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Abstract
How the vast majority of nitrous oxide (N2O) in the aerobic zone of nitrogen bio-removal process is produced is still a 
controversial issue. To solve this issue, this study measured the activities of two key denitrifying enzymes (nitric oxide 
reductase (Nor) and nitrous oxide reductase (N2OR)) in an A/O SBR with different chemical nitrogen demand (COD)/total 
nitrogen (TN) ratios. By analyzing the Spearman’s correlations between the N2O production, the enzyme activities, and the 
factors, the main N2O production process was identified. By comparing the activities of these enzymes, this study analyzed 
the reasons for the N2O production. Results show that Nor activities had a linear relationship with total N2O concentrations 
(y = 0.34749 + 31.31365x, R2 = 0.83362) and were not affected by COD (r = 0.299, N = 15, P = 0.279 > 0.05), which showed 
that most of the N2O released and produced came from the autotrophic denitrification. N2OR activities had a positive cor-
relation with COD (r = 0.692, N = 15, P = 0.004 < 0.01), which showed that heterotrophic denitrification played a role as an 
N2O consumer. Nor activities were much higher than N2OR activities and the gap between them increased when the total N2O 
concentration increased, showing that the heterotrophic denitrification was difficult to consume all the N2O produced by the 
autotrophic denitrification. Reducing autotrophic denitrification is the best way to reduce N2O production in aerobic phase.

Keywords  Nitric oxide reductase · Nitrous oxide reductase · Enzyme activity comparison · Autotrophic denitrification · 
Heterotrophic denitrification · Chemical oxygen demand/total nitrogen ratio

Introduction

Nitrous oxide (N2O) is a greenhouse gas, and its greenhouse 
effect is 298 times that of carbon dioxide and 30 times that 
of methane (Edenhofer et al. 2014). The emissions of N2O 
from wastewater treatment plants (WWTPs) were estimated 
of accounting for about 3% of global emissions in 2011 
(Chapa 2011). In WWTPs, the aeration tank is considered 
to be an important unit for the production and emission of 
N2O (Foley et al. 2010). Reducing the production and emis-
sion of N2O at this phase is a key step in reducing the green-
house gas emissions in WWTPs. Studies suggest that there 
are three main pathways to produce N2O: incomplete oxida-
tion of hydroxylamine (NH2OH) to nitrite (Cavazos et al. 
2018; Zhou et al. 2020), heterotrophic denitrification (Guo 
et al. 2018; Zhou et al. 2020), and autotrophic denitrifica-
tion (Wrage-Mönnig et al. 2018; Yan et al. 2021). However, 
which production pathway is the main production process of 
N2O under aerobic conditions has been controversial.
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Nitric oxide reductase (Nor) and nitrous oxide reductase 
(N2OR) are two key enzymes that control the production 
of N2O during denitrification (Guo et al. 2018). Nor is an 
enzyme that catalyzes the reduction of nitric oxide (NO) to 
N2O. It is in the inner membrane of gram-negative bacteria 
and shows catalytic activity under both aerobic and anaero-
bic conditions (Peder et al. 2013). Meanwhile, N2OR is an 
enzyme that catalyzes the reduction of N2O to nitrogen gas 
(N2). It is in the periplasmic of gram-negative bacteria and 
also has catalytically active under both aerobic and anaero-
bic conditions (Conthe et al. 2018; Pauleta et al. 2013). By 
measuring the activities of these two enzymes, the source 
of N2O and the reason for its production can be effectively 
determined. Besides, the synthesis and specific activity of 
Nor and N2OR would be affected by the external environ-
ment, especially the dissolved oxygen (DO) (Conthe et al. 
2018) and the amount of organic matter (Pan et al. 2013). 
Therefore, the nitrogen demand (COD)/total nitrogen (TN) 
ratio and the DO are the two key points for studying how 
enzymes regulate N2O accumulation.

