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ABSTRACT: In practice, the complete autotrophic nitrogen
removal or partial-nitritation (PN) and anaerobic ammonium
oxidation (ANAMMOX) process (PN/A) has gained
immense popularity and widespread application owing to its
low operational cost and better treatment possibilities.
However, ANAMMOX-based systems are inhibited by
numerous factors that pose enormous challenge to the success
of this technology. Hence, in lieu of ﬁnding optimum
operational strategies, a PN/A sequencing batch reactor for
treating high-strength ammonia wastewater obtained from an
anaerobic digester was evaluated for 400 days. The impact of
processing unit cycle strategies on process performance was evaluated with the amalgamation of intermittent feeding and
aeration. The ecofriendly and eco-eﬃcient system, adopted in this study, ensured enhanced cost-eﬀective nitrogen removal
along with reduction in greenhouse gas (GHG) emissions underlying stringent regulation. Nitrogen removal rate of 81% along
with 68% reduction in GHG emissions compared to the conventional nitriﬁcation/denitriﬁcation system (29% lower than the
last reported ANAMMOX system) was successfully achieved. The key concerns in negating the impacts of ANAMMOX
inhibition caused by the seven most inﬂuential parameters/mechanisms are also addressed.

1. INTRODUCTION

NH4 + 1.32NO2− + 0.066HCO3− + 0.13H+

The single-stage partial-nitritation (PN)/ANAMMOX process
has developed rapidly over the last decade, as demonstrated by
the establishment of several pilot and full-scale reactors.1−3
PN/A is a promising microbial process for removing ammonia
from wastewater, particularly with a low carbon to nitrogen
ratio. In practice, however, most anaerobic ammonium
oxidation (ANAMMOX)-based systems utilize mixed cultures
of functional consortia predominated by ANAMMOX
bacteria.4 These systems are inhibited by many factors,
including high substrate concentrations of ammonia, nitrite,
heavy metals, organic matter (toxic and nontoxic), phosphate,
sulﬁde, and salts, and variations in operating conditions such as
temperature, dissolved oxygen (DO), pH, mixing, and
aeration.
The ANAMMOX processes are operated and combined
with partial-autotrophic-nitritation, in which ammonium
oxidizing bacteria (AOB) oxidize approximately half of the
ammonium into nitrite. Equation 1 represents the stoichiometry of the ANAMMOX reaction.
© 2019 American Chemical Society

→ 1.02N2 + 0.26NO3− + 0.066CH 2O0.5N0.15
+ 2.03H 2O

(1)

The low sludge production, no external carbon requirement,
50% reduction in the required aeration, low power
consumption (reduction by 60%), and 90% reduction in
greenhouse gas (GHG) are a few of the salient features of
ANAMMOX-based processes, making it more feasible and
sustainable for treating wastewater.5,6 However, ensuring that
the performance of the ANAMMOX process is optimal
considering the low growth rate of ANAMMOX biomass is a
considerable challenge. Owing to the low biomass yield of
ANAMMOX bacteria and AOB,7 it is necessary to ensure that
reactor systems have good biomass retention capability.8
Hence, systems with a high sludge retention time, such as
bioﬁlm-based rotating biological contactors,9 ﬁxed-bed reactors,10 moving-bed reactors,2 granular sludge/biomass reacReceived:
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Figure 1. Process ﬂow diagram of the lab-scale SBR and the equalization basin.

Figure 2. Schematic illustration of the phases of the SBR cycle. (1) Fill phase, (2) anoxic (mixing) phase, (3) aerobic phase, (4) settling phase, and
(5) drainage phase.

tors,11 and membrane bioreactors,12 are being extensively
studied and utilized. Numerous strategies for optimizing the
control of the two-stage complete autotrophic nitrogen
removal process have already been established and tested.
However, the results obtained from this could not be directly
transferred to the single-stage system owing to the low
availability of actuators and the intricacies of the process
dynamics.13 This issue has been encountered often in
intensiﬁed systems.14 For single-stage treatment, pH, ammonium, and nitrate have been used as measured variables to
provide essential, online data for regulating the DO
concentration.15,16 So far, these approaches only address the
regulation of the process and not its overall performance. This
study addresses these shortfalls to achieve the desired
eﬃciency. The outcomes of this research would be useful for
wastewater treatment plant operators/engineers for setting up
an ANAMMOX system and ensure its cost-eﬀective operation.

