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1. Introduction

Nitrogen can be removed from wastewater by transforming active 
nitrogen species (ammonia, nitrite, and nitrate) into an inactive 
species (nitrogen gas), which is promptly released into the atmos-
phere (Fig. 1). Conventional nitrogen removal relies on nitrification 
and denitrification processes that are generated under aerobic and 
anoxic conditions, respectively. In nitrification, the oxidation of ammo-
nia to nitrite is performed by ammonia-oxidizing microorganisms. 
Subsequently, nitrite-oxidizing microorganisms oxidize nitrite into 
nitrate. In denitrification, heterotrophic denitrifying micro-
organisms reduce nitrate to nitrogen gas by using organic matter 
as an electron donor, while nitrite, nitric oxide (NO), and nitrous 
oxide (N2O) are produced as intermediates [1]. In recent times, 
novel nitrogen removal has become increasingly popular because 
it provides several advantages over conventional nitrogen removal. 

Novel nitrogen removal relies on the oxidation of ammonia to nitrite 
(nitritation), which is further reduced to nitrogen gas via de-
nitritation (nitrite denitrification) or anaerobic ammonia oxidation 
(ANAMMOX) (Fig. 1). This process reduces the amount of oxygen 
required by eliminating the oxidation of nitrite to nitrate, and the 
amount of organic matter required for the reduction of nitrate to 
nitrite. 

An underlying principle of nitritation is to maintain the activity 
of ammonia-oxidizing microorganisms, while suppressing the activ-
ity of nitrite-oxidizing microorganisms. Promoting oxygen-limited, 
temperature-elevated, or/and pH-raised conditions are common op-
erating strategies that allow for nitritation in reactors [2-6]. In recent 
years, ultrasound treatment has been introduced to accomplish 
nitritation in some studies [7, 8]. Cell immobilization, including 
cell attachment, cell granulation, and cell entrapment, has recently 
been employed to facilitate nitritation in reactors [9-12]. With the 
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Fig. 1. General processes for nitrogen removal in wastewater treatment 
systems modified from Thamdrup [98].

assistance of cell immobilization, an oxygen concentration gradient 
can be formed along the depth of cell immobilization matrices, 
leading to the creation of an oxygen-limiting zone within the 
matrices that facilitates nitritation [13-15]. However, the applica-
tion of cell immobilization for nitritation has so far only been 
carried out in limited study conditions, and thus expanded clar-
ification is still required for real-world application. In addition, 
in-depth information regarding microenvironments, microbial 
distribution, and microbial activity within the cell immobilization 
matrices have not been well-described, information that is crucial 
in understanding how to improve system performance. This re-
view provides current advancements in using cell immobilization 
to drive nitritation. The review is divided into 3 main parts: 
1) general information required for operating nitritation reactors, 
2) application of cell immobilization to promote nitritation, as 
well as microenvironments and microorganisms-related aspects 
within the cell immobilization matrices, and 3) problems encoun-
tered in the operation of nitritation reactors using cell 
immobilization. 

2. Microorganisms Involved in Ammonia and 

Nitrite Oxidation

Currently, two groups of microorganisms, ammonia-oxidizing bac-
teria (AOB) and ammonia-oxidizing archaea (AOA), are known 
to be capable of oxidizing ammonia to nitrite. AOB belong to two 
sub-phyla, γ-Proteobacteria and β-Proteobacteria. γ-AOB are, for 
example, Nitrosococcus oceani, while β-AOB are classified into 
several clusters, including the Nitrosospira cluster, Nitrosomonas 
europaea-Nitrosococcus mobilis cluster, Nitrosomonas communis 
cluster, Nitrosomonas oligotropha cluster, Nitrosomonas marina 
cluster, Nitrosomonas cryotolerans cluster, and Nitrosomonas 
Nm143 cluster [16]. Members of the Nitrosospira cluster, 
Nitrosomonas europaea-Nitrosococcus mobilis cluster, and 
Nitrosomonas oligotropha cluster are commonly found in waste-
water treatment systems [16, 17]. AOA’s potential involvement 
in ammonia oxidation in the global nitrogen cycle was demonstrated 
in more recent studies [18, 19]. AOA are classified into a newly 
founded phylum, Thaumarchaeota [20]. AOA have been found 
to be dominant in some wastewater treatment systems [21, 22], 
but this is not always the case as AOB rather than AOA were 
identified as the main ammonia oxidizers in many more wastewater 

treatment systems [23, 24].
Nitrite-oxidizing bacteria (NOB) that have appeared in waste-

water treatment systems include Nitrobacter (α-Proteobacteria), 
Nitrospira (Nitrospirae), and Nitrotoga (β-Proteobacteria) [25-27]. 
Nitrotoga are found in cold environments, while Nitrobacter and 
Nitrospira are usually present in mesophilic conditions [28]. 
Comparing Nitrobacter and Nitrospira, Nitrobacter have a lower 
affinity to nitrite than Nitrospira; thus, Nitrobacter are commonly 
found in high-nitrite environments, while Nitrospira can be found 
in environments low in nitrite concentrations [28].

