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Abstract

Dissimilative reduction of nitrite by nitrite-acclimated cells was investigated in a batch reactor under various
environmental conditions that can be encountered in shortcut biological nitrogen removal (SBNR: ammonia to
nitrite and nitrite to nitrogen gas). The maximum specific nitrite reduction rate was as much as 4.3 times faster
than the rate of nitrate reduction when individually tested, but the reaction was inhibited in the presence of nitrate
when the initial nitrate concentration was greater than approximately 25 mg-N/l or the initial NO−

3 –N/NO−
2 –N

ratio was larger than 0.5. Nitrite reduction was also inhibited by nitrite itself when the concentration was higher
than that to which the cells had been acclimated. Therefore, it was desirable to avoid excessively high nitrite
and nitrate concentrations in a denitrification reactor. Nitrite reduction, however, was not affected by an alkaline
pH (in the range of 7–9) or a high concentration of FA (in the range of 16–39 mg/l), which can be common in
SBNR processes. The chemical oxygen demand (COD) requirement for nitrite reduction was approximately 22–
38% lower than that for nitrate reduction, demonstrating that the SBNR process can be economical. The specific
consumption, measured as the ratio of COD consumed to nitrogen removed, was affected by the availability of
COD and the physiological state of the cells. The ratio increased when the cells grew rapidly and were storing
carbon and electrons.

Introduction

A shortcut biological nitrogen removal (SBNR) pro-
cess that oxidizes ammonia to nitrite and reduces
nitrite to nitrogen gas (Chung 2002; Turk & Mavinic
1989a; Hellinga et al. 1998; Abeling & Seyfried 1992)
can be an innovative technology because it theoretic-
ally saves approximately 25% of electron acceptor and
40% of electron donor (Turk & Mavinc 1987; Chen
et al. 1991; Abeling & Seyfried 1992). In addition,
Turk & Mavinic (1987) reported that nitrite reduction
enhanced the denitrification rate by 63% with a lower
biomass yield per unit amount of nitrogen removed.

The most critical condition that is needed for the
success of the SBNR process is to suppress nitrite
oxidation without excessively retarding the ammonia-
oxidation rate. One powerful tool to achieve this
condition is biochemical selection by inhibition of

nitrite oxidation. Researchers found that certain con-
centrations of unionized free ammonia (FA) (Bae et
al. 2002; Anthonisen et al. 1976; Turk & Mavinic
1987; Sauter & Alleman 1984; Abeling & Seyfried
1992) or free hydroxylamine (Yang & Alleman 1992)
inhibited nitrite oxidation. A high concentration of FA
(0.1–10 mg/l) inhibited the nitrite oxidation effectively
in the beginning, resulting in an accumulation of ni-
trite. But the nitrite oxidizers acclimated to FA to a
concentration as high as 22 mg NH3—N/l with time
(Turk & Mavinic 1989b; Villaverde et al. 2000). Thus,
a gradual increase in FA concentration was needed.
However, an excessively high FA level, for instance
above 10–150 mg/l (Anthonisen et al. 1976), will in-
hibit ammonia oxidation also, which results in process
failure.

One practical way to overcome this problem may
be maintaining the nitrite concentration in the reactor
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as low as possible by reducing it quickly. Since nitrite
oxidizers and nitrite reducers compete for nitrite, we
can minimize nitrite oxidation by stimulating nitrite
reduction.

Nitrite denitrification has been investigated by sev-
eral group of researchers and shown to be effectively
achieved with a pure culture (Almeida et al. 1995b;
Kučera et al. 1986) or a mixed culture (Beccari et al.
1983; Akunna et al. 1993; Wilderer et al. 1987). The
transport and reduction rate of nitrite was faster (Bec-
cari et al. 1983; Akunna et al. 1993) or slower (Carlson
& Ingraham 1983; Almeida et al. 1995b) than that
of nitrate, depending on the experimental conditions.
From a biochemical point of view, nitrite appears to
be the preferred electron acceptor, since the nitrite
reductase is located closer to the environment (peri-
plasmic space) than the nitrate reductase (cytoplasmic
side on the membrane) (Hochstein & Tomlinson 1988;
Stouthamer, 1988; Brittain et al. 1992; Schulthess et
al. 1995; Moreno-Vivian et al. 1999), which means
that nitrite has less transport resistance. On the other
hand, the nitrite reductase might be subject to change
in environmental conditions. Indeed, the nitrite reduc-
tion responded more sensitively than nitrate reduction
to pH changes; the nitrite-reduction rate fell sharply
at a pH lower than that which the cells had been ac-
climated, while the nitrate reduction rate remained
unchanged (Beccari et al. 1983).

