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ABSTRACT. In deammonification systems, nitrite-oxidizing bacteria (NOB)
suppression and nitrous oxide (N,O) mitigation are two important operational
objectives. To carry out this multivariable analysis of response, a comprehensive

model for the N cycle was developed and evaluated against experimental data from a
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laboratory-scale deammonification granular sludge sequencing batch reactor.
Different aeration strategies were tested and the manipulated variables comprised the
dissolved oxygen (DO) set point in the aerated phase, aeration on/off frequency (F)
and the ratio (R) between the non-aerated and aerated phase durations. Experimental
results showed that a high ammonium utilization rate (AUR) in relation to the low nitrate
production rate (NPR) (NPR/AUR = 0.07-0.08) and limited N,O emissions (Enzo < 2%)
could be achieved at the DO set point = 0.7 mg O./L, R ratio = 2 and F frequency =
6-7 h-'. Under specific operational conditions (biomass concentration, NH4*-N loading
rate and temperature), simulation results confirmed the feasible aeration strategies for
the trade-offs between the NOB suppression and N,O emission. The intermittent
aeration regimes led to frequent shifts in the predominating N,O production pathways,
i.e. hydroxylamine (NH,OH) oxidation (aerated phase) vs. autotrophic denitrification
(non-aerated phase). The inclusion of the extracellular polymeric substances
mechanism in the model explained the observed activity of heterotrophs, especially

Anaerolineae, and granule formation.

1. INTRODUCTION
Deammonification is an effective and energy efficient process for nitrogen removal
in wastewater treatment plants (WWTPs). The process can be performed in many

configurations by two functional microorganisms, including ammonia oxidizing
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bacteria (AOB) and anaerobic ammonia oxidation (anammox) bacteria. Those
microorganisms coexist and interact with heterotrophs and nitrite oxidizing bacteria
(NOB). In particular, the activity of NOB should be suppressed due to the competition
for either dissolved oxygen (DO) (with AOB) or nitrite (NO2-N) (with anammox
bacteria). Among different methods proposed for NOB suppression -3, tight DO
control is regarded as the most effective approach #°.

Sequencing batch reactors (SBRs) with granular sludge are common
deammonification systems, in which the DO set point and aeration mode (continuous
vs. intermittent) are important control variables. The intermittent aeration mode is
controlled by two manipulated variables, including the aeration on/off frequency (F),
representing the number of the aeration phases per hour, and the ratio (R) between
the non-aerated and aerated phase durations. The intermittent aeration allows to
outcompete NOB by AOB due to a lag phase necessary for NOB to respond to the
transition from anoxic to aerobic conditions or potential inhibition of NOB by the
intermediate product, i.e. hydroxylamine (NH,OH) 6. In order to enhance NOB
suppression, the intermittent aeration with either high DO set points 7 or lower DO set
points 3 has been proposed. Cao et al. ' provided the following explanation for this
apparent inconsistency. Under high DO levels (>1.5 mg O./L), the growth rate of r-
strategists Mifrosomonas-AOB is higher than that of r-strategists NVifrobacteNOB. On

the contrary, lower DO levels (<1.0 mg O./L) may favor Njfrosomonas-AOB and
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partially suppress NOB by selecting only K-strategists NOB (Nitrospira) rather than r-
strategists NOB (Nitrobacter).

An optimized intermittent aeration strategy may also comprise a higher aeration
on/off frequency 8, which could be beneficial for both NOB suppression and reduction
of energy consumption °. However, under DO-limited and nitrite-elevated conditions,
the sustainability of deammonification systems may be questioned due to a potentially
significant nitrous oxide (N,O) production 0. Simultaneous high nitrogen removal
efficiency and low N,O production depend on many factors, e.g. wastewater
composition, granule size, the presence of organic substrates, nitrogen loading rate,
aeration pattern, pH and temperature -4, Moreover, an appropriate aeration control
may also minimize N,O production in deammonification systems 11516 However, no
specific operational strategy has been proposed yet for improving nitrogen removal
performance while simultaneously mitigating N,O production 317,

A few model-based studies have illustrated the effects of aeration patterns on
specific aspects of the nitrogen cycle, including either NOB suppression 1819 or N,O
mitigation in deammonification systems 3. However, no models have been applied to
carry out a multivariable analysis of response in those systems for efficient nitrogen
removal performance, NOB suppression and mitigation of N,O production. It should
be noted that in the case of granular deammonification systems, selection of a
conceptual model becomes important. Basically, there are two different (but

numerically equivalent) approaches, including biofilm models and “apparent kinetics”
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20, The advantage of the latter approach is that typical monitoring data can be used for
model calibration 2.

In this study, a comprehensive model for the N cycle was developed and evaluated
against comprehensive experimental data from a laboratory-scale deammonification
granular system. Subsequently, the model was used as a tool for the understanding
and integrated optimization of deammonification systems (process performance vs.
sustainability). The model-based analysis was supported by microbiological
investigations with the 16S rDNA lllumina High-Throughput Sequencing to identify
microorganisms present in the studied system. The main innovation and contribution
of this study is the multivariate analysis of BNR performance, NOB suppression and
N,O mitigation by manipulating the DO set point and intermittent aeration control

settings (durations and proportions of on/off periods).