In recent years, complete ammonia oxidizers (comammox) have 
been discovered in aquaculture and full-scale wastewater treatment 
and drinking water treatment systems [29-32]. These micro-
organisms can convert ammonia to nitrate in a single microorganism. 
Examples of comammox include some members within Nitrospira 
[29-32]. So far, the contribution of comammox to ammonia and 
nitrite oxidation in nitritation reactors has not been well described. 
A recent study demonstrated that comammox was an abundant 
ammonia oxidizer and may play an important role in ammonia 
oxidation in low DO environments similar to those found in ni-
tritation-ANAMMOX reactors [33].

3. Operating Strategies for Nitritation 

Due to the differences in physiological properties between AOB 
and NOB, controlling certain environmental parameters, such as 
temperature, pH, and dissolved oxygen concentration, can lead 
to the suppression of NOB activity while allowing AOB activity 
to proceed [5, 34]. Detailed information on these operating strategies 
can be found in previous review articles [5, 35, 36]. In recent 
years, ultrasound treatment has been employed to promote ni-
tritation in reactors [7, 8].

Nitritation can be achieved by operating a system at temper-
atures higher than 35°C. At 35°C, the AOB growth rate is twice 
that of NOB [3]. The SHARON® (Single-reactor system for High 
Ammonium Removal Over Nitrite) process is an example of a 
system configuration using a temperature of 30-40°C as a strategy 
to promote nitritation [3]. This operating strategy is suitable for 
treatment of sidestream wastewater, as the temperature of anaero-
bic digester effluent is around the temperature ranges that promote 
nitritation. Therefore, no or little energy input is required for 
nitritation of sidestream wastewater. On the other hand, this 
operating condition is hardly to be maintained for mainstream 
treatment due to the temperature gap between mainstream waste-
water temperature (10-25oC) and the temperature for nitritation 
(30-40oC). 

Both AOB and NOB activity can be inhibited by high free 
ammonia (FA) and free nitrous acid (FNA) concentrations. 
However, AOB are more tolerant to FA and FNA concentrations 
than NOB [2]. Therefore, at a suitable level of FA or FNA, AOB 
activity proceeds, while NOB activity is inhibited. In sus-
pended-cell systems, FA concentrations of 0.1-4.0 mg L-1 and 
FNA concentrations of 0.24 mg L-1 were found to inhibit nitrite 
oxidation [2, 37, 38], while ammonia oxidation were not inhibited 
until higher levels of FA (10-150 mg L-1) and FNA (1.35 mg 
L-1) [2, 38]. In context of using pH condition to influence ni-
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tritation, Sinha and Annachhatre [5] suggested that nitrite accu-
mulation increased when pH was controlled to higher values. 
High FA condition can be easily maintained when handling partic-
ular types of wastewater that contain high ammonia content, 
such as sidestream wastewater and effluents from anaerobic re-
actors treating leachate and animal manures. For municipal waste-
water, promoting FA inhibition is likely impractical as a result 
of less available ammonia in the wastewater; therefore, FNA 
inhibition is rather a better option [39]. During mainstream treat-
ment, NOB inhibition by FNA can be promoted via inline sludge 
treatment with FNA-concentrated solution ie., an effluent of parti-
al nitrified-sidestream treatment unit [38]. 

Oxygen-limiting conditions have been employed to promote 
nitritation in laboratory- and full-scale reactors [6, 11, 40]. The 
strategy is based on the difference in oxygen affinity between 
AOB and NOB. The half-saturation coefficient for oxygen (Ko) 
of NOB is higher than that of AOB. The KO of AOB is in the 
range of 0.03 - 0.99 mg L-1, while the KO for NOB ranges from 
0.4 to 1.4 mg L-1 [4, 6]. Therefore, under oxygen-limiting con-
ditions, the AOB growth rate becomes higher than the NOB growth 
rate, which helps create nitritation in reactors. Hanaki et al. 
[41] demonstrated that operating laboratory-scale mixed-flow re-
actors at a dissolved oxygen (DO) concentration of 0.5 mg L-1 
(25ºC) could inhibit nitrite oxidation and not ammonia oxidation. 
Maintaining oxygen-limiting condition requires no additional en-
ergy or chemical; therefore, this operating strategy has been widely 
used for treatment of both high and low ammonia content waste-
water [39]. However, some recent studies have shown a failure 
of nitritation during long term operation of reactors employing 
oxygen-limiting condition as the operating strategy [42-43], which 
could be caused by the adaptation of some NOB groups to the 
oxygen-limiting environment. This point will be further discussed 
in section 7.1. 