2. ANAMMOX PROCESS DESCRIPTION AND
EXPERIMENTAL SETUP
2.1. Reactor Setup for the ANAMMOX Process. Table
S1 summarizes the reactor type, inoculum source, and other
operational indicators considered by various researchers. The
start-up time of granulation in the ANAMMOX process can be
enhanced by inoculating and acclimatizing the mature
ANAMMOX granules.17,18 Hence, enriched ANAMMOX
sludge was used to reduce the length of the start-up period.
A bench-scale sequencing batch reactor (SBR; single-stage
nitritation/ANAMMOX) with a maximum working volume of
55 L was operated using the digestion liquor eﬄuent obtained
from the municipal wastewater treatment plant situated in
Daegu, South Korea. The reactor equipment (comparable for
pilot and full-scale applications) was equipped with a feed
pump, an agitator, a discharge valve, and an aeration unit. The
time and level of SBR operation were controlled using a
programmable logic controller (PLC) unit from LS Industrial
Systems-XGK-CPUE (XGT Series). The user-friendly program “CIMON” was installed to improve the control of the
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study to achieve the desired cost-eﬀective eﬃciency.20 It was
changed by manipulating the airﬂow rate (Qair), which directly
changes the overall oxygen loading to the system. It was also
changed by altering the number of subcycles from aerated to
nonaerated conditions and vice versa and by changing the
duration of the aerated and nonaerated phases.
During the ﬁrst eight months of operation, no recirculation
line was employed to prevent the adverse eﬀect of pumping on
the biomass structure, resulting in completely suspended
sludge with no granule formation. Once the system was
stabilized, the eﬄuent was recirculated as and when required to
achieve the desired removal eﬃciency and maintain optimum
substrate concentrations. The settling time was 15 min during
the start-up period. This was gradually increased and
eventually reached 35 min to ensure a suﬃcient population
density for the ANAMMOX granules and prevent them from
potentially leaving the system. Besides these factors, the pH
was naturally controlled as it always remained within 6.5−8.0
throughout the operation.
2.4. Analytical and Online Measurements. All the
physiochemical analyses were performed by following the
standard methods (APHA, 2005).21 DO and pH were
measured using DO and pH probes (Hach instrument).
ORP was measured using a double-junction platinum ORP
electrode (Pt−Ag/AgCl) calibrated using RH 28, supplied by
WTW, Germany. Online sensor equipment from WTW
(AmmoLyt 700IQ) and AAXIS were mounted on the reactor
for measuring NH4−N and NO3−N, NO2−N, ORP, electrical
conductivity, and TSS, respectively. The temperature inside
the reactor was maintained at 33 ± 2 °C by placing the entire
system inside an incubator. DO, pH, NH4−N, NO2−N, NO3−
N, conductivity, ORP, and temperature probes were placed
into the reactor to continuously assess and record these
parameters. The closed reﬂux method using a chemical oxygen
demand (COD) digester (WTW-CR 3200, Germany) was
used to analyze COD. Samples for chemical analysis were
ﬁltered through 0.45 μm Whatman ﬁlters. All the quality
control and assurance procedures were followed.

plant. Figure S1 shows the interface of CIMON used for the
system control. A commercial server, OPCTalk for Glofa, was
used to connect the PLC and MATLAB R2018a.
The inﬂuent volume of the wastewater was stored in a 37.5 L
equalization tank and fed to the reaction vessel by a feed pump.
Aerobic and anoxic conditions were created by intermittently
turning the airﬂow compressor on and oﬀ using the command
by the CIMON SCADA system through PLC, depending on
optimum reactor’s performance. Wastewater was aerated via
ceramic membranes using an air blower to supply controlled
air intermittently ensuring that DO in the reactor never
exceeds beyond the set point 0.8 mg L−1. A mechanical stirrer
was used to mix wastewater. The reactor setup comprised an
online sensor equipment from WTW (AmmoLyt 700IQ) for
NH4−N; AAXIS for NO3−N, NO2−N, oxidation−reduction
potential (ORP), electrical conductivity, and total suspended
solids (TSSs); and Hach for DO (LDO model 2, 9020000),
pH (Hach), and temperature. The reactor temperature was
maintained at 33 ± 2 °C by placing the entire system inside an
incubator. DO, pH, NH4−N, NO3−N, NO2−N, conductivity,
ORP, and temperature probes were immersed in the reactor to
continuously monitor and record these parameters through
CIMON SCADA. There were instances when zero or
redundant parameter values were recorded, which could be
attributed to the failure of the online sensor. The soft-sensing
technique thus developed can aid in addressing such issues.19
Figure 1 shows the process ﬂow diagram of the system and
Figure S2 shows the experimental setup of the bench-scale
SBR.
2.2. ANAMMOX SBR Operation. The SBR was operated
with 4−6 h cycles d−1. Each cycle consisted of feeding/ﬁlling
for 10−12 min, followed by mixing under anoxic conditions for
150 min, and a 150 min aeration phase. Anoxic and aerobic
conditions were maintained intermittently, and the entire cycle
of these two phases was divided into three subcycles to
increase the eﬃciency and optimize the aeration costs. After
the completion of these intervals, the cycle concluded with a
35 min settling phase and 15 min of drainage to discharge the
eﬄuent. The drainage system had a level control for stopping
the pump when the water level reached a minimum value (35
L) before the drainage time of 15 min. Figure 2 provides a
schematic illustration of the phases in the SBR tank.
2.3. Parameter Control. The SBR reactor was continuously operated for over 400 days. During this period, several
changes in the operation mode were made as a part of the
research plan. The most signiﬁcant operational changes are
brieﬂy outlined.
The SBR reactor started with a cycle time of 12 h, an
exchange ratio of 36.4%, and a concomitant hydraulic retention
time (HRT) of 24 h. When the nitrogen removal rate (NRR)
reached a suﬃcient eﬃciency, the cycle time was reduced to 6
h with a concomitant HRT of 12 h. The reactor and
equalization tanks were maintained at a temperature of 30−35
°C from the beginning. The possibility of disruption to
operation due to a failure of the temperature controller was
nulliﬁed by placing the entire system inside an incubator. As
the SBR reactor was operated under real conditions for treating
the digestion liquor of the municipal treatment plant, the
inﬂuent nitrogen concentration varied from 150 to 300 mg N
L−1 based on food habits inﬂuenced by seasonal variations.
The cycle length was varied during operation to optimize the
process, according to the inﬂuent conditions. Aeration was the
operational parameter which was altered the most during our