2. MATERIALS AND METHODS

2.1. Laboratory setup and monitoring. A bench-scale SBR with a working volume of
10 L was inoculated with biomass originated from a full-scale sidestream
deammonification SBR system in Plettenberg (Germany) 22. The detailed description
of laboratory setup and monitoring (including liquid N,O concentrations) can be found
in the Supporting Information (SI, Section S.1).

2.2. Experimental design and data collection. Over the entire cultivation period of

314 days, three series of experiments (test trials) were carried out under various
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operational conditions (scenarios) in terms of the aeration pattern, biomass
concentration, hydraulic retention time (HRT) and NH4*-N loading rate (NLR) (Table 1).
In test trial no. 1, a continuous aeration pattern (scenario 1) was compared with three
intermittent aeration patterns (scenarios 2-4). In the latter scenarios, different DO set
points, F frequencies and R ratios were used (Table 1). Subsequently, four different R
ratios were evaluated in test trial no. 2 with the doubled biomass concentration
(scenarios 5-8). Next, a higher F frequency was tested under different R ratios in test
trial no. 3 (scenarios 9-14) with the biomass concentration increased fourfold in
comparison with test trial no. 1. The length of a single operational cycle of the studied
SBR was variable (5-24 h) and the cycle in each scenario consisted of four phases as
described in the footnote to Table 1. The stable operation was reached between each
test trial and a fixed number of cycles were considered in each scenario (Table 1).
During the experiments, mixed liquor samples were withdrawn in the reaction phase
every 30 min (scenario 1), 15-45 min (scenarios 2-3), 2 h (scenarios 4 and 9-14), and
6 h (scenarios 5-8). The samples were immediately filtered through 1.2 ym pore-size
nitrocellulose membrane filters (Whatman, Kent, UK) under vacuum pressure and
analyzed for ammonium (NH4*-N), nitrate (NO3;-N), and nitrite (NO,-N)
concentrations. The detailed description of the analytical methods can be found in the

Sl (section S.2).
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119  Table 1. Summary of the operational conditions (aeration pattern, biomass concentration, HRT and NLR) in the studied SBR during

120  the entire cultivation period
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Note:

* total operational cycle of 5 h, including 4 phases, i.e. 30 min of feeding (2.5 L), 4 h of reaction, 10 min of sedimentation and 20

min of decantation (2.5 L).

** total operational cycle of 24 h, including 4 phases, i.e. 30 min of feeding (4 L), 23 h of reaction, 2 min of sedimentation and 28

min of decantation (4 L).

*** total operational cycle of 8 h, including 4 phases, i.e. 30 min of feeding (4 L), 7 h of reaction, 3 min of sedimentation and 27 min

of decantation (4 L)
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2.3. Process performance indicators. The efficiency of nitrogen removal and N,O
emission were used as indicators to compare process performance of the analyzed
scenarios. With respect to the first indicator, the AOB and NOB activities were
measured by the specific rates of ammonium utilization (AUR, mg N/(g VSS-h)) and
nitrate production (NPR, mg N/(g VSS-h)), respectively. The NPR/AUR ratio was
assumed to represent the normalized NOB activity in comparison with the AOB
activity. However, it should be emphasized that both rates could in practice be
influenced by the activities of other microorganisms, i.e. heterotrophs (NPR) and
anammox bacteria (NPR and AUR).

With respect to the second indicator, the N,O emission factor (Ey,0 (%)) may be
normalized with either amount of treated wastewater, PE year, N load removed or
influent N load. In this study, the latter approach was assumed and Ey,o was
calculated by dividing the mass of N,O emitted (My,o (mg N/(L-d))) by the NLR (mg
N/(L-d)) (Eq. 1):

Enzo = s - 100% (1)

The mass My,o (mg N/(L-d)) was calculated by integrating the N,O stripping rates

(rn,0 (Mg N/(L-d))) over the unit time (dt (d)) and dividing by the overall reaction time

(t (d)) (Eq. 2):

Jrn,0-dt

Myzo=—7— (2)
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The rate ry,o (mg N/(L-d)) consists of two components related to aerated and non-
aerated conditions. The details of ry,, calculations can be found elsewhere 23.

2.4. Microbial examination. 2.4.7. DNA exiraction. The microbial community
structure in the studied SBR was examined during each modelling phase, including
the calibration phase (CAL), recalibration phase (REC) after 150 days of cultivation,
and during the validation phase (VAL) after 300 days of cultivation. The samples were
withdrawn from the reactor and transferred into a 15 ml DNase-free tube. The
supernatant was removed and the tube was filled with biomass twice to thicken the
sludge concentration. The samples were stored at —25°C prior to DNA extraction. For the
DNA extraction, the sludge sample was initially centrifuged at 10000 g for 10 min and
washed with phosphate buffer. The centrifugation process was repeated and 200 mg
of the pellet of the sample was collected for the DNA extraction reaction, which was
carried out using the FastDNA™ SPIN KIT (MP Biomedicals, USA) following the
manufacturer's manual. DNA acquired from purification was used for the lllumina Next
Generation Sequencing protocol.

