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Abstract Nitrous oxide (N2O), a strong greenhouse gas, can
be produced by ammonium-oxidizing bacteria (AOB) as a by-
product of ammonium oxidation and can potentially be
formed in all types of nitrification processes. However, partial
nitritation has been reported to cause significantly higher N2O
emissions than complete nitrification. In the study presented
here, the mechanisms and factors that drive N2O formation by
AOB were investigated with respect to different operational
strategies to achieve nitrite accumulation base on combined
evaluation of oxygen uptake rate (OUR) and N2O formation
rate. On the one hand, N2O formation during partial nitritation
and nitrification in a continuously stirred tank reactor (CSTR)
with continuous aerobic conditions was observed. On the
other hand, the effect of intermittent aeration on N2O forma-
tion during nitrification was investigated. The presence of
nitrite, the extend of sludge-specific ammonium loading,
low oxygen concentration, and transition from aerobic to
anoxic conditions significantly increased N2O formation in
this reactor independently from each other, indicating that
different formation pathways, supposedly via nitrite or hy-
droxylamine, were active.
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Introduction

Nitrification (oxidation of ammonium to nitrate) and
nitritation (oxidation of ammonium to nitrite) are basic bio-
logical processes for nitrogen removal from wastewater.
While nitrification–mostly combined with denitrification–
has become the worldwide state of the art in treatment of
municipal wastewater, nitritation–coupled to denitritation or
anaerobic ammonium oxidation (anammox)–is mainly ap-
plied for treatment of high-loaded, ammonium-rich part
streams. Ammonium oxidation via hydroxylamine to nitrite
by ammonium-oxidizing bacteria (AOB) is mandatory for all
types of nitrification and nitritation processes. To achieve
nitritation, the activity of nitrite-oxidizing bacteria (NOB)
has to be suppressed. Apart from nitrite, AOB can produce
nitric oxide (NO), an ozone-depleting substance and forming
acid rain, and nitrous oxide (N2O), a strong greenhouse gas as
a by-product of ammonium oxidation (Kampschreur et al.
2009a). Although N2O formation has been a major focus of
recent research and it is considered an important part of
increasing our understanding of ammonium oxidation pro-
cesses as a requirement for optimized process design, the
detailed mechanisms and influencing factors remain
uncertain.

Based on lab- and full-scale observations as well as micro-
biological investigations, two different pathways of biological
N2O formation by AOB have been proposed. One is termed
“nitrifier denitrification” and relates to the enzymatic reduc-
tion of nitrite to N2O via NO (Remde and Conrad 1990),
assumedly making use of electrons from ammonium oxida-
tion. The second route that appears to be directly connected
the oxidation of ammonium to hydroxylamine still needs
further unraveling. N2O formation could occur via oxidation
of hydroxylamine (catalyzed by hydroxylamine oxidoreduc-
tase, HAO) to NO (catalyzed by nitric oxide reductase, NOR)
followed by reduction to N2O as a direct side reaction of the

Responsible editor: Philippe Garrigues

Y. Schneider (*) :M. Beier :K.<H. Rosenwinkel
Institute of Sanitary Engineering and Waste Management (ISAH),
Leibniz Universität Hannover, Welfengarten 1, 30167 Hannover,
Germany
e-mail: schneider@isah.uni-hannover.de

Environ Sci Pollut Res (2014) 21:12099–12108
DOI 10.1007/s11356-014-3148-5



main ammonia oxidation pathway. Another hypothesis states
that N2O formation might result from a chemical breakdown
of hydroxyl radicals (NOH) which are formed from hydrox-
ylamine by HAO (Kim et al. 2010; Yu et al. 2010; Ni et al.
2013; Wunderlin et al. 2013). Due to the complex interactions
of these pathways and diverse boundary conditions, it is
difficult to distinguish these two pathways and correctly
allocate the respective influencing factors and thus literature
reports are not completely consistent.

