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Abstract Traditional nitrification/denitrification is not suitable for nitrogen removal when wastewater contains
high concentrations of ammonium nitrogen and low concentrations of biodegradable carbon. Recently, a
deammonification process was developed and proposed as a new technology for treatment of such
streams. This process relies on a stable interaction between aerobic bacteria Nitrosomonas, that accomplish
partial nitritation and anaerobic bacteria Planctomycetales, which conduct the Anammox reaction.
Simultaneous performance of these two processes can lead to a complete autotrophic nitrogen removal in
one single reactor. The experiments where nitrogen was removed in one reactor were performed at a
technical-scale moving-bed pilot plant, filled with Kaldnes rings and supplied with supernatant after
dewatering of digested sludge. It was found that a nitrogen removal rate obtained at the pilot plant was
1.9gm 2d™". Parallel to the pilot plant run, a series of batch tests were carried out under anoxic and
aerobic conditions. Within the batch tests, where the pilot plant’s conditions were simulated, removal rates
reached up to 3gNm~2d™~". Moreover, the batch tests with inhibition of Nitrosomonas showed that only the
Anammox bacteria (not anoxic removal by Nitrosomonas) are responsible for nitrogen removal.
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Introduction

A nitrogen concentration is a significant factor indicating the quality of treated waste-
water. To remove ammonium nitrogen from wastewater using Anammox bacteria, a
proper nitrite-to-ammonium ratio is needed. Nitrite can be produced according to reaction
1, by aerobic autotrophic ammonia oxidizers.

NH; + 1.50, = NO; +2H" + H,0 (D
NH; + 1.32NO; — 1.02N, + 0.26NO; + 2H,0 )

Usually, ammonia oxidation is performed under oxic conditions in the first stage, while
Anammox performs under anoxic in the second one (reaction 2). Such a two-step system
has been investigated by many research groups from Sweden (Trela et al., 2004; Cema
et al., 2005; Gut et al., 2006), Switzerland (Fux et al., 2002) and the Netherlands
(Van Dongen et al., 2001).

Both types of bacteria, nitrifiers and Anammox, can also co-exist in one reactor due to
oxygen and oxygen free-zones within the biofilm depth (Third et al., 2001; Sliekers et al.,
2003). German researchers called such a single-stage conversion of ammonium into
molecular nitrogen — deammonification (Hippen et al., 1997). In the Netherlands, system
where ammonia is partially oxidized under oxygen-limited conditions to nitrite and next
nitrite together with remaining ammonia is converted to dinitrogen gas by Anammox
bacteria was named CANON (Completely Autotrophic Nitrogen removal Over Nitrite).
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The combination of the two processes — partial nitritation and Anammox- in one reactor
can be expressed by the following reaction:

NH; + 0.850, — 0.435N; + 0.13NO; + 1.3H,0 + 1.4H" (3)

Simultaneous nitritation and Anammox processes were observed and studied in different
types of reactors under different conditions. The summary of different studies with a
one—stage autotrophic process for nitrogen removal is shown in Table 1.

The deammonification process has the potential to be more cost-efficient than nitrifica-
tion/denitrification commonly used for nitrogen removal, nowadays. Oxygen and aeration
energy are largely reduced and no external carbon source is required. The process can be
applied for treatment of ammonium-rich wastewaters such as supernatant and landfill
leachate. However, performed experiments presented in Table 1 and Swedish experiences
with one-stage partial nitritation/Anammox process indicated that the main problem is a
start-up of second Anammox step. It can take even half a year. Moreover, a proper
oxygen condition in a bulk liquid was found as the most important factor affecting the
process.

The one reactor system for nitrogen removal was tested at a technical-scale pilot
plant, supplied with the supernatant coming directly from dewatering of digested sludge.
The main goal of the investigations was to study the process performance and to estimate
nitrogen removal rates in the partial nitritation/Anammox process.