3. RESULTS AND DISCUSSION
3.1. SBR Performance and ANAMMOX Activity during
the Present Study. The bench-scale SBR unit was in
operation for over 400 days. During the period from the
starting phase until obtaining the desired eﬃciency of nitrogen
removal, numerous changes were incorporated to optimize the
system. The overall composition of the digester eﬄuent
received as the inﬂuent for the treatment and the quality of the
drained eﬄuent is listed in Table 1.
During startup, the inﬂuent ammoniacal nitrogen concentration was maintained at 100 ± 25 mg N L−1 by diluting the
received feed digester eﬄuent to develop ANAMMOX
granules and ensure that the ANAMMOX, AOB, nitriteoxidizing bacteria (NOB), and heterotrophic bacteria were
acclimated to the conditions. During the start-up phase, the
enriched ANAMMOX biomass obtained from the PN reactor
of a pilot plant was used and the cycle time was maintained at
12 h to ensure a high HRT. After operating the system under
these conditions for 24 days, the system was left to function
and perform under natural conditions with undiluted feed
wastewater (see Figure 3). During the initial phase, a removal
rate of approximately 85% was obtained. A 10% decrease in the
removal rate was observed immediately after the system was
allowed to run under normal conditions with undiluted feed
20849
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3.2. Multivariate Data Analysis for Quality Assessment Parameters. Principal component analysis (PCA) was
employed to identify and recognize the possible patterns or
clusters between variables. PCA, a multivariate statistical dataanalysis tool, reduces a set of raw data into a number of
principal components, retaining most of the variance within
the original data set.22 Articulating the process kinetics of the
ANAMMOX system involves major uncertainties. Changes or
disturbances in the inﬂuent characteristics aﬀect the overall
eﬃciency of the system. The XLSTAT software package was
used as a tool to independently model the PN/A processes for
PCA. The modeling results aided in identifying relationships
among variables such as pH, temperature, conductivity, ORP,
DO, and TSS for the entire system. The obtained data were
scrutinized to gain a better understanding of the process and
implement a reliable method to improve the operation of the
investigated system. Multivariate PCA allowed the relationship
among all variables in a single framework to be examined. The
interparameter relationships could be presented as time series,
scatter plots, and loading plots. The data were preprocessed
prior to PCA by normalizing them to give equal importance to
all the variables. Using PCA, the X-matrix was disintegrated
into loading, score, and residual matrices. The cross-validation
step of the PCA method was used to determine the number of
signiﬁcant principal components (R2, the goodness of ﬁt). Biplots were constructed using principal components PC1, which
describes the data with the largest variance, and PC2, which
describes the data with the next largest variance. Plots of
residuals were also used to interpret the patterns detected in
the data sets. Multivariate data analysis was eﬀective for
visualizing and understanding a large amount of data collected
from the operation of a complex ANAMMOX process. Hidden
relationships between variables were revealed by evaluating the
process stages and assessing the full system using PCA. Figure
4 shows the patterns between various parameters. Ammoniacal-N and pH exhibited a close correlation, whereas the 90°
angle between pH and nitrite indicated an inverse relationship,
which is in accordance with the empirical equation, indicating
that as ammoniacal nitrogen is converted into nitrite and
nitrates through ANAMMOX, the pH of the system decreases.
Similar relationships were observed between ORP, DO, and
nitrite, suggesting that ORP could be used as an operating
parameter to determine the amount of required DO. Inﬂuential
parameters were identiﬁed to apply the knowledge gained for
planning further experiments and for reﬁning the operation of

Table 1. Characteristics of Digester Liquor before and after
PN/ANAMMOX Treatment
parameters
temperature
pH
conductivity
ammonium (NH4+)
nitrite (NO2−)
nitrate (NO3−)
CODa
TSS
ORP

units
°C
mS cm−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mV

inﬂuent
33
7.4
3.5
183.5
76
35.5
250
100
−88.8

±
±
±
±
±
±
±
±
±

2
0.3
0.7
31.5
3
0.5
50
15
134.7

eﬄuent
33
7.8
1.7
44.5
23.4
15.9
150
11
−106.9

±
±
±
±
±
±
±
±
±

0.6
0.3
0.5
11
2.9
8.2
30
5
148.6

a

Experimental values.