So far, reduction of nitrite under conditions needed
for shortcut biological nitrogen removal has not
been studied sufficiently. Thus, the main purpose
of this study is to investigate whether denitrification
is achieved effectively under SBNR conditions by a
mixed culture. We investigated how the rate of ni-
trite reduction depends on the concentration of nitrate,
the pH, the concentration of FA, and different carbon
sources.

Material and methods

Preparation of culture

A mixed culture of denitrifiers, whose inoculum was
obtained from a SBNR reactor (Chung 2002), was
grown and maintained in a denitrifying sequencing
batch reactor (SBR). The SBR was fed with glucose
as the sole electron-donor source and sodium nitrite
as the sole electron-acceptor source. The composition
of the medium was (in mg/l): NaNO2 as N 100, gluc-
ose as chemical oxygen demand (COD) 400, K2HPO4

84, NaHCO3 100, MgSO4·7H2O 50, FeSO4·7H2O
2, CaCl2 4, MnSO4·H2O 5, and KCl 7. The oper-
ation mode of the SBR was: fill-0.1 h, react-3.3 h,
settle-0.3 h, and draw-0.3 h, making the overall cycle
4-hours long. In each cycle, 50% of the reactor me-
dium was replaced with a fresh medium, giving an
initial NO−

2 —N concentration of 50 mg/l. The reactor
was operated at 25 ◦C with pH 8.0–8.7.

Batch experiments

The batch experiments for denitrification were per-
formed with a 1-L Erlenmeyer flask that was tightly
sealed and continuously purged with nitrogen gas
to maintain anoxic conditions. Required amounts of
substrates were added to the reactor that already con-
tained 500 ml of cell suspension of approximately
4,803,800 mg/l as volatile suspended solids. The cells
were taken from the SBR at the end of each ‘react’
period. The initial pH of the medium was adjusted to
7.5 unless mentioned otherwise. The batch reactor was
agitated, keeping the temperature at 25 ◦C.

Sampling and analyses

A fraction of reaction medium (50-ml) was removed
from the reactor using a sampling tube at appropri-
ate intervals and immediately filtered through a 1-µm
glass-fiber filter paper. The NO−

2 –N, NO−
3 –N, COD,

and volatile suspended solids (VSS) were determined
following the Standard Methods (APHA 1998).

Results and discussion

Maximum specific denitrification rates of nitrite and
nitrate

A set of results of nitrite and nitrate reduction with the
concomitant consumption of COD are shown in Fig-
ure 1. For the nitrite reduction experiment, the 40 mg/l
of initial NO−

2 –N was completely consumed in 40
minutes (Figure 1a), while a similar concentration of
NO−

3 –N was depleted in 120 minutes (Figure 1b). In
both experiments, the carbon source was not the limit-
ing source, because the remaining COD concentration
was above 200 mg/l at the end of the experiments.
The initial specific removal rate of nitrite and ni-
trate, apparently the maximum specific utilization rate,
was estimated from four repeated runs and found in
the range of 0.76 to 1.59 (1.22 ± 0.33) mgNO−

2 –
N/mgVSS·d for nitrite reduction and 0.29 to 0.37 (0.33
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Figure 1. Denitrification of nitrite (a) and nitrate (b). The solid lines represent the initial reaction rates found through a linear regression of the
data between time zero to 10-min in (a) and time zero to 50-min in (b). Error bars represent the range of one standard deviation of the NO−

x –N
concentration for each data point.

± 0.04) mgNO−
3 –N/mgVSS·d for nitrate reduction.

The range of one standard deviation of the NO−
x –N

concentration for each data point is shown with an
error bar in the figure. The maximum specific denitri-
fication rate for nitrite was as much as 4.3 times greater
than that for nitrate. These results can be compared
with the results obtained in mixed culture experiments
by Beccari et al. (1983), in which the maximum spe-
cific denitrification rate for nitrite and nitrate were 0.52

and 0.32 mg-N/mgVSS·d, respectively, and by Turk
& Mavinic (1987), in which the nitrite reduction rate
(1.17 mgNO−

2 –N/mgVSS·d) was 63% faster than ni-
trate reduction rate (0.73 mgNO−

3 –N/mgVSS·d). Both
sets of published results showed that the rate of nitrite
reduction was significantly faster, although their cells
were adapted to nitrate. Our results show a much larger
difference between the two reduction rates. The relat-
ively large difference in our experiments may reflect a
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gradual adaptation of the cells to the nitrite-reducing
environment, since the rate gradually increased with
time (data not shown).