Methodology

Pilot plant

The pilot plant experiment has been run for more than 3 years at the Himmerfjdrden
Waste Water Treatment Plant (WWTP) in the Stockholm region. It was a two-stage
process where partial nitritation and Anammox took place in two separate reactors
(see Trela et al., 2004). Moving-bed reactors, each of 2m?® volume and filled with
Kaldnes rings, were supplied with supernatant coming directly from dewatering of the
digested sludge. In March 2005 the pilot plant was modified and an experiment with
recirculation of a nitrate-rich Anammox effluent to the nitritation reactor was started.
It was intended to denitrify nitrates in the first zone of reactor 1; zones 2 and 3 of the
nitritation reactor were connected and in zone 1 the aeration was ceased to obtain
oxygen-free conditions for denitrification. After a few weeks, nitrogen loss was observed
in reactor 1. It was due to the fact that Anammox bacteria found excellent conditions to
develop its bacteria culture in zone 1. Then recirculation was stopped and aeration was
switched on again in zone 1 to develop a two-step biofilm layer, an outer layer with
oxygen-rich conditions for nitrifiers and an inner layer for the Anammox growth. The
studies are based on a four-month experiment, when both simultaneous partial nitritation
and the Anammox took place in the same reactor. In the preliminary phase, the hydraulic
retention time (HTR) was equal to 1 day. To estimate influence of a nitrogen load
increase in the following period HRT was shortened to 16 hours. The process was moni-
tored by analysis of ammonium, nitrite and nitrate nitrogen. Moreover, measurements of
pH, dissolved oxygen (DO), conductivity and temperature have been done. The scheme
of the pilot-plant configuration is shown in Figure 1.

Batch tests

During the pilot plant operation several batch tests were performed. Each batch test was
run in a bottle of 1 litre working capacity, filled up to 50% of its volume with the
Kaldnes material taken from the reactor zone 1 (z1) and zone 2 + 3 (z2 + 3) of the
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Table 1 Comparison of conditions in a one-stage nitrogen removal process

Reactor type/scale Application TI°C] pH DO [gm~3] Nitrogen load N rem [%] References
Moving-bed/pilot-plant Sludge liquor 28.0 8.0 0.8 4.79 m~2d™! 75 Seyfried et al., 2002
29.1 8.1 2.0 48gm 2d™! 71 Hippen et al., 2001
25.1 8.1 5.9 49gm 2d™! 10
SBR/ pilot-plant Synthetic wastewater 30 7.8 0.2 0.12-0.22kg N m~3d~' 36-92 Third et al., 2001
Gas-lift/pilot-plant Synthetic wastewater 30 7.5 0.5 3.7kgNd™" 42 Sliekers et al., 2003
RBC/full-scale Leachate 27-30 8.3 0.7-1 1.5gm 2d"! 40-70 Seyfried et al., 2002
13-20 7.3 1-2 2.7gm 2d~" 40-70 Hippen et al., 2001
10-28 8.1 0.8-1.2 3.3gm 2d™! 40-70
Moving-bed/pilot-plant Sludge liquor 27 8-8.5 <1 4-8gm 2d! 60-70 Johansson et al., 1998
RBC/full-scale Leachate 15-20 7.2 1-3 3.7gm 2d™! 30-70 Siegrist et al., 1998
Moving-bed/ full-scale Sludge liquor 20-35 no data 0-4 2gm~2d~" designed 80 Rosenwinkel et al., 2005
b
= e 19 ewa)) 5
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Figure 1 Flow sheet of a pilot-plant with one-stage partial nitritation/Anammox process

continuously working pilot plant. An effective specific biofilm surface of 0.25m? per
1 dm? of a reactor bottle was provided. Afterwards, the liquid taken from the correspond-
ing reactor’s zones was poured over Kaldnes material. Then the bottles were placed in a
water bath to keep the temperature constant. In two bottles, with medium from z1 and
z2 + 3, anoxic conditions were maintained to estimate the Anammox reaction rates.
In this test, a sodium nitrite solution at concentration of 20 mg NO,-N mlL ! was used to
provide a required nitrite concentration. The other two bottles with the same medium (z1
and z2 + 3) performed under aerobic conditions to simulate the pilot plant conditions.
The test bottles were equipped with magnetic stirrers to ensure suitable movement of
Kaldnes carriers. Parallel to the sampling, measurements of pH, DO, conductivity and
temperature were performed. Additionally, few batch tests with medium taken from z1,
were conducted to evaluate the Anammox bacteria activity. Allylthiourea (ATU) was
added (concentration in the batch reactor 5 gm73) to inhibit nitrifiers and to find out the
reaction rates of a pure Anammox culture. The concentration of the suspended solids and
volatile suspended solids were measured at the beginning of the tests. The free ammonia
concentrations were calculated according to (Anthonisen et al., 1976).

