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I. Introduction

The removal of ammonia from wastewater has become a worldwide 
emerging concern because ammonia is toxic to aquatic species and causes 
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eutrophication in natural water environments (Tchobanoglous et al. 2003). 
Nitrogen compounds in wastewater can only be effectively removed by 
biological approaches (EPA 1993; Zhu et al. 2007a,b). Based on the micro-
bial nitrogen cycle and the metabolism of inorganic nitrogen compounds 
(Fig. 1), many biological technologies and processes have been developed 
and implemented for nitrogen removal from wastewater, such as predeni-
trifi cation (Anoxic/Oxic), modifi ed Bardenpho, Bio-denitro, sequencing 
batch reactor (SBR), oxidation ditch (OD), step feeding, anaerobic/anoxic/
aerobic (A2/O), and University of Cape Town (UCT) processes (Wentzel 
et al. 1992; Østgaard et al. 1997; Williams and Beresford 1998; Tchobano-
glous et al. 2003; Pai et al. 2004). These processes have been widely employed 
in wastewater treatment plants for nitrifi cation and denitrifi cation (EPA 
1993). However, with the effl uent discharge standards having become more 
stringent (<10 mg total nitrogen/L), conventional processes cannot meet the 
new requirements (Khin and Annachhatre 2004).

Several novel nitrogen removal processes have been developed to 
enhance nitrifi cation and denitrifi cation. This review focuses on these novel 
processes, including simultaneous nitrifi cation and denitrifi cation (SND), 
shortcut nitrifi cation and denitrifi cation, anaerobic ammonium oxidation 
(ANAMMOX), aerobic deammonitrifi cation, completely autotrophic 
nitrogen removal over nitrite (CANON), oxygen-limited autotrophic 
nitrifi cation-denitrifi cation (OLAND) processes (Muller et al. 1995; Strous 
et al. 1999; Fux et al. 2002; Third et al. 2001; Schmidt et al. 2003; Nielsen 
et al. 2005; Peng and Zhu 2006). Particularly, this review presents a critical 
comparison of various biological processes, discusses the key control param-
eters, and summarizes the current research status of functional microorgan-
isms for nitrogen removal. Moreover, several challenging and unsolved 
problems of these processes are addressed.

Fig. 1. Microbial nitrogen cycle. (From Rick and Stuart 2001.)
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II. Conventional Biological Technologies for Nitrogen Removal

A. Mechanism and Principle

Conventional microbial nitrogen removal is based on autotrophic nitri-
fi  cation and heterotrophic denitrifi cation. In the fi rst step of nitrifi ca-
tion, ammonia-oxidizing bacteria (AOB) oxidize ammonium (NH4

+) to 
nitrite (NO2

−) via hydroxylamine (NH2OH) (reactions 1 and 2, below). 
Membrane-bound ammonia monooxygenase (AMO) and hydroxylamine 
oxidoreductase (HAO) are involved in these two reactions. In the second 
step, nitrite-oxidizing bacteria (NOB) oxidize nitrite to nitrate (NO3

−)
with the involvement of membrane-bound nitrite oxidoreductase (NOR) 
(reaction 3).

NH O H NH OH H OAMO
2 23 2 2+ + [ ] ⎯ →⎯⎯ +  (1)

HN OH O NHO +2H +2HAO
2

+
2 20 5+ ⎯ →⎯⎯ −. e  (2)

NO O NONOR
2 2 30 5− −+ ⎯ →⎯⎯.  (3)

In anoxic denitrifi cation, NO3
− and NO2

− are reduced to gaseous nitrogen 
with a variety of electron donors, such as methanol, acetate, and organic 
substances in wastewater (reactions 4 and 5).

 2NO3
− +  10H+ +  10e− → N2 +  2OH− +  4H2O (4)

 2NO2
− +  6H+ +  6e− → N2 +  2OH− +  2H2O (5)

B. Typical Processes for Biological Removal of Nitrogen

Many biological nitrogen removal processes have been developed, includ-
ing Bardenpho, predenitrifi cation, postdenitrifi cation, SBR, OD, and step 
feeding (Tchobanoglous et al. 2003; Dapena-Mora et al. 2004; Khin and 
Annachhatre 2004; Zhu et al. 2005, 2007a,b). The advantages and limitations 
of these processes are summarized in Table 1.

In most countries, especially in China, about 80% of wastewater treat-
ment plants use the predenitrifi cation [i.e., anoxic/oxic (A/O)] process for 
biological nitrogen removal (Zhu 2006). Predenitrifi cation has distinct 
advantages for nitrogen removal. With infl uent fi rst entering the anoxic 
denitrifi cation zone, organic carbon sources serve as electron donors for 
denitrifi cation and are biodegraded by denitrifying bacteria. This method 
can improve nitrogen removal effi ciency and shorten the aerobic duration. 
However, because of the confi guration of A/O processes, the NOX-N
concentration in effl uent equals that of internally recycled wastewater, 
which results in an overall low nitrogen removal effi ciency (Baeza 
et al. 2004; Rosso and Stenstrom 2005). For instance, based on the theory 
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of predenitrifi cation process (Chiou and Ouyang 2001), a 100% sludge 
recycle and 200% internal recycle can achieve only 75% nitrogen removal 
effi ciency.

C. Disadvantages and Limitations of Conventional Processes

Because nitrifi cation and denitrifi cation are carried out by different micro-
organisms under different conditions, they should be designed and operated 
in separate time sequences or spaces (Lee et al. 2001). Consequently, a long 
retention time or a large volume is required to accomplish complete nitro-
gen removal. Moreover, a high level of oxygen, set as 4.2 g O2/g NH4

+-N, is 
required for nitrifi cation (Bruce and Perry 2001), and a suffi cient organic 
carbon source [2.86 g chemical oxygen demand (COD)/g NO3

−-N) is neces-
sary for denitrifi cation (Gradly and Lim 1980). A high level of external 
carbon sources (methanol, acetate, etc.) is normally added in the denitrifi ca-
tion process when treating wastewater with high nitrogen concentration or 
low C/N ratio (Tam et al. 1992), which increases the operational cost for 
conventional biological processes. The limitations of low removal effi ciency, 
high oxygen requirement, long retention time, and an external carbon 
source are the driving forces for developing new low-cost biological treat-
ment processes for complete nitrogen removal (Jetten et al. 2002).

III. Novel Biological Processes for Nitrogen Removal

A. Simultaneous Nitrifi cation and Denitrifi cation (SND)

Mechanism and Advantages

Simultaneous nitrifi cation and denitrifi cation (SND) means that nitrifi ca-
tion and denitrifi cation occur concurrently in the same reactor (Keller et al. 
1997; Helmer and Kunst 1998). There are two mechanisms for SND: physical 
and biological (Robertson and Kuenen 1984; Baumann et al. 1996; Hibiya 
et al. 2003). The conventional physical mechanism is that SND occurs as the 
consequence of dissolved oxygen (DO) concentration gradients within 
activated sludge fl ocs or biofi lms due to diffusional limitation (Fig. 2). The 
nitrifi ers exist in aerobic regions with DO higher than 1–2 mg/L, whereas 
the denitrifi ers stay alive in anoxic zones with DO less than 0.5 mg/L. The 
presence of oxygen concentration gradients in activated sludge fl ocs and 
biofi lm has been verifi ed by microelectrode measurements (Snidaro et al. 
1997; de Beer et al. 1998; Satoh et al. 2003; Li and Bishop 2004; Holman and 
Wareham 2005) and 15N tracer techniques (Wyffels et al. 2003).