In this study, the dynamic changes of Nor activities and 
N2OR activities were measured in an anoxic/aerobic sequen-
tial batch reactor (A/O SBR) with different COD/TN ratios. 
Firstly, from the perspective of key enzymes, the main pro-
duction process of N2O and the main consumption process 
of N2O were identified in aerobic phase of A/O SBR. Sec-
ondly, from the relationship between enzyme activity and 
environmental factors (pH conditions, amount of organic 
matter, and supply rates of DO), this study further ana-
lyzed how environmental changes caused by changes in the 
organic load had an impact on the N2O production. Finally, 
by comparing the activities of these two enzymes, this study 
revealed the reasons for the N2O production and gave some 
suggestions on how to reduce N2O in WWTPs in the future.

Materials and methods

Reactor and operation

A 6-L lab-scale A/O SBR was used, of which 5 L was used 
as a reaction space (as shown in Fig. 1). Inoculated sludge 
was from an aerobic tank of WWTPs in Xi’an, China. The 
stirring and aeration of the reactor were provided by a mag-
netic stirrer and bubble air diffuser (1 L·min−1), respec-
tively. And the volumetric exchange ratio, sludge concen-
tration, and operating temperature of the reactor were 50%, 
3500 ± 200 mg·L−1, and 27 ± 1 °C, respectively.

To make the relevant bacteria adapt to the environment 
of different periods and the bacterial population community 
did not change, there was a 2-week operating cycle between 
each group of experiments, in which the removal of COD 
and ammonia nitrogen was stable. Each experiment was car-
ried out three times. An 8-h working period was applied 
over the entire research, and the cycle time setting of the 
reactor was shown below: an inflowing phase (10 min), an 
anoxia phase (120 min), an aerobic phase (240 min), a set-
ting phase (40 min), a decanting phase (10 min), and an idle 
phase (60 min).

Synthetic wastewater

The reactor had three operating modes in this study, and 
the difference in COD/TN ratios was the main difference 
between them. In these three operating modes, the COD/
TN ratios of synthetic wastewater were 3.3, 6.5, and 
9.3, respectively. The influent components were as fol-
lows: CH3COONa 117.50 mg·L−1 (3.3), 235.00 mg·L−1 
(6.5), 352.50  mg·L−1 (9.3), C6H12O6 117.50  mg·L−1 
(3.3), 235.00 mg·L−1 (6.5), 352.50 mg·L−1 (9.3), NH4Cl 
230 mg·L−1, NaHCO3 200 mg·L−1, KH2PO4 22 mg·L−1, 

Fig. 1   Reaction device diagram
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MgSO4·7H2O 10  mg·L−1, FeSO4·7H2O 10  mg·L−1, 
CaCl2·2H2O 10 mg·L−1, CuSO4·5H2O 0.03 mg·L−1, H3BO3 
0.15 mg·L−1, MnSO4·H2O 0.12 mg·L−1, KI 0.18 mg·L−1, 
Na2MoO4·2H2O 0.06 mg·L−1, CoCl2·6H2O 0.15 mg·L−1, 
ZnSO4·7H2O 0.12 mg·L−1, EDTA·2Na 10 mg·L−1. The pH 
value of synthetic wastewater was around 7.5 ± 0.5.

Extraction of enzymes

Extraction of N2OR

The extraction methods of N2OR were shown below (Fer-
retti et al. 1999; Hulse and Averill 1990; Yang et al. 2021). 
The activated sludge sample was harvested by centrifuga-
tion at 4000 r·min−1 for 10 min in a high-speed refriger-
ated centrifuge (Beckman Coulter Co., Ltd) from the liquid 
sample with a volume of 20 mL. And the activated sludge 
sample was suspended in 20 mL with buffer solutions (5 mM 
MgCl2, 20 mM Tris–HCl (pH 8.0) (buffer A)). The resus-
pended solution was centrifuged again at 4000 r·min−1 for 
10 min to separate the activated sludge sample. In this way, 
the activated sludge sample was washed 3 times with buffer 
A. After rinsing, the activated sludge sample was suspended 
in 20 mL with buffer A and was disrupted in a high-pressure 
homogenizer (Guangdong Juneng Biological Technology 
Co., Ltd) operating at 4 °C at 160 Mpa. The crushed sus-
pension was collected in 75-mL anaerobic bottles and was 
centrifuged at 4 °C at 40,000 g for 30 min. The supernatant 
was used to assay the N2OR activity.

