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Abstract

In order to explore the effect of biochar on nitrification and N,O emission from water, the indoor
incubation experiment was carried out after incorporating the pristine biochar (BC) or H,0O,-modified
rice husk-derived biochar (20% H,0,-BC and 30% H,0,-BC) combined with the screened heterotrophic
nitrifying bacterium into the simulated wastewater. The dynamic changes of inorganic nitrogen contents,
pH, bacterial amount, and N,O emission of the incubation system were analyzed. Results showed that
compared with BC, the amount of acidic oxygen-containing functional group of H,0,-modified biochars
increased by 24.24%~26.98%, while the amount of alkaline oxygen-containing functional group, pH,
and the specific capacitance significantly decreased by 22.16%~27.29%, 2.54~2.68, and 15.90%~30.94%,
respectively. H,O,-modified biochars significantly inhibited nitrification driven by heterotrophic
nitrifying bacterium compared with BC. Moreover, the 16-h cumulative N,O emission of the treatments
with 20% H,0,-BC or 30% H,0,-BC addition (0.0516 and 0.0525 pg N,0/100 mL solution, respectively)
were significantly higher than that with BC addition (0.0355 pg N,0/100 mL solution). Correlation
analysis showed that the cumulative N,O emission of the treatments with 20% H,0,-BC or 30%
H,0,-BC addition was significantly positively correlated with NH,OH concentration in incubation
system (r = 0.455 and 0.497, respectively), and showed no significant correlation relationship
with NO,-N (p<0.05).
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Introduction

Ammonia nitrogen is an important pollutant that
causes water body black and odorous. Ammonia
nitrogen pollution control has always been a hot spot in
environmental studies. Ammonia oxidation is the rate-
limiting step of nitrification and the main pathway of
ammonia transformation [1]. N,O is a potent greenhouse
gas and can destroy the ozone layer [2]. The main
production pathways of N O during nitrification are
hydroxylamine (NH,OH) oxidation and NO," reduction
[3-4].

Biochar, a carbon-rich material, prepared by
pyrolysis of the plant biomass and other organic
waste under the condition of oxygen free and high
temperature  (300~800°C)  [5-6]. Biochar was
characterized by a highly aromatic carbon structure,
alkalinity (pH>7), and large specific surface area [7].
It has been widely used in environmental remediation
and agricultural waste recycling [8]. The effects of
biochar on soil nitrification and N,O emission has been
paid much more attention. The promotion and inhibition
effect of biochar on soil NJO emission coexisted, and
the potential mechanism was also unclear [9-12].
However, there were few studies focusing on the effect
of biochar on nitrification and N O emission from
water. Considering that water has better homogeneity
than soil, we speculated that the research in water
could be more conducive to reveal the underlying
mechanisms.

As the carrier of electron transfer, biochar is
beneficial to redox reactions, and such characteristic
of biochar has been reported by many other studies
[13-14]. However, it was rarely reported that the effect
of biochar’s electrochemical property on nitrification
and N O emission driven by heterotrophic nitrifying
bacterium (HNB). H,O,-modification can increase
the amounts of carboxyl group and acidic oxygen-
containing functional group of biochar [15-16] and
decrease the electrical conductivity and the specific
capacitance of biochar [14,17]. Moreover, considering
that H,O,-modification could induce less exogenous
substances into the incubation system, the H,O,
oxidation method was used to prepare the modified rice
husk-derived biochar.

Based on the preparation and characterization
of 20% or 30% H,O,-modified rice husk-derived
biochars, the pristine and modified biochars were mixed
with the simulated wastewater containing the screened
HNB, Pseudomonas putida strain-N3, respectively.
The dynamic changes of inorganic nitrogen
concentrations, pH, bacterial amount, and N,O emission
during incubation were determined. The study aimed
to explore the effects of pristine and H,O,-modified
biochars on nitrification and N,O emission from water
and the potential mechanisms.

Materials and Methods
Biochar Preparation and Characterization

The rice husk-derived biochar (BC) used in the
experiment was purchased from Dalian Jiucheng
Products Co. Ltd., which was passed through a 100-mesh
sieve before use. The biochar has a pH of 7.98+0.05,
a point of zero charge (pH_,) of 7.13+£0.09, an electrical
conductivity of 48.80+1.31 mS/m, a specific capacitance
of 5.85+£0.29 F/g, an acidic oxygen-containing
functional group of 0.656+£0.012 mmol/g, and an
alkaline oxygen-containing functional group of
0.546+0.013 mmol/g. H,0,-modified BC was prepared
as follows: 20% or 30% H,0, (250 mL) was added
into the Erlenmeyer flask which was pre-filled with
5 g BC. After shaking for 12 h (25°C, 170 r/min), the
mixture was filtered and rinsed with deionized water
until the pH of the filtrate achieved a constant. Finally,
the biochars were dried and stored for later use, which
were recorded as 20% H,0,-BC and 30% H,O,-BC,
respectively.