wastewater. This can be attributed to the sudden shock load
received and the insuﬃcient bacterial population size.
The batch process was restored to its previous conditions
with partial inﬂuent dilution until the 85th day of operation to
ensure suﬃcient granular ANAMMOX sludge formation. After
this period, the system was operated to treat the undiluted
digester inﬂuent with an average NH3−N concentration of 183
± 31.5 mg N L−1. The number of subcycles was changed to
achieve the desired nitrogen removal eﬃciency. The average
NH3−N removal rate of the reactor was 75 ± 3% from day 85
to 330.
Signiﬁcant variations in the nitrogen removal eﬃciency were
observed throughout the ﬁrst year of granular ANAMMOX
reactor operation. Near-complete nitrogen accumulation was
achieved with two major disruptions observed on days 75−210
(see Figure 3) because of the failure in the water level sensor,
leading to the ANAMMOX bacteria being washed out of the
granular reactor. The system was immediately restored by
adding fresh sludge from the ANAMMOX-enriched culture
biomass that was prepared and stored in the tank. Consistent
nitrogen removal was observed after 80 days of operation, and
the biomass in the reactor exhibited signiﬁcant sludge
granulation, indicated by the distinctive red color. After
observing a stable trend and expected substrate concentrations,
various knowledge-cum-rule-based control strategies were
applied, resulting in a 10% increase in the overall eﬃciency
of the system. After day 340, a nitrogen removal eﬃciency of
80% was observed. These strategies could be a guiding factor
in ensuring that other ANAMMOX systems are functioning
properly.

Figure 3. Inﬂuent and eﬄuent ammoniacal nitrogen concentrations along with the removal rate (%) over the entire period of operation.
20850
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Figure 4. Principal component bi-plots displaying active variables and observations.

Figure 5. Total bacterial populations of the granular sludge.

observed a slightly higher eﬃciency at a HRT of 0.75 days than
that of 1 day observed in our study. This can be attributed to
the smaller granules, which are considered to be optimal for
low-strength ammonium sewage. However, a wide range of
granule sizes was used in this study to treat a relatively high
strength ammonium sewage obtained during certain seasons,
depending on the food habits of the residents.
3.4. Molecular Ecology of ANAMMOX, AOB, and NOB
in the Enriched Granular Sludge. In addition to the
ANAMMOX populations, the enriched granular ANAMMOX
sludge fostered populations of AOB and NOB. AOB was
measured by the abundance of the amoA gene, while NOB was
measured by the abundance of the 16S rRNA gene. The
method for measuring gene abundance or bacterial population
was adopted from Park et al.27 Throughout the bench-scale
SBR operation period, Nitrobacter spp associated with NOB
were more abundant than Nitrospira spp See Figure 5, which is
in close agreement with Park et al. 2010.27 This diﬀerence in
the fractions and concentrations of the two NOB components
could be due to the high inﬂuent NH4−N loading to the
reactor, resulting in transient or localized high NO2−−N
concentrations.
In most partial nitriﬁcation reactors, Nitrobacter spp
generally have a selective advantage and are more dominant
than Nitrospira spp at high NO2−−N concentrations,28,29 or as