Extraction of Nor

The extraction methods of Nor were shown below (Heiss 
et al. 1989; Kastrau et al. 2005). The activated sludge sample 
was harvested by centrifugation at 4000 r·min−1 for 10 min 
from the liquid sample with a volume of 20 mL. The acti-
vated sludge sample was suspended in 20 mL with buffer 
solutions (200 mM Tris–HCl (pH 8.0) (buffer B)). The 
resuspended solution was centrifuged again at 4000 r·min−1 
for 10 min to separate the activated sludge sample. In this 
way, the activated sludge sample was washed 3 times with 
buffer B. After rinsing, the activated sludge sample was sus-
pended in 20 mL with buffer solutions (50 mM Tris–HCl, 
150 mM KCl (buffer C)) and was repeatedly crushed 4 times 
with a high-pressure homogenizer operating at 4 °C at 100 
Mpa. The crushed suspension was centrifuged at 4 °C at 
5000 g for 10 min. The resulting supernatant with a volume 
of 10 mL was transferred to a centrifuge tube, and 0.1 mL 
0.02% phenylethyl alcohol and 0.1 mL 1% n-Dodecyl-beta-
D-maltoside were added while stirring. The sample was 
reacted in an ice bath for 15 min and was centrifuged at 
4 °C at 40,000 g for 90 min. The supernatant was used to 
assay the Nor activity.

Enzyme assays

N2OR assays

The methods of N2OR assays were shown below (Ferretti 
et al. 1999; Hulse and Averill 1990; Yang et al. 2021). The 
activity of N2OR was measured under an argon atmosphere 
in a 13-mL stoppered vial. The mixture reaction within a total 
volume of 5 mL contained 14 mM Tris–HCl, 1 mM Methyl 
Viologen, and 20 mM sodium dithionite. And the pH of this 
mixture reaction was controlled at 8.0. The mixture reaction 
was shocked vigorously for 20 min after injecting 5 mL N2O 
(10 mol·m−3) and then stood for 10 min. The appropriate 
amount of the test enzyme was added to start the reaction. 
The reaction flask was placed on a shaker and shaken vigor-
ously for 30 min. The gas sample with a volume of 1 mL was 
extracted from the reaction flask, and it would be diluted with 
argon to be measured by gas chromatography (GC) (Clarus 
600; Singapore (PerkinElmer)). The blank sample was the 
sample that underwent the above treatment process after 
replacing the enzyme with an equal volume of buffer solution.

The activity of N2OR was calculated by Eq. (1):

where EAN
2
OR is the activity of N2OR, U·mL−1, ns is the 

mole number of N2O in the samples, µmol, nb is the mole 
number of N2O in the blank samples, µmol, t is the reaction 
time, min, and VE is the was the volume of enzyme, mL.

Nor assays

The methods of Nor assays were shown below (Heiss et al. 
1989; Kastrau et al. 2005). The activity of Nor was measured 
under an argon atmosphere in 13-mL stoppered vials con-
taining, within a total volume of 3 mL, 300 µmol of sodium 
acetate, 100 µmol of sodium ascorbate, 0.5 µmol of phena-
zine methosulfate, and the enzyme sample. An appropriate 
amount of tested enzyme and NO (25 µmol) was added to 
the reaction flask. The reaction flask was placed on a shaker 
and shaken vigorously for 30 min. The gas sample with a 
volume of 1 mL was extracted from the reaction flask, and 
it would be diluted with argon to be measured by GC. The 
blank sample was the sample that underwent the above treat-
ment process after replacing the enzyme with an equal vol-
ume of buffer solution.

The activity of Nor was calculated by Eq. (2):

where EA
Nor

 is the activity of Nor, U·mL−1, ns is the mole 
number of N2O in the samples, µmol, n

b
 is the mole number 

of N2O in the blank samples, µmol, t is the reaction time, 
min, and V

E
 is the was the volume of enzyme, mL.

