(Tianjin Guangfu Pharmaceutical Factory), and some beef paste
and peptone (Beijing Auboxing) were also used to provide COD,
NH4

+-N, and TP. The specific influent water quality and pH during
the experiment are shown in Table 2.

Operating parameter setting and equipment start-up
The AMICIR was operated with continuous water intake; the
experiment was carried out at low temperatures, and the water
temperature was stabilized at about 10 °C by controlling the air
temperature. HRT was 12 h, the aeration was (1±0.05) m3/h, the
influent flow rate was 2.25 L/h, the sludge retention time was 30 d,
the amount of sludge discharged from the reactor was 0.9 L/d daily,
and the aeration was controlled by a glass rotameter. The total
reactor operation time is 115 d, and the effluent concentrations of
COD, TP, and NH4

+-N were stable after 56 d of sludge domestica-
tion, and stabilization of TN concentration in effluent after 80 d. All
the indexes during the stable operation were better than the Class A
discharge standard of the Emission Standard for Pollutants from
Urban Wastewater Treatment Plants (GB18918-2002).

Analysis methods
AMICIR system effluent water sample detection method: COD was
determined by the potassium dichromate method (5B-1, Lian-hua
Tech. Co., Ltd., China); NH4

+-N, TN, and TP were determined and
analyzed by the Nesler reagent spectrophotometric method, the
alkaline potassium persulfate elimination method, and the ammo-
nium molybdate spectrophotometric method, respectively. The
filtered water samples were then passed through a 0.22 μm filter
and used for the determination of nitrate and nitrite nitrogen by ion
chromatography (881 compact ICpro, Metrohm, Switzerland); DO was
determined by a portable dissolved oxygen meter (Multi340i, WTW,
Germany); pH was measured by a Remagnet acidity meter (PHSJ-4A,
Lei Ci, Shanghai, China); and the particle size was determined by a
laser particle size analyzer. Proteins (PN) and polysacharides (PS) in
extracellular polymeric substances (EPS) were determined by the
Folin-phenol reagent method and the anthrone method.

The EPS was extracted by taking 30ml of the sludge mixture
from three compartments of the reactor, centrifuging at 4000 r for
5 min, discarding the supernatant, adding 9mL of 0.05% NaCL
solution and stirring well. Then take the 0.05% NaCL solution
heated at 70 °C and fixed to 30ml. Finally, after centrifuging at
4000 r for 10min, the organic material extracted from the
supernatant is loosely bound EPS (LB-EPS). The remaining sludge
after extraction is restored to the initial volume of 30 ml with
0.05% NaCL solution, and the mixture is then heated in a water
bath at 60 °C for 30min, followed by centrifugation at 4000 r for
15min. The supernatant is tightly bound EPS (TB-EPS).
Activated sludge samples were collected in four zones A, B, C,

and D of the AMICIR. The sampling times were when the system
was operated up to the 2nd day (YN) and the 98th day
(stabilization phase), respectively, and 5ml of each sample was
taken and stored in a storage tube at −80 °C in a refrigerator. Total
genomic DNA was extracted using a kit (omega), and DNA
integrity was analyzed by the agarose gel method. The libraries
were first quantified using the Agilent High Sensitivity DNA Kit,
then the Quant-iT Micro dsDNA Quantification Kit on an original
quantitative fluorescence quantification system, gradient diluted,
and then sequenced using a MiSeq sequencer.
The abundance of sample KEGG homologous genes and EC

enzymes was predicted by PICRUSt2. The metabolic pathways of
organic matter and nitrogen were inferred from the abundance of
metabolic pathways and functional genes51.
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