Low-frequency and low-density ultrasound has been applied 
to increase AOB and decrease NOB activity [7, 8]. Zheng et al. 
[7] indicated that ultrasound at a frequency of 40 kHz and a 
density of 0.027 W mL-1 for 2 h of irradiation time improved 
AOB activity while inhibiting NOB activity. During ultrasound 
treatment, ultrasound generated shock waves and cell walls burst 
to increase temperature and pH [7]; temperature in the tests 
reached up to 35.1°C and the pH increased up to 8.5, both opti-
mums for nitritation. Zheng et al. [8] claimed that ultrasound 
treatment was easier to operate and made maintaining nitritation 
easier than other methods. 

4. Nitritation by Cell Immobilization

Cell immobilization allows microorganisms to grow and perform 
activity in/on a solid matrix. Cell immobilization helps enhance 
cell residence time, substrate loading rate, cell-liquid separation, 
and cell protection from environmental stress. Cell immobilization 
can be carried out by several approaches, including cell attachment, 
cell granulation, and cell entrapment [44]. Cell attachment is the 
formation of biofilms on the internal and external surfaces of sup-
porting materials. Cell granulation is the self-aggregation of micro-
organisms into granule-like aggregates. Cell entrapment is the en-

trapment of cells into proper supporting matrices.
With cell immobilization, an oxygen concentration gradient is 

created along the depth of a biofilm, granule, or entrapped-cell 
matrix [13, 45], leading to the creation of an oxygen-limiting zone 
somewhere inside the matrix to facilitate nitritation [15]. Therefore, 
DO concentrations in the bulk solution can be maintained at low 
ranges but do not need to reach oxygen-limiting levels as required 
for suspended cell systems, allowing higher flexibility of the oper-
ation ranges to maintain nitritation in the reactors [11]. Fig. 2 
shows bulk DO concentrations applied for nitritation in sus-
pended-cell and cell immobilization systems. It is noted that other 
parameters than the bulk DO concentrations also differ among 
the studies in Fig. 2. However, with neglecting those parameters, 
optimal DO concentrations in the bulk solution for nitritation in 
suspended-cell systems are in the range of 0.5-2.0 mg L-1. However, 
a wider range of bulk DO concentrations (0.3-3.0 mg L-1 in most 
studies) is allowed in cell immobilization systems to maintain 
nitritation. This flexibility of cell immobilization systems over sus-
pended-cell systems is probably a result of the cell immobilization 
matrices’ ability to protect the cells from a higher range of bulk 
DO concentrations while creating the oxygen-limiting zones inside 
the matrices to promote nitritation.

Table 1 shows the application of cell immobilization, including 
cell attachment (biofilm), cell granulation (aerobic granule), and 
cell entrapment (entrapped cell), for nitritation reactors. 
Regarding the cell attachment system, studies have demonstrated 
that nitritation was achieved using a variety of reactor config-
urations, with examples including continuous moving bed biofilm 
reactors, sequencing batch biofilm reactors, and continuous-flow 
hybrid shortcut biological nitrogen removal [46-48]. DO concen-
trations in the bulk solution were maintained in a range of 0.3-6.4 
mg L-1, while water temperature and pH were controlled in ranges 
that did not facilitate nitritation (6 - 26ºC and 7.3 - 8, respectively) 
(Table 1). This suggests that biofilm formation helps facilitate 
nitritation, although the oxygen concentrations in the bulk sol

Fig. 2. Dissolved oxygen concentrations in bulk solutions for maintaining 
nitritation in suspended-cell (circle) and cell immobilization 
(triangle) systems [11, 13, 14, 41, 46, 47, 49, 99-104]. 
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ution did not reach oxygen-limiting levels in some studies. Zhang 
et al. [47] compared the sustainability of maintaining nitritation 
in an activated sludge process and a biofilm system [47]. Their 
study showed that nitritation was sustained in the biofilm system 
with nitrite accumulation up to 98.2%, while in the activated 
sludge process only up to 90.1%. The cell attachment system 
was found to be able to maintain long-run nitritation performance 
in reactors. Furthermore, Chung et al. [46] demonstrated that 
nitritation could be maintained for over 1.5 years in a hybrid 
suspended-, attached-growth system carrying polyvinyl alcohol 
(PVA) sponges.

