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The impact of inﬂuent total ammonium nitrogen
concentration on nitrite-oxidizing bacteria inhibition
in moving bed bioﬁlm reactor
Vojtech Kouba, Michael Catrysse, Hana Stryjova, Ivana Jonatova,
Eveline I. P. Volcke, Pavel Svehla and Jan Bartacek

ABSTRACT
The application of nitriﬁcation–denitriﬁcation over nitrite (nitritation–denitritation) with municipal (i.e.
diluted and cold (or low-temperature)) wastewater can substantially improve the energy balance of
municipal wastewater treatment plants. For the accumulation of nitrite, it is crucial to inhibit nitriteoxidizing bacteria (NOB) with simultaneous proliferation of ammonium-oxidizing bacteria (AOB). The
present study describes the effect of the inﬂuent total ammonium nitrogen (TAN) concentration on
AOB and NOB activity in two moving bed bioﬁlm reactors operated as sequencing batch reactors
W

W

(SBR) at 15 C (SBR I) and 21 C (SBR II). The reactors were fed with diluted reject water containing
600, 300, 150 and 75 mg TAN L1. The only factor limiting NOB activity in these reactors was the high
concentrations of free ammonia and/or free nitrous acid (FNA) during the SBR cycles. Nitrite
accumulation was observed with inﬂuents containing 600, 300 and 150 mg TAN L1 in SBR I and 600
and 300 in SBR II. Once nitrate production established in the reactors, the increase of inﬂuent TAN
concentration up to the original 600 mg TAN L1 did not limit NOB activity. This was due to the
massive development of NOB clusters throughout the bioﬁlm that were able to cope with faster
formation of FNA. The results of the ﬂuorescence in situ hybridization analysis preliminarily showed
the stratiﬁcation of bacteria in the bioﬁlm.
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INTRODUCTION
Biological nitrogen removal by nitritation–denitritation is a
sustainable method for increasing energy self-sufﬁciency of
modern wastewater treatment plants (WWTPs) when
applied to wastewater streams with low carbon-to-nitrogen
ratio (De Clippeleir et al. ). In comparison to a conventional
nitriﬁcation–denitriﬁcation
process,
nitrogen
removal via nitrite allows savings of up to 25% of oxygen
consumption, 40% of electron donor requirements in the
anoxic stage, lower sludge production and 1.5 to 2 times
higher nitrite denitriﬁcation rates in comparison to nitrate
denitriﬁcation (Beccari et al. ; Turk & Mavinic ;
van Kempen et al. ; Pollice et al. ).
The successful applications of nitritation-denitritation
have so far been focused mostly on streams with high nitrogen concentration, such as reject water, piggery manure,
doi: 10.2166/wst.2013.757
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landﬁll leachate or speciﬁc industrial wastewaters (Ganigué
et al. ). Side-stream treatment of reject water accounts
for only 15 to 30% of total nitrogen load of a WWTP
(Müller et al. ). Applying optimized nitritation–denitritation to the main stream of municipal wastewater should result
in signiﬁcantly higher energy savings. Even more relevant to
the optimization of energy requirements of the wastewater
treatment process is placement of nitritation after either
direct anaerobic treatment of wastewater or advanced primary clariﬁcation (Hendrickx et al. ). Thus, there is a
need for exploration of nitritation sustainability for low
wastewater temperatures of 10–20 C and low inﬂuent
ammonium concentrations of 20–100 mg L1.
The key aspect for achieving accumulation of nitrite is
the washout of nitrite-oxidizing bacteria (NOB) and
W
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proliferation of ammonium-oxidizing bacteria (AOB) due to
their different sensitivities to free ammonia (FA, NH3) and
free nitrous acid (FNA, HNO2) concentrations, temperature,
pH or dissolved oxygen concentration (Van Hulle et al.
). Selective inhibition of NOB of nitrifying suspension
sludge by FA and FNA was previously reported to be successful in combination with pH adjustment, achieving FA
and FNA concentrations of 1.5–10 mg L1 and 0.011 mg L1
respectively (Vadivelu et al. ). Ceased growth of
Nitrobacter was reported under FA concentrations higher
than 6 mg NH3-N, with 25% decrease of activity (Vadivelu
et al. ). Nitrite accumulation of up to 80–90% was previously achieved for bioﬁlm systems operated under
speciﬁc inhibitory concentrations greater than 1.5 mg
NH3-N per gram of biomass determined as volatile attached
solids (Villaverde et al. ). However, adaptation of NOB
to high FA levels can be challenging for long-term sustainability of nitritation (Villaverde et al. ).
The present study describes oxidation of total
ammonium nitrogen (TAN) by the nitritation process
applied to two moving bed bioﬁlm reactors (MBBR) operated as sequencing batch reactors (SBR) at 15 C (I) and
21 C (II). The reactors were fed with diluted reject water
simulating efﬂuent from anaerobic treatment of municipal
wastewater. The aim of this study was to evaluate the
impact of inﬂuent TAN concentration on both AOB and
NOB. The speciﬁc objectives of the study were as follows:
(i) determination of the lowest inﬂuent TAN concentration
selectively inhibiting the growth of NOB in bioﬁlm;
(ii) determination of the reversibility of inﬂuent TAN concentration effect; and (iii) description of the temperature
effect on nitritation stability. MBBR was chosen for its stability and for its ability to retain even slow-growing biomass
(including NOB). As a consequence, the only limiting
factor for NOB activity was the high concentration of
FNA and/or FA.
W