(1)EAN
2
OR =

(

nb − ns

)

∕
(

t × VE

)

(2)EANor =
(

ns − nb

)

∕
(

t × VE

)
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Measurement and calculation of N2O and other 
indicators

The gaseous N2O was measured by GC (Clarus 600; 
Singapore (PerkinElmer)) and dissolved N2O was meas-
ured by the headspace method (He et  al. 2017; Yang 
et al. 2021). A 20 mL liquid sample was transported to 
a 75-mL headspace bottle. For inhibiting the microbial 
activity, 2 mL 2 M H2SO4 was added to the bottle. The 
bottle was shaken for about 1 min and then stand for 1 h. 
A 1 mL gas sample was extracted from the headspace of 
this bottle and was used to measure the concentration of 
N2O by GC (Clarus 600; Singapore (PerkinElmer)). The 
amount of dissolved N2O could be calculated by Henry’s 
law (H (25 °C) = 2.47 × 10−7 mol·L−1·Pa−1). And the cal-
culation of dissolved N2O, total N2O emission, and total 
N2O concentration could refer to Yang et al. (2021). The 
chemic indicators, ammonia, nitrite, nitrate, total nitro-
gen (TN), chemical oxygen demand (COD), and mixed 
liquid suspended solids (MLSS), were determined using 
Standard Methods (APHA 1998). pH and DO values were 
determined by pH meters (FE-20, Mettler Toledo Instru-
ment (Shanghai) Co., Ltd.) and DO meters (HQ40d, Hach 
Company World Headquarters), respectively. The commu-
nity of activated sludge was determined by Sangon Biotech 
(Shanghai) Co., Ltd.

The nitrogen reduction was calculated by Eq. (3):

where NR was the nitrogen reduced in the aerobic condition, 
mg, TN120 and TN360 were the TN in 120 min and 360 min, 
respectively, mg·L−1, and Vliquid was the volume of the reac-
tor’s reaction space, mL.

The ammonia oxidation rate was calculated by Eq. (4):

where vNH
4

+ was the ammonia oxidation rate, mg·(L·min) 
−1, S

t
1
 and S

t
2
 were the concentration of ammonia in t

1
 and 

t
2
 , respectively, mg·L−1, and t

1
 and t

2
 were the time point of 

reactor operation, min.
The proportion of ammonia oxidation was calculated 

by Eq. (5):

where RNH
4

+ was the proportion of ammonia oxidation, %, 
and S

0
 and S

360
 were the concentration of ammonia in 0 min 

and 360 min, respectively, mg·L−1.

(3)NR =
(

TN
120

− TN
360

)

Vliquid

(4)vNH
4

+ =
(

S
t
2
− S

t
1

)

∕
(

t
2
− t

1

)

(5)RNH
4

+ =
(

S
0
− S

360

)

∕S
0

Data processing

SPSS 13.0 software was used to calculate the standard 
deviation of several parallel experiment groups and to 
analyze the correlation between factors. Origin pro 9.0 
software was used to perform linear fit on the experimental 
data. The convex hull points were calculated by the Gra-
ham’s scan method (Graham 1972), and the convex hull 
points were connected to form the shadow part.

Results and discussion

Analysis of the main production pathways of N2O

For A/O SBR, the vast majority of N2O was produced in 
the prophase of the aerobic phase. As shown in Fig. 2D 
and E, in the prophase of aerobic phase (120 to 240 min), 
the emissions of N2O accounted for the largest proportion 
(78.08–88.79%) of the total emissions, and the nitrogen 
loss accounted for the largest proportion (77.29–85.08%) 
of the total nitrogen loss. Meanwhile, in the aerobic phase, 
the aeration intensity was relatively high (1 L·min−1), which 
caused the N2O produced in the anoxic phase to be quickly 
blown off after the aeration started. It means that the emit-
ted N2O was mainly produced in the aerobic phase rather 
than the anoxic phase, especially after 150 min (Foley et al. 
2010). Therefore, the vast majority of N2O was produced in 
the early stages of the aerobic phase.