For cell granulation, aerobic granules have been successfully 
introduced to promote nitritation in sequencing batch reactors [13, 
14, 49]. Rathnayake et al. [13] and Song et al. [14] were able to 
generate an approximately 1:1 NO2

-/NH4
+ effluent by cell 

granulation. It was demonstrated that a granular sludge reactor 
can be started up more rapidly by using seeds mixed with nitrifying 
floccular sludge and 30% partial nitrifying granular sludge than 
by using seeds prepared from nitrifying floccular sludge alone [49]. 

Cell entrapment can also achieve nitritation by immobilizing 
cells within gel matrices. With this idea, entrapped cells have 
been applied to nitritation reactors [9, 11, 12, 50, 51]. The gel 
matrix to entrap cells can be made by a variety of polymeric materials, 
such as calcium alginate, sodium alginate, PVA, PVA/alginate, and 
polyethylene glycol (PEG) [9, 11, 12, 50-52]. It is shown that nitrifiers 
entrapped in PVA/alginate gel beads promoted the build-up of 
nitrite in the reactor [12]. The immobilization of nitrifiers and 
co-immobilization of nitrifiers and denitrifiers in calcium alginate 
gel beads have also achieved nitritation [9]. DO concentrations 
in bulk solution at 2 and 3 mg L-1 were reported to be low enough 
to promote nitritation using PVA gel matrices [11]. At this DO 
ranges, the preparation of a suspended inoculum with the ability 
to partial nitrify was not needed during the production of entrapped 
cells. With the assistance of cell entrapment, all suspended inocula 
with non-nitrifying, nitrifying, and partial nitrifying activity can 
reach nitritation within similar periods of operation [11].

The operating conditions required for nitritation in cell immobili-
zation reactors can be different from those in suspended-cell reactors 
because substrate transfer from the bulk solution to microorganism 
cells is impacted by cell immobilization matrices. Several ap-
proaches of cell immobilization have been employed to promote 
nitritation in reactors. However, the characteristics of cell immobili-
zation matrices are distinct depending on the type of approach. 
Specific operating conditions to attain nitritation are required for 
a particular type of cell immobilization system and need to be 
customized.

5. Microenvironments and Microorganisms-
  Related Aspects within the Cell Immobilization
 Matrices

Although cell immobilization has successfully been applied to pro-
mote nitritation, microenvironments inside cell immobilization ma-
trices have not yet been clearly observed. Information related to 
in-situ oxygen concentration gradients inside cell immobilization 
matrices in nitritation reactors was provided only in some studies 
(Table 2). In biofilm, oxygen can penetrate up to approximately 
600-650 μm from the surface of the biofilm [45]; this value was 
around 100-300 and 120-320 μm for aerobic granules and entrapped 
cell matrices [13-15, 53]. With the formation of an oxygen concen-
tration gradient, an oxygen-limiting zone can be found within the 
cell immobilization matrices. For example, a zone with a DO range 
of 0.5 - 1.5 mg L-1 occurred at depths of 10 - 230 mm from the 
surface of the entrapped cells. It is suggested that this zone with 
the oxygen-limiting environment facilitated nitritation by inhibiting 
NOB activity [15]. Oxygen concentration gradients can be created 
inside cell immobilization matrices as a result of 1) the obstruction 
of oxygen transfer by materials used for cell immobilization, as 
well as microbial products and inert solids that are trapped within 
the cell immobilization matrices, and 2) the utilization of oxygen 
by aerobic microorganisms distributed throughout the cell immobi-
lization matrices [54, 55]. Aerobic microorganisms are the micro-
organisms that play the main role in utilizing oxygen in cell immobi-
lization matrices. These microorganisms help create an oxygen 
concentration gradient in cell immobilization matrices; in the mean-
time, their appearance in cell immobilization matrices is influenced 
by the oxygen concentrations inside the matrices.

For combined carbon oxidation and nitrification systems, hetero-
trophic microorganisms are distributed around the surface of cell 
immobilization matrices as a result of their lower affinity to oxygen 
and higher growth rate than autotrophic nitrifying microorganisms. 
Autotrophic nitrifying microorganisms are located in the deeper 
parts of cell immobilization matrices [56]. Among autotrophic ni-
trifying microorganisms, AOB and NOB share spaces in biofilm 
matrices [57]. Okabe et al. [57] demonstrated that AOB were dis-
tributed throughout biofilm matrices where ammonia was reduced 
to nitrite, while NOB appeared in the inner part of the matrices 
where nitrite was oxidized to nitrate.

