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Summary

Partial nitritation/anammox (PANAM) technologies
have rapidly developed over the last decade, but still
considerable amounts of energy are required for
active aeration. In this study, a non-aerated two-stage
PANAM process was investigated. In the first-stage
upflow fixed-film bioreactor, nitratation could not
be prevented at ammonium loading rates up to
186 mg N l-1 d-1 and low influent dissolved oxygen
(0.1 mg O2 l-1). Yet, increasing the loading rate to 416
and 747 mg N l-1 d-1 by decreasing the hydraulic
retention time to 8 and 5 h, respectively, resulted in
partial nitritation with the desired nitrite to ammonium
nitrogen ratio for the subsequent anammox stage
(0.71–1.05). The second-stage anammox reactor was
established with a synthetic feeding based on ammo-
nium and nitrite. After establishing anammox at low
biomass content (0.5 g VSS l-1), the anammox influent
was switched to partial nitritation effluent at a loading
rate of 71 mg N l-1 d-1, of which 78% was removed at
the stoichiometrically expected nitrite to ammonium
consumption ratios (1.19) and nitrate production to
ammonium consumption ratio (0.24). The combined
PANAM reactors were operated for 3 months at a
stable performance. Overall, PANAM appeals eco-
nomically, saving about 50% of the energy costs, as

well as technically, given straightforward operational
principles.

Introduction

Anoxic ammonium oxidation or anammox was discovered
about 15 years ago, opening up a new dimension in the
treatment of nitrogenous wastewaters (Vlaeminck, et al.,
2009). Anammox is carried out by a distinct clade of
chemolithoautotrophic Planctomycetes, which thrive on
the oxidation of ammonium with nitrite, producing mainly
dinitrogen gas and some nitrate (Eq. 1) (Strous et al.,
1998):
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With preceding partial nitritation, anammox has consider-
able economical and ecological potential for ammonium
removal from wastewaters with a low biodegradable
carbon to nitrogen ratio, saving 30–40% of the overall
costs (Fux and Siegrist, 2004). Several anammox-based
processes have been developed at larger scale, in which
partial nitritation and anammox are either executed in
the same reactor stage (Abma et al., 2010; Jeanningros
et al., 2010), or in separate stages (van der Star et al.,
2007; Desloover et al., 2011). For any type of partial
nitritation/anammox (PANAM) system it is important to
minimize the aerobic oxidation of nitrite to nitrate, i.e.
nitratation executed by nitrite oxidizing bacteria. Control
options include high free ammonia levels (Anthonisen
et al., 1976), low dissolved oxygen (DO) levels (Bernet
et al., 2001), a short sludge retention time at high tem-
perature (Hellinga et al., 1998) and the addition of sulfide
(Erguder et al., 2008). To suppress nitratation in one-
stage systems, the DO level is the most obvious control
parameter, whereas sludge retention time and free
ammonia offer mainly an added control possibility for two-
stage systems.

In view of sustainable wastewater treatment, minimum
energy consumption is desirable (Verstraete and Vlaem-
inck, 2011), and active aeration constitutes about 90% of
the energy use in PANAM processes (Fux and Siegrist,
2004). Although active aeration allows to control bulk DO
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levels and hence partial nitritation adequately, technolo-
gies relying on passive aeration such as rotating biologi-
cal contactors consume up to three times less energy
(Mathure and Patwardhan, 2005), but strict control of the
DO level is less evident. Besides, energy-friendly and
hence more cost-effective, technologies without active
aeration can be techno-economically viable for deve-
loping countries, in case control requirements can be
minimal and performance can be stable and robust. Con-
sidering these energy and complexity aspects, an energy-
friendly technology was elaborated in this study using
partial nitritation and anammox in two reactor stages.
Although this entails higher investments costs than
one stage, it facilitates nitratation suppression, prevents
anammox inhibition by nitrite and lower the risk of denitri-
fiers outcompeting anammox bacteria, given the lower
level of organics (Lackner et al., 2008).

