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Abstract

Granulation is an efficient approach for the rapid growth of anaerobic ammo-

nia oxidation (Anammox) bacteria (XANA) to limit the growth of nitrite-

oxidizing bacteria (XNOB). However, the high sensitivity of Anammox bacteria

to operational conditions and the competition with other microorganisms lead

to a critical challenge in maintaining sufficient XANA population. In this study,

a one-dimensional steady-state model was developed and calibrated to investi-

gate the kinetic constants of XANA growth and mass transport in individual

granules, including the liquid film. According to the model calibration results,

the range of the maximum specific growth rate constant of XANA (μANA) was

0.033 to 0.10 d�1. In addition the other kinetic constants of XANA were 0.003

d�1 for decay rate constant (bANA), 0.10 mg-O2/L for oxygen half-saturation

constant (KANA
O2

), 0.07mg-N/L for ammonia half-saturation constant (KANA
NH4

),

and 0.05mg-N/L for nitrite half-saturation constant (KANA
NO2

). The model simula-

tion results showed that the dissolved oxygen of about 0.10 mg-O2/L was found

to be optimal to maintain high XANA population. In addition, minimal COD

concentration is required to control heterotrophs (XH) and improve ammonia

oxidation by ammonia-oxidizing bacteria (XAOB). It was also emphasized that

moderate mixing conditions (Lf ffi 100 μm) are preferable to decrease the diffu-

sion of oxygen to the deep layers of the granules, controlling the competition

between XANA and XNOB. A single-factor relative sensitivity analysis (RSA) on

microbial kinetics revealed that μANA is the governing factor in the efficient

operation of the single-stage PN/A processes. In addition, it was found that

nitrite concentration is a rate-limiting parameter on the success of the process

due to the competition between XANA and XNOB. These findings can be used to

enhance our understanding on the importance of microbial competition and

mass transport in the single-stage PN/A process.
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Practitioner Points:

• A one-dimensional steady-state model was developed and calibrated for sim-

ulating the single-stage partial nitrification/Anammox (PN/A) granule

process.

• Moderate liquid films (Lf ffi100 μm) are preferable for better performance of

Anammox growth in single-stage PN/A processes.

• Moderate dissolved oxygen (DO ffi0.10 mg-O2/L) is highly recommended for

efficient growth of Anammox bacteria in single-stage PN/A granulation.

• Minimal COD (COD ffi0) is preferable for successful operation of the single-

stage PN/A granule process.

• Nitrite concentration is a rate-limiting parameter on the competition

between Anammox and nitrite-oxidizing bacteria in the single-stage PN/A

processes.
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INTRODUCTION

Elevated concentrations of nitrogen components
(e.g., organic nitrogen, ammonia, and nitrate) can be
found in multiple wastewater streams such as domestic,
agricultural, industrial wastewater, and animal manure
waste. Excessive release of nitrogen components into
natural water systems (mainly surface water) can cause
algal bloom formation and eutrophication in lakes and
rivers, threatening the aquatic ecosystem (Ahmed &
Lin, 2021; Chen et al., 2020; Elsayed, Rixon, Levison,
et al., 2023; Elsayed et al., 2024). Nitrogen components
also have a negative influence on human health since
they can result in multiple diseases such as methemo-
globinemia (i.e., limited oxygen concentration in blood)
and cancer (Elsayed, Rixon, Zeuner, et al., 2023; Perovi�c
et al., 2020; Rixon et al., 2024; Schullehner et al., 2018).
Therefore, the removal of nitrogen components in mod-
ern wastewater treatment is extremely important to
avoid critical environmental and public health
problems.

Anaerobic ammonia oxidation (Anammox) is an
innovative technology for nitrogen removal by convert-
ing ammonia and nitrite into nitrogen gas without
expensive aeration systems and organic demand
(Madeira & de Araújo, 2021; You et al., 2020; Yue
et al., 2018). This reaction is known as a single-stage par-
tial nitrification/Anammox (PN/A) processes where 45%

of ammonia is converted into nitrite while the rest of
ammonia (55%) is consumed with the produced nitrite
by Anammox bacteria (XANA) under anaerobic condi-
tions in a single reactor (Antwi et al., 2019; Miao
et al., 2016). In addition, the single-stage PN/A process is
considered a promising alternative for conventional nitri-
fication and denitrification in municipal wastewater
treatment (Cui et al., 2020; Eskicioglu et al., 2018;
Weralupitiya et al., 2021) as it requires less aeration cost,
less footprint for wastewater treatment facilities and no
organic carbon for complete nitrogen removal (Bonassa
et al., 2022; Dai et al., 2021; Gao et al., 2023). Also, the
single-stage PN/A process has a less sludge production
rate coupled with minimal disposal cost and less green-
house gas emissions (e.g., nitric oxide) compared to the
conventional activated sludge process (Conthe
et al., 2019; Fu et al., 2023; Wu et al., 2022). Generally,
successful operation of the single-stage PN/A processes
can save approximately 90% of the operational and run-
ning costs compared to the conventional biological nitro-
gen removal process (Kim & Cui, 2023; Ren et al., 2022;
Yang et al., 2021).

However, the growth of XANA population is relatively
slow where the doubling time can be as long as 10 to
20 days depending on the temperature and substrate con-
ditions (Gong et al., 2022; Hu et al., 2022; Waki
et al., 2021), resulting in long operational time for suc-
cessful growth of XANA population. Also, the partnership
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between XANA and ammonia oxidizing bacteria (XAOB)
and the competition between XANA and nitrite oxidizing
bacteria (XNOB) for nitrite is a key challenge on efficient
growth of XANA in the single-stage PN/A process. It
should be noted that single-stage PN/A processes are
more practical compared to the two-stage PN/A processes
because of the reduced reactor volume and low nitrous
oxide emission with no pH regulations associated with
the operation process (Guo et al., 2020a; Guo
et al., 2020b). Therefore, the main scope of this study is
oriented toward the determination of dominant parame-
ters for the successful operation of the single-stage PN/A
processes.

Many previous Anammox process studies investigated
the growth of XANA using granules (Li et al., 2021; Lin
et al., 2022; Wang et al., 2020), biofilms (Gilmore
et al., 2013; Lotti et al., 2014; Zhang et al., 2014), attached
growth systems (Hu et al., 2010; Wang et al., 2009; Zhang
et al., 2017) and batch systems (Connan et al., 2016).
Granulation is considered one of the most innovative
solutions to limit the activity of XAOB and XNOB coupled
with providing a sufficient retention time for the growth
of XANA (Ishimoto et al., 2021; Laureni et al., 2015; Lin &
Wang, 2017; Xu et al., 2019). Granulation processes also
allow shorter start-up and easier control compared to
other Anammox growth techniques (Adams et al., 2020;
Gonzalez-Gil et al., 2015; Song et al., 2017). In individual
Anammox granules within the single-stage PN/A pro-
cesses, XAOB grow at the outer layers of the granule
where dissolved oxygen is provided from the bulk solu-
tion. While XANA grow at the inner (deep) layers of gran-
ule where the oxygen mass transfer is limited near the
core of the granule.

Operational conditions play a dominant role in the
growth of XANA population using the granulation
approaches. In previous experimental Anammox studies,
it was observed that dissolved oxygen concentration is an
important parameter on the growth of XANA population
as low oxygen concentration is required for better growth
of XANA (Feng et al., 2022; Pérez et al., 2014; Zekker
et al., 2019). It was also found in previous Anammox
studies that the granule diameter can control the XANA

growth rate (Chen et al., 2019; Dan et al., 2023; Li
et al., 2021; Liu, Ma, et al., 2017; Luo et al., 2017; Yuan
et al., 2022). C/N ratio (carbon-to-nitrogen) and influent
COD concentration are also two dominant parameters on
the XANA growth as they affect the competition between
XANA and heterotrophic bacteria (Gao et al., 2021, 2023;
Li et al., 2017; Zhang et al., 2020). The competition
between XANA and other involved microorganisms
(i.e., XAOB, XNOB and heterotrophs) can also control
the growth of XANA population (Cao et al., 2017; Pellicer-

Nàcher et al., 2013; Wang et al., 2017). However, there
are no systematic investigations on the effect of
mixing conditions (i.e., liquid film thickness) on the
growth of XANA. In addition, although various studies
examined XANA growth using bench-scale experimenta-
tion (Deng et al., 2022; Gong et al., 2022; Su et al., 2023)
and mainstream wastewater systems (Liu, Peng,
et al., 2021; Liu, Wang, et al., 2021; Zhuang et al., 2022),
limited studies investigated the growth of XANA

population in single-stage PN/A granule technology
using mathematical models under various operational
conditions.

Mathematical models are an important tool for
describing the competition between XAOB and XANA

for ammonia, XAOB and XNOB for dissolved oxygen, and
XANA and XNOB for nitrite under various operational con-
ditions (Vannecke et al., 2015; Volcke et al., 2010). Also,
these models can be implemented for determining the
governing microbial kinetic constants and operational
conditions on the diversity of the microbial communities
within the single-stage PN/A processes. Mathematical
modeling, including various microorganisms (i.e., XAOB,
XNOB, heterotrophs, and XANA), is crucial to detect the
complicated correlations between the process parameters
(e.g., microbes and operational conditions) (Baeten
et al., 2019; Corbal�a-Robles et al., 2016). Mathematical
models can also be addressed to describe the failure of
Anammox operation and challenges in single-stage PN/A
processes due to the domination of XNOB with a compre-
hensive analysis of the failure mechanisms, including
rapid growth rate of XNOB compared to XANA and sub-
strate mass transport to the granule (e.g., granule diame-
ter and liquid film thickness). However, there are no
reported mathematical modeling studies to determine the
role of microbial kinetic constants of the involved micro-
organisms on the success of the Anammox operation
processes.

