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ABSTRACT: This study investigated the influence of dissolved oxygen concentration and aeration time on nitrification

and nitrite accumulation in an attempt to optimize the recently developed biological-partial-nitritation process for the

treatment of strong nitrogen wastewaters. Investigation of dissolved oxygen concentration on ammonium and nitrite

oxidation was carried out in a batch reactor. The dissolved oxygen concentration of 0.5 mg O
2
/L inhibited both

ammonium as well as nitrite oxidation, while increase of dissolved oxygen concentration to ~1 mg O
2
/L increased the

ammonium oxidation rate and was comparable to that at higher dissolved oxygen concentrations. Experiments were

carried out in a sequencing batch reactor for more than 100 days to investigate the influence of aeration time on nitrite

accumulation. The dissolved oxygen concentration was controlled at ~1.0 mg O
2
/L (in the range of 0.8-1.5 mg/L) during

the aeration stage, and volatile suspended solid was maintained at 2.0 g/L while temperature and pH were 30±1ºC and

8.3±0.1, respectively. In a typical cycle, complete nitrification occurred at aeration time longer than 6 h. When the

aeration time was reduced to 4 h., ~80 % of partial nitritation was achieved. With a further reduction in aeration time to

3 h., nearly 1:1 nitrite/ammonium ratio was yielded. This result revealed that for the reactor design, aeration time

determined by feasibility experiments must be considered based on the nitrogen strength in wastewater and biomass

concentration in the reactor with dissolved oxygen concentration of ~1.0 mg O
2
/L for satisfactory partial nitrification

with subsequent processes such as anaerobic ammonium oxidation.

Key words: Sequencing batch reactor, ammonium oxidation, nitrite oxidation, volatile suspended solid

INTRODUCTION

Treatment of wastewater with high ammonium

strength has become a matter of serious concern in the

recent days (Verstraete and Philips, 1998; Khin and

Annachhatre, 2004; Ahn, 2006). A representative

example is the highly concentrated ammonia removal

from the municipal landfill leachates, food processing

wastewater, liquid wastes from animal production

plants, condensates from fertilizer plants, and the

supernatant from anaerobic sludge digesters, where

the ammonia content can reach 600-1000 mg NH
4

+-N/ L

Fux et al., 2006; Galí et al., 2006). The physico-chemical

processes such as air and steam str ipping are

sometimes used for the nitrogen control from these

types of wastewater (EPA, 1993). However, from

environmental and economical view point, biological

nitrogen removal (BNR) could be more interesting for

treating strong nitrogen wastewater (Teichgraber and

Stein, 1994). BNR has been widely adopted in preference

to the physicochemical processes because of its higher

effectiveness and relative cheapness, especially in the

field of municipal wastewater treatment (EPA, 1993).

Traditional BNR generally involves aerobic nitrification

with the terminal conversion of NH
4

+ to NO
3

- and anoxic

denitrification with the conversion of NO
3

- to gaseous

nitrogen (Tchobanoglous et al., 2002). The drawback

of conventional nitrification/denitrification is that it

consumes a large amount of oxygen and always requires

addition of electron donors such as methanol, acetate,

and ethanol, which makes full-scale denitrification quite

expensive for  the treatment of nitrogen-laden

wastewaters (EPA, 1975; McCarty et al., 1969).

Particularly for  the high-strength ammonium

wastewater as noted above, high amount of oxygen

consumption and large quantity of external carbon

requirement make the traditional biological nitrification/

denitrification process more expensive. Recently, new
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processes such as SHARON and ANAMMOX have

been developed to treat wastewater with high nitrogen

content and low quantity of biodegradable organic

materials (Hellinga et al., 1997; Mulder et al., 1995;

Dijkman and Strous, 1999). Aiming at lowering the

oxygen demand and reducing or avoiding organic

substrate requirement, the newly developed processes

are essentially based on partial nitrification of

ammonium to nitrite (Galí et al., 2006; Fux et al., 2002;

Mosquera-Corral, et al., 2005; Ciudad et al., 2005). To

achieve the shortcut of nitrate formation, the potential

strategies for the stable nitrite accumulation include

the control of operating variables such as pH, hydraulic

retention time (HRT), solid retention time (SRT),

dissolved oxygen (DO) concentration, temperature

(Ruiz et al., 2003; Kim et al., 2006; Tseng et al.,1998;

Bougard et al., 2006), and the screening of different

reactor configurations such as SHARON reactor and

sequencing batch reactor (SBR) (Fux et al., 2006; Galí

et al., 2006; Antileo et al., 2006; Chuang et al., 2007).