The development of a partial nitritation biofilm in a
fixed-film bioreactor (FFB) was previously tested using
the combined addition of sodium sulphite and cobalt
chloride to the influent (Bagchi et al., 2009). Although
this effectively decreased the influent DO level to about
1 mg O2 l-1, and supposedly played a role in successful
nitratation suppression, in the long term this strategy led
to nitritation inhibition. The first aim of this study was to
re-establish nitritation in the FFB without adding chemi-
cals. Additionally, previous operation of the FFB was
focused on obtaining complete nitritation, aiming at
maximum nitrite to ammonium nitrogen ratios in the
effluent. However, in view of coupling the FFB to an
anammox reactor, the effluent nitrite to ammonium ratio
should be approximately equimolar (Eq. 1). Therefore,
the second aim of this study was to obtain stable partial
nitritation. For anammox, a continuous stirred-tank
reactor (CSTR) was previously established using nitrite
supplemented ammoniacal influent (Bagchi et al., 2010).
The final aim of this study was to feed the anammox
CSTR with effluent from the partial nitritation FFB using

minimal control mechanisms to obtain two-stage non-
aerated PANAM.

Results

Re-establishing partial nitritation

To re-establish nitrification, the experimental setup with
the acclimatized biomass of the previous study was fed at
a low volumetric loading rate (81 mg N l-1 d-1) in period 1.
This was increased in a stepwise manner over periods 2
and 3 by increasing the influent ammonium concentration,
establishing nitrification of the majority of the fed ammo-
nium, i.e. the oxidized ammonium ended up as nitrate in
the effluent (Table 1; Fig. 1). The feed DO was 4.4–4.5 mg
O2 l-1 in periods 1–3 (Table 1).

With nitrification established, the transition to partial
nitritation was attempted through low influent DO levels.
In periods 4 and 5, the influent was purged with nitrogen
gas to decrease the DO down to 1.0 and 0.1 mg O2 l-1

respectively. However, despite of a 3 months operation at
the lowest attainable DO value, nitrite did not start to
accumulate, nor did the ammonium removal efficiency
decrease (Table 1; Fig. 1).

The ongoing nitratation at low influent DO levels indi-
cated that the amount of available oxygen in the FFB was
still sufficient to fully oxidize the majority of the loaded
ammonium. Therefore, the volumetric nitrogen load was
increased over the periods 6–8 by decreasing the hydrau-
lic retention time (HRT) in a stepwise manner from 17.6 h
down to 5.0 h, while maintaining the influent DO at 0.1 mg
O2 l-1 through N2 purging during all subsequent periods of
operation. This strategy was successful in achieving nitrite
accumulation. Already following the first increased loading
(period 6), nitrite effluent levels increased, yet nitrate were
still higher (Fig. 1), with nitrite representing 29% of the
oxidized effluent nitrogen (Table 1). A further increase of
the loading in period 7 yielded a further increase of the
nitrite accumulation efficiency to 61%, and an effluent

Table 1. Operational strategy and performance of the partial nitritation upflow fixed-bed reactor.

Period Action Days

Influent

HRT (h)

Effluent

NH4
+

(mg N l-1)
BV (mg
NH4

+-N l-1 d-1)
DO
(mg O2 l-1)

NO2
-/

(NO2
- + NO3

-) (-) NO2
-/NH4

+ (-) FA (mg N l-1)

1 NH4
+↑ → BV↑ 1–29 59 � 21 81 � 29 4.5 � 0.2 17.6 0.04 � 0.09 0.94 � 1.16 0.2 � 0.2

2 30–53 108 � 8 147 � 10 4.4 � 0.3 17.6 0.01 � 0.01 0.03 � 0.03 0.7 � 0.7
3 54–94 136 � 12 186 � 16 4.5 � 0.1 17.6 0.01 � 0.01 0.01 � 0.02 2.8 � 0.5
4 Influent DO↓ 95–116 137 � 5 187 � 7 1.0 � 0.1 17.6 0.01 � 0.05 0.03 � 0.04 2.1 � 0.8
5 117–207 136 � 13 186 � 18 0.1 � 0.3 17.6 0.03 � 0.05 0.11 � 0.33 1.9 � 0.9
6 HRT↓ → BV↑ 208–219 149 � 16 264 � 29 0.1 � 0.1 13.5 0.29 � 0.06 0.50 � 0.22 2.9 � 0.7
7 220–240 139 � 10 416 � 31 0.1 � 0.2 8.0 0.61 � 0.19 0.90 � 0.26 3.3 � 0.4
8 241–280 155 � 18 742 � 87 0.1 � 0.2 5.0 0.97 � 0.07 0.71 � 0.23 6.2 � 1.3
9 HRT↑ → BV↓ 281–333 139 � 21 417 � 63 0.1 � 0.2 8.0 0.90 � 0.16 1.05 � 0.40 5.0 � 1.3

In periods 8 and 9, the reactor’s effluent was fed to the anammox reactor.
BV, volumetric loading rate; FA, free ammonia.
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nitrite to ammonium ratio of 0.90 (Fig. 1; Table 1).
Because the latter is in the range of the desirable influent
for anammox (Eq. 1), the partial nitritation reactor was
coupled to the anammox reactor at the end of period 7.