the pilot plant. Signiﬁcant relationships were analyzed to
determine suitable recommendations for the eﬀective and
stable operation of the PN/A system. Based on the PCA
results, further studies are being conducted for developing soft
sensors to measure hard-to-measure parameters (NH4+, NO2−,
NO3−) from easy-to-measure correlated parameters (reactor
volume, DO, suspended solids, pH, temperature, and ORP).
The developed soft sensor will aid in providing real-time data
for NH4+, NO2−, and NO3− without investing in costly sensors.
3.3. Performance Comparison with SBR-Based
ANAMMOX Reactors Studied Elsewhere. This study was
conducted using an SBR reactor that was comparable to a
pilot-scale system, while other researchers have used relatively
smaller reactors. Table S2 compares the performances of
diﬀerent SBR-based ANAMMOX reactors. The operating
conditions were similar to those adopted by Arrojo et al. and
Dapena-Mora et al.23,24 An extended feed phase (anaerobic)
during the operation cycle was adopted by López et al.25 to
ensure suﬃcient sludge retention for the formation of
ANAMMOX granules. Arrojo et al.24 studied the growth of
ANAMMOX granules by changing the input power between
0.003 and 0.09 kW m−3 (up to 180 rpm), but they reported
that, under high-rate conditions, complete biomass retention
was not possible. The removal eﬃciency observed in this study
was comparable to that obtained by Zhu et al.;26 however, they
20851
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in this case, in single-stage SBR ANAMMOX reactors. In
contrast, Nitrospira spp are more predominant in activated
sludge-based bioreactors.30−32 These observations suggest that
Nitrobacter spp may be r-strategists and Nitrospira spp could
be k-strategists.33 The ANAMMOX bacteria concentrations
varied signiﬁcantly during operation with an average
population of 5.75 ± 0.8 × 108.
ANAMMOX and AOB: inferred from the amoA gene
depicted by the left Y-axis; Nitrospira spp and Nitrobacter spp:
depicted by the right Y-axis.
A considerable increase in the ANAMMOX population was
observed after 340−350 days of operation because of the
applied control strategy. In addition to ANAMMOX, the
reactor sludge also contained AOB and NOB populations. The
higher abundance of AOB (7.26 ± 0.42 × 108) than that of
NOB (2.97 ± 0.8 × 106) could be due to the feeding of the
SBR unit with the digester eﬄuent stream of a PN reactor. The
lower fraction of ANAMMOX bacteria than that of AOB from
days 80 to 275 can be attributed to the presence of high DO
concentrations, leading to the possible proliferation of the
AOB and the inhibition of ANAMMOX bacteria, to some
extent.
3.5. Operational Indicators of Reactor Performance.
Studies indicate that an extreme pH could result in alteration
in the size distribution of granular sludge. 34,35 The
ANAMMOX granules have been reported to disintegrate
when the pH shifts to 9.0. A highly alkaline pH could lead to a
decrease in the granular diameter, which can result in the
breakage of ANAMMOX. The ANAMMOX breakage in the
reactor can be attributed to the rupturing of polysaccharide
ﬁbrils, which is considered essential for the support of diﬀerent
cells.36,37 The particles formed under the change in pH have a
much smaller diameter and hence have poor settling
properties. Therefore, the fragments of ANAMMOX will be
washed out, resulting in a decrease in the overall mixed liquor
suspended solid (MLSS) of the reactor. A high settling velocity
indicates a better sludge retention ability, which could result in
sludge stabilization and better ANAMMOX performance.
However, pH control was not a prerequisite in this study as
the supernatant was suﬃciently buﬀered and the pH was
retained between 7.0 and 8.0. Therefore, no acid or base was
added.
Cell growth and metabolic activity are greatly inﬂuenced by
variations in temperature. Generally, cells grow more rapidly at
higher temperatures; therefore, most ANAMMOX processes
have been developed to treat wastewater at a high temperature.
The optimum temperature range for ANAMMOX is 30−40
°C, as an irreversible decline in ANAMMOX activity is
observed at temperatures exceeding 45 °C.38 The activation
energies of ANAMMOX bacteria and AOB are similar (63−72
kJ mol−1).39 The ANAMMOX reaction can normally take
place at temperatures ranging from 6 to 43 °C; however, there
is a rapid decrease in the reaction rate at temperatures
exceeding 40 °C or lower than 15 °C.40 The temperature of
the digester eﬄuent was 30−35 °C; therefore, little temperature regulation was required. To maintain the temperature at
35 °C, the entire setup was placed inside an incubator with
controlled conditions.
DO is a critical operational parameter for the ANAMMOX
process.41 Several studies have stated the possibility of the
inhibition of ANAMMOX by the DO level, predominantly
because of the suppression of AOB at very low oxygen
concentrations.42,43 Studies of nitritation/ANAMMOX15,44

demonstrated that ANAMMOX still occurs at low oxygen
concentrations. This is likely to be due to the structural
conﬁguration of the sludge ﬂocs; although the outer layer is
rich in oxygen, it is depleted when it diﬀuses into the ﬂoc for
nitritation, and the innermost part of the ﬂoc is essentially
anaerobic.45,46 Therefore, the process can be operated with a
single continuous aeration phase per SBR cycle with suﬃcient
ANAMMOX activity, as there is simultaneous ANAMMOX
taking place during the aeration phases, in contrast to
alternating aeration and stirring phases. This strategy was
followed during the initial operation stage. To reduce the cost
of aeration and optimize the process, subcycles (3 per cycle)
were later introduced with intermittent aeration. Under
nonaerated conditions, the ANAMMOX population is most
active, while a DO concentration of 0.3 to 0.4 mg O2 L−1 is
favorable for AOB and NOB metabolism. A symbiotic
relationship is established as AOB synthesizes the nitrite that
NOB requires as a substrate. At higher DO concentrations
(0.5−0.6 mg O2 L−1), AOB outcompetes NOB for oxygen.
This suggests that nitrogen is removed by the combined
activity of AOB, ANAMMOX bacteria, and denitriﬁers. At DO
concentrations exceeding 0.8 mg O2 L−1, endogenous
denitriﬁcation began to be inhibited and AOB became more
active. As a result, nitrite accumulates and causes ANAMMOX
metabolism to become severely inhibited.47 During the later
stages of operation, we maintained DO at <0.6 mg L−1, which
may have enhanced the removal eﬃciency of the process. The
anaerobic phase was followed by an anaerobic stirring period
to remove the residual nitrite from ANAMMOX.
Sludge and speciﬁc ANAMMOX activity (SAA) loss were
observed during the startup and middle stages of operation
because of incomplete sedimentation, which caused certain
problems at times. The sedimentation of the sludge ﬂocs was
hindered by the bubbles of nitrogen gas formed during the
process. The settling characteristics were enhanced by
introducing two measures. First, changes were made to the
duration of the settling phase (the 20 min settling phase was
increased to 35 min). Secondly, ferric chloride was introduced
as a coagulant in the wastewater treatment plant, leading to a
substantial improvement in sludge settling, with a clear
increase in the MLSS concentration and reduced sludge loss
during decantation. Under regular system operation, sludge
with good settling characteristics was formed, and the reactor
currently operates at 6.5−7.0 g MLSS L−1. Although it was not
frequent, foam formation was observed at times. The factors
responsible for this are still uncertain. The eﬄuent under
treatment was sprinkled during the form formation periods to
resolve this problem.
The logistic model with a sigmoid-shaped response pattern
is a characteristic model that can be used for evaluating the
impact of an environmental factor.48 The SAA of the
ANAMMOX reaction can be inhibited by extremely high
concentrations of the substrate, free ammonia (FA), or free
nitrous acid (FNA). These two parameters can indicate the
stability of the reactor and can be calculated as follows49
i 17 y
FA (mgNH3 L−1) = jjj zzz × TAN × 10 pH
k 14 {