The control of an appropriate DO concentration is one

of the most practical strategies to achieve nitrification

via nitrite. In the last two decades, the influence of DO

concentration on the biological nitrification kinetics

was extensively investigated using both pure and mixed

cultures (Stenstrom and Poduska, 1980; Beccari et al.,

1992). However, the effect of DO concentration on

nitrite accumulation did not attract much attention until

the recent emergence of partial nitrification processes.

Currently, a number of publications have discussed

partial nitrification under various DO concentrations

(Ciudad et al., 2005; Ruiz et al., 2006; Bae et al., 2002;

Wang and Yang, 2004). The maintenance of DO

concentration includes operation and installation cost

of air supply equipments and the aeration time

influences the capital cost of reactor  size and

operational cost to a large extent. Although the aeration

time has a significant impact while designing the

reactors based on the wastewater characteristics and

MLSS concentration, that the influence of aeration time

on the nitrite accumulation is poorly documented.

    In this paper, first of all the dependence of nitrite

accumulation on DO has been studied using batch

method. Then the influence of aeration time on partial

nitrification has been explored by employing the SBR

configuration for more than 100 days. This study will

help to gain further insight on newly developed

biological nitritation processes applied to strong

nitrogen wastewater treatment. This study was carried

out in the laboratory for a period of 18 months from

March 2005 to August 2006.

MATERIALS AND METHODS

Cultivation of nitrifiers

The seed sludge was obtained from an activated

sludge tank of Yongyeon municipal wastewater

treatment facility in Ulsan City. The cells were grown

and cultured in an 8 L membrane biological reactor

(MBR) (made up of plexi-glass) for one year before the

batch experiments. The inorganic medium for the cells

growth contained (mg/L): CaCl
2
 7, FeCl

3
 1, KCl 7,

KH
2
PO

4
 11, MgSO

4
 5, Na

2
HPO

4
 29, NaHCO

3
 6000,

NH
4
Cl as N 500. The substrate was fed with a peristaltic

pump at a flow rate of 24 L/d, corresponding to a

nitrogen load rate of 1.5 kg NH
4

+-N/m3/d. The

temperature and the DO in the MBR were kept at

20±2 ºC and 3 mg/L respectively. The pH was regulated

constantly at 8.3±0.1 by titration with 6 g/L NaHCO
3

solution. During the steady state of the acclimation,

the influent ammonium was almost entirely oxidized to

nitrate and the nitrite concentration was approximately

15 mg N/L. The volatile suspended solid (VSS) in MBR

was around 3.20 g VSS/L when the nitrifiers were

harvested by centrifugation. The harvested cells were

washed with fresh water before use.

Batch experiment at various DO concentrations

All batch experiments were conducted in a reactor

containing 2 L synthetic wastewater, which had the

same substrate concentrations as that of the nitrifiers-

cultivation experiment except the initial ammonium

concentration. Air was supplied from the bottom of

the batch reactor through an air sparger. The DO

concentration was measured by a DO analyzer and

was designed at a certain value in the range of 0.5 to 6

mg O
2
/L by controlling the air flow rate with the help of

a flow rate meter and solenoid valve. The desired

temperature of 30 ºC was kept constant by placing the

batch reactor in a water bath, through which the water

with the desired temperature was continuously pumped

from a chiller. With an initial ammonium concentration

of 125 mg N /L, the concentration of VSS was designed

at ~2.20 g VSS/L, while in another set of tests with

ammonium concentration of 275 mg N/L, the VSS

concentration was designed as 1.20 g VSS/L. The

desired VSS concentrations were achieved by diluting

the MLVSS collected from the MBR configuration. In

all the batch tests, pH was again regulated at 8.3±0.1.
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Sequencing batch reactor test with different aeration

time

A SBR with 4 L working volume was equipped with

an air sparger, magnetic stirrer, and online measurement

of DO concentration and pH. The reactor was

inoculated with the acclimated nitrifiers described

above. Synthetic wastewater contained 500 mg/L of

ammonium nitrogen and the same background-ion

composition as noted in above section. The aeration

time of four operation modes were shown in Fig. 1.

The 24 h. cycle of SBR with internal oxic/anoxic

phases was operated for more than 100 days. The

settling and drain time was 2 h. with 40 % of exchange

volume per cycle. Modes 1, 2 and 3 were operated with

2 internal oxic/anoxic phases; each phase duration was

11 h., with aeration times 6, 3 and 2 h.,  and

corresponding anoxic times 5, 8, and 9 h. , respectively.