The biological mechanism for SND is more complicated than the physi-
cal ones and is contradictory to the traditional “engineering” conception of 
autotrophic aerobic nitrifi cation and heterotrophic anoxic denitrifi cation. 
Several species of heterotrophic nitrifi ers and aerobic denitrifi ers have been 
identifi ed in wastewater and night soil treatment systems (Patureau et al. 
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1998; Hu and Kung 2000; Kim et al. 2005). Alcaligenes sp., Corynebacterium
sp., Acinetobacter sp., Xanthomonas sp., and Bacillus strains were identifi ed 
as heterotrophic nitrifi ers (Castignetti and Gunner 1981; Castignetti and 
Hollocher 1982; Kshirsagar et al. 1995; Hu and Kung 2000; Kim et al. 2005). 
Thiosphaera pantotropha was identifi ed as both heterotrophic nitrifi er and 
aerobic denitrifi er (Gupta 1997). Paracoccus denitrifi cans, an aerobic deni-
trifi er isolated from activated sludge (Robertson et al. 1988, 1995; Baumann 
et al. 1996), reduced nitrate even under oxygen saturation. Other aerobic 
denitrifi er strains, such as Microvirgula aerodenitrifi cans (Patureau et al. 
1998) and Thaurea mechernichensis (Scholten et al. 1999), have been iso-
lated. From a microbiological point of view, SND has been regarded as the 
consequence of the oxidization of ammonia by heterotrophic nitrifi ers and 
the reduction of nitrate or nitrite by aerobic denitrifi ers (Robertson et al. 
1988, 1995; Wyffels et al. 2003).

SND has signifi cant advantages over conventional processes (Pochana 
et al. 1999; Zhang et al. 2005). With denitrifi cation taking place concurrently 
with nitrifi cation in aeration tanks the SND process can save the costs for 
anoxic tanks, and simplify the overall process design. SND is of particular 
interest when treating wastewaters with a low C : N ratio (<5), because the 
cost of an extra carbon source will be saved (Guo et al. 2005).

Key Control Factors

On-line monitoring DO and redox potential (ORP) is an effi cient approach 
in the SND process (Zhao et al. 1999; Fuerhacker et al. 2000). SND occurs 
at a DO of 0.5 mg/L, under which condition the nitrifi cation and denitrifi ca-
tion rates are the same (Munch et al. 1996; Peng et al. 2001). However, SBR 
occurs at a wide ORP range, from −60 to −198 mV (Hanaki et al. 1990; 
Fuerhacker et al. 2000; Hu et al. 2005).

Other operational parameters, such as sludge retention time (SRT), 
hydraulic retention time (HRT), and pH, have signifi cant infl uence on the 
SND process. Because heterotrophic nitrifi ers grow more rapidly and have 

Fig. 2. Schematic of oxygen concentration profi le within a microbial fl oc. Reprinted 
form Pochana and keller 1999, with permission from IWA Publishing.
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stronger tolerance to acidity than autotrophic nitrifi ers, short SRT and an 
acidic environment would be favorable for their growth (Focht and 
Verstraete 1977; Killham 1986; van Niel 1991). A bench-scale SBR system 
achieved a complete removal of NH4

+-N and COD with no NO2
−-N in the 

effl uent at a C/N ratio of 11.1, SRT of 20 d, and HRT of 1 d. However, 
the nitrogen removal effi ciency decreased gradually with increasing 
ammonium-loading rates and F/Ms (Chiu et al. 2007). Until now, the SND 
processes have been tested with consistent SRT and HRT. There is no 
research on the infl uence of SRT and HRT on the effi ciency of SND. In 
addition, pH and free ammonia (FA) should be studied as critical parame-
ters for SND via NO2

− as they have signifi cant effects on the competition 
between AOB and NOB.

Research Status and Unsolved Concerns

There are three major factors for the SND processes: carbon source, DO 
concentration, and fl oc size (Lee et al. 2001; Holman and Wareham 2005).

Organic carbon is critical for SND, because high biological oxygen 
demand (BOD) concentration causes the inhibition of autotrophic nitrifi ers 
whereas low BOD leads to the defi ciency of electron donors for denitrifi ers 
(Tam et al. 1992). SND occurs well when treating municipal wastewater at 
a BOD of 100–150 mg/L (Castignetti and Gunner 1981; Kim et al. 2005).

DO concentration is also important for SND (Pochana et al. 1999): it has 
a twofold effect on SND performance (Pochana and Keller 1999; Hu et al. 
2005; Zhang et al. 2005). Low DO concentration suppresses nitrifi cation 
while high DO concentration inhibits denitrifi cation. Nitrifi cation and deni-
trifi cation rates became the same at a DO concentration of 0.5 mg/L and 
achieved a complete SND (Munch et al. 1996). Zhao et al. (1999) found 
that an extended aeration duration in an intermittent aeration (IA) process 
favored sequential nitrifi cation and denitrifi cation (SQND). The optimal 
DO concentration for SND via nitrite was around 2.0  ±  2.5 mg/L at the end 
of the aeration period in the IA process (Yoo et al. 1999).

Some researchers attribute the occurrence of SND to the size of acti-
vated sludge fl oc, which is normally 80–100 µm (Li and Ganczarczyk 1990, 
1993; Pochana and Keller 1999). SND is more likely to occur in the large-
size fl oc (>125 µm) because of the oxygen diffusion limitation, but the 
occurrence of SND in activated sludge fl ocs smaller than 20 µm is unclear. 
If SND is detected in small fl oc sludge (Wilen and Balmer 1999), the current 
physical explanation of SND processes will be put in question.

B. Shortcut Nitrifi cation and Denitrifi cation

Mechanism and Advantages

Shortcut nitrifi cation and denitrifi cation, namely partial nitrifi cation-deni-
trifi cation, is the process in which nitrifi cation and denitrifi cation are 
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correlated by NO2
− instead of NO3

−. As an intermediate product, NO2
− is 

produced in nitrifi cation and reduced to N2 in the following NO2
− denitrifi ca-

tion (Fdz-Polanco et al. 1996; van Dongen et al. 2001; Peng et al. 2006). 
Compared with traditional nitrifi cation and denitrifi cation via NO3

−, short-
cut nitrifi cation and denitrifi cation has the following advantages (Beccari 
et al. 1983; Turk and Mavinic 1989; Peng and Zhu 2006):

1. 25% lower oxygen consumption in the aerobic phase implies 60% energy 
saving in the entire process.

2. The requirement for electron donors is as much as 40% lower in the 
anoxic phase.

3. NO2
− denitrifi cation rate is 1.5 to 2 times higher than NO3

− denitrifi cation 
rate.

Partial nitrifi cation via NO2
− is reported to be technically feasible and 

economically favorable, especially when treating wastewater with high 
ammonia concentration or low C : N ratio (Turk and Mavinic 1989; 
Villaverde et al. 1997).

The Single reactor system for High Ammonia Removal Over Nitrite 
(SHARON) process, the fi rst full-scale process with NO2

− as the intermedi-
ate product, is a cost-effective treatment system for total nitrogen removal 
from wastewater with high nitrogen concentrations (>550 mg/L). The system 
has been used for treating wastewater generated from dewatered primary 
sludge, waste-activated sludge, sludge dryers, and incinerators (van Dongen 
et al. 2001).

Key Control Factors

The inhibition of nitrite-oxidizing bacteria (NOB) is critical for shortcut 
nitrifi cation and denitrifi cation because NOB oxidize NO2

− to NO3
− and 

convert partial nitrifi cation to complete nitrifi cation (Picioreanu et al. 1997; 
Hellinga et al. 1998; Hidaka et al. 2002; Peng and Zhu 2006). Several param-
eters, including DO concentration, temperature, SRT, substrate concentra-
tion, aeration pattern, and chemical inhibitor, have been found to selectively 
inhibit NOB.