In this study, the main objectives are to: (1) develop a
one-dimensional mathematical model to simulate the
growth of Anammox bacteria (XANA) in the single-stage
PN/A granule processes, (2) calibrate the mathematical
model using previous Anammox studies to determine the
important model parameters (e.g., kinetics of XANA and
diffusion coefficient of soluble substrates), (3) evaluate
the effect of operational conditions (e.g., dissolved oxygen
concentration and mixing conditions) on the growth of
XANA population and microbial communities in the
single-stage PN/A processes and (4) do a sensitivity anal-
ysis on the microbial kinetic constants to assess their
effect on the competition between the microorganisms
and the XANA population in the single-stage PN/A
processes.
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NUMERICAL MODEL
DEVELOPMENT AND
CALIBRATION

Biological reaction kinetics and mass
transport

A one-dimensional steady-state model was developed to
simulate the mass transport and the biological reactions
driven by XANA, XAOB, XNOB, and heterotrophic bacteria
in a spherical Anammox granule. The model was used to
simulate the growth of XANA based on IWA-ASM3
(International Water Association Activated Sludge Model
No.3) (Henze et al., 2000) and the biological reactions of
XANA from previous model studies (Lackner et al., 2008;
Ni et al., 2013). For the biological reactions of nitroge-
nous compounds in the granule, ammonia (SNH4 ) was
oxidized by XANA and XAOB into nitrite (SNO2 ) that
was utilized by XANA and XNOB. While denitrification
reaction was performed by heterotrophic bacteria (XH)
where nitrate (SNO3 ) was converted into nitrogen gas
(Table S1). Soluble COD (SCOD) was utilized by XH and
particulate COD (XS) was hydrolyzed into SCOD for the
carbonaceous compounds (Table S1). Microbial decay
reactions were also assumed for the particulate compo-
nents (XANA, XAOB, XNOB, and XH) (Table S1).

In the steady state model, the biological reaction
kinetics and diffusive mass transport in the granules were
included (Table 1), assuming non-homogenous granules
in the reactor. In a single granule, the soluble compo-
nents (SNH4 , SNO2 , SNO3 , SO2 , and SCOD) were mobile by
diffusion from the bulk solution to the granule through
the liquid film (i.e., boundary layer) where biological
reactions were assumed to be negligible; however, the
particulate components were assumed to be immobile. At
the center of granule (r¼ 0Þ, it was assumed that there
was no flux for each of the soluble components
(Equation 1).

dSi
dr

�
�
�
�
r¼0

¼ 0 ð1Þ

where Si is an individual soluble component and r is the
distance from the granule center.

Numerical solution methods

In the steady state model, the 10 mass balance equations
for individual soluble and particulate components were
discretized using the finite difference method (Table S1)
(Chapra & Canale, 1998). In the finite difference method,
the granule was evenly divided into 20 grids regardless of

the granule size (diameter). The 200 discretized mass-
balance equations (20 grids � 10 components) were
solved simultaneously by the fixed-point iteration
approach (Chapra & Canale, 1998) with a relative toler-
ance of 0.0001. It should be noted that spherical coordi-
nates (using the radial distance from the granule center
[r]) were used in the developed steady-state granule
model.

Model calibration

The steady-state granule model was calibrated using sim-
ulation results from previous Anammox process model-
ing studies (Study A (Corbal�a-Robles et al., 2016); Study
B (Liu, Niu, et al., 2017); Study C (Hao et al., 2002)) to
estimate the kinetic constants of Anammox bacteria, the
diffusion coefficient of soluble components in the granule
and liquid film thickness (Table 2). In the model calibra-
tion, the simulation conditions (e.g., soluble components
concentration) were assumed based on the mentioned
simulation conditions in each of the three studies
(Table 2). The simulation results in the literature
studies were digitized and extracted to prepare the con-
centration profiles of soluble and particulate components
within the granules.

Relative sensitivity analysis

A single-factor relative sensitivity analysis (RSA) was per-
formed on the kinetic constants of XAOB, XNOB, and XANA

to evaluate their effect on the XANA population and deter-
mine the important kinetics on the growth of XANA. In
the sensitivity analysis, a 1% change in a given kinetic
constant was applied and the effect of this change on the
Anammox population was evaluated for each discretized
grid (20 grids). The average relative sensitivity function
(f RS) for a given kinetic constant was described by the
rate of change in the Anammox population (∂XANA rð Þ)
with space (r) normalized by the rate of change in the
kinetic constant (∂k) and the median value of the kinetic
constant (k) normalized by the Anammox population
(XANA) corresponding to k (Equation 2) for each grid
(Amer & Kim, 2022; Mozumder, Goormachtigh,
et al., 2014). The finite difference method was used to dis-
cretize the rate of change in the Anammox population
with respect to the rate of change in the kinetic constant
(Equation 3) (Chapra & Canale, 1998). The single-factor
RSA generally provided valuable insights into the influ-
ence of individual kinetic constants on the Anammox
population considering the partnership between XANA

and XAOB and the microbial competition between XANA
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TABLE 1 Model parameters and calibration targets at T = 20�C and pH = 7.0.

Model parameter Symbol
Study
A

Study
B

Study
C

Baseline of this
study Reference

Heterotrophic bacteria (XH)

Maximum specific growth rate (1/d) μH 6.0 6.0 6.0 6.0 Henze et al., 2000

Maximum endogenous respiration rate (1/d) bH 0.4 0.4 0.4 0.4 Henze et al., 2000

Anoxic reduction factor for μH (�) ηd 0.8 0.8 0.8 0.8 Henze et al., 2000

Oxygen saturation constant (mg-O2/L) KH
O2

0.2 0.2 0.2 0.2 Henze et al., 2000

Substrate saturation constant (mg-COD/L) KH
COD 20 20 20 20 Henze et al., 2000

Ammonium saturation constant (mg-N/L) KH
NH4

0.05 0.05 0.05 0.05 Henze et al., 2000

Nitrite saturation constant (mg-N/L) KH
NO2

0.5 0.5 0.5 0.5 Henze et al., 2000

Nitrate saturation constant (mg-N/L) KH
NO3

0.5 0.5 0.5 0.5 Henze et al., 2000

Ammonia oxidizing bacteria (XAOB)

Maximum specific growth rate (1/d) μAOB 2.05 2.05 2.05 2.05 Wiesmann, 1994

Maximum endogenous respiration rate (1/d) bAOB 0.13 0.13 0.13 0.13 Wiesmann, 1994

Oxygen saturation constant (mg-O2/L) KAOB
O2

0.6 0.6 0.6 0.6 Wiesmann, 1994

Ammonium saturation constant (mg-N/L) KAOB
NH4

2.4 2.4 2.4 2.4 Wiesmann, 1994

Nitrite oxidizing bacteria (XNOB)

Maximum specific growth rate (1/d) μNOB 1.45 1.45 1.45 1.45 Wiesmann, 1994

Maximum endogenous respiration rate (1/d) bNOB 0.06 0.06 0.06 0.06 Wiesmann, 1994

Oxygen saturation constant (mg-O2/L) KNOB
O2

1.0 1.0 1.0 1.0 Moussa
et al., 2005

Ammonium saturation constant (mg-N/L) KNOB
NH4

0.20 0.20 0.20 0.20 Ma et al., 2017

Nitrite saturation constant (mg-N/L) KNOB
NO2

0.50 0.50 0.50 0.50 Volcke
et al., 2010

Anammox bacteria (XANA)

Maximum specific growth rate (1/d) μANA 0.10 0.033 0.08 0.10 This study.

Maximum endogenous respiration rate (1/d) bANA 0.003 0.003 0.003 0.003 This study.

Oxygen saturation constant (mg-O2/L) KANA
O2

0.10 0.10 0.10 0.10 This study.

Ammonium saturation constant (mg-N/L) KANA
NH4

0.07 0.07 0.07 0.07 This study.

Nitrite saturation constant (mg-N/L) KANA
NO2

0.05 0.05 0.05 0.05 This study.

Hydrolysis

Hydrolysis rate constant (1/d) qH 3 3 3 3 Henze et al., 2000

Saturation constant for particulate COD (g-XS/
g-XH)

KX 0.1 0.1 0.1 0.1 Henze et al., 2000

Anoxic reduction for qH (�) ηH 0.6 0.6 0.6 0.6 Henze et al., 2000

Stoichiometric parameters

Yield of XH on substrate (g-COD/g-COD) YH 0.63 0.63 0.63 0.63 Henze et al., 2000

Yield of XAOB on ammonium (g-COD/g-N) YAOB 0.15 0.15 0.15 0.15 Wiesmann, 1994

Yield of XNOB on nitrite (g-COD/g-N) YNOB 0.041 0.041 0.041 0.041 Wiesmann, 1994

Yield of XANA on nitrite (g-COD/g-N) YANA 0.159 0.159 0.159 0.159 Lackner
et al., 2008

Nitrogen content in biomass (g-N/g-COD) iNBM 0.07 0.07 0.07 0.07 Henze et al., 2000

Inert content in lysis biomass (g-COD/g-COD) f i 0.1 0.1 0.1 0.1 Henze et al., 2000
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and XNOB. The sensitivity analysis focused on single-
factor variations since the model structure inherently
includes process rates and biological reactions that cap-
ture predictable and independent effects of microbial
kinetic constants on different microbial communities.

f RS ¼
Pr¼n

r¼0

∂XANA rð Þ
∂k : k

XANA rð Þ

n
ð2Þ

∂XANA rð Þ
∂k

¼XANA r,kþΔkð Þ�XANA r,k�Δkð Þ
2Δk

ð3Þ

where n is the number of discretized grids in r direction
(n = 20 grids) and Δ is the change in the median of a
kinetic constant (Δ = 1%).