The mode 4 has only one oxic/anoxic phase with 3

hours of aeration time. The temperature and solution

pH were kept at 30±1º C and 8.3±0.1, respectively. The

DO concentration was controlled at ~1.0 mg O
2
/L (in

the range of 0.8-1.5 mg /L) during the aeration stage,

and the VSS was maintained at 2.0 g /L.

Analytical methods

NH
4

+-N was measured by spectrophotometric

method in 425 nm. (DR 2000, Hach, CO, USA). Nitrite

and nitrate was measured by ion chromatograph (DX-

80; Dionex, CA, USA). Alkalinity and VSS were

determined by standard methods (APHA, 1998). pH

Fig. 1: The aeration pattern for four operating modes

and DO concentration were measured by pH meter

(420A, Orion 3-star series; Thermo scientific, MA, USA)

and DO meter  (815PDC, Istek, Seoul, Korea)

respectively.

RESULTS AND DISCUSSION

 Nitrification and nitrite accumulation at various DO

concentrations

Fig. 2 presents the ammonium oxidation at different

DO concentrations. The relationship of ammonium

consumption with time was linearly fitted (R2>0.99 in

all cases) indicating that ammonia oxidation followed

the zero-order reaction kinetics. At the initial ammonium

concentration of ~125 mg N/L, complete ammonium

oxidation approached within 100 minutes for DO

concentration greater than 0.5 mg O
2
/L. However at the

DO concentration of 0.5 mg O
2
/L, only 55 % of

substrate conversion took place within the same time.

The specific ammonium oxidation rates, as calculated

from the corresponding slope of the linear regressions

normalized to the VSS, were obtained as 0.74-0.88 g

N g/VSS/d when the DO concentrations were greater

than 0.5 mg O
2
/L (Table 1).

However at the DO of 0.5 mg O
2
/L, the specific

ammonium oxidation rate markedly decreased to 0.49 g

N/g VSS/d.

Fig. 3 shows the nitrite accumulation at the fourth

DO concentrations before the complete consumption

of ammonium. At the DO concentration of 0.5 mg/L,

maximum nitrite concentration was about 15 mg/L.

DO concentration Specific ammonium oxidation rate Specific nitrite oxidation rate Specific nitrite accumulation rate 

mg O2/L g N/gVSS/d g N/gVSS/d g N/g VSS/d 

0.5±0.2 0.492±0.016 0.422±0.018 0.091±0.004 

2.0±0.2 0.789±0.030 0.615±0.023 0.174±0.011 

3.5±0.2 0.878±0.017 0.688±0.015 0.190±0.005 

6.0±0.2 0.738±0.011 0.592±0.009 0.148±0.004 

 

Table 1: The specific rate of nitrogen species fluctuation

 

 0      2 4 6   8   10 12   14 16 18 20 22         24 h. 

Mode 1 OX ANX OX ANX S and D 

Mode 2 OX ANX OX ANX S and D 

Mode 3 OX ANX OX ANX S and D 

Mode 4 OX ANX S and D 

 OX: Oxic   ANX: Anoxic     S and D: settling and drain   
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Influence of dissolved oxygen concentration

Fig. 2: Ammonium oxidation at different DO concentrations

Fig. 3: Nitrite accumulation at different DO concentrations

However at higher DO concentrations, the nitrite

Fig. 4: Comparison of ammonium oxidation and nitrite

accumulation at the DO concentrations of 0.8-1.5

and 2.3-3.0 mg O
2
/L
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concentration increased up to 28-31 mg/L. The specific

nitrite accumulation rate and the specific nitrite

oxidation rate (derived from the specific rate of nitrate

production) are exemplified in Table 1. The specific

nitrite accumulation rate at DO concentrations 2.0 and

3.5 mg/L was double in comparison to DO

concentration at 0.5 mg /L. However with a further

increase of DO concentration to 6 mg/L, the nitrite

build-up relatively leveled off. Resembling the trend of

ammonium oxidation, the specific nitrite oxidation rate

was limited at DO concentration of 0.5 mg/L, while for

DO concentrations in the range of 2.0 to 6.0 mg/L it

exhibited considerably higher values.

Considering the DO concentration of ~ 1.0 mg O
2
 /L

used for the partial nitritation in the previous literatures

(Ciudad et al., 2005; Galí et al., 2006; Fux et al., 2006),

the nitrification kinetics and the consequent nitrite

accumulation were specifically compared between the

two DO concentrations of 0.8-1.5 (average 1.0) and 2.3-

3.0 (average 2.5) mg O
2
/L. The VSS and initial

ammonium concentrations were approximately set as

1200 g VSS/L and 275 mg N/L, respectively. As

illustrated in Fig. 4, at the two DO concentrations, the

ammonium consumption completed after 4 h.of

reaction, and at the end of the ammonium oxidation,

the nitrite accumulation reached the highest point. With

the further increase in time, the nitrite concentration

became less due to the subsequent nitrite oxidation,

which led to complete formation of nitrate within 6 h.