Dissolved Oxygen Concentration. Compared with ammonia oxidizing 
bacteria (AOB), NOB require a high DO concentration. The DO half-
saturation value for oxygen (Ks,O), representing the affi nity for oxygen, is 
62µM for NOB whereas it is 16 µM for AOB (Picioreanu et al. 1997; 
Schramm et al. 1999, 2000). Therefore, AOB dominate NOB at low DO 
concentration, which results in the accumulation of NO2

− and the occurrence 
of partial nitrifi cation and denitrifi cation via NO2

−.
Although a low DO concentration (<1.5 mg/L) is favorable for partial 

nitrifi cation, it reduces nitrifi cation rates, lowers COD removal effi ciencies, 
and causes sludge bulking. Different DO concentrations have been reported 



Nitrogen Removal from Wastewater 167

for partial nitrifi cation, ranging from 0.3 to 2.5 mg/L (Wyffels et al. 2004a,b). 
High DO concentrations (>2 mg/L) could convert partial nitrifi cation to 
complete nitrifi cation, whereas low concentrations (<0.5 mg/L) could reduce 
nitrifi cation rat. A DO concentration of 1.0–1.5 mg/L has been found suit-
able for shortcut nitrifi cation and denitrifi cation in real municipal wastewa-
ter treatment, which has been verifi ed (Hanaki et al. 1990; Hao et al. 2002a; 
Peng et al. 2003).
Temperature. Correlation of the maximum growth rate of nitrifying bac-
teria and temperature is described in the Arrhenius equation at tempera-
tures of 5°–40°C (Anthonisen 1976):

µ µmt m
aE t
R t

= −
−( )

+( )
⎡
⎣⎢

⎤
⎦⎥20

20
293 273

 exp  (6)

in which µmt is the maximal specifi c growth rate (d−1), µm20 is the maximal 
specifi c growth rate at 20°C (d−1), Ea is the activation energy (kJ/mol), and 
R is a constant of 8.314 (J/mol K).

Growth rates of AOB and NOB vary with temperature. AOB have a 
higher maximal specifi c growth rate (0.801 d−1) than NOB (0.788 d−1) at 20°C 
(Hellinga et al. 1998), while the specifi c growth rate of AOB (0.523 d−1) was 
lower than that of NOB (0.642 d−1) at 15°C. Therefore, NOB dominate AOB 
at temperatures below 15°C, and AOB outcompete NOB at temperatures 
above 20°C (Brouwer et al. 1996) (Fig. 3). A higher temperature not only 
promotes the growth of AOB but can also expand the growth rate differ-
ences between AOB and NOB (Balmelle 1992; Hunik 1993; Yoo et al. 1999). 

Fig. 3. Effect of temperature on growth rate of ammonia oxidizers and nitrite 
oxidizers.
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The SHARON process has been successfully operated at 35°C, where AOB 
became dominant (Mulder et al. 2001). As a result of different bacterial 
growth rates in SHARON, a selection of microbial community should be 
made wherein NOB are washed out of the system while AOB are still 
retained along with denitrifying bacteria in the system. This operational 
mode allows a 25% reduction in oxygen consumption for nitrifi cation and 
a 40% reduction in the external carbon source addition.

Sludge Age. AOB (e.g., Nitrosomonas) need a longer retention time than 
NOB (e.g., Nitrobacter) at temperatures below 15°C, while the trend was 
reversed at temperatures above 25°C (see Fig. 3). Thus, AOB and NOB can 
be selectively accumulated by appropriately adjusting SRT in a suspended-
growth system (Hellinga et al. 1998).

SRT is equal to HRT in SHARON. Nitrogen was removed via nitrite in 
a SHARON process with an oxic HRT below 2 d. At an oxic HRT of 
approximately 1.5 days, the COD/N ratio clearly illustrates the metabolic 
pathways from ammonia to nitrogen via nitrite (Fig. 4).

Aeration Pattern. The aeration pattern has been proposed as an alterna-
tive to SRT for partial nitrifi cation control (Hidaka et al. 2002). Aeration 
duration is inversely related to the extent of partial nitrifi cation, because 
partial nitrifi cation will be converted to complete nitrifi cation at long 

Fig. 4 Continuous operation chemical oxygen demand (COD)/N-removal nitrite 
pathway in Rotterdam SHARON system.
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aeration periods (Turk and Mavinic 1989). Turk and Mavinic (1987) observed 
NO2

− accumulated during a transition from anoxic to aerobic condition. 
This accumulation persisted 2–3 hr in the aerobic condition. Intermittent 
aeration favors partial nitrifi cation (Yoo et al. 1999; Pollice et al. 2002). Peng 
et al. (2004a) reported that partial nitrifi cation was successfully completed 
using the aeration control strategy, even though the temperature decreased 
from 32°C to 21°C.

Substrate Concentration and Load. AOB are divided into two groups 
according to cell growth rates: slow-growing and fast-growing (Zheng et al. 
2004). Slow-growth bacteria, referred to as K strategists, have high affi nity 
to substrate and are dominant at low substrate concentrations, whereas 
fast-growth bacteria, referred to as R strategists, have low affi nity to 
substrate and thrive at high substrate concentrations. Because ammonia 
concentrations are normally below 5 mg/L in wastewater treatment pro-
cesses to meet the discharge requirements, K strategists may be dominant. 
R strategists were found to become dominant in partial nitrifi cation 
processes at high ammonia concentrations (>50 mg/L) (Surmacz-Gorska 
et al. 1997).

Inhibitors. Several inhibitors suppress NOB and lead to partial nitrifi ca-
tion. Ag, Hg, Ni, Cr, Zn, Cu, and Pb, listed in increasing order of toxicity, 
inhibit nitrifi cation (Camilla et al. 1998). Organic compounds such as aniline, 
ortho-cresol, and phenol exhibit stronger inhibitions on NOB than on AOB. 
Wastewater with these compounds might inhibit NOB and cause the accu-
mulation of nitrite (Neufeld et al. 1986). Oxidants such as ClO2

− and chlorate 
also inhibit NOB (Belser and Mays 1980). Seawater or saline wastewater 
containing a high level of ClO2

− can achieve shortcut nitrifi cation (Peng 
et al. 2004c).

High concentrations of free nitrous acid (HNO2) and free ammonia (FA) 
also have adverse impacts on nitrifi cation (Wouter et al. 1999; Villaverde 
et al. 2000). Anthonisen (1976) and Hellinga et al. (1998) reported HNO2-N
inhibited the nitrite oxidation at concentrations of 0.2–0.22 mg/L. Vadivelu 
et al. (2006) and Pratt et al. (2003) reported that free nitrous acid started 
inhibiting the anabolism of Nitrobacter at 0.011 mg HNO2

−N/L (0.8 µM),
and completely suppressed the biomass synthesis at 0.023 mg HNO2

−N/L
(1.6 µM).

Many lab-scale systems have achieved stable shortcut nitrifi cation and 
denitrifi cation through the inhibition of free ammonia (FA, NH3-N). NOB 
are inhibited by NH3-N in the range of 0.1–1.0 mg/L (Anthonisen 1976; 
Chang et al. 2002), while AOB can tolerate NH3-N as high as 10–150 mg/L. 
However, FA only temporarily inhibits the activities of AOB and NOB 
(Anthonisen 1976; Peng et al. 2004b). The nitrite oxidation by NOB recov-
ered when the FA concentration was lowered to 0.2 mg/L (Han et al. 2003). 
It should be noted that the FA concentration is affected by wastewater pH 
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and temperature (Anthonisen 1976), which further affects the stability of 
shortcut nitrifi cation (Fdz-Polanco et al. 1994; Cecen 1996; Cecen et al. 1996; 
Surmacz-Gorska et al. 1997).

Research Status and Unsolved Matters

A stable partial nitrifi cation can be achieved by regulating one of the factors 
described above. DO concentration is an economically feasible control 
parameter. Low DO concentration will save aeration cost but may reduce 
COD biodegradation rate and cause sludge bulking. Furthermore, 
idiographic and practical conditions should be considered. For example, 
because of the high specifi c heat of water, it is impractical to raise waste-
water temperature to facilitate AOB. It is necessary to consider the 
economic feasibility when using DO, temperature, pH, and inhibitor as 
control parameters.