RESULTS AND DISCUSSION

Model calibration with literature
simulation results

The kinetic constants of Anammox bacteria, liquid film
thickness (i.e., mixing conditions), and diffusion coeffi-
cient of soluble components were determined by calibrat-
ing the mathematical model using the simulation results
of previous Anammox studies (Corbal�a-Robles

et al., 2016; Hao et al., 2002; Liu, Niu, et al., 2017)
(Figure 1, S1, S2, and Table 2). The calibrated maximum
specific growth rate constant of XANA (μANA) ranged from
0.033 to 0.10 d�1 while the Anammox bacteria decay rate
constant (bANA) was 0.003 d�1, oxygen half-saturation
constant of XANA (KANA

O2
) was 0.10 mg-O2/L, ammonia

half-saturation constant (KANA
NH4

) was 0.07mg-N/L and
nitrite half-saturation constant (KANA

NO2
) was 0.05mg-N/L.

The determined kinetic constant ranges ofXANA are con-
sistent with those mentioned or estimated in previous
Anammox studies (Bi et al., 2015; Corbal�a-Robles
et al., 2016; Elsayed et al., 2022; Hao et al., 2002; Koch
et al., 2000; Lackner et al., 2008; Liu et al., 2020; Liu,
Wang, et al., 2021; Mozumder, Goormachtigh,
et al., 2014; Ni et al., 2013; Ni et al., 2014; Strous
et al., 1998; Volcke et al., 2010; Zhang et al., 2017)
(Table 3). In the previous Anammox studies, there was a
high variability of μANA because it is highly affected by
multiple factors such as Anammox species, biomass type,
and operating temperature (Table 3) (Oshiki et al., 2011;
Zhang et al., 2017). On the other hand, the variability in
other microbial kinetic constants of Anammox (e.g., bANA
and KANA

NH4
) was negligible (Table 3). For example, most of

the previous Anammox studies estimated and/or men-
tioned that bANA is ranged between 0.0026 and 0.003 d�1

while the range of KANA
NH4

is 0.03–0.07mg-N/L (Corbal�a-
Robles et al., 2016; Elsayed et al., 2022; Hao et al., 2002;
Lackner et al., 2008; Ni et al., 2014; Volcke et al., 2010).

TABLE 2 Summary of simulation conditions and calibration targets of the calibrated model and previous Anammox studies.

Figure Figure 1 Figure S1 Figure S2 Figure 5

Reference Corbal�a-Robles
et al., 2016

Liu, Niu,
et al., 2017

Hao
et al., 2002

Baseline of this
study

SNH4 in the bulk solution (mg-N/L) 1850 ± 100 50 80 500

SNO2 in the bulk solution (mg-N/L) N/A N/A 0 10

SNO3 in the bulk solution (mg-N/L) N/A N/A 0 10

SCOD in the bulk solution (mg-COD/L) 600 ± 30 20 0 0

SO2 in the bulk solution (mg-O2/L) 0.25 0.3 0.6 0.10

Granule diameter/biofilm thickness (μm) 1100 600 700 1000

Liquid film thickness (μm) 100 100 100 200

Diffusivity of SCOD in biofilm � 10�4 (m2/
day)

0.15 0.35 0.10 0.15

Diffusivity of SO2 in biofilm � 10�4 (m2/day) 0.60 1.45 0.30 0.60

Diffusivity of SNH4 in biofilm � 10�4 (m2/
day)

0.65 1.35 0.10 0.55

Diffusivity of SNO2 in biofilm � 10�4 (m2/
day)

0.60 1.30 0.05 0.50

Diffusivity of SNO3 in biofilm � 10�4 (m2/
day)

0.40 1.20 0.03 0.50

Reaction media Granule Granule Biofilm Granule
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The calibrated liquid film thickness (approximately
100 μm) is also consistent with the assumed values in
previous mathematical model studies (Bishop et al., 1997;
Li, Du, et al., 2018; Martin et al., 2017; Matsumoto
et al., 2007; Wäsche et al., 2002) (Table 3). The reported
values of liquid film thickness in previous studies ranged
from 50 to 300 μm where a 100-μm thick liquid film was
commonly adopted in the modeling of nitrogen removal
systems (Li, Du, et al., 2018; Martin et al., 2017;
Matsumoto et al., 2007). Based on the mathematical
model calibration, the diffusion coefficient of soluble
components were estimated to be 0.10–0.35 � 10�4 m2/
day for SCOD, 0.30–1.45 � 10�4 m2/day for SO2 , 0.10–1.35
� 10�4 m2/day for SNH4 , 0.05–1.30 � 10�4 m2/day for
SNO2 and 0.03–1.20 � 10�4 m2/day for SNO3 . The deter-
mined diffusion coefficients are comparable with the
ranges of the coefficients used or mentioned in previous
biofilm model studies (Elsayed et al., 2021; Stewart, 1998,

2003) (Table 3). It should be highlighted that the diffusiv-
ity of each substrate is highly impacted by the molecule
size, structure, and charge (Stewart, 2003). For example,
the diffusivity of COD from the bulk solution into the
granules was the least compared to the rest of the soluble
components (Table 3) because it has the highest molecu-
lar weight and most complicated structure which
increases the resistance against particle diffusion into the
granules and biofilms. On the other hand, oxygen can be
easily diffused through the liquid film into the granules
since it is a non-polar gas which allows quick penetration
into the microbial granules.

The mathematical model successfully reproduced the
simulation results of the three previous Anammox stud-
ies (Corbal�a-Robles et al., 2016; Hao et al., 2002; Liu, Niu,
et al., 2017) (Figure 1, S1, S2). The model accurately cap-
tured microbial stratification and substrate diffusion
within the granules which are consistent with the

FIGURE 1 Simulation results of the model

calibration using study A (Corbal�a-Robles

et al., 2016) for the concentration profiles of:

(a) soluble components (i.e., ammonia, nitrite,

and oxygen) and (b) particulate components

(i.e., XAOB,XANA) and oxygen concentration

profile (simulation conditions are summarized

in Tables 1 and 2).
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TABLE 3 Summary of the estimated calibration parameters in this study and reported values in previous studies.

Parameter
Estimated value in this
study

Reported value in previous
studies Reference

Anammox maximum specific growth rate (μANA)
(1/d)

0.033–0.10 0.08–0.09 Koch et al., 2000

0.072 Hao et al., 2002

0.08 Lackner et al., 2008

0.052 Volcke et al., 2010

0.053 Ni et al., 2014

0.028–0.072 Bi et al., 2015

0.052 Corbal�a-Robles
et al., 2016

0.11–0.33 Zhang et al., 2017

0.048–0.10 Elsayed et al., 2022

Anammox maximum endogenous respiration rate
(bANA) (1/d)

0.003 0.003 Hao et al., 2002

0.003 Lackner et al., 2008

0.0026 Volcke et al., 2010

0.003 Ni et al., 2014

0.00016–0.003 Bi et al., 2015

0.0026 Corbal�a-Robles
et al., 2016

0.003 Elsayed et al., 2022

Anammox oxygen saturation constant (KANA
O2

)
(mg-O2/L)

0.10 0.40 Koch et al., 2000

0.01 Hao et al., 2002

0.01 Lackner et al., 2008

0.01 Volcke et al., 2010

0.01 Ni et al., 2014

0.01–0.40 Bi et al., 2015

0.10 Elsayed et al., 2022

Anammox ammonium saturation constant
(KANA

NH4
) (mg-N/L)

0.07 0.07 Hao et al., 2002

0.07 Lackner et al., 2008

0.03 Volcke et al., 2010

0.07 Ni et al., 2014

0.07–0.73 Bi et al., 2015

0.03 Corbal�a-Robles
et al., 2016

0.07 Elsayed et al., 2022

Anammox nitrite saturation constant (KANA
NO2

) (mg-
N/L)

0.05 0.05 Lackner et al., 2008

0.005 Volcke et al., 2010

0.05–5 Ni et al., 2013

0.05 Ni et al., 2014

0.035–0.55 Bi et al., 2015

0.005 Corbal�a-Robles
et al., 2016

0.05 Elsayed et al., 2022

Liquid film thickness (Lf ) (μm) 100 50–300 Wäsche et al., 2002

100
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simulation results of the previously mentioned Anammox
studies. The consistency of these results with those of
previous Anammox studies reinforces the reliability
of the model in replicating the spatial distribution of
microbial communities and substrate utilization in
single-stage PN/A systems.

Effect of dissolved oxygen on microbial
communities

A high dissolved oxygen concentration in the bulk solu-
tion, typically defined as DO ≥ 0.50mg-O2/L in the Ana-
mmox operation process (Cao et al., 2017; Lackner
et al., 2014; Lotti et al., 2015; Yin et al., 2016), increased
the nitrifier population (XAOB and XNOB) at the outer side
of granules (Figure 2a and b). On the other hand, such
elevated concentrations of dissolved oxygen inhibited the
growth of XANA (Figure 2c) because the nitrite produced
by XAOB was completely consumed by XNOB under aero-
bic conditions at the outer layer of granules. This finding
is consistent with the results of previous Anammox stud-
ies (Elsayed et al., 2022; Hoekstra et al., 2019; Liu, Niu,
et al., 2017) where it was demonstrated that high oxygen
concentration has a negative effect on the growth of
XANA population. Although the XANA population was
hardly affected when the oxygen concentration in the
bulk solution increased from 0.50 to 1.0 mg-O2/L
(Figure 2c), the microbial populations of nitrifiers were

approximately doubled at the outer layer of granules
(Figure 2a and b) where the microbial population
increased from 10.3 to 19.7 g-COD/L for XAOB and from
4.3 to 8.6 g-COD/L for XNOB. These findings are consis-
tent with the previously mentioned results in other nitro-
gen removal studies (Chaali et al., 2018; Landreau
et al., 2020; Laureni et al., 2016; Li et al., 2023), confirm-
ing the importance of oxygen for a high growth rate of
XAOB and XNOB. In addition, the oxygen penetration
depth increased with the increase of dissolved oxygen
concentration in the bulk solution where it reached
100 μm at dissolved oxygen concentration of 1.0 mg-O2/L.
This penetration depth is comparable with those
observed and determined in previous studies (Lv
et al., 2022a; Lv et al., 2022b; Morales et al., 2015, 2016;
Yuan et al., 2022) where they varied from 80 to 150 μm
according to the oxygen concentration.