The main influencing factors that have been proposed
to influence which route dominates N2O formation and
how much N2O is produced are oxygen availability,
nitrite accumulation, and ammonium load. Chandran
et al. (2011) described that limitation of oxygen supply
and nitrite concentrations would support N2O formation
via nitrifier denitrification, while a sudden increase of
substrate supply (return to aerobic conditions, increased
ammonium load) would be followed by N2O production
from hydroxylamine. Generally, occurrence of the nitri-
fier denitrification pathway is related to low dissolved
oxygen (DO) concentrations below 1 mg O2/L (Sutka
et al. 2006; Kampschreur et al. 2007, 2008; Desloover
et al. 2011). However, as the reduction of nitrite via this
pathway seems to require electrons gained from ammo-
nia oxidation during aerobic conditions, nitrite reduction
under completely anoxic conditions is only possible in
presence of hydrogen or other electron donators (Bock
et al. 1995). Pijuan et al. (2014) reported that an in-
crease of DO (1.5 to 4.5 mg O2/L) was followed by a
decrease of N2O emissions down to an unalterable min-
imum value in a pilot-plant nitritation reactor operated
with granular activated sludge. Pan et al. (2014) report-
ed that total N2O generation increased with increasing
DO concentration from 0.56 to 1.85 mg O2/L in an
intermittently aerated sequencing batch reactor (SBR).
However, these authors also emphasized the observed
correlation between ammonium conversion rates and
N2O formation, hereby supporting findings by Law
et al. (2012) and Schneider et al. (2013). While the
presence of nitrite is obviously a prerequisite for nitri-
fier denitrification only, ammonium oxidation activity is
linked to both proposed pathways. Wunderlin et al.
(2013) found that both pathways are active at the same
time with a ratio depending on the availability of am-
monia, hydroxylamine, and nitrite in batch tests making
use of isotope ratio analyses. The parallel occurrence of
both pathways in continuously operated lab-scale/pilot-
scale systems for reject water treatment was also uncov-
ered by Schneider et al. (2013) and Pijuan et al. (2014).
In both cases, N2O formation was not affected by
changes of the nitrite concentration at high concentra-
tions levels (>220 and 368 mg NO2–N/L, respectively),
although at lower concentration levels (>2 mg NO2–N/

L), nitrite is an important influencing factor (Colliver
and Stephenson 2000).

In order to achieve partial nitritation, different strategies
can be applied to suppress or wash-out nitrite-oxidizing bac-
teria. One possibility is the use of intermittent aeration that can
be applied when maintenance of short sludge retention time
(SRT) (leading to wash-out of NOB) is not possible or not
desired. Several recent studies have investigated the formation
of N2O in aerobic and anoxic phases of partial nitritation
reactors, but did not specifically focus on the influence of
the alternating oxygen concentration on N2O formation by
AOB. Rather, N2O formation during anoxic phases was relat-
ed to incomplete heterotrophic denitrification (Chen et al.
2014; Gabarró et al. 2014) due to availability of biodegradable
chemical oxygen demand (COD) in the influent wastewater.

Investigations of the effect of the aeration on N2O forma-
tion by AOB is often difficult due to the additional influence
of N2O stripping, leading to the transfer of N2O into the gas
phase (Kampschreur et al. 2009b). Correct determination of
ammonia conversion dynamics in lab-scale reactors is restrict-
ed by frequency of sampling and accuracy of measurements.
The combined application of online measurements for dis-
solved N2O and DO following a previously reported proce-
dure (Schneider et al. 2013) allows to determine oxygen
uptake rates (OUR) as a measure of ammonium conversion
activity as well as N2O formation rates frequently during
reactor operation.

The aim of this study was to investigate the influence of
varying operational conditions with respect to alternating DO
concentration due to intermittent aeration, nitrite concentra-
tion, and ammonia load on the ratio between N2O formation
and ammonia conversion byAOB. A lab-scale reactor treating
reject water was operated with the processes of nitritation and
nitrification while almost completely excluding heterotrophic
conversion. Subsequent changes of operational conditions
supported by determination of N2O formation rates and oxy-
gen uptake rates from online concentration profiles were used
to evaluate the respective effects independently from each
other and to relate them to different potential mechanisms of
N2O formation.