The results of our experiments, however, were
different from the pure culture results obtained by Al-
meida et al. (1995b). They reported that the nitrite
reduction rate was substantially slower than the ni-
trate reduction rate and, therefore, limited the overall
denitrification reaction. Their cells were not specific-
ally acclimated to nitrite in advance. The relatively
poor ability for nitrite reduction seen by Almeida et
al. (1995b) probably was caused by a lack of selection
of microbial species well adapted to nitrite reduction.

In our nitrate denitrification experiment, little ni-
trite accumulated in the medium (Figure 1b), unlike
the results obtained by Almeida et al. (1995a), who
used a pure culture of Pseudomonas fluorescens (in
that, almost a stoichiometric amount of nitrite was re-
leased into the medium, and then consumed after the
nitrate was depleted). Probably the majority of species
in our mixed culture had utilized nitrate (fed) and ni-
trite (produced) simultaneously, and the faster kinetics
for nitrite reduction prevented it from accumulating.

Inhibition of nitrite removal in the presence of nitrate

When nitrite and nitrate were present in the reactor to-
gether, nitrite removal was inhibited, while the reduc-
tion of nitrate was unaffected. As shown in Figure 2,
there was no removal, but rather a slight increase, of
nitrite until X·t became approximately 30 mgVSS/l·d.
The time delay varied from 90 min (Batch 1) to 20 min
(in Batch 2) due to the difference in the cell con-
centration. Then, nitrite began to decrease rapidly
after approximately half of the initial nitrate was con-
sumed. The concentrations of nitrate at that point were
28.9 mg-N/l for Batch 1 and 17.5 mg-N/l for Batch 2.
When the nitrate concentration was above these levels,
the rate of nitrite removal was slightly less than the
rate of nitrate reduction to nitrite. The rate of nitrate
removal was little different from the rate observed in
the single substrate experiment (Figure 1b), showing
0.35–0.37 mgNO−

3 –N/mgVSS·d as given with regres-
sion lines in Figure 2. The rate of nitrite reduction
was slightly less than the nitrate reduction rate in the
beginning and, therefore, substantially less than in
Figure 1. The rate of nitrite removal recovered to the
level in the single nitrite reduction when the inhibition
was relieved. As shown in Figure 2, the maximum
rate of nitrite removal consistently reached 0.61 mg-
N/mgVSS·d. This gives an overall nitrite reduction

Figure 2. Simultaneous reduction of nitrite and nitrate by mixed
culture adapted to 50 mg-N/l of nitrite. Each set of symbols (circle
or triangle) represents a batch test.

rate (sum of the nitrite and nitrate removal rates) of
approximately 1.0 mg-N/mgVSS·d, which falls in the
range of the maximum specific nitrite-alone reduction
rate of 0.76–1.59 mg-N/mgVSS·d.

To see the effect of the initial concentration of ni-
trate (or ratio of NO−

3 /NO−
2 ) on nitrite removal, gradu-

ally decreasing initial concentrations (50 to 10 mg-
N/l) of nitrate were tested at a fixed initial concentra-
tion of nitrite (50 mg-N/l). Figure 3 shows the results.
Unlike the case when NO−

3 concentration was 50 mg-
N/l (or, the NO−

3 –N/NO−
2 –N ratio was 1.0), there was

little lag in nitrite removal when the NO−
3 concentra-

tion (or the ratio) was not greater than 25 mg-N/l (or
0.5) as shown in Figure 3a. The maximum specific
removal rate of nitrite increased with the decrease of
initial NO−

3 concentration. The overall nitrite reduc-
tion rate in the cell could be found by summing up
the removal rates of nitrite and nitrate, as shown in
Figure 3b. The slope of each data set in Figure 3b
represents the overall nitrite reduction rate in that ex-
periment. Compared to the nitrite removal rate when
NO−

3 = 0 mg/l (which was transcribed from Fig-
ure 1a), the initial inhibition on nitrite reduction in
the presence of nitrate was almost completely relieved
when the initial NO−

3 –N/NO−
2 –N ratio was less than

0.5.