At extremely low dissolved oxygen concentration
(DO ffi 0.01mg-O2/L), there was no microbial activity for
XAOB due to the absence of oxygen (Figure 2a), leading to
a significant shortage in the amount of nitrite within the
granules. This negatively affected the microbial commu-
nities of XANA and XNOB due to the absence of nitrite
(Figure 2b and c). These results are comparable with the
previously reported findings in other Anammox studies
(Jeong et al., 2021; Li et al., 2020; Miao et al., 2017;
Val de Rio et al., 2019), emphasizing the partnership
between XAOB and XANA. However, the population
of XANA was still higher than those at relatively high

TABLE 3 (Continued)

Parameter
Estimated value in this
study

Reported value in previous
studies Reference

Matsumoto
et al., 2007

100 Martin et al., 2017

100 Li, Du, et al., 2018

100–250 Elsayed et al., 2021

Diffusivity of SCOD in biofilm � 10�4 (m2/day) 0.10–0.35 0.04–0.49 Stewart, 2003

0.10–0.18 Elsayed et al., 2021

Diffusivity of SO2 in biofilm � 10�4 (m2/day) 0.30–1.45 0.44–1.36 Stewart, 2003

0.45–0.65 Elsayed et al., 2021

Diffusivity of SNH4 in biofilm � 10�4 (m2/day) 0.10–1.35 0.57–1.38 Stewart, 2003

0.40–0.75 Elsayed et al., 2021

Diffusivity of SNO2 in biofilm � 10�4 (m2/day) 0.05–1.30 0.56–1.35 Stewart, 2003

0.40–0.75 Elsayed et al., 2021

Diffusivity of SNO3 in biofilm � 10�4 (m2/day) 0.03–1.20 0.55–1.34 Stewart, 2003

0.40–0.75 Elsayed et al., 2021
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oxygen concentration (DO ≥ 0.50mg-O2/L), confirming
the inhibition of high oxygen concentration to the activ-
ity of Anammox bacteria in the single-stage PN/A
processes.

Based on the simulation results, it was found that
moderate dissolved oxygen concentration in the bulk
solution (DO = 0.10 mg-O2/L) is the optimal condition
for the growth of XANA population (Figure 2c) because it
allowed the creation of nitrite by XAOB, providing suffi-
cient amount for the growth of XANA without any compe-
tition from XNOB under limited oxygen conditions. These
results are consistent with those obtained and observed

in other previous Anammox studies (Deng et al., 2021,
2022; Elsayed et al., 2022; Gong et al., 2021; Zhang
et al., 2019; Zhao et al., 2023; Zou et al., 2018) where the
recommended oxygen concentration varied from 0.10 to
0.40mg-O2/L for successful Anammox operation. It was
also noticed that the average population of XANA at mod-
erate oxygen conditions (10.6 g-COD/L) was greater than
those at the other simulated oxygen concentrations by
approximately two times (Figure 2c). Therefore, it is
highly recommended to maintain the oxygen concentra-
tion at a relatively moderate level (i.e., DO= 0.10 mg-O2/
L) for successful single-stage PN/A operation, keeping a

FIGURE 2 Effect of dissolved

oxygen concentration in the bulk

solution on the population of:

(a) ammonia-oxidizing bacteria (XAOB),

(b) nitrite-oxidizing bacteria (XNOB), and

(c) anaerobic ammonium oxidation

bacteria (XANA). (simulation conditions:

liquid film thickness= 200 μm, ammonia

concentration= 500mg-N/L, and COD

concentration= 0, other conditions are

summarized in Tables 1 and 2).
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balance between the nitrite production by XAOB and its
utilization by XANA.

Effect of COD concentration on microbial
communities

The decreasing COD concentration enhanced the growth
of XANA population (Figure 3c) because it allowed XAOB

to consume oxygen without any competition from the
heterotrophic bacteria (Figure 3a and d), producing
enough nitrite for efficient Anammox growth in the
single-stage PN/A processes under limited oxygen condi-
tions. This result is consistent with the findings and
observations of previous Anammox studies (Hu
et al., 2023; Kang et al., 2018; Wang et al., 2022) where it
was demonstrated that low COD concentration enhanced
the operation of Anammox technology. At extremely low
COD concentration (COD ffi 0), there was no activity for
the heterotrophic bacteria (Figure 3d), providing

favorable conditions for XAOB to utilize oxygen at the
outer layer of granules (Figure 3a and b). This finding is
consistent with the previously reported results in other
studies (Al-Hazmi et al., 2023; Trinh et al., 2021; Zhang
et al., 2022), highlighting the role of the competition
between the nitrifiers and heterotrophs in consuming
oxygen. In some cases, extracellular polymeric substances
(EPS) and microbial metabolites can act as an internal
source of COD for heterotrophic bacteria. However, in
the current study, the contribution of these substrates
was negligible at extremely low COD concentrations
(COD ffi 0) where the microbial activity of heterotrophs
was minimal (Figure 3d). This suggests that the bioavail-
able fraction of EPS and microbial metabolites was insuf-
ficient to provide COD to sustain significant
heterotrophic growth. This observation is consistent with
the main findings of previous studies emphasizing that
the production of EPS and microbial metabolites is often
limited under autotrophic conditions when there is no
external organic carbon (Guerriero et al., 2022; Kang

FIGURE 3 Effect of COD concentration on the population of: (a) ammonia-oxidizing bacteria (XAOB), (b) nitrite-oxidizing bacteria

(XNOB), (c) anaerobic ammonium oxidation bacteria (XANA), and (d) heterotrophic bacteria (simulation conditions: liquid film

thickness= 200 μm, ammonia concentration= 500mg-N/L, and DO concentration= 0.10 mg-O2/L, other conditions are summarized in

Tables 1 and 2).
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et al., 2014; Wang et al., 2023). Therefore, it is highly
recommended to maintain a minimum COD concentra-
tion in the bulk solution for effective single-stage PN/A
processes.

For higher concentrations of COD (COD ≥ 10 mg-
COD/L) and moderate dissolved oxygen concentration in
the bulk solution (DO= 0.10 mg-O2/L), there was no
microbial activity of XAOB and XNOB while the heterotro-
phic bacteria were dominant at the outer layer of gran-
ules because heterotrophs have greater maximum
specific growth rate constant (KH

O2
) and lower oxygen

half-saturation constant (μH) compared to XAOB and
XNOB (Table 1). The domination of heterotrophs and
inactivity of XAOB negatively affected the growth rate of
XANA population due to the lack of nitrite within the
granules. At COD concentration of 10 mg-COD/L,
the average population of Anammox bacteria decreased
by 40% compared to those at extremely low COD concen-
tration (COD ffi 0). It should be also noted that the aver-
age population of Anammox bacteria decreased by 90%
compared to those at extremely low COD concentration
when the COD concentration in the bulk solution
was higher than or equal to 50mg-COD/L (Figure 3c),
reflecting the negative impact of increasing COD concen-
tration on the operation of single-stage PN/A technology.
On the other hand, the microbial growth of the heterotro-
phic bacteria was enhanced with the increase of
COD concentration where the population of the hetero-
trophs at the outer part of granules increased by approxi-
mately 50% when the COD concentration increased from
50 to 100mg-COD/L because of the substrate availability.

Effect of liquid film thickness on microbial
communities

Thin liquid films (i.e., boundary layers), reflecting turbu-
lent and good mixing conditions in the bulk solution,
enhanced the growth of XAOB and XNOB at the outer layer
of granules (Figure 4a and b) because thin layers allowed
better diffusion of ammonia and oxygen from the bulk
side to granules. On the other hand, the population of
XANA was decreased during turbulent mixing conditions
(Figure 4c) as rapid diffusion of oxygen through the thin
boundary layer allowed higher utilization of nitrite by
XNOB, inhibiting the activity of XANA. In contrast, thick
liquid films enhanced the growth of XANA population
compared to relatively thin films because thick layers
acted as a barrier for rapid diffusion of oxygen, providing
favorable conditions for better microbial activity of XANA

under limited oxygen conditions. At liquid film thickness
≥ 200 μm, the average population of Anammox bacteria
was approximately doubled compared to the population

at turbulent mixing conditions (Lf ¼ 0) (Figure 4c), indi-
cating the importance of considering mixing conditions
in a successful Anammox operation. On the other hand,
the activity of nitrifiers (i.e., XAOB and XNOB) decreased in
poor mixing condition (i.e., thick liquid films) due to the
slow diffusion of oxygen through the boundary layer.
Based on the simulation results, it was concluded that
moderate liquid films (i.e., Lf = 100 μm) are optimal for
effective single-stage PN/A processes where the average
XANA population reached 12.1 g-COD/L (15% higher than
thicker layers) (Figure 4c). Therefore, it is highly
recommended to maintain moderate mixing conditions
to balance the microbial activity of XAOB and XANA in
single-stage PN/A operation.

Effect of XANA kinetics on Anammox
population

Based on the results of the single-factor RSA on the
kinetic constants of XANA, it was found that μANA is a gov-
erning parameter on the growth of XANA population
while the XANA population was not significantly affected
by the decay rate constant (bANA) (Figure 5). This model
simulation result is consistent with the results of other
Anammox studies (Pérez et al., 2014; Zhang et al., 2017),
reflecting the importance of μANA on efficient single-stage
PN/A processes. The Anammox population was posi-
tively correlated with μANA because high μANA enhanced
the ammonia and nitrite utilization by XANA, resulting in
better operation of single-stage PN/A process. It was also
noticed that the Anammox population was positively cor-
related with the oxygen half-saturation constant of XANA

(KANA
O2

) (Figure 5) because high KANA
O2

resulted in less inhi-
bition to Anammox bacteria by oxygen. On the other
hand, the Anammox population and bANA were in a nega-
tive correlation as high bANA caused high lysis rate of
Anammox bacterial cells, resulting in insufficient growth
of XANA population in the single-stage PN/A system.