Materials and methods

In this study, a nitritation/nitrification continuously stirred
tank reactor (CSTR) with sludge retention was operated and
the nitrogen conversion performance and N2O formation was
determined. In this study, the influences of nitrite concentra-
tion, dissolved oxygen concentration, and transient aerobic-
anoxic conditions on the formation of N2O during nitritation
and nitrification processes were investigated in the same re-
actor. For this purpose, N2O formation rates were determined
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for three different operational phases with varying operational
settings and conversion performance:

1) Continuous aerobic conditions

a) Nitrite accumulation (nitritation)
b) Nitrate formation (nitrification)

2) Transient aerobic/anoxic conditions (nitrification)

Description of lab-scale CSTR and operational phases

The reactor was a column-shaped CSTR reactor (V=42 L) as
described previously (Schneider et al. 2013). The effluent of
the reactor was discharged into a cylindrical clarifier. The
settled sludge was returned to the reactor using a peristaltic
pump for 15 min every 2 h. The CSTR was operated with
temperature of 29 °C, hydraulic retention time (HRT) of 3 days
and sludge retention time (SRT) of approximately 6 days.
Higher SRT could not be achieved due to poor settleability
of the autotrophic sludge. Likewise, the biomass concentra-
tion could not be increased to more than 0.1 g VSS/L, due to
the low yield of nitrifying bacteria and sludge loss with the
effluent, reactor operation was started without seeding.

Initially, the reactor was operated with continuously aero-
bic conditions. Aeration was based on a two-point control,
resulting in continuously aerobic conditions with DO concen-
tration between 2 and 4 mg O2/L. This approach enabled the
integration of OUR and N2O formation rate determination
methods into continuous reactor operation. After 44 days,
the aeration strategy was changed into alternating aerobic
and anoxic periods to promote nitrite accumulation. The con-
trol strategy described above for aerobic conditions was used
for 30 min to establish aerobic phases and combined with a
nonaerated period. After the aeration was switched off, the
DO was allowed to decrease below 0.5 mg O2/L (aerobic-
anoxic transition) and remain at this low level for 30 min,
before aeration was switched back to two-point controlled
aeration. The different periods and the resulting DO concen-
tration profile are depicted in Fig. 1.

The reactor was continuously fed (inflow 13 L/day) with
diluted reject water (50 % dilution with tap water) from the
municipal wastewater treatment plant (WWTP) Hannover-
Gümmerwald, Germany with average ammonium concentra-
tion of 377 mg NH4

+–N/L (350–450) and average COD
concentration of 155 mg/L (120–220). The resulting average
ammonium load was 4.85 g NH4

+–N/day. The pH was mon-
itored, but not controlled and was only dependent on the
alkalinity provided by the wastewater. This approach is typical
for reject water treatment (i.e., part-stream treatment with
discharge to the mainstream treatment line), where partial
nitritation (efficiency of ammonium conversion <60 %) is
required for a subsequent anammox stage or when partial

nitrification is sufficient to meet effluent criteria in the
mainstream.

Analytical methods and calculations

Ammonium (NH4
+–N), nitrite (NO2

−–N), nitrate (NO3
−–N),

and COD were determined in filtered samples using
photometrical test kits (Hach-Lange, Germany). Alkalinity
(KS4.3) was measured according to German Standard
Methods (DIN 38409-7). Temperature and pH were continu-
ously monitored using a single rod measuring cell (EGA 142/
Pt1000, Sensortechnik Meinsberg GmbH, Germany). The
biomass content in terms of volatile suspended solids (g
VSS/L) was determined according to European Standard
Methods (DIN EN 12879).