For a nitritation system, AOB occurred on the outer layers of 
aerobic granules in a laboratory-scale granular sludge reactor with-
out organic carbon feeding [13]. AOB was spatially distributed 

Table 2. Distances of Oxygen Penetration from Surface of Cell Immobilization Matrices

System
DO in bulk solution

(mg L-1)
Distance of oxygen penetration 

from surface (μm)
Remarks Reference

Biofilm ~ 0.2-0.4* ~ 600-650  [45]

Aerobic granule

2 ~ 300 Granule diameter = 2 mm [13]

2.5 and 7 ~ 100* Granule diameter = 2-3 mm [14]

2 and 4 ~ 200  [53]
Entrapped cell ~ 1.9 120-320 [15]

*Values estimated from original figures in the papers
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at less than 300 μm from the aerobic granule surface [13, 14, 53]. 
For entrapped-cell-based reactors, AOB occurred near the surface 
of gel bead matrices at approximately 100 μm from the surface 
and NOB was found at a similar location [10, 11]. The localization 
of AOB aggregates within entrapped cell matrices was found to 
be related to the microenvironment that serves their growth. For 
example, strong signals of AOB cells, as observed by fluorescence 
in situ hybridization (FISH), arose within 50 μm from the gel 
bead surface where the DO concentrations were at 0.5 - 1.5 mg 
L-1, the range that promote AOB but inhibit NOB [15]. 

Different types of cell immobilization matrices create distinct 
patterns of microenvironments distributed within the matrices 
[13-15, 45, 53]. The formation of an oxygen concentration gradient 
is dependent on not only the characteristics of matrix materials, 
but also the activity of aerobic microorganisms that are involved 
in chemical utilization in reactors. This provides different niche 
microenvironments that support or inhibit specific groups of micro-
organisms in the cell immobilization matrices. Interrelation be-
tween groups of microorganisms and microenvironments is worth 
further study, as a better understanding of how different types 
of cell immobilization assist the promotion of nitritation can help 
improve system performances. 

6. Incorporation of Nitritation to Novel Nitrogen 

Removal Process

6.1. Nitritation-Heterotrophic Denitritation Process

During the nitritation-heterotrophic denitritation process, both au-
totrophic nitrite oxidation and heterotrophic nitrate reduction are 
shortcut. In order to maintain the process, nearly 100% conversion 
of ammonia to nitrite has to be obtained, before the subsequent 
nitrite conversion to nitrogen gas occurs. The nitritation- hetero-
trophic denitritation process reduces energy expenditure sub-
stantially via lowering the need for aeration by 25% and decreases 
extra organic matter requirement for denitrification by 40% [58]. 
In addition, the cost for sludge disposal is also reduced due to 
lower excess sludge generation [59]. Maintaining a high level of 
stability is essential in maintaining an effective nitritation- hetero-
trophic denitritation process. Jiang et al. [60] applied a combination 
approach of limiting DO and FNA sludge treatment to achieve 
nitritation- heterotrophic denitritation in a continuous flow acti-
vated sludge treating mainstream municipal wastewater. In their 
study, more than 78% of nitrite accumulation was achieved after 
simultaneously lowering DO to 0.5 mg L-1 and daily exposing 30% 
of excess sludge with 1.2 mg N L-1 FNA for 18 h. Gu et al. [61] 
reported that 78% of total nitrogen in mainstream municipal waste-
water was removed via the nitritation- heterotrophic denitritation 
process. Limiting DO to 1.5 mg L-1 at 30oC promoted 97% of nitrite 
accumulation with an extremely low nitrate concentration ( < 
0.5 mg N L-1) in a sequencing batch reactor.