The pH of biochar (biochar-water ratio 1 g:15 mL)
was measured by a pH meter (Mettler Toledo Delta
320). The pH , was measured by the titration method.
The types of functional groups on the surface of
biochar were measured by the Fourier transform
infrared spectrometer (PerkinElmer Spectrum Two)
and the scanning range is 400~4000 cm™. The
oxygen-containing functional group amount was
determined by the Boehm titration method [18]. The
cyclic voltammetry curve of biochar was tested by
the electrochemical workstation (CHI 760E), and the
following formula was used to calculate the specific
capacitance (F/g) of biochar [19].

C=—_
fom 1)

Where, [ is the average cathodic current, A; f is
the scan rate, V/s; and m is the mass of biochar on the
glassy carbon electrode, g.

Incubation Experiment of HNB with Biochar
Addition

In order to explore the effect of biochar on
nitrification by the enriched and screened HNB,
0.3 g biochar (BC, 20% H,0,-BC or 30% H,0,-BC)
and HNB cell collected from 15-mL liquid culture
medium were added into a 50-mL centrifuge tube
containing 30-mL simulated wastewater (Table 1)
[20], which was incubated in the dark for 48 h
(25°C, 170 r/min). The three treatments were designated
as HNB+BC, HNB+20% H,0,-BC and HNB+30%
H,0,-BC, respectively. All samples were run in
triplicate.



Effects of H,0 -modified Rice Husk-Derived...

2869

Table 1. Composition of the simulated wastewater.

Composition Concentration (mg/L)

NH,CI 38.2
Glucose 275
MgSO,-7H,0 25
FeSO,-7H,0 2.5
MnSO, 2.5
NaCl 125
K,HPO, 52
pH 7.0

HNB cell was prepared as the following procedures.
The pre-saved HNB strain (Pseudomonas putida
strain-N3, MN602471) [21] was selected from the
slant culture medium, and then it was inoculated into
400 mL LB liquid culture medium (g/L, tryptone 10,
yeast extract 5, NaCl 10) and cultivated to OD,, = 1.0
(25°C, 170 r/min). After dividing the liquid culture
medium into 15 or 50 mL, respectively, the HNB cell
was collected by centrifuging the liquid culture medium
followed by washing the centrifugated deposit with
sterile water twice.

The water samples were taken at 1/6, 0.5, 1, 2, 5,
8, 16, 24, and 48 h during incubation, respectively.
After filtering through a 0.45-pm membrane, the
concentrations of NH,-N, NO,-N, and NO,-N
were determined by the colorimetric method at the
wavelength of 420, 220/275, and 540 nm, respectively
[22]. NH,OH concentration was measured according
to the method reported by Tian [23]. The pH and
HNB amount (mL') in the water samples were also
measured.

N,O Emission Determination

In order to explore the effect of biochar on N,O
emission during nitrification driven by the selected
HNB, 1.0 g biochar (BC, 20% H,0,-BC or 30%
H,0,-BC) and HNB cell collected from 50-mL liquid
culture medium were added into a 280-mL culture
flask containing 100-mL  simulated wastewater
(Table 1). The mouth of the culture flask was sealed
with a rubber stopper, and a three-way valve with
good air tightness was installed on the rubber stopper
for gas sample collection. The 9 culture flasks
(3 treatments x 3 replicates) were incubated in the dark
(25°C, 170 r/min). 20-mL gas sample was collected with
a syringe through the three-way valve after injecting
20-mL air into the headspace of the culture flask with
three times of push-and-pull at 1/6, 0.5, 1, 2, 5, 8, and
16 h, respectively. N,O concentration was determined
by a gas chromatograph (SP-3420A), and the cumulative
N,O emission was calculated as pg N,0/100 mL
solution.

Data Analysis

Microsoft Excel 2010 was used for data calculation
and statistics. Origin 8.5 was used for graphing and
equation fitting. SPSS Statistics 22 (IBM, New York,
USA) was used for variance analysis and multiple
comparison (One-way ANOVA).