2.4.2. High-throughput DNA sequencing. High-throughput Illumina sequencing
targeting the V3-V4 region of the 16S rRNA gene was performed with S-d-Bact-0341-
b-S-17 and S-d-Bact-0785-a-A-21 primers 24 and NEBNext®High-Fidelity 2X PCR
Master Mix (Bio Labs inc., USA) following the manufacturer's manual. The detailed
lllumina Next Generation Sequencing protocol can be found in the Sl (section S.3).
Taxonomic differences between the metagenomes were analyzed using Statistical

10
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Analysis of Metagenomic Profiles (STAMP v. 2.1.3) 2% and visualized as heatmaps. A
genetic distance between the samples was tested by the ANOVA test, followed by the
post-hoc Tukey-Kramer test at 0.95 significance, and visualized as a dendrogram built
up with the unweighted pair group method with the arithmetic mean algorithm
(UPGMA). The data sets were uploaded to the MetaGenome Rapid Annotation
Subsystems Technology (MG-RAST) to enable public access to the files under the
accession numbers: mgm4784320.3 (CAL), mgm4784321.3 (REC) and
mgm4898872.3 (VAL).

2.5. Modelling approach. 2.5.7. Mode/ development. A conceptual model of the
biochemical transformations in the studied SBR is shown in Figure 1. The N,O
production/consumption mechanisms (along with the gas-liquid transfer) were
adopted from Zaborowska et al. 23, including NH,OH oxidation (NN) and autotrophic
denitrification (ND) mediated by AOB and three-step heterotrophic denitrification (HD)
with NO,-N and N,O as intermediates. For modeling, the only source of electron
donors for autotrophic denitrification was NH,4*-N 26. Due to the high abundance of
heterotrophic biomass (42-68%) present in the studied system fed only with inorganic
substrates, the heterotrophic growth was also considered in the model. It has earlier
been reported that extracellular polymeric substances (EPS) and soluble microbial
products (SMP) could play a vital role in heterotrophic growth in anammox biofilm
systems 2728, However, only one study investigated the effect of heterotrophic growth
on autotrophic nitrogen removal in granular systems 29, without considering the new

11
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kinetics of microbial products formation from anammox. In the present study, the
model incorporated heterotrophic growth on (i) readily biodegradable substrate (Ss)
produced from the biomass decay, and (ii) SMPs, specifically biomass associated
products (Sgap) and utilization associated products (Syap). With respect to formation
of SMPs, the following assumptions were made:

- Syap was formed during growth of autotrophs (AOB, NOB) 27, and autotrophs

(anammox) and heterotrophs on Sg 2.

- Sgap Was produced from Xgps hydrolysis and biomass decay 28.

The extended model was implemented in GPS-X 8.0 simulation platform
(Hydromantis, Canada), using a special utility called “Model Developer”, based on the
standard notation (Petersen-Gujer matrix) of ASM1 30, Further details regarding the
model development can be found in the SI (Section S.4), including the definition of the
state variables, stoichiometric matrix, process rate equations, and kinetic and

stoichiometric parameters (Tables S1-S4).

Ssutilization by heterotrophs

: Y
Autotrophic growth Heterotrophic| :
rowth
X
AOB :
- Snoz|[ > o=
: N —NOB| i
Emission: \\
e
Emission:
D :- \ S
Ty, 8 NG P '
: \@‘// AMX e
E : Emission Xuer, Xaos, Xnoe, Xamx |

................................................................................
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Figure 1. The conceptual model of biochemical transformations in the studied SBR
(fed only with inorganic substrates) (“Sno2”, “Sn2o” and “Syy” for autotrophs and

heterotrophs could simultaneously be used by both groups of microorganisms).

2.5.2. Model layout and inifial biomass composition. The GPS-X model layout
consisted of an SBR with a wastewater influent object. Because the interest of the
study was focused on the liquid phase concentrations, the granular sludge was
modelled using the “apparent” kinetics approach 202", The aeration patterns were
controlled by setting the DO set point on/off periods in “Timer Controller” and
manipulated by adjusting the Pl control module (controller sampling time = 20 s;
proportional gain = 500; integral time = 0.0001 d). The DO controller manipulated the
field oxygen mass transfer coefficient (K a) directly to match the desired DO set point
and calculated the airflow rate. Typical examples of the predicted and measured DO
concentrations are shown in Figure S1. The N,O emission during the aerated phase
(air-stripping) was influenced by the K| a coefficient and estimated airflow rate 23. The
initial active biomass composition in each modelling phase (CAL, REC and VAL) was
assumed based on the results of the metagenomics analysis (Table S5). The share of
the remaining bacteria, either unclassified or other, were 31.1% (CAL), 45.7% (REC),
41.1% (VAL) (Table S5). These bacteria, not supposed to be responsible for the
considered biochemical reactions, were incorporated in the model as the slowly
biodegradable substrate (Xs, 92% of the remaining biomass) and unbiodegradable

particulates from cell decay (Xy, 8% of the remaining biomass). That assumption was

13
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made based on the typical decay stoichiometry of biomass in the ASM1 30, The SMP
mechanisms were investigated assuming the initial SMP (Syap, Sgap) and EPS (Xgps)
concentrations to be 0 mg COD/L and 0%, respectively.

2.5.3. Model calibration and validation. Figure S2 shows the four-step protocol of
model calibration and validation with the data from test trials no. 1-3, including
preliminary simulation, model calibration, recalibration, and validation. The detailed
description of these steps can be found in the S| (Section S.5). The conversion rates
of COD and N compounds were calculated in the model and visualized in the Sankey
graphs. A more advanced uncertainty analysis of N,O production in the studied
system, based on the combination of global sensitivity analysis and Generalized
Likelihood Uncertainty Estimation methodology, can be found elsewhere 31.