Partnership between XANA and XAOB

For the kinetic constants of XAOB, the maximum specific
growth rate constant of XAOB (μAOB) was positively corre-
lated with XANA population (Figure 5) because high μAOB
under moderate dissolved oxygen concentration
(DO= 0.10 mg-O2/L) increased the creation rate of nitrite
at the outer layer of granules, providing sufficient
amount of substrate for efficient operation of the single-
stage PN/A processes. Also, μAOB controlled the partner-
ship between XAOB and XANA where XANA utilized the
produced nitrite from aerobic ammonia oxidation
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byXAOB at the inner layer of granules. It should also be
mentioned that although there is a competition between
XAOB and XANA on ammonia in some cases, ammonia
was not the rate-limiting substrate in these simulations
as ammonia concentration in the bulk solution was
500mg-N/L under limited oxygen conditions
(DO= 0.10 mg-O2/L) (Table 2). This interpretation is
consistent with the results emphasized in previous

Anammox studies (Hoekstra et al., 2019; Laureni
et al., 2016; Liu et al., 2016; Zhuang et al., 2022), confirm-
ing that ammonia concentration is not dominant in the
growth of XANA population at high ammonia concentra-
tions. The oxygen half-saturation constant (KAOB

O2
) and the

decay rate constant (bAOB) ofXAOB were negatively corre-
lated with the Anammox population as large KAOB

O2
and

high lysis rate relatively decreased the activity of XAOB,

FIGURE 4 Effect of liquid film thickness

(i.e., mixing conditions) on the population of:

(a) ammonia-oxidizing bacteria (XAOB),

(b) nitrite-oxidizing bacteria (XNOB), and

(c) anaerobic ammonium oxidation bacteria

(XANA) (simulation conditions: COD

concentration= 0, ammonia

concentration= 500mg-N/L, and DO

concentration= 0.10 mg-O2/L, other conditions

are summarized in Tables 1 and 2).

WATER ENVIRONMENT RESEARCH 13 of 20



decreasing the amount of produced nitrite by XAOB which
limits the growth of XANA population due to the absence
of nitrite. These findings are consistent with the results
obtained and observed in previous Anammox studies (Hu
et al., 2023; Wang et al., 2022; Weralupitiya et al., 2021)
where the interdependence between XAOB and XANA was
highlighted for efficient Anammox operation process.

Competition between XANA and XNOB

Based on the results of the single-factor RSA on the
kinetics of XNOB, it was found that the maximum specific
growth rate constant of XNOB (μNOB) was negatively corre-
lated with the XANA population (Figure 5) because low
activity of XNOB decreased the competition between XANA

and XNOB on nitrite, providing optimal conditions for suc-
cessful single-stage PN/A processes. It should also be
mentioned that the competition between XANA and XNOB

on nitrite is extremely critical since nitrite is the rate-
limiting substrate of active Anammox operation process
(Chaali et al., 2018; Elsayed et al., 2022; Ishimoto
et al., 2021; Ma et al., 2017; Su et al., 2023). On the other
hand, the oxygen half-saturation constant (KNOB

O2
) and

decay rate constant (bNOB) of XNOB were positively corre-
lated with XANA population (Figure 5) due to the positive
influence of inactivity of XNOB on the growth rate of
XANA. These findings are consistent with those found in
previous Anammox studies (Cao et al., 2017; Li, Li,
et al., 2018; Mozumder, Picioreanu, et al., 2014) where it
was demonstrated that controlling the competition
between XNOB and XANA is crucial for healthy Anammox
process. As a result, maintaining low activity of XNOB by
lowering μNOB and/or enlarging KNOB

O2
and bNOB can result

in higher XANA population within granules, emphasizing

that XNOB should be suppressed for better Anammox
applications.

CONCLUSIONS

This study successfully developed and calibrated a one-
dimensional steady-state mathematical model to charac-
terize the rapid growth of Anammox bacteria in the
single-stage PN/A granulation processes. The mathemati-
cal model effectively replicated the simulation results of
previous Anammox studies to determine the kinetic con-
stants of XANA growth and mass transport in the gran-
ules. The simulation results of the mathematical model
revealed that maintaining moderate DO concentration
(ffi 0.10 mg-O2/L) and minimum COD
concentration (COD ffi 0) enhanced the growth of XANA

by controlling their competition with XNOB and hetero-
trophs. In addition, moderate liquid films (Lf ffi 100 μm)
are preferable to decrease the diffusion of oxygen to deep
layers of individual granules, balancing the nitrite pro-
duction by XAOB and the competition between XANA and
XNOB for nitrite. A single-factor relative sensitivity analy-
sis (RSA) was also performed to determine the role of
microbial kinetic constants of XAOB, XNOB, and XANA on
the growth of XANA. It was found that μANA and KANA

O2

had a crucial role in enhancing the growth of XANA. For
the kinetic constants of XAOB, μAOB was a governing fac-
tor on the growth of XANA population because of the part-
nership between XAOB and XANA. On the other hand,
high μNOB negatively affected the growth of XANA due to
the microbial competition between XNOB and XANA,
reflecting the importance of XNOB suppression for effi-
cient operation of single-stage PN/A technology. The
results of this study can lead to better understanding of

FIGURE 5 Single-factor relative sensitivity

analysis (RSA) for the effect of XANA, XAOB, and

XNOB kinetic constants on the Anammox

population (XANA) (simulation conditions: COD

concentration= 0, ammonia

concentration= 500mg-N/L, and DO

concentration= 0.10 mg-O2/L, liquid film

thickness= 200 μm, other conditions are

summarized in Tables 1 and 2).
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the governing parameters on rapid Anammox growth in
the single-stage PN/A processes using granulation. In
addition, the main research outcomes can be applied to
allow mainstream Anammox treatment at low ammonia
concentration (i.e., 50mg-N/L or lower) using the single-
stage PN/A processes.

AUTHOR CONTRIBUTIONS
Ahmed Elsayed: Writing – original draft; investigation;
visualization; software; formal analysis; data curation;
methodology. Taeho Lee: Conceptualization;
writing – review and editing; validation; methodology;
funding acquisition. Younggy Kim: Conceptualization;
funding acquisition; writing – review and editing; meth-
odology; project administration; resources; supervision.

ACKNOWLEDGEMENTS
This study was supported by the Ontario Ministry of
Research and Innovation (Ontario Research Fund-Research
Excellence, RE09-077), Natural Sciences and Engineering
Research Council of Canada (Discovery Grants, RGPIN-
2019-06747 and Discovery Accelerator Supplement,
RGPAS-2019-00102), and National Research Foundation of
Korea (Brain Pool Program, 2018H1D3A2065879).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Ahmed Elsayed https://orcid.org/0000-0002-7650-2627

REFERENCES
Adams, M., Xie, J., Kabore, J., Xie, J., Guo, M., & Chen, C. (2020).

Technology research advances in anammox granular sludge: A
review. Critical Reviews in Environmental Science and Technol-
ogy, 52, 1–44. https://doi.org/10.1080/10643389.2020.1831358

Ahmed, M. H., & Lin, L. S. (2021). Dissolved oxygen concentration
predictions for running waters with different land use land
cover using a quantile regression forest machine learning tech-
nique. Journal of Hydrology, 597, 126213. https://doi.org/10.
1016/j.jhydrol.2021.126213

Al-Hazmi, H. E., Grubba, D., Majtacz, J., Ziembinska-Buczynska, A.,
Zhai, J., & Makinia, J. (2023). Combined partial
denitrification/anammox process for nitrogen removal in waste-
water treatment. Journal of Environmental Chemical Engineer-
ing, 11(1), 108978. https://doi.org/10.1016/j.jece.2022.108978

Amer, A., & Kim, Y. (2022). Modeling the growth of diverse micro-
organisms during feast-famine enrichment. Water Environment
Research, 94(11), e10803. https://doi.org/10.1002/wer.10803

Antwi, P., Zhang, D., Luo, W., Xiao, L. W., Meng, J., Kabutey, F. T.,
Ayivi, F., & Li, J. (2019). Performance, microbial community
evolution and neural network modeling of single-stage nitrogen
removal by partial-nitritation/anammox process. Bioresource
Technology, 284, 359–372. https://doi.org/10.1016/j.biortech.
2019.03.008

Baeten, J. E., Batstone, D. J., Schraa, O. J., van
Loosdrecht, M. C. M., & Volcke, E. I. P. (2019). Modelling
anaerobic, aerobic and partial nitritation-anammox granular
sludge reactors – A review. Water Research, 149, 322–341.
https://doi.org/10.1016/j.watres.2018.11.026

Bi, Z., Takekawa, M., Park, G., Soda, S., Zhou, J., Qiao, S., & Ike, M.
(2015). Effects of the C/N ratio and bacterial populations on
nitrogen removal in the simultaneous anammox and heterotro-
phic denitrification process: Mathematic modeling and batch
experiments. Chemical Engineering Journal, 280, 606–613.
https://doi.org/10.1016/j.cej.2015.06.028

Bishop, P. L., Gibbs, J. T., & Cunningham, B. E. (1997). Relation-
ship between concentration and hydrodynamic boundary layers
over biofilms. Environmental Technology, 18, 375–385. https://
doi.org/10.1080/09593331808616551

Bonassa, G., Venturin, B., Bolsan, A. C., Hollas, C. E., Candido, D.,
Rodrigues, H. C., Cantão, M. E., Ibelli, A. M. G., De Pr�a, M. C.,
Antes, F. G., & Kunz, A. (2022). Performance and microbial
features of Anammox in a single-phase reactor under progres-
sive nitrogen loading rates for wastewater treatment plants.
Journal of Environmental Chemical Engineering, 10(1), 107028.
https://doi.org/10.1016/j.jece.2021.107028

Cao, Y., van Loosdrecht, M. C. M., & Daigger, G. T. (2017). Main-
stream partial nitritation–anammox in municipal wastewater
treatment: Status, bottlenecks, and further studies. Applied
Microbiology and Biotechnology, 101, 1365–1383. https://doi.
org/10.1007/s00253-016-8058-7

Chaali, M., Naghdi, M., Brar, S. K., & Avalos-Ramirez, A. (2018). A
review on the advances in nitrifying biofilm reactors and their
removal rates in wastewater treatment. Journal of Chemical
Technology and Biotechnology, 93(11), 3113–3124. https://doi.
org/10.1002/jctb.5692

Chapra, S. C., & Canale, P. R. (1998). Numerical methods for engi-
neers with software and programming applications (third ed.).
McGraw Hill.