6.2. Nitritation-ANAMMOX Process

The combination of nitritation and ANAMMOX process has been 
considered as the most sustainable and cost-effective nitrogen re-

moval approach [59]. In order to complete the process, approx-
imately half of the ammonia nitrogen should be first converted 
to nitrite nitrogen under aerobic conditions leading to an equal 
molarity of ammonia and nitrite in the effluent. Subsequently, 
the remaining ammonia is converted anaerobically to nitrogen gas 
and a little nitrate by chemoautotrophic ANAMMOX bacteria with 
nitrite as an electron acceptor [62]. Because only half of the influent 
ammonia nitrogen is aerobically oxidized to nitrite nitrogen, overall 
oxygen consumption is reduced by 60% in the ni-
tritation-ANAMMOX process when compared to the ni-
trification-denitrification process [1]. Both AOB and ANAMMOX 
bacteria are slow-growing autotrophs, resulting in low sludge pro-
duction and no need of additional organic matter for denitrification. 
Mainstream nitritation-ANAMMOX process was carried out mostly 
in cell immobilization-based reactors, such as granular sludge and 
moving bed biofilm reactors in order to maintain an adequately 
long sludge age for the slow-growing ANAMMOX bacteria [63]. 
The process which was originally implemented in two separated 
stages has recently been shifted to a single reactor [64]. 
Simultaneously suppressing NOB activity and promoting the 
growth of AOB and ANAMMOX bacteria are the two key challenges 
for implementing the process in a single reactor [65]. Tao and 
Hamouda [66] found that by maintaining bulk DO concentration 
at 1.21 mg L-1, both AOB and ANAMMOX bacteria can be retained 
effectively in a moving bed biofilm reactor while NOB growth 
is largely suppressed. 88.9% of total nitrogen was removed at a 
nitrogen loading rate of 1000 g N m-3 d-1. Both AOB and NOB 
were predominantly observed at the top layer of the moving bed 
biofilm matrix, while ANAMMOX bacteria dominated the middle 
and bottom layers of the matrix. Liu et al. [67] reported that simulta-
neous nitritation, ANAMMOX and denitrification occurred in a 
granular upflow anaerobic sludge blanket reactor for mainstream 
treatment with > 90% nitrogen removal at a nitrogen loading rate 
of 2,280 g N m-3 d-1, bulk DO concentration of 0.2-0.4 mg L-1, 
and temperature of 16oC.

7. Problems Encountered in the Operation of 

Nitritation Reactors Using Cell Immobilization

7.1. Insufficient Suppression of NOB Activity Using 
Oxygen-Limiting Conditions as the Sole Operating 
Strategy

Failure to suppress NOB activity has been frequently observed 
in some circumstances, such as deammonification of mainstream 
wastewater or long-term operation of nitritation reactors, even 
though oxygen-limiting conditions were maintained [39]. Several 
attempts have been made to clarify the potential causes of this 
failure [68-71]. The existence of conditions leading to NOB pro-
liferation, such as a low free ammonia concentration and low temper-
ature, was identified as the cause of unstable nitritation performance 
during mainstream deammonification [39]. In addition, it has been 
found that NOB is adaptive and can survive and perform activity 
under a microaerobic environment [72, 73].

Oxygen-limiting conditions have been employed to promote ni-
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tritation under the assumption that AOB have a higher affinity 
to oxygen than NOB [74]. Under this assumption, NOB are consid-
ered a single group of microorganisms, although different NOB 
lineages have distinct growth characteristics and affinity to oxygen 
[75]. Nitrobacter and Nitrospira are NOB that are commonly found 
in wastewater treatment systems. The oxygen affinity of these two 
groups of microorganisms tend to be different, with a lower affinity 
for Nitrobacter (0.17 - 5.3 mg L-1) and a higher affinity for Nitrospira 
(0.13 ± 0.06 mg L-1) [76]. Huang et al. [77] reported that Nitrospira 
was more abundant than Nitrobacter at low DO concentrations 
( < 1.0 mg L-1) in full - scale wastewater treatment plants. Nitrospira 
can be divided into a few lineages. Nitrospira lineages I and II 
are usually found in nitrifying wastewater treatment systems. Park 
and Noguera [78] revealed that Nitrospira lineage I was present 
in low DO concentrations (0.12 - 0.24 mg L-1). In contrast, Nitrospira 
lineage II was found in high DO levels (8.5 mg L-1). These indicated 
that different Nitrospira lineages were adaptive to different DO 
concentrations. Therefore, some NOB groups could survive and 
express activity under oxygen - limiting conditions, which likely 
led to failure of nitritation, especially during long-term operation. 
A recent study demonstrated an increase in comammox Nitrospira 
during late operation (from days 200 to 400) of a sequencing batch 
reactor operated at low DO concentrations [33]. These micro-
organisms were suggested to potentially play an important role 
in ammonia oxidation in the nitritation-ANAMMOX-like reactor. 
The characteristics of NOB should be further explored in cell im-
mobilization matrices. Further works should emphasize the change 
in NOB communities, especially comammox Nitrospira, toward 
characteristics of extremely high oxygen affinity within cell immobi-
lization matrices that employ an oxygen-limiting strategy to promote 
nitritation.