/[exp(6334/(273 + °C)) + 10 pH]
(2)
20852

DOI: 10.1021/acs.iecr.9b04591
Ind. Eng. Chem. Res. 2019, 58, 20847−20856

Article

Industrial & Engineering Chemistry Research

Figure 6. Long-term operation performance of nitrogen removal in the SBR tank: (a) total ammoniacal nitrogen (TAN) concentration and NRR;
(b) changes in FA and FNA.

Table 2. CO2 Emission Equivalents from ANAMMOX SBR (This Study) and the Conventional Nitriﬁcation/Denitriﬁcation
Process at the Pilot WWTP62
phases

units

conventional
nitriﬁcation/denitriﬁcation

ANAMMOX/nitritation
Zurich

ANAMMOX SBR-this
study

O2 consumption
aeration energyc
aeration (CO2 equivalent)d
carbon source
carbon source (CO2 equivalent)e
N2O production
N2O production (CO2
equivalent)h
total CO2 equivalents

kg O2 kg−1 N eliminated
kW h kg−1 N eliminated
kg CO2 kg−1 N eliminated
kgMeOH kg−1 N eliminated
kg CO2 kg−1 N eliminated
g N2O kg−1 N eliminated
kg CO2 kg−1 N eliminated

4.3a
2.4
1.4
2.2
3.1
3.1f
1.0

1.9b
1.0
0.6

1.13b
0.68
0.41

6.3g
1.9

4.4
1.36

kg CO2 kg−1 N eliminated

5.5

2.5

1.77

NH4+ oxidized to 95% to NO3− and incorporated into the biomass to 5%. bNH4+ oxidized to 90% to N2 and to 10% to NO3−. c0.55 kW h kg−1 O2,
assuming an α factor of 0.6.63 d0.61 kg CO2 kW h−1 electrical.64 e1.4 kg CO2 kg−1 MeOH. f0.1% of the removed N load emitted as N2O.65 g0.4% of
the N load emitted as N2O, continuous aeration. h310 kg CO2 kg−1 N2O (30).61
a

across the cell membrane. This FA can alter the intracellular
pH by neutralizing the transmembrane potential and may lead
to cell death. IC90 for FA was calculated from the ﬁtting results
and indicated the threshold value at which the ANAMMOX
activity was diminished by 90%. FA concentration (i.e., 35 mg
L−1 which is in close agreement with the values obtained by
Fernández et al.50) was obtained as the threshold value (IC90).
A decrease in the overall removal eﬃciency was observed at the
time when FA exceeded the 90% threshold value (see Figure
6). FNA did not pose much inhibition threat, as the observed
values were within the limits.
Intermittently applying anoxic and aerobic conditions is an
encouraging approach for increasing nitritation by washing
out.52−55 The intermittent anoxic and aerobic conditions can
lead to transient anoxia, which controls NOB growth. Under
anoxic conditions and in the presence of organic carbon,
heterotrophic denitriﬁers can reduce nitrite to nitrogen gas,
and ANAMMOX bacteria can also make this reduction in the
presence of excess ammonia. There is continuous competition
between ANAMMOX bacteria, NOB, and heterotrophic
denitriﬁers for access to the substrate, leading to a reduction
in the NOB growth rate because of the limited availability of
nitrite.55
While intermittent anoxic and aerobic conditions are being
used eﬀectively in nitrogen-rich wastewater treatment,
speciﬁcally, domestic/municipal wastewater treatment,15,55−57

FNA (μgHNO2 L−1)

i 47 y
= jjj zzz × TNN/{[exp( −2300/(273 + °C)) × 10 pH]
k 14 {
+ 1}

(3)

where TAN is the total ammonia nitrogen and TNN is the
total nitrite nitrogen.
However, if the concentrations are lower than the inhibitory
threshold concentration (deﬁned as IC10), they caused no
adverse eﬀects. Therefore, the modiﬁed two-parameter logistic
model (see eq 4) can be expressed as
ij
yz
100
zz
I = 100 − jjj
P
j 1 + (X /X ) zz
o {
k