For the aerobic phase of A/O SBR, the nitrifier deni-
trification is the main N2O production process. As shown 
in Figs. 2A–C and 3, in the prophase of the aerobic phase 
(120 to 240 min), the ammonia oxidation process, the nitrite 
accumulation, and the lower DO concentration coexisted, 
so all three pathways of N2O production might exist in this 
study. As shown in Fig. 4, when the total N2O concentration 
was between 0 and 0.6 mg N·L−1, the total N2O concentra-
tions showed positive correlations with the Nor activities. 
By conducting linear regression based on the research data, 
most data points stayed within the predicted 95% confidence 
bounds, which showed that there was a good linear rela-
tionship between the Nor activity and the total N2O con-
centration (y = 0.34749 + 31.31365x, R2 = 0.833). This phe-
nomenon showed that in the aerobic phase, Nor activities 
determined the amount of N2O produced in the reactor. In 
other words, most N2O was produced through the denitri-
fication process with Nor as a key enzyme, rather than the 
incomplete oxidation of NH2OH to nitrite or other ways. 
Meanwhile, as shown in Fig. 5C, in the aerobic phase, when 
the concentration of COD was between 0 and 70 mg·L−1, 
the Nor activities were not affected by the levels of COD 
(r = 0.299, N = 15, P = 0.279 > 0.05). Therefore, in the aero-
bic phase of A/O SBR, autotrophic denitrification was the 
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Fig. 2   Conversion rules of 
ammonia, nitrate, and nitrite 
under COD/TN ratio of 3.3 (A), 
6.5 (B) and 9.3 (C), and the 
amount of nitrogen loss (D) and 
the cumulative N2O emissions 
(E) in the aerobic phase of dif-
ferent periods, and the amount 
of nitrogen loss in the aerobic 
phase and its proportion of N2O 
(F)

Fig. 3   Conversion rules of DO of periods

Fig. 4   The experimentally observed and model-fitted relationships 
between the Nor activity and the total concentration of N2O

39881Environmental Science and Pollution Research (2022) 29:39877–39887
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main N2O production process. As shown in Fig. 6, the pos-
sible autotrophic denitrifiers included Ferruginibacter and 
Nitrospira. Ferruginibacter could perform iron-dependent 
denitrification (Wu et al. 2019), and Nitrospira could per-
form nitrifier denitrification (Wrage-Mönnig et al. 2018). 
Since the electron acceptor of iron-dependent denitrifica-
tion is divalent iron, it is not conducive to its denitrifica-
tion process under aerobic conditions. The concentration 
of iron in the reactor was about 18 µmol·L−1, showing that 
the iron-dependent denitrification process was weak in the 
aerobic phase. Therefore, in the aerobic phase, nitrifier deni-
trification might be the main N2O production process. The 
reasons for “incomplete” nitrifier denitrification might be 
that N2O has lower toxicity and the related enzyme (N2OR) 
has weaker electronic competitiveness. In the presence of 
DO and N2O, nitrifiers were more likely to use oxygen as 
their electron acceptors (Conthe et al. 2018; Zumft and Kro-
neck 2006). Besides, under aerobic conditions, NO had an 
inhibitory effect on the activity of oxidase and N2OR, which 

would cause that the NO reduction process would take prec-
edence when the electron was limited (Carr and Ferguson 
1990). Therefore, N2O was the main final product of nitrifier 
denitrification.

Analysis of the influence of COD/TN ratio on the N2O 
production

The COD/TN ratio of the rector has a great influence on N2O 
production. As shown in Fig. 2F, in periods with the COD/
TN ratio of 3.3, the amount of nitrogen loss in the aerobic 
phase was the least, while the proportion of N2O was the 
highest. In contrast, in periods with the COD/TN ratio of 
6.5, the amount of nitrogen loss in the aerobic phase was 
the highest, while the proportion of N2O was the least. It 
indicated that the COD/TN ratio of the rector would affect 
the N2O production and a reasonable COD/TN ratio would 
reduce its production. Meanwhile, as shown in Fig. 7A–C, 
in periods with the COD/TN ratios of 3.3 and 9.3, when N2O 

Fig. 5   Spearman correlation 
between Nor activity and DO 
(A), Nor activity and pH (B), 
Nor activity and COD (C), 
and Spearman’s correlation 
between N2OR activity and 
DO (D), N2OR activity and pH 
(E), N2OR activity, and COD 
(F) (To show the correlation 
between the data, convex hull 
graphs are drawn. The convex 
hulls are the convex polygon 
formed by connecting the outer-
most points, and the convex hull 
points are calculated by the Gra-
ham’s scan method (Graham, 
1972))
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had higher emissions, the Nor activities showed an upward 
trend, while the N2OR activities showed a downward trend. 
In periods with the COD/TN ratio of 6.5, the Nor activities 
and the N2OR activities both showed an upward trend. This 
shows that in the periods of COD/TN ratio of 3.3 and 9.3, 
the reason for the higher N2O production is the decrease of 
N2OR activities.