SHARON is the fi rst full-scale process in which nitrifi cation/denitrifi -
cation can be achieved with nitrite as the intermediate product (Hellinga 
et al. 1998). It has been used for treating sludge digestion liquid in 
Rotterdam, Dokhaven, Utrecht, Zwolle, and Beverwijk (all in The Nether-
lands). However, SHARON needs to be operated at high temperatures 
(>35°C) and high ammonium concentrations, which limit its application 
(STOWA 1995). In contrast, SBR systems with long sludge ages (>30 d) 
have successfully achieved partial nitrifi cation at low temperatures (<13°C)
when treating municipal wastewater (Peng and Zhu 2006).

Until now the most successful operation of partial nitrifi cation via nitrite 
has been achieved in sequencing batch processes (Cecen 1996; Verstraete 
and Philips 1998; Hidaka et al. 2002). The only study for partial nitrifi cation 
in a continuous-fl ow process was conducted by Schmidt et al. (2003) with 
infl uent NH4

+-N higher than 50 mg/L. The current challenge is how to imple-
ment stable partial nitrifi cation in con tinuous-fl ow processes treating waste-
water with low ammonia concentration (<60 mg/L).

C. Anaerobic Ammonium Oxidation (ANAMMOX)

Mechanism and Advantages

The Anaerobic Ammonia Oxidation (ANAMMOX) process, developed at 
Delft University of Technology in the 1990s, is a novel and low-cost approach 
to removing nitrogen from wastewater (van Graaf et al. 1995; Strous et al. 
1999; Fux et al. 2002). In ANAMMOX, ammonia is oxidized to nitrogen 
by anaerobic AOB with nitrite as the electron acceptor. Hydrazine and 
hydroxylamine are the intermediate products (Schalk et al. 1998; Jetten 
et al. 1999). External carbon sources are not needed in ANAMMOX 
because carbon dioxide serves as the main carbon source for anaerobic AOB 
(van Graaf et al. 1996). Equation 7 is the ANAMMOX reaction (Jetten 
et al. 1999):
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 NH4
+ +  1.31NO2

− +  0.066HCO3
− +  0.13H+ →

 1.02N2 +  0.26NO3
− +  0.066CH2O0.5N0.15 +  2.03H2O (7)

The possible mechanism for anaerobic ammonium oxidation is shown in 
Fig. 5. Nitrite-reducing enzyme (NR) is on the cytoplasm side of the cell 
membrane. It catalyzes the reduction of NO2

− to hydroxylamine. Hydrazine 
hydrolase (HH) across the cell membrane condenses hydroxylamine and 
ammonia to hydrazine. Hydrazine-oxidizing enzyme (HZO) is on the anam-
moxosome side of the cell membrane and catalyzes hydrazine to nitrogen. 
The electrons generated from these reactions are transferred back to NR.

Two ANAMMOX bacteria, tentatively named Brocadia anammoxidans 
(Strous et al. 1997a) and Kuenenia stuttgartiensis (Schmid et al. 2000; Cirpus 
et al. 2005), were found to carry out anaerobic ammonium oxidation. Bro-
cadia anammoxidans was detected in the Netherlands, whereas Kuenenia
stuttgartiensis was detected in Germany and Switzerland. These two bacte-
ria have similar structures and produce hydrazine from exogenously sup-
plied hydroxylamine. Two new species of ANAMMOX bacteria, Candidatus 
Scalindua brodae and Candidatus Scalindua wagneri, have been recently 
discovered (Schmid et al. 2003).

Compared with conventional nitrifi cation-denitrifi cation processes, 
ANAMMOX has two major advantages. First, because ANAMMOX is 
carried out by autotrophic bacteria, there is no need for organic carbon 
sources, which saves chemical dosage costs. Second, the biomass yield of 
ANAMMOX is very low (0.11 g VSS/g NH4

+-N, VSS—volatile suspended 
solids), which saves sludge treatment costs (Jetten et al. 1999; Fux et al. 2002; 
Cirpus et al. 2005).

Fig. 5. Mechanism of anaerobic ammonium oxidation. NR is a nitrite-reducing 
enzyme (NH2OH is the assumed product); HH (hydrazine hydrolase) condenses 
hydrazine from ammonia and hydroxylamine; HZO is a hydrazine-oxidizing enzyme 
(which may be equivalent to hydroxylamine oxidoreductase). (From Jetten et al. 
2001.)
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Key control factors

Reactor confi guration. As a result of the slow growth rate of ANAMMOX 
bacteria, these reactors should have long SRT to maintain high biomass 
concentrations, especially at the startup stage. Studies have revealed that 
biofi lm systems (fi xed-bed reactor, fl uidized-bed reactor, gas-lift reactor, 
etc.) (Sliekers et al. 2003; Dapena-Mora et al. 2004) and SBR (Strous et al. 
1997c, 1998, 1999; van Dongen et al. 2001) are feasible for ANAMMOX.

DO concentration. Strous et al. (1997a) demonstrated that the activity of 
ANAMMOX bacteria was temporarily inhibited at the DO concentration 
of 0.2 mg/L and later recovered under anoxic conditions. The activity of 
ANAMMOX bacteria was completely inhibited at DO concentration of 
0.2–1.0 mg/L.

Substrate concentration. Ammonia (the substrate for ANAMMOX) and 
nitrate (the by-product) produce little inhibition on ANAMMOX bacteria 
when their concentrations are below 1000 mg/L (Jetten et al. 1999). However, 
nitrite (another substrate) exhibits an adverse impact on ANAMMOX 
bacteria at a concentration of 100 mg/L (Strous et al. 1999). It is critical to 
maintain nitrite concentration below 70 mg/L in this process (Schmidt et al. 
2002a).

pH. pH affects this process in terms of substrate constituents. The percent-
age of ammonia and nitrite in wastewater is signifi cantly infl uenced by pH 
(Anthonisen 1976; Abeling and Seyfried 1992) and can be expressed in the 
following equations (Eqs. 8 and 9):

NH3
100

1
10

/% =
+

[ ]

− pH

aK

(8)
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100

1
10

/% =
+

[ ]
−

Ka
pH
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in which [Ka] is the ionization constant. Appropriate pH range for 
ANAMMOX bacteria is 7.7–8.3 with the maximum reaction rates occurring 
at pH of 8.0 (Strous et al. 1997a). Reaction rates increased at pH of 6.0–7.5 
but decreased at pH 8.0–9.5.

Temperature. Temperature is an important factor for cell growth and meta-
bolic activity. Normally, cells grow faster at higher temperature. Because 
the growth rate of ANAMMOX bacteria is very slow, there has been no 
accurate correlation between their growth rates and temperatures. The 
activation energy of ANAMMOX bacteria is similar to that of aerobic AOB 
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(about 70 kJ/mol) (Strous et al. 1997b). ANAMMOX can take place at 
temperatures ranging from 6°C to 43 °C, whereas the optimal temperature 
for its bacteria is 26°–28°C (Fig. 6) (Thamdrup and Dalsgaard 2002). The 
reaction rate drops rapidly at temperatures lower than 15°C or higher than 
40°C.

NO and NO2. Both NO and NO2 are the intermediate products of NOB. 
They affect not only ANAMMOX bacterial activities but also their growth 
rates. Schmidt et al. (2002b) found that consumption rates of NH3 and NO2

−

and production rates of NO3
− increased with addition of NO2

−, and were 
highest at [NO2

−] of 50 mg/L, but dropped at [NO2
−] higher than 600 mg/L. 

The specifi c growth rate of Brocadia anammoxidans increased from 0.003 h−1

without the addition of NO2
− to 0.004 h−1 at the [NO2

−] of 50 mg/L, but dropped 
to 0.0028 h−1 at [NO2

−] of 200 mg/L.

Fig. 6. Effect of temperature on growth rate of ANAMMOX bacteria.
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Sludge age. Because of the slow growth rate and low biomass yield of 
ANAMMOX bacteria, a long sludge age is critical for this process. Although 
the theoretical doubling time of the bacteria is 11 d, longer SRT enhances 
ANAMMOX performance (Strous et al. 1999; Schmidt et al. 2002a).