Chen, G., Zhang, Y., Wang, X., Chen, F., Lin, L., Ruan, Q.,
Wang, Y., Wang, F., Cao, W., & Chiang, P. (2020). Optimizing
of operation strategies of the single-stage partial nitrification-
anammox process. Journal of Cleaner Production, 256, 120667.
https://doi.org/10.1016/j.jclepro.2020.120667

Chen, R., Ji, J., Chen, Y., Takemura, Y., Liu, Y., Kubota, K., Ma, H., &
Li, Y. (2019). Successful operation performance and syntrophic
micro-granule in partial nitritation and anammox reactor treating
low-strength ammonia wastewater. Water Research, 155, 288–299.
https://doi.org/10.1016/j.watres.2019.02.041

Connan, R., Dabert, P., Khalil, H., Bridoux, G., Béline, F., &
Magrí, A. (2016). Batch enrichment of anammox bacteria and
study of the underlying microbial community dynamics. Chem-
ical Engineering Journal, 297(3), 217–228. https://doi.org/10.
1016/j.cej.2016.03.154

Conthe, M., Lycus, P., Arntzen, M. Ø., Ramos, A., Frostegård, Å.,
Bakken, L. R., Kleerebezem, R., & van Loosdrecht, M. C. M.
(2019). Denitrification as an N2O sink. Water Research, 151,
381–387. https://doi.org/10.1016/j.watres.2018.11.087

WATER ENVIRONMENT RESEARCH 15 of 20

https://orcid.org/0000-0002-7650-2627
https://orcid.org/0000-0002-7650-2627
https://doi.org/10.1080/10643389.2020.1831358
https://doi.org/10.1016/j.jhydrol.2021.126213
https://doi.org/10.1016/j.jhydrol.2021.126213
https://doi.org/10.1016/j.jece.2022.108978
https://doi.org/10.1002/wer.10803
https://doi.org/10.1016/j.biortech.2019.03.008
https://doi.org/10.1016/j.biortech.2019.03.008
https://doi.org/10.1016/j.watres.2018.11.026
https://doi.org/10.1016/j.cej.2015.06.028
https://doi.org/10.1080/09593331808616551
https://doi.org/10.1080/09593331808616551
https://doi.org/10.1016/j.jece.2021.107028
https://doi.org/10.1007/s00253-016-8058-7
https://doi.org/10.1007/s00253-016-8058-7
https://doi.org/10.1002/jctb.5692
https://doi.org/10.1002/jctb.5692
https://doi.org/10.1016/j.jclepro.2020.120667
https://doi.org/10.1016/j.watres.2019.02.041
https://doi.org/10.1016/j.cej.2016.03.154
https://doi.org/10.1016/j.cej.2016.03.154
https://doi.org/10.1016/j.watres.2018.11.087


Corbal�a-Robles, L., Picioreanu, C., & van Loosdrecht, M. C. M.
(2016). Analysing the effects of the aeration pattern and resid-
ual ammonium concentration in a partial nitritation-anammox
process. Environmental Technology, 37(6), 694–702. https://doi.
org/10.1080/09593330.2015.1077895

Cui, B., Yang, Q., Liu, X., Wu, W., Liu, Z., & Gu, P. (2020). Achiev-
ing partial denitrification-anammox in biofilter for advanced
wastewater treatment. Environment International, 138, 105612.
https://doi.org/10.1016/j.envint.2020.105612

Dai, J., Peng, Y., Zhang, J., & Zhang, L. (2021). Anammox bacteria
enrichment in fixed biofilm successfully enhanced nitrogen
removal of domestic wastewater in a sequencing biofilm batch
reactor (SBBR). Journal of Water Process Engineering, 42,
102154. https://doi.org/10.1016/j.jwpe.2021.102154

Dan, Q., Li, J., Du, R., Sun, T., Li, X., Zhang, Q., & Peng, Y. (2023).
Highly enriched anammox bacteria with a novel granulation
model regulated by Epistylis spp. in domestic wastewater treat-
ment. Environmental Science and Technology, 57(9), 3571–3580.
https://doi.org/10.1021/acs.est.2c06706

Deng, L., Peng, Y., Li, J., Gao, R., Li, W., & Du, R. (2021). Enhanced
simultaneous nitrogen and phosphorus removal from low
COD/TIN domestic wastewater through nitritation-
denitritation coupling improved anammox process with an
optimal anaerobic/oxic/anoxic strategy. Bioresource Technology,
322, 124526. https://doi.org/10.1016/j.biortech.2020.124526

Deng, L., Peng, Y., Wu, C., Gao, R., Li, W., Kao, C., & Li, J. (2022).
Mutual boost of granulation and enrichment of anammox bac-
teria in an anaerobic/oxic/anoxic system as the temperature
decreases when treating municipal wastewater. Bioresource
Technology, 357, 127336. https://doi.org/10.1016/j.biortech.
2022.127336

Elsayed, A., Hurdle, M., & Kim, Y. (2021). Comprehensive model
applications for better understanding of pilot-scale membrane-
aerated biofilm reactor performance. Journal of Water Process
Engineering, 40, 101894. https://doi.org/10.1016/j.jwpe.2020.
101894

Elsayed, A., Yu, J., Lee, T., & Kim, Y. (2022). Model study on real-
time aeration based on nitrite for effective operation of single-
stage Anammox. Environmental Research, 212, 113554. https://
doi.org/10.1016/j.envres.2022.113554

Elsayed, A., Rixon, S., Levison, J., Binns, A., & Goel, P. (2023).
Application of classification machine learning algorithms for
characterizing nutrient transport in a clay plain agricultural
watershed. Journal of Environmental Management, 345, 118924.
https://doi.org/10.1016/j.jenvman.2023.118924

Elsayed, A., Rixon, S., Levison, J., Binns, A., & Goel, P. (2024).
Machine learning models for prediction of nutrient concentra-
tions in surface water in an agricultural watershed. Journal of
Environmental Management, 372, 123305. https://doi.org/10.
1016/j.jenvman.2024.123305

Elsayed, A., Rixon, S., Zeuner, C., Levison, J., Binns, A., & Goel, P.
(2023). Text mining-aided meta-research on nutrient dynamics
in surface water and groundwater: Popular topics and per-
ceived gaps. Journal of Hydrology, 626, 130338. https://doi.org/
10.1016/j.jhydrol.2023.130338

Eskicioglu, C., Galvagno, G., & Cimon, C. (2018). Approaches and
processes for ammonia removal from side-streams of municipal
effluent treatment plants. Bioresource Technology, 268, 797–810.
https://doi.org/10.1016/j.biortech.2018.07.020

Feng, Y., Wu, L., Zhang, Q., Li, X., Wang, S., & Peng, Y. (2022).
Double anammox process in the AOAO process of treating real
low C/N sewage: Validation, enhancement, and quantification
of the contribution of anammox in the oxic zone. Science of the
Total Environment, 849, 157866. https://doi.org/10.1016/j.
scitotenv.2022.157866

Fu, Y., Wen, X., Huang, J., Sun, D., & Jin, L. (2023). Advances in
the efficient enrichment of anammox bacteria. Water, 15(14),
2556. https://doi.org/10.3390/w15142556

Gao, X., Zhang, L., Peng, Y., Ding, J., & An, Z. (2023). The success-
ful integration of anammox to enhance the operational stability
and nitrogen removal efficiency during municipal wastewater
treatment. Chemical Engineering Journal, 451(P3), 138878.
https://doi.org/10.1016/j.cej.2022.138878

Gao, Y., Li, J., Dong, H., & Qiang, Z. (2021). Nitrogen removal
mechanism of marine anammox bacteria treating nitrogen-
laden saline wastewater in response to ultraviolet
(UV) irradiation: High UV tolerance and microbial community
shift. Bioresource Technology, 320, 124325. https://doi.org/10.
1016/j.biortech.2020.124325

Gilmore, K. R., Terada, A., Smets, B. F., Love, N. G., &
Garland, J. L. (2013). Autotrophic nitrogen removal in a
membrane-aerated biofilm reactor under continuous aeration:
A demonstration. Environmental Engineering Science, 30(1),
38–45. https://doi.org/10.1089/ees.2012.0222

Gong, Q., Wang, B., Gong, X., Liu, X., & Peng, Y. (2021). Ana-
mmox bacteria enrich naturally in suspended sludge system
during partial nitrification of domestic sewage and contribute
to nitrogen removal. Science of the Total Environment,
787(100), 147658. https://doi.org/10.1016/j.scitotenv.2021.
147658

Gong, X., Zhang, L., Gong, Q., Liu, X., Li, X., Zhang, Q., & Peng, Y.
(2022). Rapid cultivation and enrichment of anammox bacteria
solely using traditional activated sludge as inoculum and bio-
carrier in low-strength real sewage treatment. Bioresource Tech-
nology, 358(100), 127354. https://doi.org/10.1016/j.biortech.
2022.127354

Gonzalez-Gil, G., Sougrat, R., & Behzad, A. R. (2015). Microbial
community composition and ultrastructure of granules from a
full-scale anammox reactor. Microbial Ecology, 70, 118–131.
https://doi.org/10.1007/s00248-014-0546-7