It was recently found that the substrate affinity of AOB and 
NOB in cell immobilization matrices is determined predominantly 
by their own colony sizes rather than their strain-dependent in-
trinsic affinities [79]. Oxygen affinity of NOB in a given cell immobi-
lization matrix can greatly change over time depending on both 
the microenvironment and the NOB’s adaptation within the matrix. 
Therefore, it is difficult to permanently repress NOB activity in 
cell immobilization matrices using an oxygen-affinity-based strat-
egy alone; thus, additional controlling strategies to repress NOB 
activity should be considered.

Two possible additional strategies are described here. First, con-
trolling the ratio of oxygen to ammonium concentrations has been 
proven to provide stable NOB repression during long-term operation 
of a cell immobilization system [80]. When an excess ammonium 
concentration can be maintained at a given DO concentration, oxy-
gen will be exhausted completely in the AOB-dominant zone located 
around the outer layer of the cell immobilization matrix. This 
exhaustion leads to the limitation of oxygen for NOB that surrounds 
the inner layer of the matrix. In contrast, if a sufficiently high 
residual ammonium concentration cannot be maintained, the 
growth and substrate utilization of AOB are limited by ammonia, 
and oxygen can remain for NOB proliferation. Therefore, strict 
control of an appropriate ratio between the oxygen and ammonium 
concentrations is a potential strategy for permanent NOB repression 
in a cell immobilization system. Poot et al. [81] previously found 
a short-term effect of the oxygen to ammonium ratio on nitritation 

in a granular biofilm reactor operated at 20°C.
Another strategy exploits the synergy between the oxygen-limit-

ing strategy and other strategies. Wang et al. [82] demonstrated 
that the stability of nitritation was improved during long-term 
operation by combining FNA inhibition and oxygen-limiting 
conditions. The authors found that FNA resulted in the washout 
of Nitrospira due to its strong biocidal effects, while Nitrobacter 
was eliminated by oxygen-limiting conditions due to its lower 
oxygen affinity.

7.2. Nitrous Oxide Production in Nitritation Reactors 
Operated Using an Oxygen-Limiting Strategy

N2O is a powerful greenhouse gas. Full-scale plants with nitritation 
and ANAMMOX generate N2O at concentrations between 1.2 and 
12% [83]. Nitrification can produce N2O via two different pathways: 
nitrifier nitrification and nitrifier denitrification [40, 84, 85]. With 
the nitrifier nitrification pathway, N2O is produced as a byproduct 
of the oxidation of hydroxylamine, which is an intermediate in 
the oxidation of ammonia to nitrite. Terada et al. [83] showed 
that most N2O produced from suspended-growth-based sequencing 
batch nitritation reactors originated from AOB via N-nitrosation 
hybrid N2O production, which is driven by the oxidation of hydrox-
ylamine with nitrite as an electron acceptor.

For the nitrifier denitrification pathway, some AOB, such as 
Nitrosomonas europaea, can switch their activity from nitrification 
to nitrifier denitrification in an oxygen-limiting environment [84, 
86]. N2O is produced by AOB during the reduction of nitrite to 
nitrogen gas via the activity of AOB-related enzymes including 
nitrite reductase (catalyzing NO2

- reduction to NO) and nitric oxide 
reductase (catalyzing NO conversion to N2O) [87]. 

Previous studies have shown that N2O production largely de-
pends on several factors, including the concentrations of bulk DO 
[53], nitrite [88], nitrogen loading rate [89], and organic matter 
[90]. Peng et al. [91] studied N2O production under various DO 
concentrations (0.35 - 3.5 mg L-1) and nitrite in an enriched nitrifying 
sludge. They found that N2O was produced mainly via the nitrifier 
denitrification pathway in a wide range of DO and nitrite conditions. 
Low DO (ca. < 1.5 mg L-1) stimulated the nitrifier denitrification 
pathway at all nitrite levels. While the hydroxylamine oxidation 
pathway could be the dominant N2O production pathway only 
at a relatively high DO (ca. 3.5 mg L-1) and low nitrite (ca. < 
10 mg N L-1) levels. Rathnayake et al. [53] observed the effect 
of DO concentration (0.6 - 2.3 mg L-1) on the production pathway 
and emission rate of N2O in autotrophic partial nitrifying granular 
sludge. The authors found that N2O in granular sludge system 
was mainly produced via hydroxylamine oxidation by Nitrosomonas 
europaea on the surface of the oxic layer ( < 200 μm) of the granules. 
Higher DO activated the ammonia oxidation to hydroxylamine, 
resulting in stimulating the N2O production via the hydroxylamine 
oxidation pathway. The nitrogen loading rate is known to influence 
the rate of ammonia oxidation, thus affecting the rates of nitrite 
accumulation and N2O emission in nitrifying biofilm reactors [39]. 
Recently, Wan et al. [89] found that an increase in nitrogen load 
(800-2,000 g N m-3d-1) in a combined nitritation-ANAMMOX biofilm 
accelerated ammonia oxidation and nitrite accumulation, thus pro-
moting N2O production (up to 5 - 6% of the nitrogen load) via 
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nitrifier nitrification. However, the production rate of N2O did 
not increase when the rate of ammonia oxidation and nitrite accumu-
lation became stable. 