Combined Partial Nitrifi cation and ANAMMOX Process

The critical point for a successful process is to maintain a suffi cient popula-
tion of anaerobic AOB (Jetten et al. 1999). Because high [NO2

−] inhibits 
anaerobic AOB, reducing NO2

− accumulation will be a solution for this 
process. Partial nitrifi cation can effectively convert NO2

− to N2 without sig-
nifi cant accumulation; thereby, coupling with partial nitrifi cation is expected 
to solve the NO2

− problem in ANAMMOX (Fig. 7) (Fux et al. 2002). In this 
combined process, part of NH4

+ is oxidized to NO2
− by aerobic AOB, and 

NO2
− is then reduced to N2 by denitrifi ers. The other part of NH4

+ is oxidized 
to N2 with NO2

− as an electron acceptor by anaerobic AOB. The oxygen 
requirement of this combined process is 40% less than traditional nitrogen 
removal systems. The organic dosage for denitrifi cation is also saved. In 
addition, sludge production is low because of the slow growth rate of 
anaerobic AOB, which reduces sludge treatment costs (Jetten et al. 1997). 
However, there are several problems for this combined system:

1. The residual DO in the effl uent of partial nitrifi cation might inhibit 
ANAMMOX bacterial activity because anaerobic AOB are sensitive to 
oxygen.

2. The optimal ratio of ammonia to nitrite should be 1.0 : 1.3 for the 
ANAMMOX process (see Eq. 5). This ratio might be diffi cult to maintain 
as a result of the involvement of complex biochemical reactions and 
diverse microorganisms in the process.

3. Because anaerobic AOB (cell yield, 0.11 g VSS/g NH4
+-N) grow slower 

than aerobic AOB (cell yield, 0.13 g VSS/g NH4
+-N), they will be outcom-

peted by the aerobic AOB present in the effl uent of partial nitrifi cation.

Aeration

Partial nitrification ANAMMOX

Supernatant

NH4+NO2

Decanted water 

NH4, NO2 Æ
N2, NO3

Fig. 7. The combined partial nitrifi cation–ANAMMOX process.
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A step-feeding mode for partial nitrifi cation and ANAMMOX can 
reduce the competition between anaerobic AOB and aerobic AOB (Fig. 8). 
Applying this operation mode can result in the following advantages:

1. Eliminating the competition of aerobic AOB and anaerobic AOB 
for ammonia, especially when ammonia concentration is low in raw 
wastewater.

2. Providing an optimal substrate ammonia and nitrite ratio (1.0 : 1.3) and 
thus enhancing total-N removal effi ciency.

3. Ensuring an obligate anaerobic environment for ANAMMOX, because 
residual DO in the effl uence of partial nitrifi cation is depleted by COD 
in the infl uent.

4. Part of the nitrate produced in ANAMMOX can be removed by deni-
trifi cation with the remaining COD as electron donors, which will improve 
total-N removal effi ciency.

5. Because of the low growth rate of the bacteria, aerobic AOB in partial 
nitrifi cation effl uent might have a dilution or competition effect on 
ANAMMOX bacteria. The step-feeding strategy can reduce this dilution 
effect.

Research Status and Unsolved Matters

ANAMMOX has been operated in full-scale plants for treating sludge 
digestion supernatant in the Netherlands (Fux et al. 2002). Anammox effec-
tively solves the nitrite inhibition problem in SHARON. The current chal-
lenge is how to effi ciently accumulate anaerobic AOB. Strous et al. (1998) 
estimated that the cell yield value for anaerobic AOB was 0.066 mol cell/mol 
(NH4

+)reduced, ammonium consumption rate was 45 nmolNH4
+/mgcell/min, and 

the maximum specifi c growth rate was 0.0027 hr−1, which meant their dou-
bling time was at least 11 d. Because the growth rate of these bacteria is 
slow, a long cell retention time is critical (Schmidt et al. 2003). When the 
level of cell loss is higher than cell growth, this process will become unstable 

Aeration

Partial nitrification ANAMMOX

2.31NH4
+

1.31NH4
+ 1NH4

+

1.3NO2
-

0.2NO3
-

1NH4
++1.3 NO2

-

Fig. 8. Schematic graph of the combined partial nitrifi cation–ANAMMOX process.
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(Dapena-Mora et al. 2004). Moreover, due to the slow growth rate of 
ANAMMOX bacteria, it is diffi cult to analyze cell concentration. Until now 
there is no report on the quantitative relation between bacterial popula-
tions and nitrogen removal effi ciency.

D. Aerobic Deammonitrifi cation

Mechanism and Advantages

In aerobic deammonitrifi cation, NH4
+ is oxidized to N2 in a single step (Poth 

and Focht 1985; Bock et al. 1995; Hippen et al. 1997; Siegrist et al. 1998b). 
Two models have been proposed for aerobic deammonitrifi cation: the 
simultaneous nitrifi cation and denitrifi cation model (Fig. 9) and the sepa-
rated nitrifi cation and denitrifi cation model (Fig. 10).

In the fi rst model, aerobic deammonifi cation is achieved by aerobic nitri-
fi ers and anaerobic ANAMMOX AOB (Fig. 9). Alternate aerobic/anoxic 
biofi lm reactors have been found to develop aerobic deammonifi cation. 
Siegrist et al (1998a) observed that Nitrosomomas (aerobic AOB) on the 
surface layer of biofi lm converted ammonia NH4

+ to NO2
− using oxygen from 

bulk wastewater in biological rotation contactors, and NH4
+ and NO2

− then 
transfused to the inner anoxic layer of biofi lm and were removed by anaero-
bic AOB. This model has been verifi ed stoichiometrically (Helmer-Madhok 
et al. 2002). Paracoccus pantotropha were found to carry out both anoxic 
and aerobic denitrifi cation (Arts et al. 1995).

In the second model, aerobic deammonifi cation is achieved by nitrifi ers 
(mainly AOB, such as Nitrosomomas) (see Fig. 10). The AOB on the biofi lm 
surface oxidize NH4

+ to NO2
− in the presence of oxygen. NO2

− then transfuses 

Fig. 9. The simultaneous nitrifi cation and denitrifi cation mode for aerobic deam-
monifi cation. Reprinted from Stuven and Block 2001, with permission from 
Elsevier.
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to the inner layer of the biofi lm and is reduced to N2 with NADH2 as elec-
tron donor (Abeliovich 1987, 1992). In this model, hydroxylamine is the 
intermediate product of ammonium oxidation, and NADH2 is the product 
of hydroxylamine oxidization. However, only 67% of NO2

− can be converted 
to N2 by AOB, based on this model (Siegrist et al. 1998b).

Research Status and Unsolved Matters

It has been found in pilot-scale and full-scale studies that NH4
+ is oxidized 

to N2 when treating municipal wastewater and landfi ll leachate (Siegrist 
et al. 1998a,b). Because aerobic deammonifi cation normally occurs in the 
systems designed for conventional nitrifi cation, the process design has not 
yet been optimized and nitrogen loading rates are low (90–250 g N/m3

reactor d−1) (Verstraete and Philips 1998). More studies need to be con-
ducted to understand the mechanisms, characterize the microbial communi-
ties, and enhance process control.

E. Completely Autotrophic Nitrogen Removal over Nitrite (CANON)

Mechanism and Advantages

Because a signifi cant amount of nitrogen is lost as nitrogen gas during the 
treatment of wastewater with high ammonia loadings but low organic load-
ings (Helmer and Kunst 1998; Koch et al. 2000; Helmer et al. 2001), a new 
process named Completely Autotrophic Nitrogen removal Over Nitrite 
(the CANON process) has been developed (Dijkman and Strous 1999). This 
process includes partial nitrifi cation and anoxic oxidation of ammonia 
carried out by aerobic AOB and anaerobic AOB (Pynaert et al. 2002a,b; 
Third et al. 2001; Hao et al. 2002b; Nielsen et al. 2005). The interaction 
between these two types of nitrifi ers under oxygen-limited conditions results 
in a complete conversion of ammonium to nitrogen gas in a single auto-
trophic reactor.