2.5.4. Model-based optimization of intermittent aeration strategies. In order to
simultaneously maximize the nitrogen removal performance and minimize N,O
emissions in the deammonification SBR, different intermittent aeration strategies were
analyzed with the validated model at a high biomass concentration (MLVSS = 4000
mg/L) (test trial no. 3). The three operating parameters of interest, including the DO
set point in the aerated phase, F frequency, and R ratio were manipulated within the
following ranges: DO = 0.3-2.1 mg O,/L (interval of 0.2 mg O./L), F = 0.5-10 h"
(interval of 0.5 h''), and R = 0.5-5.0 (interval of 0.5). Altogether, 2000 automatic
simulation runs were carried out by executing Python 3.7 scripts within the GPS-X
interface. The 2D-response contour plots of the three operational parameters on the

14
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AOB activity, NOB activity and N,O emissions were generated in MATLAB R2019b
(The MathWorks, Inc., USA). The feasible parameter ranges were scattered in the red
region, including all the red scatters when the AUR > 12 mg N/(g VSS-h), NPR/AUR <
0.1 and Enoo < 2%.

2.56.5. Model limitations. Limitations fo the applications. The model structure is
applicable to the systems treating real wastewater (reject water) without any further
modifications or extensions, but model calibration/validation would be required for
each specific case. As a consequence, the regions of the optimal aeration settings
may also change.

Limitations fo the opfimization of operational paramefers. The aeration strategy was
analyzed under specific operational conditions in terms of three manipulated variables,
including the DO set point, F frequency and R ratio. However, the region of the optimal
aeration settings may change while considering other operational parameters, such
as the biomass concentration, NH,4*-N loading rate and temperature.

Limitations to the apparent kinetics. The “apparent kinetics” approach was used as
a model concept for granular sludge in the studied SBR. However, due to the specific
characteristics of the granules (e.g. size distribution, density, porosity, etc.), the results
of the present study may not be directly applicable to other systems. For example, in
a continuously aerated system, the process rate of anammox bacteria would be
strongly suppressed, which requires different kinetic parameters or higher
concentrations of anammox bacteria compared to a biofilm model.

15
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Limitations to describe alkalinity and pH. As the pH was controlled in the studied
reactor, alkalinity was not considered in the developed model. The model can be
extended with alkalinity as a state variable when low pH conditions may occur. The
details of considering alkalinity in biokinetic models were described by Henze et al. 30.

Limitations to describe the lag phase for NOB. The effect of the lag phase for NOB
to respond the transition from anoxic to aerobic conditions was only reflected in lower
DO affinities of NOB in comparison with AOB32.

Limitations fo describe autotrophic denitrification by AOB. Since NH,OH oxidation
was not specifically considered in the model, it was assumed that the overall NH;*-N
oxidation to NO,-N would transfer electrons to the internally stored AOB electron pool.
Those electrons could subsequently be used for AOB-mediated reduction of NO,-N
to N,O-N. Therefore, a prerequisite for that process would be a preceding aerobic
phase or continuous low-DO conditions 33. Under prolonged anoxic conditions,
autotrophic denitrification by AOB could be stopped due to exhausting electrons from
the pool. That phenomenon could not be predicted as the transfer of electrons was not
considered in the model.

Limitations fo the calibration profocol. Due to the limitation of the simulation platform
(GPS-X), the selected scenarios could not be calibrated simultaneously with the same
parameter set (i.e. the objective function taking both scenarios into account
simultaneously). Alternatively, the use of the mean value of the estimated parameters
was applied only when both scenarios were carefully calibrated with similar parameter

16
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values. It was implicitly assumed that the model response to the parameters was
linear, after taking into consideration the different biomass compositions and
concentrations at each stage (CAL, REC and VAL). However, the selected approach

sacrificed the model accuracy for a faster calibration.

3. RESULTS AND DISCUSSION

3.1. Nitrogen removal performance and N,O production under different aeration
conditions. The process performance indicators of the studied SBR are summarized
in Table S6, whereas the dynamic behavior of DO and inorganic nitrogen compounds
(N2O-N, NH4*-N, NO3-N, NO,-N) in the three trials are shown in Figures 2-4.

In test trial no. 1 with the moderate NH,*-N load and low biomass concentration,
continuous aeration at the low DO set point (0.3 mg O,/L) (scenario 1) apparently
favored the activity of AOB, which was reflected by the high AUR, but also insufficiently
suppressed NOB (NPR/AUR = 0.66). The switch to the intermittent aeration mode
(scenarios 2-3) explicitly improved the efficiency of nitrogen removal, primarily due to
suppressing NOB (NPR/AUR = 0.25-0.33), but considerably increased the liquid N,O
concentrations. Further increasing the F frequency (scenario 4) indicated better

suppression of NOB activity and N,O production while maintaining the AOB activity.
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Figure 2. Measured data (scatters) vs. model predictions (solid lines) of DO and
inorganic nitrogen compounds (N,O-N, NH;*-N, NO3-N, NO,-N) in test trial no. 1: (a)
continuous aeration at DO = 0.3 mg O,/L (SCE1), (b) intermittent aeration 15/45 min

on/off at DO = 1.0 mg O/L (when on) (SCE2), (c) intermittent aeration 15/45 min on/off
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at DO = 0.5 mg O,/L (when on) (SCE3), (d) intermittent aeration 8/22 min on/off at DO

= 0.5 mg O,/L (when on) (SCE4).