Combined two-stage operation of PANAM

The anammox CSTR was already optimized separately
for achieving a stable process performance (Bagchi et al.,
2010). Before feeding the partial nitritation effluent to the
anammox reactor, the anammox was stably operated for
1 month, fed with ammonium at 200 � 7 mg N l-1 and a
nitrite to ammonium influent ratio of 1.25, at a volumetric
nitrogen and ammonium loading rate of 240 � 20 and
100 � 3 mg N l-1 d-1, respectively, removing 77 � 2 and
90 � 3% of the nitrogen and ammonium respectively.
From partial nitritation period 8 on, the partial nitritation
FFB was coupled to the anammox CSTR. The increased
loading resulted in minimal nitratation with an average
nitrite accumulation efficiency of 97% (Table 1; Fig. 1). It
seemed, however, that the ammonium loading rate at
742 mg N l-1 d-1 was too high compared to the oxygen
entry, as the nitrite to ammonium effluent ratio dropped to

0.71. In order to prevent that this ratio would become too
low to achieve high nitrogen removal efficiencies in the
anammox step, the loading rate of the partial nitritation
was decreased to 417 mg N l-1 d-1 in period 9. Although
this loading rate was the same as in period 7, perfor-
mance of the partial nitritation was superior. High FA
concentration (5.0 � 1.3 mg N l-1) during this period may
had selectively inhibited NOB and resulted into higher
nitrite accumulation efficiency (90%) and more suitable
nitrite to ammonium ratio (1.05) (Table 1).

The performance of combined PANAM was very stable,
as can be seen from the readily constant nitrogen levels in
the intermediate stream (FFB effluent = CSTR influent)
and anammox effluent (Fig. 2). The anammox step com-
pletely removed nitrite while 24% of ammonium remained
unutilized by anammox, yielding residual ammonium con-
centrations at 18 � 7 mg N l-1. The molar ratio of nitrite to
ammonium consumption was 1.19 while nitrate produc-
tion to ammonium consumption ratio in the final effluent
was 0.24. The total nitrogen content of the anammox
effluent was 32 � 6 mg N l-1, resulting in overall nitrogen
removal efficiencies of 78%, both for the anammox
process separately as for combined PANAM, because

Fig. 1. Influent and effluent nitrogen concentrations (average � standard deviation) of the upflow fixed-bed bioreactor for partial nitritation. In
periods 8 and 9, the reactor’s effluent was fed to the anammox reactor. For details on the operational periods, please refer to Table 1.
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practically no nitrogen was removed during partial nitrita-
tion (Table 2).

Discussion

Nitratation inhibition strategy

The initial aim of this work was to re-establish nitritation
without addition of oxygen scavenging chemicals. In

period 1–3, no nitrogen was purged to decrease DO in
the influent. The feed DO (4.4–4.5 mg O2 l-1) was able to
re-establish complete nitrification. Because no active
aeration was provided to maintain the DO level in the
reactor, the internal DO was likely much lower than the
influent DO. Such DO levels have always favoured nitra-
tation, as observed in our previous study (Bagchi et al.,
2009; Biswas et al., 2011). It was expected that lowering

Fig. 2. Evolution of the nitrogen concentrations for the combined PANAM process. ‘Influent’ refers to the partial nitritation influent,
‘Intermediate’ to the partial nitritation effluent, i.e. the anammox influent, and ‘Effluent’ to anammox effluent. For the days 278–324, no
analytical data are available.

Table 2. Operational parameters and performance of the partial nitritation reactor (periods 8 and 9) and anammox steps in the combined
PANAM process.