W

MATERIALS AND METHODS
Inﬂuent wastewater
Reject water from thermophilic anaerobic sludge digestion
was adopted as the main substrate with corresponding
dilution. The most important parameters of the raw waste1
water were 1.25 g TAN L1, 12.5 mg N-NO
2 L , 11 mg
 1
1
N-NO3 L , 2.3 g CODtotal L , 1.1 g CODsoluble L1, 3.6 g
TS L1 and 1.15 g TSS L1. The inﬂuent TAN concentrations
used in this study were about 600, 300, 150 and 75 mg L1
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with corresponding hydraulic retention times of 3, 1.5, 0.75
and 0.375 days to keep the TAN loading rate constant.
Reactors set-up
Two bioﬁlm reactors operated as SBR with working
volumes of 0.78 L (SBR I) and 3 L (SBR II) were used in
the study. SBR I and SBR II were operated at 15 ± 1 and
21 ± 1 C, respectively. The air supply was provided by air
diffusers placed at the bottom of the reactors with the dissolved oxygen concentration kept above 3 mg L1 in order
to exclude NOB inhibition by low dissolved oxygen concentration. The value of pH was measured continuously. The
reactor operation was fully automatic. The cycle consisted
of a ﬁlling phase followed by aerated reaction phase. The
length of the reaction phase was adjusted according to the
inﬂuent TAN concentration in order to sustain a constant
TAN loading. Before the decanting, a 5 min settling phase
occurred.
The inﬂuent TAN concentration was stepwise reduced
for both reactors from 600 mg L1 to 300 mg L1 and
150 mg L1, and for the reactor operated at 15 C even to
75 mg L1, while preserving constant TAN loading rate
(NLR) of 0.2 kg TAN m3 d1.
W

W

Reactor start-up and seed sludge
The start-up of each reactor was performed by adding biomass-free polyvinyl alcohol (PVA) pellets. Manufactured
by company LentiKat’s, the pellets are lenticular-shaped
(diameter 4 mm, thickness 0.2 mm) with porous structure.
Subsequently, SBR I was inoculated by nitrifying sludge
from a municipal WWTP and SBR II was inoculated by the
decanted efﬂuent of SBR I (day 145).
Microscopic analysis
AOB and NOB attached to the pellets were identiﬁed by
ﬂuorescence in situ hybridization (FISH). At ﬁrst, ﬁxation
of pellets by 4% paraformaldehyde was performed with subsequent hybridization by complemental probes speciﬁc to
16S rRNA sequences of detected organisms. The methodology developed by Amann () was adopted and
adjusted to the immobilized samples used in this study .
Analytical methods
Regular sampling of the bulk liquid, inﬂuent and efﬂuent,
from the reactors was carried out to determine the TAN as
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a sum of N-NH3 and N-NHþ
4 , N-NO3 , N-NO2 , COD and
volatile suspended solids concentration according to Standard Methods (). Temperature and pH value were
determined by a WTW inolab pH 730 probe. Dissolved
oxygen concentration was measured by WTW Oximeter
‘oxi 340’.
The concentrations of FA and FNA (as the main suspected NOB inhibitors) were calculated, respectively,
according to Abeling & Seyfried () and Furukawa
et al. ():

cFA ¼

17
14

cNamon  10pH

6334
exp
þ 10pH
ð273 þ CÞ


(1)