The slopes of ammonium oxidation curves at the two

DOs were eventually identical,  exhibiting an

insignificant effect of  DO concentration on the kinetics

of ammonium oxidation at the minimum DO

concentration of 1 mg O
2
/L. The extent of nitrite

accumulation at 0.8-1.5 mg O
2
/L was considerably

higher than that at 2.3-3.0 mg O
2
/L.

Both ammonium and nitrite oxidation kinetics were

negatively affected by low DO concentration of 0.5 mg

O
2
/L in this study. This result is in good agreement

with the observations made in the previous literatures

(Bae et al., 2002; Wang and Yang, 2004). Hanaki et al.

(1990) reported that nitrite oxidation was strongly

inhibited at DO concentration of 0.5 mg/L, while the

low DO levels had no effect on ammonia oxidation in

the suspended-growth reactor because the growth

yield of ammonia oxidizers at low DO concentration

doubled and compensated the reduced specific

substrate utilization rate. Considering the negligible

)
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cell growth in the batch test of the current study, the

reduced rate of nitrification kinetics at DO of 0.5 mg

O
2
/L is still consistent with the reports of Hanaki et al.

(1990).

At a similar pH to this study, Bae et al. (2002) reported

that the nitrite accumulation is considerably lower at

DO concentration of 0.5 mg O
2
/L than at DO

concentration of 1.5 and 2.5 mg O
2
/L. They found that

the inhibition of nitrite oxidation caused by free

ammonia was the main reason for nitrite accumulation.

In the present study, however, due to a strong resistance

to substrate inhibition after the acclimation, the nitrite

accumulation was highly dependent on the ratio of

ammonia oxidation rate to nitrite oxidation rate (K
a
/K

n
)

and (K
a
/K

n
)>1 was the only reason for the nitrite

accumulation. The rate of ammonium oxidation at DO

concentration of 0.8-1.5 mg O
2
/L showed a comparable

value with that at higher oxygen concentrations. In

addition, the extent of nitrite accumulation was

facilitated at 0.8-1.5 mg O
2
/L. The results from the batch

test were consistent with the observations made in the

continuous stirred tank reactor (Ciudad et al., 2005;

Ruiz et al., 2006).

Effect of aeration time on nitrification and nitrite

accumulation

The nitrification study in SBR configuration was

operated for 102 days. The duration of the modes 1 to

4 was 10, 10, 23, and 59 days, respectively. The total

aeration time corresponding to each cycle was 12, 6, 4

and 3 h., respectively. Fig. 5 presents the concentration

fluctuations of out-flow nitrogen species with four

aeration patterns. For the operation modes 1, 2 and 3,

Fig. 5: Nitrogen species fluctuation from the SBR effluent

with four operation modes (Mode 1 to 4)

Fig. 6: Ammonium transformation percentage and nitritation

rate with four operation modes (Mode 1 to 4)

the effluent ammonium concentration was essentially

negligible, indicating almost total ammonium

conversion (as shown in Fig. 6.). When the operation

mode shifted from 3 to 4, the percentage of ammonium

transformation gradually decreased, and finally

remained constant at about 50 % of ammonium removal

rate. Concerning the nitrification in the modes 1 and 2,

it was observed that around 90 % of the oxidized product

was dominated with nitrate. It was interesting to note

that when the aeration time was reduced to 4 h.

(mode 3), the nitrite accumulation was considerably

facilitated, resulting in a 300-450 mg N/L of nitrite

accumulation in the effluent over the 23 days of

operation. As shown in Fig. 6, the ratio of nitrite

formation to the sum of nitrite and nitrate production,

increased drastically from 10 % in mode 1 and 2 to 80 %

in mode 3. With a further reduction in aeration time to 3

h. (mode 4) the nitritation rate continually increased to

more than 90 %.

Fig. 7 presents the concentration variation of

nitrogen species in a typical cycle of each operation

mode. For the mode 1, complete removal of ammonium

occurred even in the first 6 h. of aeration phase. A little

amount of nitrite accumulation was observed in the first

phase, but completely transformed to the nitrate during

the second aeration phase. Similar to the mode 1,

transformation of ammonium to nitrate continually

proceeded in the two successive aeration phases,

resulting in a minor nitrite accumulation after 6 h. of

total aeration. Based on the results of the mode 1 and 2,

it was summarized that the nitrite accumulation was

unfavorable when the aeration time was beyond 6 h. In

the typical cycle of mode 3, the ammonium was
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progressively and most largely converted to nitrite

during the two aeration phases. The nitr ite

accumulation became predominant at mode 4, and the

nitrate production was negligible in the whole cycle.