Parameter Partial nitritation Anammox PANAM

Influent flow rate (l d-1) 2.33a 1.38 NA
1.46b

Reactor volume (l) 0.49c 2.75 3.24
Hydraulic retention time (h) 5a 48 53a

8b 56b

pH (-) 7.9 � 0.2 7.7 � 0.2 NA
Dissolved oxygen level (mg O2 l-1) 0.1 � 0.2d 0.1 � 0.1 NA
Temperature (°C) 30 � 4 31 � 3 NA
Ammonium loading rate (mg N l-1 d-1) 742 � 87a 38 � 4 NA

440 � 65b

Ammonium removal efficiency (%) 48 � 8 76 � 8 87 � 5
Nitrogen loading rate (mg N l-1 d-1) 749 � 89a 71 � 6 NA

451 � 69b

Nitrogen removal efficiency (%) 3 � 11 78 � 4 78 � 5
NO2

- consumed/NH4
+ consumed (-) NA 1.19 � 0.15 NA

NO3
- produced/NH4

+ consumed (-) -0.02 � 0.06 0.24 � 0.05 0.09 � 0.04
Biomass concentration (g VSS l-1) 5.19 0.51 NA

a. For the operational period 8.
b. For the operational period 9.
c. Void volume; the carrier material occupied 0.51 l.
d. in the influent tank.
NA, not applicable.
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DO will result in nitritation, but nitratation could not be
inhibited at the lowest attainable DO value of 0.1 mg O2

l-1 over a period of 3 month. This is contradictory to
other work where nitritation was achieved at DO level
below 1 mg O2 l-1 (Bernet et al., 2001; Chuang et al.,
2007). The relative loading of oxygen per NH4

+-N during
this period was 0.004 mg O mg N-1, which was much
lower than reported stoichiometric value of 1.9 mg O mg
N-1 for partial nitritation (Vázquez-Padín et al., 2009).
Maybe the long-term operation of FFB under low DO
condition has selectively enriched NOB population
adapted to low DO concentration. It was recently found
that lower DO concentrations (< 1.0 mg O2 l-1) selec-
tively stimulate Nitrospira spp. in contrast to Nitrobacter
spp. (Huang et al., 2010). Furthermore, Park and
Noguera (2008) found enduring Nitrospira spp. activity at
0.1–0.2 mg O2 l-1.

A strategy of increasing ammonia loading by gradual
decrease of HRT established nitritation in FFB. Likely, the
increased volumetric loading rate was the main cause to
achieve partial nitritation in the given FFB configuration,
because it increased the relative supply ratio of nitrogen
to oxygen to the biofilm. Similarly, an increased nitrogen
loading rate (decreased HRT) led to a lower ammonium
removal efficiency in a partial nitritation FFB (Liang et al.,
2011). Nogueira and Melo (2006) showed that increased
substrate concentration selectively inhibited Nitrospira,
a dominat NOB in nitrifying reactors. Additionally, the
decreased HRT might have played a role in suppressing
nitratation. In nitrifying biofilms, nitrite oxidizing bacteria
are often located beneath a layer of ammonia oxidizing
bacteria (Gieseke et al., 2003; Vlaeminck et al., 2010).
Hence, nitrite and oxygen need some time to diffuse to the
nitrite oxidizing bacteria. At a lower HRT, the contact time
between the reactor liquid and biofilm was shorter, and
might have restricted some diffusion and hence nitratation
(Ahn et al., 2008).

The increased free ammonia (FA) levels from 2.9–3.3
to 6.2–5.0 mg N l-1 in periods 6–7 and 8–9, respectively
(Table 1), could have played an additional role in restrict-
ing nitrate production. Although nitratation suppression
should already have occurred at lower FA levels (0.1–
0.8 mg N l-1; Anthonisen et al., 1976), higher levels of
3–6 mg N l-1 have also been described (Vadivelu et al.,
2007; Vlaeminck et al., 2009). Some studies express a
specific inhibitory FA concentration for nitratation. At the
biomass concentration of 5.19 g VSS l-1, specific FA
levels were 0.6–0.6 and 1.2–1.0 mg N g-1 VSS for
periods 6–7 and 8–9 respectively. These values are
also in the order of the typical nitratation inhibition
threshold (0.2–1.5 mg N g-1 VSS; Fdz-Polanco et al.,
1994; Villaverde et al., 1997; 2000), indicating that FA
likely played a role in preventing nitrate formation in the
FFB.