Test trial no. 2 was carried out after 150 d of cultivation, at a higher biomass
concentration (MLVSS = 2000 mg/L) and constant DO set point of 0.7 mg O,/L (Figure
3). The increasing R ratios from 2 to 4 (scenarios 5-7) resulted in the improved NOB
suppression (NPR/AUR = 0.16-0.09) without compromising the AOB activity (AUR =
7.4-9.0 mg N/(g VSS-h)). Furthermore, the liquid N,O concentrations and N,O
emission factors decreased due to enhanced anammox activities in the anoxic periods
and reduced NO,-N accumulation (from 35 to 5 mg N/L) during the whole period. The
extension of the non-aerated phase up to 25 min at R = 5 (scenario 8) allowed to
mitigate the N,O production, while maintaining the favorable NPR/AUR ratio (= 0.09).

However, the overall process performance deteriorated due to the decreased AUR.

a) 5/10 min on/off (0.7 mg O,/L) b) 5/15 min on/off (0.7 mg O,/L)
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¢) 5/20 min on/off (0.7 mg O,/L) d) 5/25 min on/off (0.7 mg O,/L)
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Figure 3. Measured data (scatters) vs. model predictions (solid lines) of DO and

inorganic nitrogen compounds (N,O-N, NH;*-N, NO3-N, NO,-N) in test trial no. 2: (a)

intermittent aeration 5/10 min on/off at DO = 0.7 mg O,/L (when on) (SCE5), (b)

intermittent aeration 5/15 min on/off at DO = 0.7 mg O./L (when on) (SCEB6), (c)

intermittent aeration 5/20 min on/off at DO = 0.7 mg O,/L (when on) (SCE7), (d)

intermittent aeration 5/25 min on/off at DO = 0.7 mg O,/L (when on) (SCES8).

The final test trial no. 3 was carried out after over 300 days of cultivation, when the
MLVSS reached approximately 4000 mg/L (Figure 4). The DO set point was kept
constant at 0.7 mg O,/L and that trial focused on investigating the effect of aeration
on/off frequencies at the R ratios ranging from 1 to 3. In all the scenarios, the
NPR/AUR ratios were maintained in a very low and narrow range (0.07-0.09). The
increased AURs (13.0-18.1 mg N/(g VSS-h)) were obtained when R < 2 for both

applied aerated phase durations (3 or 5 min). The higher aeration on/off frequency
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(aerated phase of 3 min) slightly increased the AOB activity without compromising the
NOB suppression. In general, the extended non-aerated phases resulted in the
decreased liquid N,O concentrations and emission factors. However, further
increasing the R ratio (up to 3) negatively affected the AOB activity (AUR = 8.9-9.0 mg

N/(g VSS-h)) (scenarios 11 and 14).
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d) 3/3 min on/off (0.7 mg O,/L) e) 3/6 min on/off (0.7 mg O,/L) f) 3/9 min on/off (0.7 mg O,/L)
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Figure 4. Measured data (scatters) vs. model predictions (solid lines) of DO and

inorganic nitrogen compounds (N2O-N, NH4*-N, NO3-N, NO,-N) in test trial no. 3: (a)

intermittent aeration 5/5 min on/off at DO = 0.7 mg O./L (when on) (SCE9), (b)

intermittent aeration 5/10 min on/off at DO = 0.7 mg O,/L (when on) (SCE10), (c)
intermittent aeration 5/15 min on/off at DO = 0.7 mg O,/L (when on) (SCE11), (d)
intermittent aeration 3/3 min on/off at DO = 0.7 mg O,/L (when on) (SCE12), (e)
intermittent aeration 3/6 min on/off at DO = 0.7 mg O,/L (when on) (SCE13), (f)

intermittent aeration 3/9 min on/off at DO = 0.7 mg O,/L (when on) (SCE14).

The intermittent aeration pattern (8/22 min on/off at DO set point of 0.5 mg O,/L in
scenario 4), selected for the first stable operational period (5-154 d), was in
accordance with the literature findings for deammonification systems 92234, In the

stable operation period (158-308 d), the intermittent aeration pattern (5/20 min on/off
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at DO = 0.7 mg O,/L) was selected to avoid insufficient NOB inhibition or decline the
AOB activity. The intermittent aeration pattern (3/6 min on/off at DO set point of 0.7
mg O,/L in scenario 13) was ultimately selected to achieve the stable operation of the
system in terms of NOB suppression and N,O mitigation (Table S6). Experimental
evidence of the efficient strategy was provided for a three-cycle simulation after
reaching the stable phase-dynamic conditions in 20 days in order to evaluate the long-
term efficiency of the selected strategy (Figure S3). The liquid N,O concentrations
were stable around 0.14 mg N/L while the NOB activity was effectively suppressed
(NPR/AUR = 0.09).