Inhibition by nitrite

Figure 4 shows the nitrite and nitrate reductions in the
presence of a high concentration of nitrite. The ini-
tial nitrite concentration was varied from 50 mg/l to
300 mg/l, while the nitrate concentration was fixed at
50 mg/l. In all cases, nitrate began to decrease imme-
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Figure 3. Simultaneous removal of nitrite and nitrate under vari-
ous initial nitrate concentrations. (a) Nitrite profiles; (b) sums of
reduction of nitrite and nitrate, which represent the overall nitrite
reduction rates.

diately after the experiment started (Figure 4b). The
initial removal rates were identical (around 0.35 mg-
N/mgVSS·d), but nitrate reduction from 20 mg-N/l to
zero was slowed when the initial NO−

2 concentration
was higher. The nitrite concentration (Figure 4a) in-
creased slightly in the beginning and began to decrease
when nitrate reduction was approximately 50% of the
initial concentration. The specific rate of removal after
the initial lag was 0.61 mg NO−

2 –N/mgVSS·d when
the initial NO−

2 concentration was 50 mg-N/l (slope
<1> in Figure 2).

The maximum rate of nitrite reduction decreased
with higher initial nitrite concentration, although com-
plete removal occurred eventually. The smallest max-
imum specific nitrite removal rate was approxim-
ately 0.09 mg-N/mgVSS·d when the initial NO−

2 was
200 mg-N/l or higher, and the lag period to reach that

Figure 4. Simultaneous reduction of nitrite (a) and nitrate (b) under
various, high nitrite concentrations. Each symbol represents a run.

maximum rate extended to about 7,000 min. Beccari
et al. (1983) observed a similar nitrite self-inhibition
at an initial concentration higher than that the cells
had been acclimated. They speculated that the inhib-
ition was probably caused by the presence of free
nitric acid (FNA), because the nitrite reduction rate
dropped sharply with a slight decrease of pH in their
experiment.

Based on the observations in our experiment, the
nitrite concentration in the reactor should remain be-
low 50 mg-N/l or the level to which the cells were fully
acclimated.

Effects of pH and free ammonia

Since nitrite accumulation by incomplete nitrification
is achieved by FA at alkaline pH, a series of nitrite-
reduction experiments were performed under various
pH values and FA concentrations. When the initial pH
was set at 7, 8, or 9, there was no observable difference
in the nitrite reduction (data not shown). This obser-
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vation was inconsistent with the results obtained by
Almeida et al. (1995a) who observed that the reaction
was significantly inhibited at pH 7.8. This difference
probably was caused by the difference in cell selec-
tion or adaptation. The cells in our experiment were
cultivated in a SBR reactor whose pH varied between
8.0–8.7, while the cells used by Almeida et al. (1995a)
had been grown at pH 7.0. FA did not affect nitrite
reduction either. The nitrite reduction rate was the
same with 16–39 mgNH3/l or without any FA in the
reactor (data not shown). Since the pH value or the
FA concentration in SBNR reactions seldom exceeds
9 or 39 mg/l, respectively, our results suggest that the
nitrite reduction will not be adversely affected by pH
or FA in most SBNR processes.

Effects of electron-donor sources

Four different electron-donor sources – glucose, meth-
anol, ethanol, and bacto-peptone – were tested for
nitrite reduction. Figure 5 shows that glucose gave
the fastest nitrite reduction, ethanol and bacto-peptone
the next, and methanol the slowest. Glucose probably
gave a relatively faster reaction rate, since the cells
had been grown on glucose and thus were well adapted
to it. The slow rate with methanol surely was caused
by a lack of specialized one-carbon heterotrophs in
our SBR biomass (Hallin et al. 1996; Timmermans &
Van Haute 1983; Van Verseveld & Stouthamer 1978).
Blaszczyk (1983) also reported that methanol was the
least effective carbon source in nitrite denitrification
among glucose, ethanol and methanol with his packed-
bed reactor continuously supplied with two kinds of
the substrate (nitrite or nitrate). The nitrite reduc-
tion rate in his reactor was (in mg-N/l·h) 43, 20 or
9 with a carbon source of glucose, ethanol or meth-
anol, respectively. Blaszczyk (1983) also tested nitrate
with methanol. Interestingly, the nitrate reduction rate
was 507 mg-N/l·h, much faster than nitrite reduc-
tion rate, and the fastest among the carbon sources
tested. In his experiment, a different source of electron
donor or electron acceptor selected a different species,
which appeared to be the main reason for the different
reaction rates.