Determination of OUR and N2O formation rates was per-
formed as described previously (Schneider et al. 2013) based
on online measurements of DO and N2O concentrations.
During aerobic periods, the aeration was controlled between
2 and 4 mg O2/L using DASYLab® Software, with aeration
being started at the lower set point and stopped at the upper set
point. During these phases, the OUR was calculated from the
slope of the oxygen concentration curve (linear regression)
during the drop of DO concentration from 4 to 2 mg O2/L. As
COD removal was very low, it was assumed that all oxygen
was used for ammonium oxidation. During anoxic periods,
OUR was calculated as the average oxygen uptake from the
beginning of the anoxic period (DO=0.5 mg O2/L) until the
restart of aeration. In both cases, calculation followed Eq. 1
(see also Fig. 1):

OUR ¼ Δc
.
Δt mg O2

.
L hð Þ

h i
ð1Þ

where Δc—DO concentration difference (mg O2/L) and
Δt—duration of the respective phase (h)

A clark-type microsensor (N2OR; Unisense A/S, Den-
mark) was used for online measurement of the dissolved
N2O concentration. Analogously to the determination of the
OUR, the N2O formation rate (N2O_R) in aerobic periods was
determined from the slope of the N2O concentration curve
(linear regression) during the drop of DO concentration from 4
to 2 mg O2/L (i.e., when aeration was turned off). The calcu-
lation is based on the assumption that N2O transfer to the gas
phase is neglectable during these periods (actual measured
volumetric mass transfer coefficient very low: kLa=
0.065 h−1). During anoxic periods, N2O_R was calculated as
the average N2O formation rate from the beginning of the
anoxic period (DO=0.5 mg O2/L) until the restart of aeration.

Average daily ammonium oxidation rates (AOR) calculat-
ed from the daily converted ammonium load according to
Eq. 2 were used for normalization of N2O formation rates
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(yielding formation factor N2O_F [%]) and oxygen uptake
rates.

AOR ¼ c NH4
þ–Nð Þin−c NH4

þ–Nð Þout
� �

⋅Q

mg NH4
þ–N

.
L ⋅ dayð Þ

h i ð2Þ

where c(NH4
+ –N)in–inflow concentration (mg NH4

+–N/L);
c(NH4

+–N)out–effluent concentration (mg NH4
+–N/L); and

Q–volumetric inflow rate (L/day)

Results

Throughout the study, the efficiency of ammonium oxidation
was limited to a maximum of about 44 % by availability of
alkalinity in the reject water. Since day 6 of reactor operation
(one sludge age), alkalinity in the reactor effluent was used up
almost completely (effluent concentration 1 mmol/L) and the
maximum ammonium conversion efficiency was achieved.
Accordingly, this date was defined as the end of the start-up
period. As maximum utilization of alkalinity was constantly
achieved throughout reactor operation, the pH was almost
stable with an average of 5.84±0.36. Due to the low biode-
gradable fraction of COD, there was little reduction of about
10 % of the inflow COD.

Reactor performance and N2O formation rates
during continuously aerobic conditions

During the start-up period (days 0–12), nitrite was the main
product of ammonium oxidation (45–157 mg NO2

––N/L)
(Fig. 2). After 6 days (one sludge age), the maximum nitrite
concentration was achieved and alkalinity was completely
used, indicating that sufficient AOB had been enriched for
ammonium conversion. On days 11/12, average NH4

+–N
conversion rates of 1.9 mg NH4–N/L/h were observed, with
an average OUR of 4.9 mg O2/L/h. The specific oxygen
demand for ammonium oxidation to nitrite was 2.5 g O2/g
NH4

+–Nox, which only slightly higher than the theoretical
stoichiometric value (2.23 g O2/g NH4

+–Nox). The average
N2O formation rate on these days (based on 460 calculated
rates from repeated measurement during a total of 96 h) was
0.018 mg N2O–N/L/h, which is about 0.94% of the converted
NH4

+–N.
Between days 13 and 38, nitrate formation became domi-

nant and stabilized until day 44. At this time, the aeration
strategy was changed to transient aerobic/anoxic conditions in
order to promote a backshift to nitrite accumulation. However,
with intermittent aerobic and anoxic phases of 30 and 30 min,
respectively, nitrate remained the main product for five more
weeks of reactor operation (i.e., 7 times SRT).