Fig. 10. Possible degradation of ammonia to dinitrogen and nitrite. Reprinted from 
Pochana and Keller 1999, with permission from IWA Publishing.
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Under oxygen-limited condition, NH4
+ is oxidized to NO2

− by aerobic 
nitrifi ers (Eq. 10) (Hanaki et al. 1990):

NH4
+ +  1.5O2 → NO2

− +  2H+ +  H2O (10)

Anaerobic AOB subsequently convert NH4
+ and NO2

− to nitrogen gas and 
NO3

−:

NH4
+ +  1.3NO2 → 1.02N2

− +  0.26NO3
+ +  2H2O (11)

With NO2
− serving as the electron donor for the formation of biomass 

from carbon dioxide, the oxidation of NO2
− to NO3

− is stoichiometrically 
coupled with cell growth. The combination of reactions 9 and 10 results in 
the following overall nitrogen removal reaction (Eq. 12) (Strous 2000):

 NH4
+ +  0.85O2 → 0.435N2 +  0.13NO3

− +  1.3H2O +  1.4H+ (12)

Both CANON and ANAMMOX removed nitrogen through the reaction 
of NH4

+ and NO2
−. However, NO2

− is the electron donor in CANON and is 
produced in shortcut nitrifi cation by AOB, whereas NO2

− is the electron 
acceptor in ANAMMOX and needs to be added from other sources. 
CANON is operated at low oxygen condition (DO  <  0.5 mg/L) whereas 
ANAMMOX is operated at obligate anaerobic condition.

CANON is cost-effective for wastewater with high ammonia concentra-
tions (Pynaert et al. 2004). No extra carbon source is required, because it is 
completely autotrophic. In addition, nitrogen removal can be achieved in a 
single reactor with low aeration intensity. CANON consumes 63% less 
oxygen than conventional nitrogen removal processes (Sliekers et al. 2002).

Key Control Factors

There are three key factors for CANON: dissolved oxygen concentration, 
ammonia concentration, and an AOB population. Oxygen has two inhibi-
tion impacts on this process. It is toxic to anaerobic AOB and suppresses 
anaerobic AOB with the excessive production of nitrite. A DO concentra-
tion of 0.5  ±  0.07 mg/L is recommended (Sliekers et al. 2003).

Ammonia concentration is critical for this process. Ammonia oxidation 
is limited only by oxygen concentration when ammonia is suffi cient in 
CANON, while nitrite oxidation is limited by both oxygen and nitrite con-
centrations. If either dissolved oxygen or nitrite is maintained at a low level, 
NOB can be inhibited in the system and ensure a stable CANON perfor-
mance (Pynaert et al. 2002b; Nielsen et al. 2005). It has been found that a 
defi ciency of ammonia substantially lowered this process effi ciency, with 
31% of NO2

− generated by AOB reacting in anaerobic ammonifi cation and 
69% of nitrite reacting in nitrifi cation. When ammonia became suffi cient, 
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100% of NO2
− generated by AOB reacted in anaerobic ammonifi cation 

(Third et al. 2001). The experimental results showed that an ammonia 
loading of 14 mg/L hr provided a suffi cient ammonia source in CANON 
(Third et al. 2001).

The interaction between aerobic AOB and anaerobic AOB affects this 
process (Third et al. 2001, 2005). These two types of bacteria live on differ-
ent substrates, with aerobic AOB requiring ammonia and oxygen and 
anaerobic AOB requiring ammonia and nitrite. Therefore, CANON will be 
disrupted by the presence of NOB because NOB use oxygen and nitrite as 
substrates and compete with aerobic AOB for oxygen and with anaerobic 
AOB for nitrite.

Research Status and Unsolved Matters

The CANON process has been tested in full-scale nitrifi cation systems 
(Helmer et al. 2001; Boran et al. 2004). N-removal rates reached 1.5 kg 
N m−3 d−1 in this process (Sliekers et al. 2003), 20 times higher than other 
biological nitrogen removal processes (Kuai and Verstraete 1998; Sliekers 
et al. 2002). More studies are needed to clarify microbial communities in 
CANON, broaden its application, and enhance its resistance to shocks.

F. Oxygen-Limited Autotrophic Nitrifi cation-Denitrifi cation (OLAND)

Mechanism and Advantages

Nitrogen removal can also be accomplished in another single-step process, 
named the Oxygen-Limited Autotrophic Nitrifi cation-Denitrifi cation 
(OLAND) process (Kuai et al. 1998), in which AOB oxidize a portion of 
NH4

+ to NO2
− with oxygen as the electron acceptor and then reduce NO2

− to 
N2 with the other portion of NH4

+ as the electron donor. OLAND is sup-
posed to take place via two steps (reactions 13 and 14) (Poth 1986; Muller 
et al. 1995):

NH4
+ +  1.5O2 → NO2

− +  H2O +  2H+ (13)

NH4
+ +  NO2

− → N2 +  2H2O (14)

Combining these two steps, we can get an overall reaction:

 2NH4
+ +  1.5O2 → N2 +  3H2O +  2H+ (15)

There is no clear distinction between OLAND and CANON. OLAND 
is achieved by aerobic AOB (N. eutropha) under oxygen-limited condition 
(Pynaert et al. 2004), while CANON is carried out by both aerobic AOB 
and anaerobic AOB under oxygen-limited condition. OLAND also exhibits 
a good tolerance of NH4

+ and NO2
− shocks (Windey et al. 2005). Compared 
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with conventional nitrogen removal processes, OLAND consumes 63% less 
oxygen and does not require alkalinity dosage (Bock et al. 1995; Hippen 
et al. 1997; Pynaert et al. 2004).

Key Control Factors

Oxygen concentration is critical for OLAND because the population 
of aerobic AOB drastically decreases at low oxygen concentration 
(DO <  0.1 mgL−1) (Kuai and Verstraete 1998; Philips et al. 2002; Zhang 
et al. 2004). Compared with CANON, OLAND has a shorter sludge reten-
tion time and a lower requirement for nitrite sources (Wyffels et al. 2004a; 
Windey et al. 2005).

Research Status and Unsolved Matters

Although OLAND is easier to operate than CANON, the application of 
this one-step process is severely limited by the low nitrogen removal effi -
ciency (lower than 40%) and the uncertainty of the operational conditions 
(Schmidt and Bock 1997). To enhance OLAND performance, the oxidation 
rate of NH4

+ to NO2
− and the growth rate of aerobic AOB under oxygen-

limited condition should be improved. In addition, the impacts of tempera-
ture and pH need to be studied, which is important for the growth of AOB 
and nitrogen removal effi ciency.