Results and Discussion

Effect of H O -modification on the Properties
of Rice Husk-Derived Biochar

Compared with BC, the carboxyl and acidic oxygen-
containing functional group amounts of 20% H,0,-BC
and 30% H,0,-BC significantly increased, while the
amount of alkaline oxygen-containing functional group,
pH, point of zero charge (pszc), electrical conductivity,
and the specific capacitance of 20% H,0,-BC and 30%
H,0,-BC significantly decreased (p<0.05) (Table 2).

The reason for the phenomenon that the pH and pH
of H,0,-modified biochars were significantly lower than
BC was that H,O, is weakly acidic, which can neutralize
the alkaline oxygen-containing functional group and
enhance the acidic oxygen-containing functional group
growth on the surface of biochar. In particular, the
significantly increased carboxyl could lower the pH
of biochar. The oxidation of biochar by H,O, destroyed
the aromatic ring structure of biochar and weakened its
aromaticity [13,16]. Therefore, the conductivity of 20%
H,0,-BC and 30% H,0,-BC decreased by 87.40% and
88.01% compared with BC, respectively. Moreover, the
specific capacitance of biochar was also significantly
impaired after H,O,-modification. The results were
consistent with the characteristics of the biochars
prepared at different pyrolysis temperatures reported by
Chen et al. [17].

Fourier transform infrared (FTIR) spectrum can
distinguish the type of functional group on the surface
of biochar. The FTIR spectra of BC, 20% H,0,-BC, and
30% H,0,-BC were shown in Fig. 1. The characteristic
absorption peaks of the three kinds of biochar were
almost the same, which occurred at the wavenumbers
of 3432, 1605, 1105, and 800 cm’, indicating the
presence of -OH, C=0, C-O, and C-H functional
groups, respectively. Compared with BC, the absorption
intensity of 30% H,0,-BC at all the wavenumbers were
enhanced, indicating the amount of -OH, C=0, C-O,
and C-H increased after 30% H,O,-modification.

HzOz-modiﬁed Biochars Inhibited Nitrification
Driven by HNB

NH,"-N concentration of the incubation system
decreased during 0~16 h, while NH,OH, NO,-N,
and NO,-N concentrations increased during 0~8 h.
Moreover, the pH showed a decreasing trend during
the whole incubation period (0~48 h). All the results
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Fig. 2. Dynamic changes of NH,"-N a), NH,OH b), NO,-N ¢), NO,-N d) concentrations, pH ¢), and bacteria amount f) in the incubation

system.

17, 24]. Compared with BC, the specific capacitances of
20% H,0,-BC and 30% H,0,-BC decreased by 15.90%
and 30.94%, respectively, which weakened the ability of
biochar as an electron shuttle and was not conducive to
the electron transfer between NH,"-N and the screened
HNB, thereby inhibiting nitrification.

Thirdly, the nature of biochar surface charge is
related to both the pH . of biochar and the original pH of
the incubation solution [23]. The pHpZC of BC (7.13) was
higher than the original pH of the simulated wastewater
(7.00), making its surface positively charged. However,
the pH_, of 20% H,0,-BC and 30% H,0,-BC (4.46 and

4.22, respectively) were lower than the original pH of
the simulated wastewater, making its surface negatively
charged. Given that the pH of most bacteria was
3~4 [25], which was lower than the original pH of the
simulated wastewater, the surface of bacteria would be
negatively charged. Therefore, the positively charged BC
could adsorb microorganisms in the incubation system
by electrostatic attraction. Moreover, biochar possessed
abundant bioavailable carbon, and its porous structure
could provide a suitable habitat for the growth of HNB
[26], thus being in favor of NH,"-N degradation. However,
the electrostatic repulsion between the negatively charged
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20% H,0,-BC/30% H,0,-BC and the negatively charged
microorganisms was not conducive to microorganism
attachment to the surface of biochar and their growth
would be negatively affected. Consequently, compared
with the treatment with BC addition, HNB amount of
the treatments with H,O,-modified biochar addition was
obviously lower. Nitrifiers are the main players of the
microbial transformation of ammonia to nitrate, and their
quality affects the progress of nitrification directly [27].

H,0,-modified Biochars Promoted N,O
Emission during Nitrification

The cumulative N,O emission in the headspace of
culture flask increased sharply during the 0~5 h of
incubation while it increased moderately during the
5~16 h. The cumulative N,O emissions of the treatments
HNB+BC, HNB+20% H,0,-BC, and HNB+30%
H,0,-BC during 0~5 h were 0.0299, 0.0486, and
0.0506 pg N,O/100 mL solution, respectively, which
accounted for 84.12%, 94.21%, and 96.42% of the
cumulative N,O emission during the whole incubation
period, respectively.