From days 38 to 44, when nitrate formation had stabilized,
slightly higher average NH4–N conversion rates were ob-
served (2.0 mg NH4

+–N/L/h), with an average OUR of
9.7 mg O2/L/h. The specific oxygen demand for ammonium
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oxidation to nitrate was 4.8 g O2/g NH4–Nox, which is in the
range of the theoretical stoichiometric value (4.6 g O2/g
NH4

+–Nox). During this phase (days 38/39 and 41/42), the
average N2O formation rate (based on 460 calculated rates
from repeated measurement during a total of 96 h) was
0.0047 mg N2O–N/L/h, which is about 0.23 % of the con-
verted NH4

+–N.
Despite constant wastewater flow rate and substrate con-

centrations, the transition phase from nitrite accumulation to
nitrate formation was characterized by periodic fluctuations of
OUR and the dissolved N2O concentration. As depicted in
Fig. 3, both parameters followed the same temporal trend–the
concentration of dissolved N2O increased with increasing
OUR.

Reactor performance and N2O formation rates
during transient aerobic/anoxic conditions

After changing the oxygen supply to a transient aerobic/
anoxic pattern, the average ammonium conversion rate was
2.4 mg NH4

+–N/L/h referring to aerobic HRT with an aver-
age OUR of 12.3 mg O2/L/h during the aerobic time. The
resulting specific oxygen demand for ammonium conversion
to nitrate was 5.3 g O2/g NH4–Nox and thus significantly
higher than the theoretical value (4.6 g O2/g NH4

+–Nox)
(Fig. 4). This difference is analyzed in the “Discussion”
section.

During operation with transient aerobic/anoxic conditions,
N2O formation was observed during aerobic phases as well as
during anoxic phases. The average N2O formation rate was
0.032 mg N2O–N/L/h, which equals 1.33 % of the converted
NH4

+–N (based on a total of 288 calculated rates from repeat-
ed measurement during a total of 96 h on days 46/47 and days
77/78). There was no statistically significant difference
(Welch test, α=0.05) between N2O formation rates measured

shortly after the change of operational conditions and the rates
after 1 month of intermittent aeration. Furthermore, there was
no statistically significant difference between values measured
directly after the restart of aeration and the rates measured
about 15 and 30 min after the restart of aeration (Fig. 5).
Interestingly, in most cases, the increase of N2O during the
anoxic phase was linear, i.e., the formation rate was constant,
despite the drop of DO concentration from 4 mg O2/L to less
than 0.5 mg O2/L (Fig. 5). But discrete measurements re-
vealed a sharp increase of N2O formation rates when DO
concentration dropped below 0.5 mg O2/L (Fig. 5). The max-
imum N2O formation rate determined from these instances
was 0.12 mg N2O–N/L/h.

The rate of ammonium oxidation during anoxic periods
was determined based on the calculated OUR. From the
oxygen profiles an average OUR of 0.4 mg O2/L/h was
calculated. Assuming a specific oxygen demand for ammoni-
um oxidation to nitrate of 4.8 g O2/g NH4

+–Nox (s. above), the
average ammonium conversion during anoxic periods was
0.8 mg NH4

+–N/L/h. Based on this value, the average specific
N2O formation factor for anoxic periods was 4 % of the
converted NH4

+–N in cases of average constant N2O forma-
tion rates and 15 % in cases of increased N2O formation rates
during low oxygen concentrations.