(4)

where I is the inhibition ratio (%), X is the concentration of
the inhibitor (substrate, FA, and FNA), X0 is the half-maximal
inhibitory concentration (IC50), and P is the constant. A
nonlinear ﬁtting program in Origin 9.0 was used to estimate
parameters P and X0. Several researchers consider FA and FNA
to be the true inhibitors of ANAMMOX rather than
ammonium and nitrite.50 The lipid cell membrane of the
bacteria is more prone to diﬀusion by FA (unprotonated form,
NH3) than diﬀusion by ammonium ions, which do not readily
diﬀuse through it.51 When the intracellular and extracellular
pH diﬀer, the concentration gradient drives the diﬀusion of FA
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4. CONCLUSIONS
The application of various operational strategies during the
long-term operation to enhance the formation of ANAMMOXenriched granules led to an increase in the overall performance
of the SBR. SAA reached the maximum observed value of 1.18
g N m−3 d−1 toward the later part of the operation. A
combination of interval feed and aeration was observed to be
optimal. This study targeted composite inhibition control by
applying control strategies for enhanced removal eﬃciency.
Appropriate ranges of both variables (DO 0.1−0.3 mg O2 L−1
during anoxic-phase or 0.5−0.6 mg O2 L−1 during the aerobicphase and pH, 7.0−8.0) should be retained to optimize the
process. The substrate loading rate/concentration control, pH
adjustment, DO and ORP control, inﬂuent COD control,
sludge acclimatization, addition of auxiliary agents (Fe,
graphene), or fresh ANAMMOX sludge to inhibited
ANAMMOX systems are all eﬀective at averting and relieving
ANAMMOX inhibition. Further studies could target various
inhibition challenges faced while addressing speciﬁc sources of
wastewater, allowing a more targeted strategy for ANAMMOX
inhibition respite.

the control features associated with intermittent anoxic and
aerobic phases pose a challenge because of the washout of
NOB in systems that treat sewage. Examining the operational
patterns of the SBR cycle for PN/A and dividing the single
cycle into multiple subcycles revealed that a strategic
combination of feeding and aeration intervals could be optimal
for performance monitoring.
It has been reported that a suitable iron (Fe) dosage (i.e.,
0.09 mM) signiﬁcantly enhances the speciﬁc ANAMMOX
growth rate.58 Fe is an essential substrate element for culturing
ANAMMOX sludge as it enhances/alters the metabolism of
ANAMMOX bacteria by storing iron inside the anammoxosome compartment for heme c-synthesis. It has been
hypothesized that Fe(II) plays a role in cell growth and
linking energy generation processes. During this study, the
addition of ferric chloride in the main sewage treatment plant
and subsequent presence of Fe (0.01 M) in the digester
eﬄuent from day 345 onward resulted in a drastic improvement in the NRR.
3.6. GHG Emissions in Comparison with Conventional Systems. A comparison was made to estimate the total
emission equivalents of GHG produced by our ANAMMOX
SBR as compared to the conventional nitriﬁcation/denitriﬁcation process, with a vision to comply with the WHO mission of
clean energy and sustainability. The equivalents were estimated
in terms of total energy consumption and nitrous oxide (N2O)
emissions (Table 2). N2O has 310 times greater global
warming potential than that of carbon dioxide (CO2).59−61 No
methane is formed during the nitritation/ANAMMOX
process, and both CO and NO have concentrations below
detection limits. Hence, their values were not included in
Table 2.
N2O concentration observed was approximately 0.6% (96
ppm) and 0.4% (70 ppm) of the nitrogen load removed with
intermittent and continuous aeration, respectively.66 Considerably higher N2O emissions were observed by Kampschreur et
al. in a full-scale nitritation/ANAMMOX process with 1.7 and
0.6% of the removed nitrogen load emitted from the nitritation
and ANAMMOX reactor, respectively.66 It could be postulated
that N2O emissions originated from denitriﬁers as it is known
that the ANAMMOX process does not emit it.67 Comparable
N2O emissions (0.03−0.12% of the total nitrogen load) in the
inﬂuent were observed for conventional municipal treatment
plants with a nitriﬁcation/denitriﬁcation process.65 Also, low
oxygen conditions can favor high N2O emission (up to 15% of
the nitrogen load).68
Table 2 shows that although the nitritation/ANAMMOX
process exhibits higher N2O emissions, the conventional
systems involving the use of an external carbon source and
higher aeration energy requirements contribute to a much
higher GHG emissions. The current study adopted the method
of proactive scheduling in identifying the optimum time
interval for aeration, mixing, and anoxic and anaerobic cycles
to achieve eco-eﬃciency. Furthermore, it was ensured that the
system operated under optimal conditions of pH, DO,
temperature, substrate concentration, salinity, sulﬁde, and
COD to eliminate the chances of inhibition. Based on the
optimal operational conditions indicated in the above section,
the ANAMMOX SBR in this study was able to achieve reduced
aeration requirement and optimized the processing times
which resulted in energy saving and eco-eﬃcient functioning of
the system.
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(25) López, H.; Puig, S.; Ganigué, R.; Ruscalleda, M.; Balaguer, M.
D.; Colprim, J. Start-up and enrichment of a granular anammox SBR
to treat high nitrogen load wastewaters. J. Chem. Technol. Biotechnol.
2008, 83, 233−241.
(26) Zhu, G.; Wang, S.; Ma, B.; Wang, X.; Zhou, J.; Zhao, S.; Liu, R.
Anammox granular sludge in low-ammonium sewage treatment: Not
bigger size driving better performance. Water Res. 2018, 142, 147−
158.
(27) Park, H.; Rosenthal, A.; Ramalingam, K.; Fillos, J.; Chandran,
K. Linking Community Profiles, Gene Expression and N-Removal in
Anammox Bioreactors Treating Municipal Anaerobic Digestion
Reject Water. Environ. Sci. Technol. 2010, 44, 6110−6116.
(28) Kim, D.-J.; Kim, S.-H. Effect of nitrite concentration on the
distribution and competition of nitrite-oxidizing bacteria in nitratation
reactor systems and their kinetic characteristics. Water Res. 2006, 40,
887−894.
(29) Ahn, J. H.; Yu, R.; Chandran, K. Distinctive microbial ecology
and biokinetics of autotrophic ammonia and nitrite oxidation in a
partial nitrification bioreactor. Biotechnol. Bioeng. 2008, 100, 1078−
1087.
(30) Daims, H.; Nielsen, J. L.; Nielsen, P. H.; Schleifer, K.-H.;
Wagner, M. In Situ Characterization of Nitrospira-Like NitriteOxidizing Bacteria Active in Wastewater Treatment Plants. Appl.
Environ. Microbiol. 2001, 67, 5273−5284.
(31) Dionisi, H. M.; Layton, A. C.; Harms, G.; Gregory, I. R.;
Robinson, K. G.; Sayler, G. S. Quantification of Nitrosomonas
oligotropha-Like Ammonia-Oxidizing Bacteria and Nitrospira spp.
from Full-Scale Wastewater Treatment Plants by Competitive PCR.
Appl. Environ. Microbiol. 2002, 68, 245−253.
(32) Gieseke, A.; Nielsen, J. L.; Amann, R.; Nielsen, P. H.; De Beer,
D. In situ substrate conversion and assimilation by nitrifying bacteria
in a model biofilm. Environ. Microbiol. 2005, 7, 1392−1404.
(33) Schramm, A.; De Beer, D.; Gieseke, A.; Amann, R.
Microenvironments and distribution of nitrifying bacteria in a
membrane-bound biofilm. Environ. Microbiol. 2000, 2, 680−686.
(34) Li, Y.; Huang, Z.; Ruan, W.; Ren, H.; Zhao, M. ANAMMOX
performance, granulation, and microbial response under COD
disturbance. J. Chem. Technol. Biotechnol. 2015, 90, 139−148.
(35) Xing, B.-S.; Guo, Q.; Yang, G.-F.; Zhang, J.; Qin, T.-Y.; Li, P.;
Ni, W.-M.; Jin, R.-C. The influences of temperature, salt and calcium
concentration on the performance of anaerobic ammonium oxidation
(anammox) process. Chem. Eng. J. 2015, 265, 58−66.
(36) Gao, W. J. J.; Lin, H. J.; Leung, K. T.; Liao, B. Q. Influence of
elevated pH shocks on the performance of a submerged anaerobic
membrane bioreactor. Process Biochem. 2010, 45, 1279−1287.
(37) Li, J.; Zhu, W.; Dong, H.; Wang, D. Performance and kinetics
of ANAMMOX granular sludge with pH shock in a sequencing batch
reactor. Biodegradation 2017, 28, 245−259.
(38) Sobotka, D.; Czerwionka, K.; Makinia, J. Influence of
temperature on the activity of anammox granular biomass. Water
Sci. Technol. 2016, 73, 2518−2525.
20855