Although novel nitrogen removal via the nitrite pathway should 
be implemented to ensure energy savings, the process tends to 
emit higher N2O amounts than conventional nitrogen removal. 
Therefore, the importance of process optimization needs to be high-
lighted to minimize this greenhouse gas.

7.3. Influence of Organic Matter on Nitritation Performance 
Using an Oxygen-Limiting Strategy

Organic matter has been found to influence nitritation performance. 
When organic matter is present over a certain level or at a high 
loading rate, aerobic heterotrophic microorganisms can rapidly 
grow and compete with nitrifying bacteria for oxygen. Xu et al. 
[92] demonstrated that organic matter enhanced nitrite accumu-
lation in nitrifying biofilms because NOB were outcompeted by 
aerobic heterotrophic microorganisms for oxygen. The study dem-
onstrated that nitritation was achieved with an ammonia removal 
efficiency of 79 - 95% and nitrosation (ratio of NO2

-/[NO2
- + NO3

-]) 
of 80 - 99% when the COD/N ratio was 2.6. The reactors required 
a shorter period of time to achieve nitritation than did the reactor 
with no organic matter supplied. However, an overloading of organic 
matter can also deteriorate nitritation performance. 
Rodriguez-Sanchez et al. [93] reported that AOB were outcompeted 
by aerobic heterotrophic microorganisms for oxygen, which resulted 
in a decrease in the ammonia-oxidizing activity and relative abun-
dance of AOB in submerged nitritation biofilters with 0.34 kg carbon 
m-3 d-1. Therefore, at an extremely high organic loading rate, a 
process unit for the pre-removal of organic matter, such as a high-rate 
activated sludge [94], a chemically enhanced primary treatment 
[95], or an anaerobic process [96], is required to lower the amount 
of organic compounds to improve the stability of nitritation in 
cell immobilization reactors.

In addition to the competition for oxygen between nitrifying 
microorganisms and aerobic heterotrophic microorganisms, organic 
matter can also provide selective pressure to assist the retardation 
of NOB activity by limiting nitrite for NOB. NOB can be outcompeted 
for nitrite by heterotrophic denitrifying microorganisms due to 
the ability of the latter to grow faster when consuming nitrite 
(specific growth rate: 0.25 h-1 for denitrifiers, 0.02-0.04 h-1 for 
Nitrospira sp. ; [97]). Wang et al. [97] found that organic matter 
is critical to suppress NOB and to maintain a stable nitrite accumu-
lation rate in combined nitrifying/denitrifying granular sludge.

8. Conclusions

Nitritation can be promoted using cell immobilization. An oxygen 
concentration gradient is created along the depth of the cell immobi-
lization matrix and an oxygen-limiting zone is generated inside 
the matrix to facilitate nitritation. Nitritation can be achieved using 
different cell immobilization approaches, including cell attach-
ment, cell granulation, and cell entrapment. Due to the variation 
in the characteristics of cell immobilization matrices, microenviron-
ments created within the matrices can be distinct and specific 

operating conditions may be required for a particular type of the 
approach. An understanding of the interaction between target micro-
organisms and microenvironment should be further clarified to 
improve system operation. Attention should be paid to a few points 
when operating nitritation reactors using cell immobilization. The 
adaptive recovery of NOB activity under oxygen stress may occur 
during long-term operation of cell immobilization reactors. In this 
case, synergetic operating strategies should be employed rather 
than relying on the oxygen-limiting strategy alone. The emission 
of N2O from immobilized cell nitritation reactors should be eval-
uated for each type of the approach. The variation in nitritation 
performance, when organic matter is present in cell immobilization 
reactors, is still uncleared. All these points require further under-
standing in order to be addressed.
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