The massive production of N2O in periods with lower 
COD/TN ratios (3.3) was mainly caused by the unsuitable 
external environment (pH) and the lower supply of organic 
matter. The lower supply of organic matter affected the sup-
ply of electrons in the electron transport chain (ETC) for the 
heterotrophic denitrification, which was not conducive to 
this process. And as shown in Fig. 5F, there was a positive 
correlation between N2OR activities and COD concentra-
tions (r = 0.692, N = 15, P = 0.004 < 0.01), which indicated 
that the main N2O consumption process was heterotrophic 
denitrification (aerobic denitrification or micro-zones anoxic 
denitrification). As shown in Fig. 6, the aerobic denitrifiers 
included Thauera, Terrimonas, Gemmatimonas, and unclas-
sified Burkholderiales, which accounted for 14.71% of the 
total sample. And the possible micro-zones anoxic denitri-
fiers included Defluviicoccus, Meiothermus, unclassified 

Chitinophagaceae, unclassified Xanthomonadaceae, and 
unclassified Rhizobiales, which accounted for 27.3% of the 
total sample. Among these denitrifiers, many bacteria have 
been proven to consume N2O, especially Gemmatimonas 
which can consume N2O under aerobic conditions (Park 
et al. 2017). Compared with other denitrifying enzymes, the 
N2OR has lower electronic competitiveness (Pan et al. 2013). 
Therefore, it was detrimental to the N2O consumption pro-
cess in periods with lower COD/TN ratios, which promoted 
N2O production. The unsuitable external environment (pH) 
directly affected the catalytic activities of enzymes and the 
supply of electrons for the nitrifier denitrification. As shown 
in Table 1, when the COD/TN of the influent decreased 
from 9.3 to 3.3, the pH state of the reactor was changed: the 
pH0 min decreased from 7.93 ± 0.33 to 6.95 ± 0.42, and the 
pH360 min decreased from 7.4 ± 0.23 to 4.59 ± 0.52. And the 
main reason for the decrease of pH was the imbalance of 
nitrification reactions and denitrification reactions because 
of the reduction of organic matter. The outer membrane of 
the bacteria could not effectively inhibit the movement of 
protons from the outside because it has a larger pore size 
(Lund et  al. 2014). The decrease of pH of the external 
environment would lead the pH of the periplasmic space 

Fig. 6   Relative abundance pie chart from genus level
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of bacteria to decrease, which in turn affected the activity 
of intracellular enzymes. As shown in Fig. 5B and E, the 
levels of pH had little effect on the Nor activities (r = 0.318, 
N = 23, P = 0.139 > 0.05), and N2OR had relatively high 
activity under alkaline pH conditions (r = 0.555, N = 23, 
P = 0.06 < 0.01). It means that the N2O is more likely to be 
produced during denitrification under acidic conditions. This 
result also explains the reason for the higher N2O production 

in the reactor under low pH conditions in previous studies 
(Cao et al. 2021). In addition, the lower pH would cause 
some free nitrous acid (FNA) in the reactor. According to 
Zhou et al. (2010), the maximum FNA in this study was 
1.2 × 10−4 mg N·L−1, which would inhibit the partial N2OR 
activity and promote the nitrifiers denitrification (Wang et al. 
2020). Therefore, the environment with lower pH in periods 
with a lower COD/TN ratio would promote N2O production. 
The lower pH environment is also detrimental to the ammo-
nia oxidation process. As shown in Fig. 2A–C, the ammo-
nia oxidation rate of three periods was 0.19 mg·(L·min)−1, 
0.28 mg·(L·min)−1, and 0.26 mg·(L·min)−1, respectively, and 
the proportion of ammonia oxidation ( RNH