G. Current Status of Nitrifying Bacteria

Understanding the population and function of nitrifying bacteria is critical 
to the design and operation of nitrogen removal processes. Because micro-
organisms are critical in nitrogen removal processes, many studies have 
investigated nitrifying bacterial species and activity. Based on gene sequence 
analysis, there are fi ve genera of AOB: Nitrosococcus, Nitrososmonas, 
Nitrosospira, Nitrosovibrio, and Nitrosolobus; and four of NOB: Nitrobac-
ter, Nitrospira, Nitrococcus, and Nitrospira. By using classical microbial 
screening techniques, and Painter (1986) found that Nitrosomonas europa
and Nitrobacter winogradskyi were the main genera of AOB and NOB. In 
contrast, the studies using molecular biology-based techniques including 
16S ribosomal RNA (rRNA)-targeted methods have shown a great diver-
sity of nitrifi ers in activated sludge. Nitrosospira and Nitrospira were found 
as the main genera of AOB and NOB in both bench-scale systems (Burrell 
et al. 1998; Schramm et al. 1998, 1999; Rittmann et al. 1999; Morgenroth 
et al. 2000; You et al. 2003; Gieseke et al. 2002) and wastewater treatment 
plants (Juretschko et al. 1998; Coskuner and Curtis 2002), whereas Nitro-
somonas and Nitrobacter were still characterized as dominant nitrifying 
bacteria in some other studies using bench-scale systems (Gieseke et al. 
2001; Chen et al. 2003: Tsuneda et al. 2003) and wastewater treatment plants 
(Wagner et al. 1996; Daims et al. 2001; Dionisi et al. 2002; Coskuner and 
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Curtis 2002; Hallin et al. 2005). In addition, although nitrifying bacterial 
populations (AOB  +  NOB) are generally supposed to be greater than 5%–
8% in biomass for good nitrifi cation (Randall et al. 1992; Koch et al. 2001), 
a wide variation in the percentage of nitrifying bacteria in the microbial 
community has been reported. It varied from 0.34% in activated sludge 
(Dionisi et al. 2002), through 6%–18% in a combined activated sludge and 
rotating biological contactor process (You et al. 2003) and a sewage plant 
(Wagner et al. 1995), and to more than 50% in a carbon-limited autotrophic 
nitrifying biofi lm (Kindaichi et al. 2004) and an SBR system (Morgenroth 
et al. 2000). These studies refl ect the differences between AOB and NOB 
populations in treatment facilities and raise two questions: (1) Does the 
dominance of specifi c nitrifying bacterial species vary with operational 
conditions and infl uent qualities? and (2) What is the correlation between 
microbial population and operational conditions in the treatment 
systems?

There are discrepancies in the dominance of AOB and NOB. It was 
generally accepted that AOB dominated over NOB with a ratio of 2.0–3.5 
under conditions of good nitrifi cation (Copp and Murphy 1995; You et al. 
2003), possibly because of the inherent high growth rates of AOB (Schramm 
et al. 1999) and the higher energy generation of NH4

+ oxidization by AOB 
than NO2

− oxidization by NOB (You et al. 2003). Cell size could also con-
tribute to the dominance of AOB, since AOB cells were larger than NOB 
(Altmann et al. 2003) and existed in larger colonies (Schramm et al. 1996; 
Juretschko et al. 1998). Another explanation was that AOB could maintain 
ribosome content under adverse conditions because inactive AOB could 
still be detected in high abundance by fl uorescent in situ hybridization 
(FISH) targeting ribosomal RNA (rRNA) (Wagner et al. 1995; Okabe 
et al. 2004). However, several other studies revealed that the population of 
AOB was lower than that of NOB. Schramm et al. (1999) found that NOB 
(Nitrospira) was more than 30 times that of AOB (Nitrosospira) in a waste-
water treatment plant, and Gieseke et al. (2001) found that NOB popu-
lation (Nitrospira) was 85 times more than AOB (Nitrosomonas) in a 
bench-scale biofi lm system. By using real-time quantitative PCR and assum-
ing two copies of amoA gene per AOB cell and one copy of 16S rDNA 
gene per NOB cell, Dionisi et al. (2002) estimated the NOB population 
(Nitrospira) as 190 times greater than AOB (Nitrosomonas) in a wastewater 
treatment plant. This discrepancy between bacterial populations and their 
functions could be the result of different treatment processes and different 
types of genetic material targeted in these studies, and poses a requirement 
for information on gene expression or examination of the genetic material 
(e.g., mRNA) (Logan and Rittmann 1998).

To explain nitrifying bacterial communities in treatment systems, several 
studies assumed that Nitrosomonas and Nitrobecter were r-strategists
(low affi nity for substrates and high growth rates) and dominated at 
high substrate concentrations, whereas Nitrosospira and Nitrospira were 
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k-strategists (high affi nity for substrates and low growth rate) and thrived 
at low substrate concentrations (Manz et al. 1996; Schramm et al. 1998, 2000; 
Noguera et al. 2002). In addition, Nitrobecter was found to have the unique 
ability to live heterotrophically, whereas most of Nitrospina, Nitrococcus,
and Nitrospira were unable to grow heterotrophically (Ehrich et al. 1995; 
Burrell et al. 1998).

Unsolved Matters

The importance of elucidating nitrifying bacterial populations and function 
in wastewater treatment processes has been well recognized. The combina-
tion of microelectrode and molecular biology has revealed the variation 
of different nitrifying bacterial species in the microenvironment of biofi lm 
and activated sludge. However, there is one major unsolved problem: the 
application of microbial community in engineering design and operation. 
Although diverse nitrifying bacterial groups have been identifi ed, the 
current activated sludge/biofi lm models still assume nitrifying bacteria as a 
single group with the same cell growth rate and use empirical kinetic param-
eters, which leads to malfunction of the nitrogen removal process and the 
uncertainty of seeking the real causes. To enhance the performance of 
nitrogen removal processes, it is critical to incorporate the microbial com-
munity fi ndings into the design and operation of treatment processes.

IV. Critical Comparisons of the Various Technologies

The novel and conventional nitrogen removal processes are compared in 
terms of reactor complexity, treatment performance, and operational costs 
(Table 2) (Jetten et al. 2002; Schmidt et al. 2003). From the aspect of reactor 
numbers, conventional technologies require two reactors while the novel 
technologies require only one, thus saving construction costs. As for oxygen 
requirement, conventional technologies normally require high dissolved 
oxygen concentrations to carry out complete nitrifi cation, while the novel 
technologies need only low or limited oxygen supply, thus saving aeration 
costs. In terms of the addition of carbon sources, the conventional technolo-
gies require high infl uent C : N ratios for denitrifi cation, while novel tech-
nologies have a low carbon requirement and exhibit good adaptation to both 
high and low C : N ratios. 

With the low cell growth rates of anaerobic nitrifi ers, novel technologies 
produce less sludge than conventional technologies and thus reduce sludge 
treatment costs. All novel technologies except ANAMMOX can effi ciently 
remove nitrogen from municipal wastewater. These advantages make the 
novel technologies promising. However, several features of these technolo-
gies need to be improved, such as operational stability, nitrogen removal 
effi ciency, and growth of specifi c nitrifi ers.

Shortcut nitrifi cation-denitrifi cation (partial nitrifi cation) and 
ANAMMOX are the most developed among these novel technologies. 



Nitrogen Removal from Wastewater 183

T
ab

le
 2

. 
C

om
pa

ri
so

n 
of

 V
ar

io
us

 B
io

lo
gi

ca
l N

it
ro

ge
n 

R
em

ov
al

 T
ec

hn
ol

og
ie

s 
an

d 
P

ro
ce

ss
es

.

T
ec

hn
ol

og
y 

or
 

Sh
or

t-
cu

t
A

er
ob

ic
pr

oc
es

s 
C

on
ve

nt
io

na
l 

SN
D

 
(S

H
A

R
O

N
) 