PANAM process performance

The two-stage PANAM was stably operated for more than
3 months with overall nitrogen removal efficiencies of
78%. The decrease in volumetric nitrogen loading rate in
the second step Anammox CSTR did not affect the
process performance. The molar ratio of nitrite to ammo-
nium consumption (1.19) was similar to the value of 1.31
obtained previously from separate operation of the
anammox CSTR (Bagchi et al., 2010), and near the
expected value of 1.32 (Eq. 1). The nitrate production to
ammonium consumption ratio (0.24) in the final effluent
also matched the near expected value of 0.26 (Eq. 1).
Both nitrite consumption and nitrate production ratios indi-
cate that the anammox unit was operating under nitrite-
limiting conditions and also that the contribution of other
nitrogen converting processes such as denitrification was
negligible. It supports previous observations that nitrite-
limiting conditions guarantee a more stable anammox
process operation (Wyffels et al., 2004).

Under independent operation, the highest nitrogen
removal rates of 216 mg N l-1 d-1 were achieved in
anammox CSTR reactor (Bagchi et al., 2010). However,
due to limitation of flow and nitrogen concentration (nitro-
gen loading rates) from FFB reactor, the anammox CSTR
was sub-normally operated. The nitrogen removal rates of
the anammox step can be further increased by higher
anammox biomass loading rates, obtained by either using
smaller second stage compared with first stage or by
using higher anammox biomass concentrations. But
under the given circumstances of reactor operation, no
sufficient flow rates of partial nitritation effluent were avail-
able to increase the nitrogen loading rate, which was
rather low (71 mg N l-1 d-1). Given the low biomass
content in the CSTR (0.51 g VSS l-1), specific anoxic
ammonium oxidation rates of 34 mg N g-1 VSS d-1 were in
the expected order of magnitude for flocs (Vlaeminck
et al., 2010; Desloover et al., 2011).

Straightforward operation of PANAM

In practice the purging of the partial nitritation influent
would probably not be necessary, because this seemed
not crucial in achieving partial nitritation, and because
typical wastewaters for autotrophic nitrogen removal
include digestates and landfill leachate (Paredes et al.,
2007), which are anaerobic streams. The main advan-
tages between PANAM and other two-stage processes
are the energy-friendly and non-complicated way of
operation. Although two-stage process entails higher
investments costs than one stage, a two-stage process
allows attuning and optimizing the main reactions indi-
vidually. Separating nitritation and anaerobic ammonium
oxidation in two stages allows flexibility in operation and
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easier process control as both the stages can be con-
trolled independently.

In the FFB, stable partial nitritation could be achieved
energy-friendly and cost-effectively, with minimal pump-
ing energy (only influent, no recirculation) and no aeration
energy. If one conceptually considers the FFB treatment
of wastewater at the nitrogen concentrations and loading
rates from this study, i.e. 0.15 kg N m-3 and 0.4 kg N m-3

d-1, at an example load of 450 kg N d-1, in the order of a
potato-processing company (Desloover et al., 2011), as
such a FFB reactor volume of 1125 m3 is required, and will
be fed at 125 m3 h-1. If one aims at an upflow velocity of
2 m h-1, the reactor would have a height of 9 m, given the
packed volume of 50%. The energy consumption of the
FFB would derive from an influent pump, which has to
pump the liquid from an influent reservoir upwards
through the reactor. With a pump submerged for 0.5 m in
the reservoir, a pump efficiency of 60% and negligible
head losses in the reactor due to the low Reynolds
number (4391), the electrical energy requirement is cal-
culated at 5.4 kW, or 0.30 kWh kg-1 N treated. For the
anammox, a loading rate of 1 kg N m-3 d-1 should be
feasible in practice, which would yield in this example an
anammox reactor of 450 m3. At an electricity consumption
of 0.01 kW m-3 reactor, the mixing of the anammox stage
would require 0.24 kWh kg-1 N. As such, PANAM is esti-
mated to consume 0.54 kWh kg-1 N. In contrast, in the
case of autotrophic nitrogen removal with blower aeration,
an electricity consumption of 1.2 kWh kg-1 N has been
reported (Wett et al., 2010). Hence, PANAM could save
about 50% of the energy costs.