W

cFNA ¼

47
14

cNNO2

2300
exp
 10pH
ð273 þ CÞ


(2)

W

RESULTS AND DISCUSSION
Inhibition of NOB by varying inﬂuent TAN concentration
Assuming constant inﬂuent pH, alkalinity:TAN ratio and
NLR as used in this study, the inﬂuent TAN concentration
is the only variable governing FA concentration at the beginning and subsequently FNA concentration at the end of
each SBR cycle. Lower inﬂuent TAN concentration translates to lower FA and FNA concentration during the cycle.
Therefore, a threshold inﬂuent TAN concentration should
exist, preventing proliferation of NOB in the bioﬁlm.

Figure 1
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The efﬂuent nitrogen concentrations of SBR I and SBR
II are shown in Figures 1 and 2, respectively. For inﬂuent
TAN concentration 600 mg L1, stable partial nitriﬁcation
was obtained in both reactors. Very low N-NO
3 concen
trations (maximally up to 15% of efﬂuent N-NOx ) indicate
the presence of a certain amount of NOB. The semi-continuous cycle with the pH value swings facilitated inhibition of
NOB at the beginning of the cycle by FA and subsequently
by FNA because of the AOB generating N-NO
2 and decreasing pH value (Figure 3). This caused the exceeding of
previously reported inhibition limits for suspended biomass,
i.e. 1.5–10 mg L1 of FA and 0.011 mg L1 of FNA, in the
whole cycle, resulting in successful NOB inhibition of
NOB activity (Anthonisen et al. ). The highest pH
values obtained (around 8.0) are not limiting for NOB
activity (Grunditz & Dalhammar ; Jiménez et al. ),
leaving FA and FNA as the only signiﬁcant NOB inhibitors.
The inﬂuent TAN concentration 300 mg L1 caused an
increase of efﬂuent N-NO
3 concentrations in SBR II without any similar change in SBR I. The subsequent decrease
of inﬂuent TAN concentration in SBR II to 150 mg L1
resulted in rapid increase of NOB activity, indicated by the
conversion of all nitrite to nitrate. Since inhibition levels
of FA and FNA were still exceeded for the whole cycle of
inﬂuent TAN concentration 300 mg L1 (Figure 3), acclimation of NOB on FA is the suspected cause (Villaverde
et al. ). Increase of NOB activity in SBR I was observed
only after inﬂuent TAN concentration was decreased to
75 mg L1.
For temperatures 15 and 21 C, the threshold inﬂuent
TAN concentrations observed to be effectively inhibiting
NOB growth were 150 and 600 mg L1, respectively. The
lower temperature in SBR I resulted in decreasing the FA
concentration by 36% while increasing the FNA
W


1
Efﬂuent concentrations of TAN, N-NO
and TAN loading
3 and N-NO2 and TAN conversion for SBR I operated at 15 C and inﬂuent concentrations of 600, 300, 150 and 75 mg L
W

rate of 0.2 kg m

3

1

d .
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Efﬂuent concentrations of TAN, N-NO3 and N-NO2 and TAN conversion for SBR II operated at 21 ± 1 C and inﬂuent concentrations of 600, 300 and 150 mg L1 and TAN loading
rate of 0.2 and 0.4 kg m3 d1.
W

The development of FA, FNA and pH during a typical cycle in SBR I (a), (b) and SBR II (c), (d). The inﬂuent TAN concentrations were 600 mg L1 (a), 150 mg L1 (b), 300 mg L1 (c)
and 150 mg L1 (d).

concentration by 18%. Thus, the conditions induced by
lower temperature do not result in a more effective NOB
inhibition. The difference between NOB proliferation at
different temperatures can be attributed to the lower
growth rate under 15 C. Operation at inﬂuent TAN concentration 150 mg L1 and 15 C would probably eventually
result in NOB proliferation.
W