The cumulative N,O emissions of the treatments
HNB+20% H,0,-BC and HNB+30% H,O,-BC during
0.5~16 h were significantly higher than that of the

treatment HNB+BC, while there was no significant
difference between the treatments with H, O, -modified
biochar additions (p<0.05). The cumulative N,O
emission of the treatments HNB+20% H,O,-BC and
HNB+30% H,0,-BC during 0~16 h were 0.0516 and
0.0525 pg N,O/100 mL solution, respectively, which
were 1.45 and 1.48 times that of the treatment HNB+BC
(Fig. 3).

Under the condition of relatively high dissolved
oxygen concentration, the main pathway of N,O
production  during  nitrification ~ was ~ NH,OH
oxidation [28]. Liu et al. [29] also reported that N,O
production had closer relationship with the activity of
hydroxylamine oxidase under aerobic conditions, who
found that dissolved oxygen was sufficient at the initial
stage of incubation, and NH,"-N was rapidly oxidized
to NH,OH, resulting in NH OH accumulation. Further,
NH,OH was oxidized to N,O under the catalysis
of hydroxylamine oxidase. In our study, NH OH
concentrations of the treatments with H, O, -modified
biochar addition were higher than that of control during
the incubation period of 0~8 h. Correspondingly, the
cumulative N O emission of the treatments with H,O.-
modified biochar addition was also significantly higher
than that of control during the incubation period of
0.5~16 h. Therefore, we speculated the reason that
H,0,-modified biochars promoted N,O emission during
nitrification could be related to NH,OH oxidation.

In addition, NO_,-N concentration of all the
treatments during incubation was very low, which
was an order of magnitude lower than NH,OH
concentration. Yu et al. [30] also indicated that NO,
hardly accumulated during nitrification because NH,OH
did not transformed to NO, but transformed to N,O and
N, and released from the incubation system. Therefore,
the reason that H,O,-modified biochars promoted N,O
emission during nitrification could not be related to
NO, reduction.

Correlation Analysis between the Cumulative N,O
Emission and NH,OH, NO,-N Concentration,
and pH of the Incubation System

In order to explore the influence of biochar on
N,O emission during nitrification and the potential
mechanisms further, the correlation relationship

Table 3. Pearson correlation coefficients between the cumulative N,O emission and NH,OH, NO,-N concentration, and pH of the

incubation system during the 48-h incubation period.

NH,OH (mg/L) NO,-N (mg/L) pH Data range
0.280 0.576** -0.795%*%* HNB+BC (n =24)
Cumulative N,O 0.455% 0.353 -0.565%* HNB+20% H,0,-BC (n =24)
emission (ug N,O/100
mL solution) 0.497%* 0.259 -0.654*%* HNB+30% H,0,-BC (n =24)
0.358%** 0.337%* -0.860%** All three treatments (n = 72)

Note: *, ** and ***denoted the significant difference at 0.05, 0.01, and 0.001 level, respectively.
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between the cumulative N,O emission and the
concentrations of the intermediate products of
nitrification, NH,OH and NO,-N, was analyzed. The
results showed that the cumulative N O emission
was significantly positively correlated with NH,OH
concentration both in the treatments HNB+20%
H,0,-BC and HNB+30% H,0,-BC, and the correlation
coefficients were 0.455 and 0.497, respectively, while
there was no significant correlation relationship with
NO,-N (p<0.05). The correlation analysis based
on the data of all the three treatments showed that
the cumulative N,O emission was significantly
positively correlated with both NH,OH and NO,-N
concentration, and the correlation coefficient with
NH,OH (0.358) was higher than that with NO,-N
(0.337). Furthermore, there was a significant negative
correlation between the cumulative N,O emission
and the pH of incubation system (p<0.01), indicating
that the cumulative N O emission was affected by pH
greatly (Table 3).