Discussion

Influence of nitrite accumulation on N2O production

Due to the lower growth rate of nitrite oxidizers, nitrite accu-
mulated during the startup of the CSTR reactor, although the
boundary conditions (especially SRT) would theoretically
allow for full nitrification. This circumstance allows for a

Fig. 2 CSTR effluent
concentration of ammonium,
nitrite, and nitrate as well as
operational phases and dates of
selected N2O measurements
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comparison of nitritation and nitrification in the same reactor
with equal operational settings. The N2O formation factor
during nitrite accumulation was about 4.1 times higher than
during nitrate formation. It might be argued that the system
was not yet in a steady state during the nitrite accumulation
phase, but actually there was no significant deviation of
boundary conditions (ammonium load, SRT) or system per-
formance (ammonium oxidation rates) from later reactor op-
eration. Given the fact that maximum ammonium conversion
rates to nitrite were already reached after 6 days and due to the
relatively short doubling time of AOB of about 1.2 days at the
chosen boundary conditions, it is reasonable to use data of this
first period. It is only the presence or absence of NOB that
makes the difference here and leads to absence or presence of
nitrite in the bulk phase, respectively. Therefore, it is

supposedly the nitrite concentration that has a strong influence
on the N2O formation factor. It is known that an imbalance
between the population of AOB and NOB due to delayed
growth of NOB and the resulting accumulation of nitrite can
lead to an increase of N2O emissions (Fukumoto and Inubushi
2009).

The influence of nitrite on N2O formation by AOB has
already been reported in a CSTR without sludge retention
(Schneider et al. 2013), yielding a positive correlation of
N2O formation and nitrite concentrations below 220 mg
NO2

––N/L. The ratio of N2O formation factors during
nitritation and nitrification in that reactor was 4 and thus
equaled the results reported here (Table 1). In literature, there
is a strong consensus that accumulation of nitrite yields higher
N2O emissions than complete nitrification (Ahn et al. 2011;

Fig. 3 Extract from OUR and
dissolved N2O concentration
profile on day 31

Fig. 4 Extract from the profile of
O2 concentration and OUR
during transient aerobic/anoxic
conditions
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Rodriguez-Caballero et al. 2013). This effect of nitrite is
usually explained by the process of nitrifier denitrification,
including reduction of nitrite to NO and further reduction to
N2O (Chandran et al. 2011; Rodriguez-Caballero and Pijuan
2013). The fact that Pijuan et al. (2014) observed no influence
in N2O emissions from changes in the nitrite concentration at
high level (>386 mg NO2

––N/L) supports the idea that these
concentrations might be far above the saturation concentration
of nitrifier denitrification. It has been previously suggested
that–in contrast to earlier findings–nitrifier denitrification
might not be limited to oxygen deficient conditions but can
occur during fully aerobic conditions as well (Schneider et al.
2013). This hypothesis is supported by the results presented in
this paper.

Influence of low oxygen concentration and transient
aerobic/anoxic conditions on N2O formation

Low dissolved oxygen concentration and transient aerobic/
anoxic conditions have been reported as triggers for increased
N2O formation by AOB. On the one hand, nitrifier denitrifi-
cation is supposed to be enhanced by limitation of oxygen as
an electron acceptor, leading to higher N2O formation. On the
other hand, transition from anoxic to aerobic conditions with a
sudden increase of AOB metabolic activity (and temporal
imbalance between produced and consumed electrons) has
been described as a mechanism for increased formation of
N2O (acting as an electron sink) (Chandran et al. 2011). Due
to the repeated aerobic/anoxic transition including a 30-min

Fig. 5 Exemplary dissolved N2O
and DO concentration profiles
from measurements during
transient aerobic/anoxic
conditions, showing the
accumulation of N2O during
anoxic periods and nonaerated
aerobic periods as well as an
increase of the N2O formation
rate with DO <0.5 mg O2/L
(encircled)

Table 1 N2O formation rates in CSTR in dependency of boundary conditions

Reactor type CSTR, sludge
retention

CSTR, sludge
retention

CSTR, sludge
retention

Chemostat Chemostat

Process Nitritation Nitrification Nitrification Nitritation Nitrification

SRT (days) 6 6 6 0.8 2.1

Load (g NH4–N/g VSS/
day)