4

+ ) of three peri-
ods was 50.21 ± 1.57%, 95.89 ± 0.36%, and 99.35 ± 0.18%, 
respectively. Meanwhile, the electric source of nitrifier 
denitrification was the ammonia oxidation process. There-
fore, the environment with lower pH in periods with a lower 
COD/TN ratio would affect the electronic supply of nitrifier 
denitrification, which was detrimental to the N2OR activity, 

Fig. 7   Dynamic changes of total concentration of N2O, Nor activity, and N2OR activity under COD/TN ratio of 3.3 (A), 6.5 (B), and 9.3 (C), 
and comparison of the activity of two enzymes with the increase of N2O concentration (D)

Table 1   Operation parameters of A/O SBR

a The proportion of ammonia oxidation. bThe proportion of nitrogen 
reduced from 120 to 240 min

Parameters pH0 min pH360 min R
NH

4

+ a (%) Rnitrogen reduced 
b (%)

COD/TN 3.3 6.95 ± 0.42 4.59 ± 0.52 50.21 ± 1.57 85.08 ± 0.61
COD/TN 6.5 7.63 ± 0.38 5.05 ± 0.51 95.89 ± 0.36 77.29 ± 12.11
COD/TN 9.3 7.93 ± 0.33 7.4 ± 0.23 99.35 ± 0.18 82.81 ± 2.06
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and it was more likely to produce more N2O during nitrifier 
denitrification. In addition, FNA would chemically decom-
pose to produce NO, which also stimulated the denitrifica-
tion process to produce N2O.

The massive productions of N2O in periods with higher 
COD/TN ratios (9.3) were mainly caused by the lower DO 
concentration. The increase of organic load intensified the 
competition for oxygen by aerobic heterotrophic bacteria, 
which made the DO concentration in the early aerobic 
phase relatively low. The lower DO concentration would 
cause the accumulation of nitrite, thereby promoting the 
nitrifier denitrification to produce more N2O. As shown in 
Fig. 3, in the prophase of the aerobic phase (150 to 210 min), 
the DO concentration was between 1.33 and 5.67 mg L−1. 
The oxygen half-saturation constant of ammonia-oxidizing 
bacteria (AOB) is smaller than nitrite-oxidizing bacteria 
(NOB), which means that the DO concentration has a higher 
impact on NOB than AOB (Hanaki et al. 1990). As shown 
in Fig. 2C, the ammonia oxidation rate remained unchanged 
but the nitrite oxidation rate decreased, which caused that 
the instantaneous cumulative amount of nitrite increased. 
As the COD/TN ratio of the reactor increased, the instanta-
neous cumulative amount of nitrite increased from 0.35 to 
3.97 mg·L−1. The accumulation of nitrite would promote 
nitrifier denitrification, which further caused an increase in 
N2O production (Harris et al. 2015; Wang et al. 2016).

The reasons for the N2O emissions under aerobic 
conditions

The samples used to extract the two enzyme proteins 
belonged to the activated sludge of a mixed bacteria system, 
indicating that the catalytic activities of the two enzymes 
could reflect the overall metabolic capacity of the reactor 
on the two substrates. As shown in Fig. 7D, when the total 
N2O concentration was between 0 and 0.6 mg N·L−1, the 
Nor activities were higher than the N2OR activities. In other 
words, the rate of N2O production was higher than the rate 
of N2O consumption, which indicated that the emissions of 
N2O were inevitable. In theory, the N2O-reducing capacity 
of heterotrophic denitrifiers was usually 2–10 times higher 
than its N2O production capacity (Conthe et al. 2019). How-
ever, why can’t the heterotrophic denitrification completely 
metabolize the N2O produced in the nitrifier denitrification?