Besides the economical benefit, the PANAM process
control mechanisms did not involve sophisticated proce-
dures. Partial nitritation control consisted of finding an
optimal volumetric loading rate (416–742 mg N l-1 d-1) and
HRT (5–8 h), yielding excellent effluent properties to feed
the anammox process. Operation of the anammox step
only comprised delicate mixing and no sludge wasting.
Further investigation is needed to test the applicability of
PANAM for treatment of real industrial effluents under field
conditions.

Experimental procedures

Synthetic wastewater

Synthetic wastewater was freshly prepared on a daily basis,
based on Milli-Q water (Millipore, Billerica, USA) supple-
mented with (in g l-1) NaHCO3 1.25, KH2PO4 0.025,
CaCl2·2H2O 0.3, MgSO4·7H2O 0.2, FeSO4 0.00625, EDTA
0.00625. Additionally, 25 ml l-1 of a trace element solution,
containing (in g l-1) EDTA 15, ZnSO4·7H2O 0.43, CoCl2·6H2O
0.24, MnCl2·4H2O 0.99, CuSO4·5H2O 0.25, NaMoO4·2H2O
0.22, H3BO4 0.014. The ammonium source in the wastewater
was (NH4)2SO4 and the influent concentrations for the partial
nitritation reactor were varied during the experiment

(Table 1). Note that the molar HCO3
- to N ratio was always

higher than 1, ensuring sufficient buffering capacity for the
proton production from partial nitritation. For the anammox
reactor, nitrite was added as NaNO2 to the influent at a
No2

-N/NH4
+-N ratio of 1.3 � 0.1, until the influent was

replaced with the partial nitritation effluent.

Partial nitritation FFB

The FFB was previously described in detail (Bagchi et al.,
2009). The 1.2 l reactor had a working volume of 1 l, of which
0.51 l was occupied by uniformly sized pieces of refractory
bricks (0.2–0.3 cm diameter) as support media for biofilm
growth. Hence, the liquid volume in the reactor was 0.49 l. A
peristaltic pump was employed for feeding, and the flow rate
(0.66–2.33 l d-1) was calculated from the desired volumetric
loading rates and hydraulic retention times (HRT) according
to the operational period (Table 1). The reactor was operated
in an upflow mode, without recirculation. The effluent was
collected in an effluent collection tank. All vessels were made
of glass and were covered to minimize oxygen entry. The
reactor was operated at ambient temperatures (30 � 4°C).
Until 94th day, the DO concentration in the synthetic feed was
4.5 � 0.2 mg O2 l-1. From day 96 onwards to the end of the
study, it was reduced to the required concentration in the feed
tank through N2 gas purging (Table 1).

Anammox CSTR

The CSTR was previously described in detail (Bagchi et al.,
2010) and the experimental setup of combined PANAM
process is shown in Fig. 3. The 3.3 l reactor had a working
volume of 2.75 l. The feed was introduced using a peristaltic
pump at a constant flow rate (1.38 l d-1). The reactor content
was stirred continuously with a bladed impeller at low speed
(30 � 5 r.p.m.). A 0.57 l settler was provided before the efflu-
ent collection tank and all biomass was recycled manually
from the settler to the reactor. All vessels were made of glass
and were covered to minimize oxygen entry. Once stable
partial nitritation was obtained in the FFB, the feed for the
anammox CSTR was manually transferred from the outlet
tank of the partial nitritation reactor. Care was taken during
manual transfer to maintain anoxic conditions. The reactor
was operated at ambient temperatures (31 � 3°C).

Analytical methods

Ammonium was measured colourimetrically according to
standard methods (Greenberg et al., 1992). Free ammonia
values were calculated using measured temperature, pH and
ammonium values, according to Anthonisen and colleagues
(1976). Nitrate and nitrite were analysed by ion chromatog-
raphy using a carbonate/bicarbonate eluent and conductivity
detection (833 IC Liquid handling unit, 818 IC Pump, 820 IC
Separation Centre with IonPac A 250A Column, 819 IC
Detector and 830 IC Interface Metrohm, Herisau, Switzer-
land). DO, temperature and pH were measured with Multipa-
rameter PCD 650 (Eutech Instruments, Singapore). Volatile
suspended solids (VSS) were determined at the end of the
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experiment, with weighing, drying and ashing, as described in
standard methods (Greenberg et al., 1992).
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