Literature data suggested that the anoxic phase duration between 5 and 20 min
could effectively delay the MitrospirasNOB activity after the anoxic phase, regardless
of the aerated phase duration '°. However, other researches proposed that the
minimum non-aerated phase duration of 15-20 min along with an aerated phase
duration no longer than 5-15 min would be essential to outcompete NOB 1932,
Furthermore, a higher aeration on/off frequency at low DO set points could efficiently
suppress the NOB activity, while maintaining high overall nitrogen removal
performance (70-80%) 8922, Although previous studies showed that low DO set points
favored NOB suppression due to a higher oxygen affinity of AOB compared to NOB,
recent studies suggested that the tight control of oxygen supply (durations and
proportions of on/off periods) rather than the DO set point may be critical for NOB
suppression. This can be attributed to a time lag of the NOB activity in adaption to
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aerobic conditions and anammox bacteria outcompeting NOB for NO,-N in anoxic
periods 735, In the present study, it was found that an appropriate R ratio was more
influential than strict durations of the aeration on/off periods. For the acclimated
biomass (test trial no. 3), the optimal conditions were observed for R < 2, while
increasing the R ratio to 3 resulted in declining the AOB activity.

Integration of the N,O production profiles during the aerated and non-aerated
phases revealed that approximately 50% of N,O was produced during the aerated
phases, which was lower than the value (80%) reported by Blum et al. . In
comparison with the continuous aeration, when almost all N,O production was emitted
to the gas phase, approximately half of the produced N,O was subsequently emitted
to the gas phase under the intermittent aeration conditions. The estimated N,O
emission factors (Table S6) were within the range of Iliterature data for
deammonification systems. e.g. 0.4-4.6% in terms of TN removed 11.15.17.36.37 The vast
majority (approximately 98%) of N,O was emitted during the aerated phases, which
was also close to the value (96%) reported by Blum et al. ''. Potential contributions of
the specific biochemical pathways, including NH,OH oxidation, autotrophic
denitrification and heterotrophic denitrification, are discussed in Section 3.4.

3.2. Identification of the microbial community structure for setting the biomass
composition in the model. The abundance and taxonomical affiliations of the particular
physiological bacterial groups in the biomass samples, collected during the calibration
(CAL), recalibration (REC) and validation (VAL) phases, are summarized in Table S5.

24

ACS Paragon Plus Environment

Page 24 of 40


http://mostwiedzy.pl

Page 25 of 40 Environmental Science & Technology

403 The dominant groups gradually shifted from heterotrophs to autotrophs (Figure 5)
404  along with a decreasing microbial biodiversity (Figure S4). Among 67 bacterial species
405 detected in the CAL sample, 44 were detected after 150 days of the cultivation period

406 (REC), and only 18 at the end of the experiment (VAL).

407
a) b)
abundance (%)
[
0.2 21.8 43.5
e Chloroflexi (AOB) Nitrosomonas
— Proteobacteria . (HET) Ignavibacteriales
Patescibacteria (HET) Bacillus
Others (includin
S (g (HET) Pseudomonadales
unclassified)
! Acidobacteria (HET) Clostridiales
L Nitrospirae (NOB) Nitrospira
Bacteroidetes (HET) Patescibateria
Actinobacteria - (Anammox) C. Brocadia
— Planctomyctes CAL REC VAL
— Firmicutes

CAL REC
408 VAL

409  Figure 5. Heatmap of the differences between abundance of the bacterial phyla with
410 the genetic distance between the samples (upper dendrogram) and between taxa (left
411 dendrogram) (a) and representatives of the specific physiological bacteria groups (b)
412 in the CAL, REC and VAL samples (The term “Others” refers to the sum of all

413  classifications with less than 0.7% abundance and unclassified reads).
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While microorganisms with the predominated heterotrophic metabolism decreased
their abundance from 68.0% to 47.4%, the abundance of autotrophic bacterial groups
explicitly tended to increase. The AOB were almost entirely represented by members
of the genus Nifrosomonas, which constituted 0.7% of the overall bacterial community
in the CAL sample. During the first 150 days of the cultivation period, their population
increased to 2.7% (REC) and continued to grow up to 9.0% in the final stage of the
experiment (VAL). This trend indicated a key role of r-strategist Mifrosomonas in
ammonium oxidation in the studied SBR.

NOB were exclusively represented by the genus MNifrospira from the phylum
Nitrospirae, which accounted for 0.2%, 0.7% and 0.1% in the CAL, REC and VAL
samples, respectively. In terms of r/K theory with respect to nitrifiers, the selected
dominant abundance of K-strategist Mifrospira could be attributed to two operational
factors, including low DO and NO,-N concentrations as well as diffusion limitation
within granules 38. In comparison with the known NOB, comammox bacteria (complete
ammonia oxidizers performing complete oxidation of ammonia to nitrate) were
discovered from the genus MNiifrospira. These bacteria could be favored at low
temperature, low nitrogen substrate, and high DO conditions 39. In the studied SBR,
both AOB and NOB abundance increased during the cultivation period. Therefore, it
is difficult to unambiguously determine if some Nifrospira-NOB indeed performed the
metabolic comammox pathway, even though the potential was already reported in an
anammox-enriched SBR 40.
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The phylum Planctomycetes, which includes anammox bacteria, constituted 3.0%
of the initial microbial population. However, only approximately 0.04% of DNA
sequences from the total number of reads were assigned to the typical anammox
bacteria from the genera Candidatus Brocadia. After first 150 days of the cultivation
period, the bacteria belonging to the phylum Planctomycefes comprised 14.0%.
Candidatus Brocadia related microorganisms reflected the dominant share of 8.7% in
the REC sample, however, their share decreased to 2.4% at the end of the experiment
(VAL sample).