A
N

A
M

M
O

X
 

de
am

m
on

it
ri

fi c
at

io
n 

C
A

N
O

N
 

O
L

A
N

D

N
um

be
r 

of
 r

ea
ct

or
s 

2 
1

2
1

1
1

1
F

ee
d 

W
as

te
w

at
er

 
W

as
te

w
at

er
 

W
as

te
w

at
er

 
A

m
m

on
ia

+ 
 N

it
ri

te
 

W
as

te
w

at
er

 
W

as
te

w
at

er
 

W
as

te
w

at
er

D
is

ch
ar

ge
 

N
O

3− , N
O

2− , N
2 

N
2 

N
O

2− , N
2 

N
O

3− , N
2 

N
2 

N
O

3− , N
2 

N
2

O
pe

ra
ti

ng
 c

on
di

ti
on

s 
A

er
ob

ic
, a

no
xi

c 
A

er
ob

ic
 

A
er

ob
ic

, a
no

xi
c 

A
na

er
ob

ic
 

A
er

ob
ic

O
xy

ge
n 

lim
it

ed
 

O
xy

ge
n 

lim
it

ed
O

xy
ge

n 
re

qu
ir

em
en

ts
 

H
ig

h 
L

ow
L

ow
N

on
e

L
ow

L
ow

L
ow

B
io

m
as

s
re

te
nt

io
n

N
on

e 
N

on
e 

N
on

e 
Y

es
 

Y
es

 
Y

es
 

Y
es

C
O

D
re

qu
ir

em
en

ts
Y

es
 

N
o 

N
o 

N
o 

N
o 

N
o 

N
o

Sl
ud

ge
pr

od
uc

ti
on

H
ig

h 
L

ow
 

L
ow

 
L

ow
 

L
ow

 
L

ow
 

L
ow

B
ac

te
ri

a 
N

it
ri

fi e
rs

  +
   

H
et

er
ot

ro
ph

ic
 

A
er

ob
ic

 
P

la
nc

to
m

yc
et

es
 

A
er

ob
ic

 n
it

ri
fi e

rs
  +

   
A

er
ob

ic
 a

m
m

on
iu

m
 

A
er

ob
ic

 a
m

m
on

iu
m

he
te

ro
tr

op
hs

N
it

ri
fi e

rs
  +

  a
er

ob
ic

 
A

m
m

on
iu

m
 

 
 

ae
ro

bi
c 

O
xi

di
ze

r
+

O
xi

di
ze

r
+ 

 a
na

er
ob

ic
 

 
 

de
ni

tr
ifi 

er
 

O
xi

di
ze

r 
 

D
en

it
ri

fi e
r 

 
pl

an
ct

om
yc

et
es

 
A

m
m

on
iu

m
 o

xi
di

ze
r

M
ax

 N
 lo

ad
in

g 
2–

8 
1–

3.
5

0.
5–

1.
5

10
–2

0
1–

2
2–

3
0.

1
 

(k
g 

N
 m

−3

 
re

ac
to

r 
d−1

)
T

ot
al

-N
re

m
ov

al
 

95
%

 
10

0%
 

90
%

 
87

%
 

60
%

 
75

%
 

85
%

 
ef

fi c
ie

nc
y

O
pt

im
um

 
12

–3
5 

20
–3

0 
A

bo
ve

25
 

30
–4

0 
U

nk
no

w
n 

30
–4

0 
30

–4
0

 
te

m
pe

ra
tu

re
 (

°C
)

C
om

m
on

 r
ea

ct
or

 
A

ct
iv

at
ed

 
O

xi
da

ti
on

 d
it

ch
, 

A
ct

iv
at

ed
 

F
ix

ed
 a

nd
 

B
io

lo
gi

ca
l r

ot
at

in
g 

F
ix

ed
 a

nd
 

F
ix

ed
 a

nd
 

co
nfi

 g
ur

at
io

n 
 

sl
ud

ge
 a

nd
 

 
SB

R
 

 
sl

ud
ge

 a
nd

 
 

fl u
id

iz
ed

-b
ed

 
 

co
nt

ac
to

r,
 g

as
-l

if
t 

 
fl u

id
iz

ed
-b

ed
 

 
fl u

id
iz

ed
-b

ed
bi

ofi
 lm

 
 

 
bi

ofi
 lm

 
 

re
ac

to
r,

 g
as

-l
if

t 
 

re
ac

to
r,

 fi 
xe

d 
an

d 
 

re
ac

to
r,

 S
B

R
 

 
re

ac
to

r,
 S

B
R

 
re

ac
to

r,
 S

B
R

 
 

fl u
id

iz
ed

-b
ed

 
 

 
 

 
 

re
ac

to
r

A
pp

lic
at

io
n 

st
at

us
 

E
st

ab
lis

he
d 

L
ab

or
at

or
y 

F
ul

l-
sc

al
e 

pl
an

ts
 

F
ul

l-
sc

al
e 

in
it

ia
te

d 
L

ab
or

at
or

y 
L

ab
or

at
or

y 
L

ab
or

at
or

y
E

le
ct

ro
n 

do
no

r 
C

O
D

 
U

nk
no

w
n 

C
O

D
 

A
m

m
on

iu
m

 
A

m
m

on
iu

m
 

N
it

ri
te

A
m

m
on

ia
B

io
fi l

m
s 

or
 

B
io

fi l
m

s/
 

B
io

fi l
m

s/
 

Su
sp

en
si

on
 

B
io

fi l
m

s/
 

B
io

fi l
m

s/
su

sp
en

si
on

 
B

io
fi l

m
s/

su
sp

en
si

on
 

B
io

fi l
m

s/
su

sp
en

si
on

 
su

sp
en

si
on

 
 

su
sp

en
si

on
 

 
su

sp
en

si
on

 
 

su
sp

en
si

on

SN
D

, s
im

ul
ta

ne
ou

s 
ni

tr
ifi 

ca
ti

on
 a

nd
 d

en
it

ri
fi c

at
io

n;
 C

O
D

, C
he

m
ic

al
 o

xy
ge

n 
de

m
an

d;
 S

B
R

, s
eq

ue
nc

in
g 

ba
tc

h 
re

ac
to

r.



184 G. Zhu et al.

Shortcut nitrifi cation-denitrifi cation achieves nitrogen removal in a single 
tank at a low DO concentration. ANAMMOX has high effi ciency when 
operated at higher total-N loadings and can be combined with partial nitri-
fi cation through anaerobic AOB. The SHARON and CANON processes 
are derived from these two technologies. Aerobic dammonitrifi cation is a 
combined process of partial nitrifi cation and ANAMMOX reactions occur-
ring at different layers of biofi lm.

Summary

This comprehensive review discusses diverse conventional and novel tech-
nologies for nitrogen removal from wastewater. Novel technologies have 
distinct advantages in terms of saving confi guration, aeration, and carbon 
sources. Each novel technology possesses promising features and potential 
problems. For instance, SND and OLAND processes can achieve 100% 
total nitrogen removal, but the low oxygen concentration required by these 
two processes substantially reduces the nitrifi cation rate, which limits their 
application. On the other hand, denitrifi cation can still be carried out by 
aerobic denitrifi ers at high DO levels in activated sludge process, but it is 
diffi cult to cultivate this type of bacteria.

The SHARON process is most commonly used for shortcut nitrifi cation 
and denitrifi cation because of its low requirements for retention time, 
oxygen concentration, and carbon source. However, its high operational 
temperature (about 35°C) limits the application. Several real-time control 
strategies (DO, pH, and ORP) have been developed to achieve a stable 
nitrite accumulation in SHARON.

The ANAMMOX process can sustain at high total-N loadings and has 
been employed in full-scale treatment plants, but the problem of nitrite 
supply has not been solved, and the treated wastewater still contains nitrate. 
In addition, the inoculation and enrichment of ANAMMOX bacteria (i.e., 
anaerobic AOB) is diffi cult. The problem of nitrite supply has been solved 
by combining partial nitrifi cation with ANAMMOX, which provides abun-
dant nitrite for anaerobic AOB. ANAMMOX is currently used for treating 
sludge digestion supernatant.

Aerobic dammonitrifi cation is a process combining partial nitrifi cation 
and ANAMMOX at different layers of biofi lm. Although the technology 
has been tested in pilot- and full-scale experiments, the mechanism is still 
unclear.

CANON and OLAND are one-step ammonium removal processes that 
possess distinct advantages of saving carbon sources and aeration costs. The 
major challenge is the enrichment of anaerobic microorganisms capable of 
oxidizing ammonia with nitrite as the electron acceptor.

Molecular biology and environmental biotechnology can help identify 
functional microorganisms, characterize microbial communities, and develop 
new nitrogen removal processes. Extensive research should be conducted 
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to apply and optimize these novel processes in wastewater treatment plants. 
More effort should be invested to combine these novel processes (e.g., 
partial nitrifi cation, ANAMMOX) to enhance nitrogen removal effi ciency.
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