Results and discussion

Pilot-plant

During the four-month operation period, the influent ammonium nitrogen concentration
remained within the range of 350—720 g NH,-N'm ™ >. During the first 3 months (period 1)
the HRT was 1 day. During that period nitrogen removal rates varied from 0.6 to
1.7gNm 2d"' (58—88% of nitrogen reduction). In October (period 2) the HRT was
reduced to 16 hours to evaluate how the systems responded to a higher nitrogen load; the
new loads varied from 3.1 to 3.7 gNmfzdfl. At the beginning of the period 2 (with a
reduced HTR) a decrease in nitrogen removal rates was noticed. Then, a gradual increase
in nitrogen removal was observed up to the maximum value of 1.9gNm 2d '
(see Figure 2).
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Figure 2 Nitrogen load in the influent and effluent from the pilot plant
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The process was performed at a dissolved oxygen concentration of 1.6 g0, m > (the
average bulk value for the range of 0.7-3 g0, m ). The process temperature was close
to a natural temperature of supernatant coming from centrifuges (26.2 °C, on average).

The pH value of incoming supernatant was equal to 7.83. During the first part of the
experiment (HRT = 1 day) a drop of the pH value by about 0.3 was observed. It was
due to the H' ions compensation (partial nitritation—production, Anammox-consump-
tion). After HRT reduction (HRT = 16h) an increase in pH value was noticed. Usually,
during ammonium oxidation in the nitritation stage almost a complete consumption of
alkalinity took place that resulted in a pH decrease. Insignificant changes in pH during
simultaneous ammonium oxidation and Anammox were covered with a lower consump-
tion of alkalinity, if compared to the partial nitritation.

An increase in the influent load resulted in a lower bacteria activity in zone 1 and
a higher activity of zones 2 + 3. The difference in zone’s activity and lower consumptions
of alkalinity can be clearly seen from conductivity changes. It was proved that
partial nitritation/Anammox process could be monitored by conductivity measurements
(Szatkowska et al., 2005). Both nitrogen removal and alkalinity consumption patterns
reflected in conductivity variations. As it can be seen from Figure 3 a smaller drop between
incoming (in) and outcoming (z2 + 3) conductivity corresponded to a lower consumption
of alkalinity during the shortened HRT. A larger difference in conductivity between zone 1
and zone 2 + 3 indicates a greater capability to remove nitrogen in zone 2 + 3.

Batch tests

The main purpose of batch tests was to investigate the influence of nitrogen load increase
to the reactor on the nitrogen removal rates and bacteria activity. The examples of nitro-
gen conversions in both anoxic and aerobic conditions during batch tests are presented in
Figure 4A and 4B.

Under anoxic conditions simultaneous removal of ammonium and nitrite with only a
small production of nitrate was observed (Figure 4A). This was in agreement with the
Anammox reaction (see reaction 2) where for one mole of ammonium 1.3 mole of nitrite
is required. Different nitrogen forms were observed under aerobic conditions where only
ammonium utilisation and insignificant nitrate production were observed (Figure 4B). It
was due to nitrite nitrogen production by nitrifiers and its simultaneous consumption by
the Anammox bacteria.

The results of batch tests from z1 (period 1) showed an increase in inorganic nitrogen
removal rates. They rose from 1.7 to 4.1gNm ™ 2d ! and from 2.2 to 3.0gNm 2d "', for
anoxic and aerobic conditions, respectively. The tests results are shown in Figure 5A.
During this time the influent nitrogen load to the reactor was stable with the average
value equal to 2.0 + 0.2gNm 2d~' (Figure 2).
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Figure 3 Alkalinity consumption and conductivity changes
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Figure 4 Nitrogen conversions, batch test with medium from z1, period 1: A) anoxic condition; B) aerobic
condition

An increase of the influent nitrogen load to the pilot plant resulted in a decrease of
nitrogen removal efficiency in period 2. However, the average nitrogen removal rate was
higher, if compared to the previous period. It rose from 1.5 gNm72d71 for period 1 to
1.7 gNmfzdf1 for period 2. At the same time, batch tests showed that nitrogen removal
rates in zone 1 decreased both in anoxic and aerobic conditions (Figure 5A).