W
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An important aspect of the study is the irreversibility of
the colonization of the bioﬁlm by NOB. It was clearly
shown that once NOB are abundant enough to remove all
FNA, they cannot be easily eliminated by elevated FA concentrations, at least not within several months. It was
shown that even inﬂuent TAN concentration as high as
600 mg L1 did not inhibit NOB present in the bioﬁlm.
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Effect of biomass cultivation in bioﬁlm on the inhibition
of NOB by FA and FNA
After the establishment of NOB activity in bioﬁlm, the
increase of inﬂuent TAN concentration did not selectively
inhibit NOB. Only oxygen limitation as a result of shortterm increase of TAN loading led to the partial recovery of
nitritation at day 160 (Figure 2) in SBR II. Intact long-term
NOB activity even during highly inhibiting conditions in
the medium, as induced by increasing inﬂuent TAN concentration to 600 mg L1, was attributed to the cultivation of
biomass in bioﬁlm, where NOB could hardly be washed
out from the biomass.
It also can be expected that by creating a concentration
proﬁle in the bioﬁlm, NOB are exposed to lower concentrations of FA and therefore NOB inhibition should be
lower in the bioﬁlm. However, according to the simulation
study of Park et al. (), the inhibiting effect of FNA is
even enhanced in bioﬁlms, especially when simultaneous
dissolved oxygen (DO) limitation occurs. Thus, if DO limitation is properly used, growing biomass in bioﬁlm can even
enhance NOB inhibition.
TAN conversion
The aim of this experiment was to explore the sustainability of
nitritation at different low inﬂuent TAN concentrations without other operational strategies. Together with substrate of
relatively low total inorganic carbon content, these conditions implied relatively limited TAN conversion.
Depletion of neutralization capacity during the nitritation
resulted in pH decrease at the end, constraining further
TAN oxidation. Thus, TAN conversion for both reactors
throughout the experiment was about 54%. When the prevalent oxidized form of nitrogen is NO
2 , subsequent treatment
by anammox (anaerobic ammonium oxidation) is possible
(van de Graaf et al. ). Nitritation and anammox in two
subsequent reactors is favourable because of absence of dissolved oxygen contact with anammox bacteria (Li et al.
). Full-scale application of a single-stage nitritation and
anammox has also been demonstrated (Abma et al. ;
Jeanningros et al. ). Nevertheless, the overall TAN conversion can be increased by pH value manipulation if
denitritation is preferred over anammox (Jeníček et al. ).
Fluorescence in situ hybridization
FISH analysis was performed in order to determine the presence and relative amount of NOB and AOB in the bioﬁlm

Downloaded from https://iwaponline.com/wst/article-pdf/472356/1227.pdf
by guest

Figure 4

|

FISH analysis for SBR I. (a) AOB probes NSO190 þ NSO1225 displaying various
sized clusters and single cells; (b) Nitrobacter probe NIT3 showing single cells
situated in the inner parts of bioﬁlm (day 280). The white arrows indicate the
edge of the PVA pellets.

Figure 5

|

FISH analysis for SBR II of (a) AOB by probes NSO190 þ NSO1225 displaying
large clusters and single cells, and (b) Nitrobacter by probe NIT3 showing
clusters and single cells situated in the inner parts of bioﬁlm (day 134).

grown on the PVA pellets. Figure 4 shows signiﬁcant AOB
prevalence in bioﬁlm from SBR I. Figure 5 displays relatively
equal prevalence of both AOB and NOB in bioﬁlm of SBR
II. The outer part of bioﬁlm from SBR II seems to be dominated by AOB, with most of the NOB growing in the inner
parts of bioﬁlm.
Hypothetically, AOB growth is favoured on the edges of
bioﬁlm because of a lower afﬁnity constant for oxygen than
that of NOB and high initial FA content in the medium.
Stratiﬁcation of bacteria allows for proliferation of NOB
inside the bioﬁlm and subsequent cooperation of AOB and
NOB resulting in complete nitriﬁcation and resistance to
NOB-inhibiting conditions in the medium.
Even though the FISH analysis supports the hypothesis
of bacteria stratiﬁcation, the conﬁrmation would require
quantitative analysis. Additional FISH analysis in different
phases of the experiment could have given better information of AOB and NOB evolution.
Variations in sampling caused different results of FISH
analysis of bioﬁlm from SBR I and SBR II. Clusters of
NOB in SBR II are the result of a long-term NOB activity
before the sampling. Occurrence of only a small number
of NOB in SBR I bioﬁlm is caused by their proliferation
only 20 days before the sampling. Higher numbers of
NOB in bioﬁlm of SBR II can be attributed to higher
temperature.
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Better process control for nitritation sustainability
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