3.3. Quantitative assessment of model calibration and validation. 3.3. 7 Sefting the
initial model inputs for simulations. The initial biomass composition (Xuet, Xaos, XnoB,
Xamx, Xs, Xu, Xeps) in the CAL, REC, and VAL phases was as follows: (i) 68%, 0.7%,
0.2%, 0.04%, 28.6%, 2.5%, 0% (ii) 42%, 2.7%, 0.7%, 8.7%, 42%, 3.7%, 0% and (iii)
47%, 9%, 0.1%, 2.4%, 38%, 3%, 0%, respectively. The microbial composition and
biomass concentrations were used as microbial input to reduce the model uncertainty.
The model kinetic parameter values, including the maximum specific growth rates and
key saturation/inhibition coefficients, are listed in Table S4. The default values were
adopted from literature and assumed based on the nitrogen conversion rates,
microbial input, r/K strategist explanation and diffusional explanation.

3.3.2. Model calibration. In test trial no. 1, scenario 2 was first calibrated as a
representative for the intermittent aeration pattern. 7 parameters were found
very/extremely influential (S;;2 1) to NO2-N and N2O-N, i.e. ngugr2, Nguers, Knozaos
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Ko a0, Konos, Kn and n, (Table S7). Parameter estimation showed a good
agreement between the observations and model predictions (|/{nz0 > 0.8) (Table S8).
However, based on the correlation matrix (Figure S5a), three of them were found
highly cross-correlated with more than one parameter and thus they were excluded
from estimation. After the iterative parameter estimation (Tables S9-S10) along with
correlation analysis (Figure S5b-c), altogether 4 correlation crossing parameters (
Nguer3: Knozaos, Kn and ) were excluded from the subset. The objective of the
iterative parameter estimation was to obtain the minimum number of identifiable
parameters (ngugr2, Ko,a08. Konos) that explain the data in scenario 2.

3.3.3. Model recalibration. Model recalibration was performed in scenario 6 to
achieve one unique parameter set for test trials no. 1-2. Based on the sensitivity
analysis for the prior parameter subset (Table S11), 2 previously excluded parameters
(nguers and Kj) were added due to their very/extremely high influence (S;; 2 1) to
NO2-N and N>O-N in scenario 6. The expansion of the subset (nguer2, NgHEer3: Ko,a0s
Kono, Kp)increased the goodness-of-fit for both scenario 2 (|/n20 > 0.8) and scenario
6 (|4n20 > 0.5), and no highly-correlated parameter pairs were found in the latter
scenario (Figure S5d). Finally, the mean value from both scenarios was determined
as the final value of the adjusted parameters (Table S12).

3.3.4. Model validation. Model validation was performed with the adjusted
parameters in the remaining scenarios in test trial no. 3. Table S13 shows evaluation
of the model accuracy using Pearson’s |/, root of mean squared errors (RMSE) and
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Nash-Sutcliff coefficient (NSE) in all the scenarios. Pearson’s |/n2o varied in the range
0.69-0.94 (test trial no. 1), 0.34-0.73 (test trial no. 2) and 0.19-0.79 (test trial no. 3).
Apart from 4 unsatisfactory goodness-of-fit results (scenarios 8, 10, 11, 14, |An20 <
0.5), the N,O predictions accurately fitted the observations in the remaining scenarios.
Generally, NH4*-N, NO3-N, NO,-N were predicted better than N,O. The RMSE and
NSE varied in the range 0.02-0.38 and -2.2-0.83 (except for the unsatisfactory
goodness-of-fit performance of scenario 11), respectively. The higher R ratio allowed
to decrease the liquid N,O concentrations and the prediction accuracy decreased
when the liquid N,O concentrations were maintained at a low level, thus causing the
unsatisfactory goodness-of-fit results. A comparison of RMSE and NSE with Pearson’s
|/ revealed that they poorly correlated, implying the necessity of more than one
criterion to improve the prediction accuracy. A global measure of model performance
and model uncertainty is discussed elsewhere 3.

The adjusted parameters were nguer2, NMguerss Koaos, Konop @and K, (Table
S12). The heterotrophic reduction factors for NO2-N and N2O (ngugrz = 0.17, nguers
= 0.40) and the hydrolysis rate (K, = 2.6 d') were within the literature range (n4u£r2
= 0.016-0.3, nguers = 0.075-0.81, K, = 1.5-4.5 d") 4142, The AOB oxygen affinity
constant (K 405 = 0.10 mg O,/L) was lower than that of NOB (K yop = 0.52 mg O-/L)
and both values were typical for either r-strategist Nifrosomonas-AOB (K 49p = 0.03-
1.22 mg Oy/L) or K-strategist Nitrospira-NOB (Konop = 0.5-0.6 mg Oy/L) 43. The
relatively high oxygen affinity for K-strategist Mifrospirain comparison with r-strategist
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Nitrobacter (Ko nop = 0.43-1.1 mg Oy/L) ' could also explain the difficulty of NOB
suppression under low DO conditions.