DOI: 10.1021/acs.iecr.9b04591
Ind. Eng. Chem. Res. 2019, 58, 20847−20856

Article

Industrial & Engineering Chemistry Research

by combined partial ammonium oxidation and denitrification. Desalin.
Water Treat. 2012, 37, 223−229.
(58) Liu, Y.; Ni, B.-J. Appropriate Fe (II) Addition Significantly
Enhances Anaerobic Ammonium Oxidation (Anammox) Activity
through Improving the Bacterial Growth Rate. Sci. Rep. 2015, 5, 8204.
(59) Ma, C.; Jensen, M. M.; Smets, B. F.; Thamdrup, B. Pathways
and Controls of N2O Production in Nitritation−Anammox Biomass.
Environ. Sci. Technol. 2017, 51, 8981−8991.
(60) Wunderlin, P.; Siegrist, H.; Joss, A. Online N2O Measurement:
The Next Standard for Controlling Biological Ammonia Oxidation?
Environ. Sci. Technol. 2013, 47, 9567−9568.
(61) Houghton, J. T.; Ding, Y.; Griggs, D. J.; Noguer, M.; van der
Linden, P. J.; Dai, X.; Maskell, K.; Johnson, C. Climate Change 2001:
The Scientiﬁc Basis; The Press Syndicate of the University of
Cambridge, 2001.
(62) Joss, A.; Salzgeber, D.; Eugster, J.; König, R.; Rottermann, K.;
Burger, S.; Fabijan, P.; Leumann, S.; Mohn, J.; Siegrist, H. Full-Scale
Nitrogen Removal from Digester Liquid with Partial Nitritation and
Anammox in One SBR. Environ. Sci. Technol. 2009, 43, 5301−5306.
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