Conclusions

Compared with BC, the amount of acidic oxygen-
containing functional group of H,O,-modified biochars
significantly increased by 24.24%~26.98%, while
the amount of alkaline oxygen-containing functional
group, pH, and the specific capacitance significantly
decreased by 22.16%~27.29%, 2.54~2.68, and
15.90%~30.94%, respectively. Compared with BC,
H,0,-modified biochars inhibited nitrification driven
by the isolated heterotrophic nitrifying bacterium
(HNB), Pseudomonas putida strain-N3. The main
reasons were that H,O,-modified biochars with
relatively low pH made the pH of the incubation
system lower, and the decreased specific capacitance of
H,0,-modified biochars weakened the function of
biochar as an electron shuttle, which was not conducive
to the proliferation of heterotrophic nitrifying bacteria
and nitrification. Compared with the treatment with BC
addition, the cumulative N,O emission of the treatments
with  H,O,-modified biochar addition increased
significantly. Correlation analysis showed that the
cumulative N,O emission of the treatments HNB+20%
H,0,-BC and HNB+30% H,0,-BC was significantly
positively correlated with NH,OH concentration in
incubation system (» = 0.455 and 0.497, respectively),
and showed no significant correlation relationship with
NO,-N (p<0.05). The study will provide a theoretical
reference for the application of biochar in wastewater
treatment.

Acknowledgments

This research was funded by the Natural Science
Foundation of Shanxi Province (No. 201901D111066).

10.

11.

12.

Conflict of Interest

The authors declare no conflict of interest.

References

GWAK J.H., JUNG M., HONG H., KIM J.G., QUAN
Z.X., REINFELDER JR., SPASOV E. NEUFELD
J.D., WAGNER M., RHEE S.K. Archaeal nitrification is
constrained by copper complexation with organic matter in
municipal wastewater treatment plants. The ISME Journal,
14, 335, 2020.

RAVISHANKARA A.R., DANIEL J.S., PORTMANN
R.W. Nitrous oxide (N,0): the dominant ozone-depleting
substance emitted in the 21st century. Science, 326 (5949),
123, 2009.

WRAGE N., VELTHOF G.L., van BEUSICHEM M.L.,
OENEMA O. Role of nitrifier denitrification in the
production of nitrous oxide. Soil Biology and Biochemistry,
33 (12-13), 1723, 2001.

ALIM., RATHNAYAKE R.M.L.D., ZHANG L., ISHIT S.,
KINDAICHI T., SATOH H., TOYODA S., YOSHIDA N.,
OKABE S. Source identification of nitrous oxide emission
pathways from a single-stage nitritation-anammox
granular reactor. Water Research, 102, 147, 2016.

AKHIL D., LAKSHMI D., KARTIK A., VO DVN,
ARUN J., GOPINATH K.P. Production, characterization,
activation and environmental applications of engineered
biochar: a review. Environmental Chemistry Letters, 19,
2261, 2021.

LEHMANN J. A handful of carbon. Nature, 447 (7141),
143, 2007.

RIBAS A., MATTANA S., LLURBA R., DEBOUK
H., SEBASTIA M.T., DOMENE X. Biochar application
and summer temperatures reduce N,O and enhance CH,
emissions in a Mediterranean agroecosystem: Role of
biologically-induced anoxic microsites. Science of The
Total Environment, 685, 1075, 2019.

AHMAD M., RAJAPAKSHA AU, LIM JE., ZHANG
M., BOLAN N., MOHAN D., VITHANAGE M., LEE S.S.,
OK Y.S. Biochar as a sorbent for contaminant management
in soil and water: A review. Chemosphere, 99, 19, 2014.
YI Q., TANG S.H., FAN X.L., ZHANG M., PANG YW,,
HUANG X., HUANG Q.. Effects of nitrogen application
rate, nitrogen synergist and biochar on nitrous oxide
emissions from vegetable field in south China. PloS ONE,
12 (4), e0175325, 2017.

YUAN H.J,, ZENG J.R., YUAN D., ZHANG L., QIN S.P,,
WRAGE-MONNIG N., CLOUGH T., ZHOU S.G. Co-
application of a biochar and an electric potential accelerates
soil nitrate removal while decreasing N,O emission. Soil
Biology and Biochemistry, 149, 107946, 2020.

ZHANG Q.Q., ZHANG X., DUAN PP, JIANG XY,
SHEN H.J., YAN X.Y., XIONG Z.Q. The effect of long-
term biochar amendment on N,O emissions: Experiments
with N5-O" isotopes combined with specific inhibition
approaches. Science of The Total Environment, 769,
144533, 2021.

VERHOEVEN E., SIX J. Biochar does not mitigate field-
scale N,O emissions in a Northern California vineyard: An
assessment across two years. Agriculture, Ecosystems &
Environment, 191, 27, 2014.