Interesting phenomena were found while comparing the results from batch tests
performed for zone 1 and zone 2 + 3 (Figure 5A and B). In period 1, the increase of
removal rates during experiments with the medium from zone 2 was observed both in
anoxic and aerobic conditions. After HRT reduction, at first the nitrogen removal rates
decreased while next the increase of activity was observed in the tests with anoxic con-
ditions (Figure 5B). Analyzing results presented in Figure 5 it can be stated that two
phenomena had influence on nitrogen removal rates. The first one was an inhibition of
the Anammox bacteria by excess of substrate; the second one was inhibition of nitrifiers
by free ammonia concentration. Load to the zone 1 was increasing faster and to the
higher values, which resulted in a decrease in reaction rates. The load to the zone 2 + 3
was lower therefore observed inhibition effect was weakened and then adaptation to the
new conditions was noticed. Moreover, the high concentrations of free ammonia caused
nitrifiers inhibition. Concentration of free ammonia in z 2 + 3 was lower than in z1.
Nitrifiers ability to oxidize ammonium was higher in z 2 + 3. As a result, the nitrogen
removal rate in the zone 2 + 3 was higher than in z1 under aerobic conditions on the
11"™ day of October.
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Figure 5 Nitrogen removal rates in anoxic and aerobic conditions: A) zone 1 B) zone 2
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Figure 6 Results of the batch tests without and with allylthiourea (zone 1)

The obtained results clearly illustrated the differences in removal rates between anoxic
(with addition of nitrite) and aerobic (without addition of nitrite) conditions (Figures 4 and 5).
Probably it is due to the fact that oxygen is a limiting factor in the biofilm. It determines the
reaction rate of nitrogen removal and it is connected with nitrifiers’ activity, which produces
nitrite nitrogen utilized later by the Anammox bacteria as an electron acceptor. It is also
strictly depending on thickness of the biofilm’s aerobic layer and diffusion parameters.

Additionally, tests with allylthiourea were carried out in order to more closely
examine the nitrogen elimination. ATU is a selective inhibitor of Nitrosomonas bacteria
at a concentration of 5 gm_3 (Surmacz-Goérska er al., 1996). The inhibitor was added to
prevent influence of Nitrosomonas bacteria on the reaction rate, especially because those
chemolithotrophic organisms are known as able to denitrify under anoxic condition
(Bock et al., 1995). Addition of ATU under aerobic conditions almost stopped nitrogen
removal and only a minor part of inorganic nitrogen was removed (Figure 6). On the
other hand, the nitrogen removal rates under the anoxic conditions were comparable with
the one observed in the tests without ATU (Figure 6); it can indicate that probably only
the Anammox bacteria are responsible for nitrogen removal. Moreover, the obtained
ratios of nitrite-to-ammonium rate in the anoxic test were 1.39 * 0.16, 1.29 = 0.22 and
1.28 = 0.10, for the tests with medium from zonel, zone 2 + 3 and zone 1 with addition
of ATU, respectively. These results are similar to those obtained by Helmer-Madhok
et al. (2002) (1.37) and to the stoichiometric one (1.32), according to reaction 2.

Conclusions
The experiments showed that the moving-bed reactor with Kaldnes rings as a biofilm car-
rier could be operated with a stable nitrogen removal rate after an influent load increase.
The biofilm with bacterial culture was able to perform two processes simultaneously.
Adequate hydraulic retention time combined with proper oxygen conditions and nitrogen
loads are essential for high nitrogen removal rates. Increase in a surface nitrogen load to
the pilot plant by about 1 gN m2d~", after the adaptation period resulted in an increase
in nitrogen removal rates; the maximum recorded value was 1.9 gNm ™ *d '
Investigations with batch tests proved that it is possible to obtain even higher nitrogen
removal rates. The maximum removal rate amounted to 3gNm 2d~'. The batch tests
indicated that partial nitritation seems to be the bottleneck to reach higher nitrogen
removal rates. Additionally, tests with ATU proved that mainly the Anammox bacteria
are responsible for nitrogen removal.
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The process with partial nitritation and Anammox running parallel can be applied for
a separate treatment of supernatant, which would finally lead to the nitrogen load
reduction in the WWTP’s effluent. However, for better understanding of the balance
between biofilm growth, substrate load and influence of such physical parameters as
temperature, dissolved oxygen and pH, long- lasting experiments are necessary.
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