Guerriero, G., Mattei, M. R., Papirio, S., Esposito, G., & Frunzo, L.
(2022). Modelling the effect of SMP production and external
carbon addition on S-driven autotrophic denitrification. Scien-
tific Reports, 12, 7008. https://doi.org/10.1038/s41598-022-
10944-z

Guo, Y., Chen, Y., Webeck, E., & Li, Y. (2020). Towards more
efficient nitrogen removal and phosphorus recovery from
digestion effluent: Latest developments in the anammox-based
process from the application perspective. Bioresource Technol-
ogy, 299, 122560. https://doi.org/10.1016/j.biortech.2019.
122560

Guo, Y., Sugano, T., Song, Y., Xie, C., Chen, Y., Xue, Y., & Li, Y.
(2020). The performance of freshwater one-stage partial
nitritation/anammox process with the increase of salinity up to
3.0. Bioresource Technology, 311, 123489. https://doi.org/10.
1016/j.biortech.2020.123489

Hao, X., Heijnen, J. J., & van Loosdrecht, M. C. M. (2002). Sensitiv-
ity analysis of a biofilm model describing a one-stage

16 of 20 ELSAYED ET AL.

https://doi.org/10.1080/09593330.2015.1077895
https://doi.org/10.1080/09593330.2015.1077895
https://doi.org/10.1016/j.envint.2020.105612
https://doi.org/10.1016/j.jwpe.2021.102154
https://doi.org/10.1021/acs.est.2c06706
https://doi.org/10.1016/j.biortech.2020.124526
https://doi.org/10.1016/j.biortech.2022.127336
https://doi.org/10.1016/j.biortech.2022.127336
https://doi.org/10.1016/j.jwpe.2020.101894
https://doi.org/10.1016/j.jwpe.2020.101894
https://doi.org/10.1016/j.envres.2022.113554
https://doi.org/10.1016/j.envres.2022.113554
https://doi.org/10.1016/j.jenvman.2023.118924
https://doi.org/10.1016/j.jenvman.2024.123305
https://doi.org/10.1016/j.jenvman.2024.123305
https://doi.org/10.1016/j.jhydrol.2023.130338
https://doi.org/10.1016/j.jhydrol.2023.130338
https://doi.org/10.1016/j.biortech.2018.07.020
https://doi.org/10.1016/j.scitotenv.2022.157866
https://doi.org/10.1016/j.scitotenv.2022.157866
https://doi.org/10.3390/w15142556
https://doi.org/10.1016/j.cej.2022.138878
https://doi.org/10.1016/j.biortech.2020.124325
https://doi.org/10.1016/j.biortech.2020.124325
https://doi.org/10.1089/ees.2012.0222
https://doi.org/10.1016/j.scitotenv.2021.147658
https://doi.org/10.1016/j.scitotenv.2021.147658
https://doi.org/10.1016/j.biortech.2022.127354
https://doi.org/10.1016/j.biortech.2022.127354
https://doi.org/10.1007/s00248-014-0546-7
https://doi.org/10.1038/s41598-022-10944-z
https://doi.org/10.1038/s41598-022-10944-z
https://doi.org/10.1016/j.biortech.2019.122560
https://doi.org/10.1016/j.biortech.2019.122560
https://doi.org/10.1016/j.biortech.2020.123489
https://doi.org/10.1016/j.biortech.2020.123489


completely autotrophic nitrogen removal (CANON) process.
Biotechnology and Bioengineering, 77(3), 266–277. https://doi.
org/10.1002/bit.10105

Henze, M., Gujer, W., Mino, T., van Loosdrecht, M.C.M., 2000.
Activated sludge models ASM1, ASM2, ASM2d and ASM3.
IWA Scientific and Technical Report no. 9, London, UK.

Hoekstra, M., Geilvoet, S. P., Hendrickx, T. L., van Erp Taalman
Kip, C. S., Kleerebezem, R., & van Loosdrecht, M. C. (2019).
Towards mainstream anammox: Lessons learned from pilot-
scale research at WWTP Dokhaven. Environmental Technology,
40(13), 1721–1733. https://doi.org/10.1080/09593330.2018.
1470204

Hu, B., Zheng, P., Tang, C., Chen, J., van Der Biezen, E., Zhang, L.,
Ni, B., Jetten, M. S. M., Yan, J., Yu, H., & Kartal, B. (2010).
Identification and quantification of anammox bacteria in eight
nitrogen removal reactors. Water Research, 44(17), 5014–5020.
https://doi.org/10.1016/j.watres.2010.07.021

Hu, P., Qian, Y., Liu, J., Gao, L., Li, Y., Xu, Y., Wu, J., Hong, Y.,
Ford, T., Radian, A., Yang, Y., & Gu, J. D. (2023). Delineation
of the complex microbial nitrogen-transformation network in
an anammox-driven full-scale wastewater treatment plant.
Water Research, 235, 119799. https://doi.org/10.1016/j.watres.
2023.119799

Hu, Z., Li, J., Zhang, Y., Liu, W., & Wang, A. (2022). Exerting
applied voltage promotes microbial activity of marine ana-
mmox bacteria for nitrogen removal in saline wastewater treat-
ment. Water Research, 215, 118285. https://doi.org/10.1016/j.
watres.2022.118285

Ishimoto, C., Waki, M., & Soda, S. (2021). Adaptation of anammox
granules in swine wastewater treatment to low temperatures at
a full-scale simultaneous partial nitrification, anammox, and
denitrification plant. Chemosphere, 282, 131027. https://doi.
org/10.1016/j.chemosphere.2021.131027

Jeong, D., Lim, H., & Kim, W. (2021). Low-ammonia wastewater
treatment by integration of partial nitritation and anaerobic
ammonium oxidation (anammox) at 20�C. Journal of Environ-
mental Chemical Engineering, 9(2), 105122. https://doi.org/10.
1016/j.jece.2021.105122

Kang, D., Lin, Q., Xu, D., Hu, Q., Li, Y., Ding, A., Zhang, M., &
Zheng, P. (2018). Color characterization of anammox granular
sludge: Chromogenic substance, microbial succession and state
indication. Science of the Total Environment, 642, 1320–1327.
https://doi.org/10.1016/j.scitotenv.2018.06.172

Kang, J., Du, G., Gao, X., Zhao, B., & Guo, J. (2014). Soluble micro-
bial products from water biological treatment process: A
review. Water Environment Research, 86(3), 223–231. https://
doi.org/10.2175/106143013X13807328849413

Kim, M., & Cui, F. (2023). Identification of bacterial communities
in conventional wastewater treatment sludge to inform inocula-
tion of the anammox process. Chemosphere, 311(P2), 137167.
https://doi.org/10.1016/j.chemosphere.2022.137167

Koch, G., Egli, K., Van der Meer, J. R., & Siegrist, H. J. W. S. T.
(2000). Mathematical modeling of autotrophic denitrification in
a nitrifying biofilm of a rotating biological contactor. Water Sci-
ence and Technology, 41(4–5), 191–198. https://doi.org/10.2166/
wst.2000.0444

Lackner, S., Gilbert, E. M., Vlaeminck, S. E., Joss, A., Horn, H., &
van Loosdrecht, M. C. M. (2014). Full-scale partial
nitritation/anammox experiences - An application survey.

Water Research, 55, 292–303. https://doi.org/10.1016/j.watres.
2014.02.032

Lackner, S., Terada, A., & Smets, B. F. (2008). Heterotrophic activity
compromises autotrophic nitrogen removal in membrane-
aerated biofilms: Results of a modeling study. Water Research,
42(3), 1102–1112. https://doi.org/10.1016/j.watres.2007.08.025

Landreau, M., Byson, S. J., You, H. J., Stahl, D. A., &
Winkler, M. K. H. (2020). Effective nitrogen removal from
ammonium-depleted wastewater by partial nitritation and ana-
mmox immobilized in granular and thin layer gel carriers.
Water Research, 183, 116078. https://doi.org/10.1016/j.watres.
2020.116078

Laureni, M., Falås, P., Robin, O., Wick, A., Weissbrodt, D. G.,
Lund, J., Ternes, T. A., Morgenroth, E., & Joss, A. (2016). Main-
stream partial nitritation and anammox: Long-term process sta-
bility and effluent quality at low temperatures. Water Research,
101, 628–639. https://doi.org/10.1016/j.watres.2016.05.005

Laureni, M., Weissbrodt, D. G., Sziv, I., Robin, O., Lund, J.,
Morgenroth, E., & Joss, A. (2015). Activity and growth of ana-
mmox biomass on aerobically pre-treated municipal wastewa-
ter. Water Research, 80, 325–336. https://doi.org/10.1016/j.
watres.2015.04.026

Li, J., Gao, R., Liu, Q., Zhang, Q., Li, X., Zhang, L., Qiao, J., &
Peng, Y. (2023). Ultra-high anammox-based nitrogen removal
contribution and robust bacterial abundance in a pure-biofilm
anoxic/oxic system for real municipal wastewater treatment.
Chemical Engineering Journal, 468, 143520. https://doi.org/10.
1016/j.cej.2023.143520

Li, J., Li, J., Gao, R., Wang, M., Yang, L., Wang, X., & Zhang, L.
(2018). A critical review of one-stage anammox processes for
treating industrial wastewater: Optimization strategies based
on key functional microorganisms. Bioresource Technology, 265,
498–505. https://doi.org/10.1016/j.biortech.2018.07.013

Li, J., Peng, Y., Zhang, L., Li, X., Zhang, Q., Yang, S., Gao, Y., &
Li, S. (2020). Improving efficiency and stability of
anammox through sequentially coupling nitritation and deni-
tritation in a single-stage bioreactor. Environmental Science &
Technology, 54, 10859–10867. https://doi.org/10.1021/acs.est.
0c01314

Li, J., Peng, Y., Zhang, Q., Li, X., Yang, S., & Li, S. (2021). Rapid
enrichment of anammox bacteria linked to floc aggregates in a
single-stage partial nitritation-anammox process: Providing the
initial carrier and anaerobic microenvironment. Water
Research, 191, 116807. https://doi.org/10.1016/j.watres.2021.
116807