1.2 1.2 1.2 9.8 4.8

c(NO2) (mg NO2–N/L) 45–157 0 0 152 0

DO (mg O2/L) 2–4 2–4 0–4 2–4 2–4

N2O_F (%) 0.95 0.23 1.33a 2.90 0.74
4.00–15.00b

1.7–3.28c

Source This study This study This study Schneider et al. (2013) Schneider et al. (2013)

Italics are intended to highlight values that deviate from all other columns (i.e. different operational settings)
a DO 0.5–4 mg O2/L
bDO <0.5 mg O2/L
c Time-weighted average for 60 min DO >0.5 mg O2/L, 30 min DO <0.5 mg O2/L, assuming minimum and maximum N2O formation rates
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period with DO <0.5 mg O2/L implemented in this study, both
effects could be investigated.

The N2O formation factor during aerobic periods after
anoxic periods were higher than during continuous aerobic
conditions, which is in agreement with Chandran et al. (2011).
The situation after the anoxic or low DO period is often
compared to the beginning of an SBR cycle, when higher
N2O formation is observed probably due to the sudden in-
crease in bacterial activity when substrate and oxygen is
supplied (Lotito et al. 2012; Rathnayake et al. 2013). Howev-
er, due to the continuous inflow during aerobic and anoxic
conditions, ammonium additionally accumulated slightly dur-
ing the anoxic periods, leading to higher bacterial activity at
the beginning of aerobic periods. As there was no online
ammonium measurement, this could only be quantified by
the few data points of the OUR, but it can be assumed that
N2O formation factors for these periods are slightly
overestimated. High OUR values at the time of the first
measurement after the transition to aerobic conditions
(Fig. 4) were observed. In contrast, NH4–N conversion rates
were calculated as the average conversion rate over the whole
aerobic period, which is an underestimation for the first half of
the aerobic period. This is the reason for an apparently higher
oxygen demand during this operational period (confirmed by
predictions of a fitted mathematical model for two-step
nitrification).

However, the elevated N2O formation factor was not lim-
ited to a short period of time after aeration resumed, but this
effect lasted for at least 30 min, when the ammonium effluent
concentration had already decreased to average levels. This
might be a hint on a more substantial influence of aerobic/
anoxic transition on AOB.

Low DO concentrations (<0.5 mg O2/L) always remained
in the reactor, which allowed the determination of ammonium
conversion rates from the oxygen uptake during oxygen-
limited periods and subsequently the calculation of N2O for-
mation factors. The results reveal a significant increase of the
N2O formation factor during these periods. A significant
change of N2O formation rates upon a decrease of DO below
0.5 mg O2/L was observed repeatedly, but only for approxi-
mately every third of the observed transition phases. In most
cases, the formation rate remained constant, which still result-
ed in a rising formation factor due to the reduced ammonium
oxidation activity at oxygen-limiting conditions. No definite
reason for the occasional increases of the N2O formation rate
could be determined in this study. Eventually, incomplete
mixing leading to local differences in DO, ammonia, and
N2O concentrations could have played a role. This aspect will
have to be further investigated in future studies.

During the period discussed here, nitrite concentration was
below detection level, which means that nitrifier denitrifica-
tion was not induced by high nitrite concentration. Further-
more, it has been assumed that nitrifier denitrification requires

electrons from the ammonium oxidation pathway, which
would be less available during anoxic conditions. Considering
these two issues, it is more probable that N2O production via
the so-called hydroxylamine route (either chemically or bio-
chemically) was intensified by low oxygen concentrations
yielding a higher fraction of N2O as the end product of
ammonium conversion. These observations are different from
the findings of Rodriguez-Caballero and Pijuan (2013) who
observed significant N2O accumulation during the anoxic
settling period of a nitritation SBR only when remaining
nitrite was present.