Carbon-source requirements for various electron
acceptors and donors

The specific consumption of COD was compared
between nitrite reduction and nitrate reduction. The
COD consumption for nitrite reduction was 22.2–
37.7% lower than that for nitrate reduction as shown

Figure 5. Nitrite reduction with different electron-donor sources by
cells grown on glucose.

in Table 1. In theory, the savings should be 40%, be-
cause nitrite is reduced by 3 electron equivalents per
mol N, while nitrate is reduced by 5 electron equival-
ents per mole N. The ratio of �COD/�NO−

2 –N was
in the range of 3.8–4.3 and that of �COD/�NO−

3 –
N was in the range of 5.3–6.3. The theoretical ratio
depends on the biomass growth rate and must be at
least 3.4 g-COD/g-NO−

2 –N and 5.7 g-COD/g-NO−
3 –

N (Rittmann & McCarty 2001), based on 50% of
the donor electrons used for net biomass synthesis.
Thus, our experimental results are reasonable. Akunna
et al. (1993) observed a 13% savings in the carbon
source with glucose and 46% savings with acetate. Our
results, bolstered by others (Akunna et al. 1993), doc-
ument that the carbon source indeed was saved with
nitrite denitrification, although the COD savings was
smaller than theoretically expected.

Figure 6 compares the ratios of the COD consumed
to NO−

2 –N removed along the course of experiments
for abundant COD (the data in Figure 1a), simultan-
eous depletion of nitrite and COD (for minimal COD),
and starved-cell experiment with abundant COD. In
the starved-cell experiment, the cells were rinsed with
distilled water and, thus, deprived of an electron donor
for 12 hours. The total consumption ratios differed by
electron-donor availability. When a minimal amount
of COD was fed (initial COD/NO−

2 –N = 3.0), the final
ratio was only 2.8, while when an abundant amount of
COD was fed (initial COD/NO−

2 –N = 10.0), the final
ratio was 4.3. When starved cells were used (initial
COD/ NO−

2 –N = 19.6), the ��COD/��N ratio be-
came even higher, giving a final ratio of 9.2. These
results show that cells in a rapid-growth mode take up
and store more electron donor and carbon source per
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Table 1. The respective ratio of COD consumption to nitrite or nitrate reduction through
repeated tests

Experimental Reaction Substrate Concentration (mg/l) �COD/� NO−
x –N

set Beginning End

# 1 Nitrite COD 403.5 255.2 4.0

reduction Nitrite 39.5 2.4

Nitrate COD 401.9 213.3 5.3

reduction Nitrate 37.2 1.5

# 2 Nitrite COD 391.3 234.4 4.3

reduction Nitrite 38.2 1.6

Nitrate COD 385.8 175.8 6.3

reduction Nitrate 38 4.5

# 3 Nitrite COD 412.1 255.8 3.8

reduction Nitrite 42 1.1

Nitrate COD 404.6 194.2 6.1

reduction Nitrate 35.3 0.7

# 4 Nitrite COD 400 235.2 4.2

reduction Nitrite 40 0.3

Nitrate COD 408 213.2 5.4

reduction Nitrate 36.5 0.4

Figure 6. Ratios of COD consumed to NO−
2 –N removed. The COD

and nitrogen data were from Figure 1a (abundant COD), another test
for simultaneous depletion of nitrite and COD (minimal COD), and
a third test performed with starved cells, providing sufficient amount
of COD.

unit of N reduced. For a steady-state SBNR process,
the biomass is likely to behave more like the minimal-
COD experiment, with a ratio near 2.8 g-COD/g-
NO−

2 –N. Because the stoicheometric requirement for
electron-donor is likely to fluctuate in a continuous
process, some excess COD may leave in the effluent.
Therefore, it will be necessary to have post-treatment
to remove the residual COD.

Conclusions

The maximum specific denitrification rate of nitrite
was as much as 4.3 times faster than that of nitrate
when nitrite-acclimated cells were used. However, the
nitrite reduction rate was significantly retarded when
the initial nitrate concentration in the batch reactor
was greater than approximately 25 mg-N/l or the ini-
tial NO−

3 -N/NO−
2 –N ratio was larger than 0.5. Also,

when the nitrite was present above the concentration
to which the cells had been acclimated, the nitrite de-
nitrification was self-inhibited. Therefore, a shortcut
biological nitrogen removal (SBNR) process should
avoid excessive accumulation of nitrite and nitrate in
the anoxic reactor. Nitrite reduction was not affected
by alkaline pH in the range of 7–9 or by free ammonia
in the range of 16–39 mg/l, the common operating
conditions of a SBNR process. The COD require-
ment for nitrite reduction was approximately 22–38%
lower than that for nitrate reduction, demonstrating
that the SBNR process can be economical and the
COD consumption was approximately equal to that
expected from stoichiometry that includes biomass net
synthesis. The ratio of �COD/�NO−

2 –N increased
when the cells were in rapid-growth, but the ratio for
typical continuous-treatment conditions was around
2.8 g-COD/g-NO−

2 –N.
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