Li, J., Zhang, L., Peng, Y., & Zhang, Q. (2017). Effect of low COD/N
ratios on stability of single-stage partial nitritation/anammox
(SPN/A) process in a long-term operation. Bioresource Technol-
ogy, 244, 192–197. https://doi.org/10.1016/j.biortech.2017.
07.127

Li, M., Du, C., Liu, J., Quan, X., & Lan, M. (2018). Mathematical
modeling on the nitrogen removal inside the membrane- aer-
ated biofilm dominated by ammonia-oxidizing archaea (AOA):
Effects of temperature, aeration pressure and COD/N ratio.
Chemical Engineering Journal, 338, 680–687. https://doi.org/10.
1016/j.cej.2018.01.040

Lin, L., Luo, Z., Ishida, K., Urasaki, K., Kubota, K., & Li, Y. Y.
(2022). Fast formation of anammox granules using a
nitrification-denitrification sludge and transformation of

WATER ENVIRONMENT RESEARCH 17 of 20

https://doi.org/10.1002/bit.10105
https://doi.org/10.1002/bit.10105
https://doi.org/10.1080/09593330.2018.1470204
https://doi.org/10.1080/09593330.2018.1470204
https://doi.org/10.1016/j.watres.2010.07.021
https://doi.org/10.1016/j.watres.2023.119799
https://doi.org/10.1016/j.watres.2023.119799
https://doi.org/10.1016/j.watres.2022.118285
https://doi.org/10.1016/j.watres.2022.118285
https://doi.org/10.1016/j.chemosphere.2021.131027
https://doi.org/10.1016/j.chemosphere.2021.131027
https://doi.org/10.1016/j.jece.2021.105122
https://doi.org/10.1016/j.jece.2021.105122
https://doi.org/10.1016/j.scitotenv.2018.06.172
https://doi.org/10.2175/106143013X13807328849413
https://doi.org/10.2175/106143013X13807328849413
https://doi.org/10.1016/j.chemosphere.2022.137167
https://doi.org/10.2166/wst.2000.0444
https://doi.org/10.2166/wst.2000.0444
https://doi.org/10.1016/j.watres.2014.02.032
https://doi.org/10.1016/j.watres.2014.02.032
https://doi.org/10.1016/j.watres.2007.08.025
https://doi.org/10.1016/j.watres.2020.116078
https://doi.org/10.1016/j.watres.2020.116078
https://doi.org/10.1016/j.watres.2016.05.005
https://doi.org/10.1016/j.watres.2015.04.026
https://doi.org/10.1016/j.watres.2015.04.026
https://doi.org/10.1016/j.cej.2023.143520
https://doi.org/10.1016/j.cej.2023.143520
https://doi.org/10.1016/j.biortech.2018.07.013
https://doi.org/10.1021/acs.est.0c01314
https://doi.org/10.1021/acs.est.0c01314
https://doi.org/10.1016/j.watres.2021.116807
https://doi.org/10.1016/j.watres.2021.116807
https://doi.org/10.1016/j.biortech.2017.07.127
https://doi.org/10.1016/j.biortech.2017.07.127
https://doi.org/10.1016/j.cej.2018.01.040
https://doi.org/10.1016/j.cej.2018.01.040


microbial community. Water Research, 221, 118751. https://doi.
org/10.1016/j.watres.2022.118751

Lin, X., & Wang, Y. (2017). Microstructure of anammox granules
and mechanisms endowing their intensity revealed by micro-
scopic inspection and rheometry. Water Research, 120, 22–31.
https://doi.org/10.1016/j.watres.2017.04.053

Liu, J., Peng, Y., Qiu, S., Wu, L., Xue, X., Li, L., & Zhang, L. (2021).
Superior nitrogen removal and sludge reduction in a suspended
sludge system with in-situ enriching anammox bacteria for real
sewage treatment. Science of the Total Environment, 793,
148669. https://doi.org/10.1016/j.scitotenv.2021.148669

Liu, T., Guo, J., Hu, S., & Yuan, Z. (2020). Model-based investiga-
tion of membrane biofilm reactors coupling anammox with
nitrite/nitrate-dependent anaerobic methane oxidation. Envi-
ronment International, 137, 105501. https://doi.org/10.1016/j.
envint.2020.105501

Liu, T., Ma, B., Chen, X., Ni, B., Peng, Y., & Guo, J. (2017). Evalua-
tion of mainstream nitrogen removal by simultaneous partial
nitrification, anammox and denitrification (SNAD) process in a
granule-based reactor. Chemical Engineering Journal, 327, 973–
981. https://doi.org/10.1016/j.cej.2017.06.173

Liu, W., Wang, Q., Shen, Y., & Yang, D. (2021). Enhancing the in-
situ enrichment of anammox bacteria in aerobic granules to
achieve high-rate CANON at low temperatures. Chemosphere,
278, 130395. https://doi.org/10.1016/j.chemosphere.2021.
130395

Liu, Y., Ngo, H. H., Guo, W., Peng, L., Pan, Y., Guo, J., Chen, X., &
Ni, B. J. (2016). Autotrophic nitrogen removal in membrane-
aerated biofilms: Archaeal ammonia oxidation versus bacterial
ammonia oxidation. Chemical Engineering Journal, 302, 535–
544. https://doi.org/10.1016/j.cej.2016.05.078

Liu, Y., Niu, Q., Wang, S., Ji, J., Zhang, Y., Yang, M., & Hojo, T.
(2017). Upgrading of the symbiosis of Nitrosomanas and ana-
mmox bacteria in a novel single-stage partial nitritation–
anammox system: Nitrogen removal potential and microbial
characterization. Bioresource Technology, 244, 463–472. https://
doi.org/10.1016/j.biortech.2017.07.156

Lotti, T., Kleerebezem, R., Hu, Z., Kartal, B., Kreuk, M. K. D.,
Taalman, C. V. E., Kruit, J., Hendrickx, T. L. G., & van
Loosdrecht, M. C. M. (2015). Pilot-scale evaluation of
anammox-based mainstream nitrogen removal from municipal
wastewater. Environmental Technology, 36(9), 1167–1177.
https://doi.org/10.1080/09593330.2014.982722

Lotti, T., Kleerebezem, R., Lubello, C., & van Loosdrecht, M. C. M.
(2014). Physiological and kinetic characterization of a sus-
pended cell anammox culture. Water Research, 60, 1–14.
https://doi.org/10.1016/j.watres.2014.04.017

Luo, J., Chen, H., Han, X., Sun, Y., Yuan, Z., & Guo, J. (2017).
Microbial community structure and biodiversity of size-
fractionated granules in a partial nitritation–anammox process.
FEMS Microbiology Ecology, 93, 1–10. https://doi.org/10.1093/
femsec/fix021

Lv, K., Peng, D., Han, Y., & Yu, L. (2022). Aerobic biofilm providing
a habitat for anammox bacterial survival in mainstream of
municipal wastewater treatment plants. Journal of Water Pro-
cess Engineering, 45, 102456. https://doi.org/10.1016/j.jwpe.
2021.102456

Lv, K., Shao, X., Peng, D., Han, Y., & Yu, L. (2022). Coexistence and
competition of the nitrifying and anammox bacteria in SMBBR

reactor with partial nitritation/anammox process treating syn-
thetic low-strength ammonium wastewater. Journal of Water
Process Engineering, 49, 102983. https://doi.org/10.1016/j.jwpe.
2022.102983

Ma, Y., Domingo-fe, C., Gy, B., & Smets, B. F. (2017). Intermittent
aeration suppresses nitrite-oxidizing bacteria in membrane-
aerated biofilms: A model-based explanation. Environmental
Science and Technology, 51, 6146–6155. https://doi.org/10.1021/
acs.est.7b00463

Madeira, C. L., & de Araújo, J. C. (2021). Inhibition of anammox
activity by municipal and industrial wastewater pollutants: A
review. Science of the Total Environment, 799, 149449. https://
doi.org/10.1016/j.scitotenv.2021.149449

Martin, K., Sathyamoorthy, S., Houweling, D., Long, Z.,
Peeters, J., & Snowling, S. (2017). A sensitivity analysis of
model parameters influencing the biofilm nitrification rate:
Comparison between the aerated biofilm reactor (MABR) and
integrated fixed film activated sludge (IFAS) process. Water
Environment Federation, 2017, 257–265. https://doi.org/10.
2175/193864717822155759

Matsumoto, S., Terada, A., & Tsuneda, S. (2007). Modeling of
membrane-aerated biofilm: Effects of C/N ratio, biofilm thick-
ness and surface loading of oxygen on feasibility of simulta-
neous nitrification and denitrification. Biochemical Engineering
Journal, 37, 98–107. https://doi.org/10.1016/j.bej.2007.03.013

Miao, Y., Zhang, L., Li, B., Zhang, Q., Wang, S., & Peng, Y. (2017).
Enhancing ammonium oxidizing bacteria activity was key to
single- stage partial nitrification-anammox system treating
low-strength sewage under intermittent aeration condition.
Bioresource Technology, 231, 36–44. https://doi.org/10.1016/j.
biortech.2017.01.045

Miao, Y., Zhang, L., Yang, Y., Peng, Y., Li, B., & Wang, S. (2016).
Start-up of single-stage partial nitrification-anammox process
treating low-strength sewage and its restoration from nitrate
accumulation. Bioresource Technology, 218, 771–779. https://
doi.org/10.1016/j.biortech.2016.06.125

Morales, N., Val Del Río, A., V�azquez-Padín, J. R., Gutiérrez, R.,
Fern�andez-Gonz�alez, R., Icaran, P., Rogalla, F., Campos, J. L.,
Méndez, R., & Mosquera-Corral, A. (2015). Influence of dis-
solved oxygen concentration on the start-up of the anammox-
based process: ELAN®. Water Science and Technology, 72(4),
520–527. https://doi.org/10.2166/wst.2015.233
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