Influence of SRT and sludge-specific load on N2O formation

In contrast to the most recent studies which were per-
formed in SBRs (e.g., Law et al. 2012; Kong et al.
2013; Rodriguez-Caballero et al. 2013), the reactor de-
scribed in this study was continuously fed with
ammonium-containing wastewater. This results in equal
distribution of the ammonium load over time and in
almost steady ammonium effluent concentration. Such
stable conditions are expected to lead to a reduction of
N2O formation compared to SBR operation. At the
same time, the sludge-specific ammonium load
(1.2 g N/g VSS/day) was similar to these reported
studies (1.6–10 g N/g VSS/day), but here, the biomass
concentration and SRT were significantly lower (0.1 g
VSS/L and 6 days) than in typical lab-scale SBRs
(0.8 g VSS/L and >20 days). Only a small effect was
actually observed in this study: the N2O formation fac-
tor for both partial nitritation and nitrification was
slightly lower than recently reported for SBRs (>1 %
of oxidized NH4–N). However, comparison to a
chemostat-type reactor without sludge retention—with
the main operational difference being the sludge-
specific loading rate (chemostat: 8-fold higher during
nitritation, 3-fold higher during nitrification) and the
SRT (7.5-fold lower during nitritation, 3-fold lower
during nitrification)—demonstrated that the CSTR with
sludge retention yielded three times lower N2O forma-
tion factors than the chemostat with high sludge loading
rate and minimum SRT required for AOB/NOB (Ta-
ble 1). Apparently, the excess amount of biomass in
reactors with sludge retention and low-resulting ammo-
nium loading rate is potentially favorable for minimiza-
tion of N2O formation. A similar effect has been de-
scribed by Lotito et al. (2012) for the oxidation tank of
a pilot-activated sludge system. In their study, ammoni-
um peak loads applied to the steady-state system lead to
immediate increase of the N2O emissions and was re-
lated to the sudden overload of the existing biomass.
This effect might be connected to the lower specific
ammonium conversion rate as discussed below.
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Correlation of N2O formation and ammonium conversion

A strong relation between OUR and the dissolved N2O con-
centration was observed. Due to the low content of degradable
COD, the OUR reflects very well the ammonium oxidation
rate in this study. The concentration of N2O depends on the
relation between N2O formation rates during periods without
aeration (no stripping) and the transfer to the atmosphere
during periods with aeration. If the aeration pattern remains
the same and N2O formation rates are constant, stable mini-
mum and maximum concentrations of N2O are achieved and
the average N2O concentration is constant over time. In con-
trast, fluctuations of the dissolved N2O concentration are a
sign of changes in the N2O formation rate: increasing concen-
trations indicate increasing formation rates and vice versa.
Accordingly, the observed relation between fluctuations of
OUR and dissolved N2O concentration prove a strong relation
between ammonium oxidation rates and N2O formation rates.
The N2O formation factor (N2O–N/NH4

+–N) remains almost
constant despite changing AOR. This observation is consis-
tent with findings reported by Law et al. (2012) that a linear
relation (linear section of an exponential function) between
AOR and N2O_R exists in an AOR range of about 0–150 mg
NH4–N/(g VSS/h) in a nitritation SBR. Similar results were
obtained for a CSTRwithout sludge retention (Schneider et al.
2013), where AOR and biomass concentration are directly
coupled. In the reactor reported here, more biomass was
retained in the system than is actually needed to achieve the
maximum conversion efficiency. Comparatively, this results
in lower cell-specific AOR with reduced N2O formation
factor.

Conclusions

The formation of N2O during nitritation/nitrification of reject
water in a CSTR with sludge retention and different aeration
strategies was studied. The combination of online measure-
ment of oxygen uptake rates and N2O formation rates made
detailed analyses of short-term effects, like transition from
anoxic to aerobic conditions, possible. The highest N2O for-
mation factor (up to 15 %) was measured during nitrification
with oxygen-limited conditions (DO <0.5 mg O2/L).
Nitritation with continuously aerobic conditions yielded
a four times higher N2O formation factor (0.94 %) than
nitrification at the same conditions (0.23 %). The results
provide indications that nitrite rather than low oxygen
concentration might be the trigger for nitrifier denitrifi-
cation and that oxygen availability and the specific
ammonium load strongly influence N2O formation via
the hydroxylamine route.
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