. MA CR., ZHANG X.C., WANG P, LI H. Effect of

physical and chemical properties of biochar on its



2874

Wang C., et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

reactivity. Environmental Chemistry, 38 (11), 2425, 2019
[In Chinese].

YUANH.J., ZHANG Z.J.,LIM.Y., CLOUGH T., WRAGE-
MONNIG N., QIN S.P., GE T., LIAO H.P, ZHOU S.G.
Biochar’s role as an electron shuttle for mediating soil N,O
emissions. Soil Biology and Biochemistry, 133, 94, 2019.
WEN FEY., CHEN J., TIAN L.P,, LIANG N., ZHANG D.,
WU M. Chemical oxidation of biochars and the impact on
bisphenol A sorption. Asian Journal of Ecotoxicology, 11
(2), 628, 2016 [In Chinese].

HE X., HONG Z.N., SHI RY., CUI J.Q., LAl HW,, LU
H.L., XU RK. The effects of H,0,- and HNO,/H,SO,-
modified biochars on the resistance of acid paddy soil
to acidification. Environmental Pollution, 293, 118588,
2022.

CHEN G.H., ZHANG Z.R., ZHANG Z.Y., ZHANG R.D.
Redox-active reactions in denitrification provided by
biochars pyrolyzed at different temperatures. Science of
The Total Environment, 615, 1547, 2018.

BOEHM H.P. Some aspects of the surface chemistry of
carbon blacks and other carbons. Carbon, 32, 759, 1994.
SARKAR D., KHAN G.G., SINGH A.K., MANDAL K.
High-performance pseudocapacitor electrodes based on
a-Fe,0,/MnO, core-shell nanowire heterostructure arrays.
The Journal of Physical Chemistry C, 117 (30), 15523,
2013.

FANG Z. Study on the treatment of low strength ammonia
nitrogen water by immobilized Nitrobacteria. Shanghai:
Shanghai Ocean University, 2011 [In Chinese].

WANG C.X., REN J. Removal of ammonia nitrogen with
low concentration in water by heterotrophic nitrifying
bacteria immobilized on modified biochar. Environmental
Pollution & Control, 43 (2), 139, 2021 [In Chinese].
STATE ENVIRONMENTAL PROTECTION
ADMINISTRATION OF CHINA. Water and Wastewater

23.

24.

25.

26.

27.

28.

29.

30.

Monitoring and Analysis Methods, 4th ed. Beijing: China
Environmental Science Press, 2002 [In Chinese].

TIAN X.L. Study on the determination of hydroxylamine
in short-cut nitrification process. Xi’an: Chang’an
University, 2017 [In Chinese].

YUAN D., WANG G.Q., HU C.S., ZHOU S.G., CLOUGH
T.J., WRAGE-MONNIG N., LUO J.F,, QIN S.P. Electron
shuttle potential of biochar promotes dissimilatory nitrate
reduction to ammonium in paddy soil. Soil Biology and
Biochemistry, 172, 108760, 2022.

TONG H., HU M., LI F.B., LIU C.S., CHEN M.J. Biochar
enhances the microbial and chemical transformation
of pentachlorophenol in paddy soil. Soil Biology and
Biochemistry, 70, 142, 2014.

ZHOU X.H., ZHOU J.J, LIU Y.C., GUO J, REN JL,,
ZHOU F. Preparation of iminodiacetic acid-modified
magnetic biochar by carbonization, magnetization and
functional modification for Cd(II) removal in water. Fuel,
233, 469, 2018.

YANG L.Q., ZHU G.D., JU X.T., LIU R. How nitrification-
related N,O is associated with soil ammonia oxidizers
in two contrasting soils in China? Science of The Total
Environment, 770, 143212, 2021.

PENG L., NI B.J., YE L., YUAN Z.G. The combined
effect of dissolved oxygen and nitrite on N,O production
by ammonia oxidizing bacteria in an enriched nitrifying
sludge. Water Research, 73, 29, 2015.

LIU J.J.,, YUAN L.J,, HE Z.X. Nitrous oxide emission
and hydroxylamine oxidase activity in anoxic/aerobic
sequencing batch reactor. China Water & Wastewater, 30
(9), 27, 2014 [In Chinese].

YU D.Y., ZHANG LY., GAO B. Factors affecting the
heterotrophic nitrification property of heterotrophic
nitrification-aerobic denitrifier. Chemical Industry and
Engineering Progress, 31 (12), 2797, 2012 [In Chinese].