The reasons for the unavoidable emissions of N2O were 
the insufficient supply of electrons, the reduction of the 
micro-anoxic zone, and the different transcription numbers 
of enzymes. Firstly, the insufficient electron supply rate of 
the ETC led to the weakening of the N2O reduction ability 
of heterotrophic denitrification. As shown in Fig. 5A and D, 
when the DO concentration was between 0 and 8 mg·L−1, 
the Nor activities (r =  − 0.291, N = 15, P = 0.292 > 0.05) and 
the N2OR activities (r =  − 0.274, N = 15, P = 0.324 > 0.05) 

were hardly affected by the DO concentrations. This showed 
that it may not be the DO concentration but the electron 
supply rate of the ETC that affects the production and con-
sumption of N2O (Conthe et al. 2018; Yang et al. 2021). In 
this study, heterotrophic denitrification occurred inside two 
types of bacteria, aerobic denitrifiers and anoxic denitrifiers 
(the existence of a micro-anoxic zone ensured that the two 
reactions could coexist because the diameter of the floc of 
activated sludge ranged from 49 to 306.5 µm (Andreadakis 
1993).). For aerobic denitrifiers, the speed of electron sup-
ply is an important factor affecting the activity of N2OR 
(Conthe et al. 2018). Because of the competitive effect of 
aerobic heterotrophic bacteria on organic matter, the supply 
number of electrons and the supply rate of electrons for aero-
bic denitrifiers were limited. Aerobic denitrifiers were more 
likely to catalyze the reduction of more toxic intermediate 
products. NO was more toxic to cells than N2O (Abelson 
1996) and had inhibitory effects on the oxidase activity and 
N2OR activity (Carr and Ferguson 1990). Therefore, aerobic 
denitrifiers would preferentially catalyze the reduction of 
NO when the electron was limited. For anoxic denitrifiers, 
it was in the micro-anoxic zone inside the floc. The substrate 
used by the anoxic denitrifier was the soluble organic trans-
mitted from the outside, which meant that the substrate was 
limited for the anoxic denitrifier. Similar to aerobic denitri-
fiers, the activity of N2OR was also inhibited (Perez-Garcia 
et al. 2017). Secondly, the reduction of the micro-anoxic 
zone inhibited the anoxic denitrification, inhibiting the N2O 
reduction ability of the activated sludge. The increase of DO 
concentration would shrink the micro-anoxic zone inside 
the floc. The reduction of the micro-anoxic zone would 
inhibit the metabolism of anoxic denitrifiers. Therefore, the 
consumption of N2O was naturally suppressed. Finally, the 
transcription amount of N2OR and that of Nor are imbal-
anced (Zheng et al. 2019). This also resulted in weaker 
N2OR activity. Based on the above reasons, the production 
rate of N2O in the reactor was higher than the consumption 
rate of N2O.

Countermeasures and suggestions

From the results of this study, in the aerobic phase of the A/O 
SBR, the production rate of N2O in the reactor was higher 
than the consumption rate of N2O. In particular, as the total 
N2O concentration in the reactor increased, the gap between 
them increased (Fig. 7D), indicating that it is difficult to reach 
a balance between the two. It is not feasible to increase the 
N2OR activities by increasing the organic load to reduce the 
N2O production. The increase in the consumption rate of N2O 
caused by the increase in organic load is much smaller than 
the increase in the production rate of N2O caused by it, which 
means that it cannot reduce the N2O production but rather 
increase its production (Fig. 2F). In contrast, reducing the N2O 
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production process, autotrophic denitrification, especially the 
nitrifier denitrification, in the aerobic phase is the key to solv-
ing the problem of N2O production in WWTPs. The accumula-
tion of nitrite, low DO and low pH will promote the nitrifier 
denitrification (Wrage-Mönnig et al. 2018). Therefore, these 
conditions should be avoided as much as possible in the actual 
operation of the WWTPs.

Conclusion

In the aerobic phase of A/O SBR, most of the N2O released 
and produced came from the autotrophic denitrification 
process, and the reason for the higher N2O production was 
the weak activity of N2OR. The N2O production rate was 
higher than the N2O consumption rate, showing that N2O 
consumers (heterotrophic denitrification) could not com-
pletely metabolize the N2O produced by the N2O producers 
(autotrophic denitrification, especially the nitrifier denitrifi-
cation). Increasing the N2O consumption capacity of hetero-
trophic denitrification could reduce the N2O production but 
could not completely prevent this process. Taking reasonable 
measures to inhibit autotrophic denitrification, especially 
the nitrifier denitrification, might completely prevent N2O 
production.
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