Among the four different modes, the concentration of

different species of nitrogen compounds in the anoxic

phase was not significantly changed, showing a stable

state when the aeration was stopped.

From the observations it was apparent that with DO

concentration of ~ 1 mg O
2
/L, aeration time played a

significant role to influence the nitr ification

performance and the proportions of nitrogen species.

Under experimental conditions, complete nitrification

occurred when the aeration time was longer than a

certain value (6 h. in the current case); a partial

nitritation was obtained when the aeration time was

controlled at an appropriate time (i.e. 4 h.). With a further

decrease in aeration time to 3 h., nearly 1:1

nitrite/ammonium ratio was obtained, which is suitable

for the Anammox process, although the overall ammonia

oxidation was reduced by two times. Therefore based

on the study, it is demonstrated that appropriate

aeration time for partial nitrification must be decided

by feasibility study in the design stage based on the

wastewater characteristics, biomass concentration and

DO concentration of ~ 1 mg O
2
/L . In the recent times,

this is an innovative technology with benefits, first,

lower oxygen (approx. 25 %) and about 40 % lower

electron donors; second, denitrification rates with

nitrite are usually 1.5-2 times faster than with nitrate

(Abeling et al., 1992). Different approaches were used

in order to restrict the nitrification process to nitrite

(Mosquera-Corral et al., 2005; Bougard et al., 2006).

Apparently, the control of a limited DO concentration

gives a more practical way relative to the optimization

of pH and substrate loading rate to achieve partial

nitrification (Ruiz et al., 2006; Chuang et al., 2007). As

an optimized aeration strategy, the selection of a proper

aeration time, therefore, provided a simple approach in

conjunction with the control of limited DO for the stable

nitritation in the SBR configuration.

In this experiment, it is primarily focused on the effect

of aeration time on partial nitrification using SBR

configuration as nitrogen species which were stable

during the anoxic phase as observed above. In real

practice, the reduction of an anoxic-phase time can be

decided considering C/N ratios at the end of aeration

time and consequently shorten the duration of a typical

cycle to achieve a reasonable nitrogen removal rate.

Moreover, if the denitrification process is designed to

perform in a subsequent bio-reactor, the partial

nitrification can even be conducted with no anoxic-

phase (Galí et al., 2006). Owing to the same observation

of unchanged state of anoxic phase, partial nitrification

appeared dependent on the total aeration time in a

typical cycle, but not likely affected by the time

Fig. 7: Typical cycle nitrogen species concentration determination in four operation modes
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distributions of aerations. Therefore, the SBR partial

nitrification can be divided into a few successive

aerobic/anoxic phases, allowing a concurrent

denitrification in the anoxic phase to avoid high nitrite

accumulation imparting toxicity to the denitrification

microorganisms. Indeed, the successive nitritation

(aerobic) and denitrification (anoxic) was currently

performed to treat the anaerobically-rejected

wastewater containing around 1000 mg /L of NH
4

+-N in

the laboratory-scale SBR process (Fux et al., 2006; Galí

et al., 2007). Consistent with the results the partial

nitritation along with simultaneous denitrification was

successfully obtained when the total aeration time was

designed as 3.5 and 4 h. respectively, for one typical

cycle divided into three successive aerobic/anoxic sub-

phases (Fux et al., 2006; Galí et al., 2007).

CONCLUSIONS

The effects of DO concentration and aeration time

on nitrification and nitrite accumulation were

investigated considering the high initial capital and

operating costs of the aeration facilities for wastewater

treatment. Both ammonium and nitrite oxidation kinetics

were inhibited at low DO concentration of 0.5 mg O
2
/L.

The extent of nitrite accumulation was facilitated at

DO concentration ~ 1 mg O
2
/L, and the rate of

ammonium oxidation in this DO level showed a

comparable value with that at higher oxygen

concentrations. At DO concentration of ~ 1 mg O
2
/L,

aeration time significantly affected the nitrification

performance. With 3 h. of aeration time, nearly 1:1

nitrite/ammonium ratio was yielded that could make

the wastewater suitable for treatment by Anammox

process. In accordance to the experimental results,

based on the nitrogen strength of wastewater and MLSS

concentration in the reactor at DO concentration ~ 1

mg O
2
/L, aeration time determined by feasibility

experiments must be taken into account in the design

stage for efficient partial nitrification and subsequent

nitrogen removal  processes.
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