3.4. Identification of the N,O production pathways, NOB suppression mechanisms
and role of EPS. The model predictions, shown in Figure 6a, suggest that the readily
biodegradable substrate (Ss), hydrolysed from the main biomass decay product (Xs),
was the main organic carbon source for heterotrophs. Both SMP components (UAP
and BAP) could hardly be utilized by heterotrophs due to the low generation rates of
SMP from biomass growth and low affinities of heterotrophs. The EPS pool tended to
accumulate thus decreasing the availability of organic carbon for the growth of
heterotrophs. As a consequence, the share of heterotrophic biomass decreased from
68% in the CAL phase to 42-47% in the REC/VAL phases. Such a model prediction is
consistent with the microbiological results, where representatives of Anaerolineae
from the Chloroflexiphylum increased their share from 25% (CAL) to 34% (VAL) in the
total bacterial community. That member of Chloroflexiis implicitly the microorganism
responsible for EPS production and plays an important role in the structural formation
of granules 44.

The finding of the present study is different from results of a theoretical modelling
study in an anammox biofilm system 28 which was validated based on earlier
experimental data 45. The authors proposed that heterotrophs primarily grew on UAP
produced mainly from anammox growth. This difference, compared to the present
study, explicitly results from the major biomass components, including anammox
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bacteria (60%) and EPS (20%), whereas the fraction of heterotrophs remained
relatively small (10%).

The model predictions revealed that NH,OH oxidation (NN) and autotrophic
denitrification (ND) were the dominating pathways of N,O production in the aerated
phase (80-100%) and non-aerated phase (60-90%), respectively. Heterotrophic
denitrification served as a sink for N,O production under both aerated (20-30%) and
non-aerated phase (70-80%) (Figure 6b). For comparison, either NH,OH oxidation or
autotrophic denitrification pathway has been reported as the dominant pathway in a
deammonification system under oxic conditions (DO > 0.2 mg O,/L) and a wide range
of the influent NH;*-N and NO,-N concentrations . Even though the heterotrophic
denitrification pathway has been neglected in most deammonification modelling studies,
Wan et al. '8 showed that heterotrophic denitrification could act as a sink in deeper
layers (anoxic condition) of deammonification granules even without organic carbon in
the influent feed.

The N,O production rate was dependent on the AUR in the aerated phase and NO,~-
N concentration in the non-aerated phase (Figure S6), which is similar to the findings
of Blum et al. ', Intense aeration could result in higher N,O production and emission
due to both higher AURs and stripping effect, as suggested by Castro-Barros et al. 15,
and weaker suppression of the NOB activity (as shown in scenarios 2-3). A longer

non-aerated phase could cause more N,O consumption by heterotrophic
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denitrification, but it could also lead to lower AURs and NPR/AURs (as shown in
scenarios 5-8).

Ma et al. 19 attributed the mechanism of NOB suppression by intermittent aeration to
the periodic inhibition by FA (threshold of 0.2 mg N/L) corresponding to periodic pH
upshifts during the non-aerated phase. Higher aeration on/off frequencies could also
cause more often pH upshifts and enhance NOB suppression. However, in the present
study, the pH upshifts in relation to the intermittent aeration pattern were negligible as
the pH value was controlled in the range 7.5-7.9 by dosing NaOH. The consumption
of NH4*-N in the reaction phase resulted in the overall decrease in the FA
concentration in the range 1-9 mg N/L and 0-21 mg N/L in test trial no. 1 and test trials
no. 2-3, respectively. The FA inhibition thresholds were reported in the range 0.64-4.3
mg N/L for NOB 4647 and specifically 0.04-0.08 mg N/L for Nitrospira 8. Recent
studies have also shown contradictory results that FA concentrations in the range
18.1-25.0 mg N/L had a limited effect on NOB suppression 4°, implicitly due to the
diverse NOB community. It should be noted that the different size of granules could
also have a potential effect on diffusion limitations and variations in the NOB activity.
However, this effect was not considered in the present study due to a relatively stable
granule size. In the present study, a similar FA decreasing trend under different R
ratios could not explain the stronger NOB suppression related to the longer non-
aerated phase. In addition, FNA inhibition on NOB was not considered because FNA
concentrations (< 0.002 mg N/L) were below the threshold values (0.02-0.1 mg N/L)
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46 during all the experiments. However, Blum et al. 2 suggested that pH may regulate
the rates between N,O production and consumption. Indeed, Kanders et al. %0 showed
that more N,O could be reduced via complete denitrification at higher pH (7.5-7.6 vs.
6.6-7.1). However, in the present study, such influence was avoided by controlling a

narrow pH range (7.5-7.9).

a) Conversion pathways of COD equivalents

XS| HYDROLYSIS

BIOMASS

BAP
UAP
Cco2

SUBSTRATE PATHWAY CONDITION PRODUCT

b) Conversion pathways of N equivalents

e mT SN

N

SUBSTRATE PATHWAY CONDITION PRODUCT

Figure 6. Sankey graph showing the conversion pathways of COD equivalents (a) and

N equivalents (b) at the end of the experimental period (based on the results of
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scenario 13) (for higher sharpness, contributions smaller than 0.3% (a) and 1% (b)

were neglected).

3.5. Model-based intermittent aeration strategies for performance optimization. The
AOB activity, NOB activity and N,O emissions, evaluated under different aeration
strategies when the DO set point, R ratio and F frequency were respectively fixed to
0.7 mg O,/L, 2 and 6.5 h', are shown in Figure S7, whereas the remaing scenarios
are shown in Figures S7-S9. The aeration strategies scattered in the red region were
feasible only when the DO set point, R ratio and F frequency were within the range
0.5-2.1 mg O,/L, 1.5-3.5 and 3-10 h™', respectively. At the reference state (DO=0.7 mg
O./L, R=2 and F=6.5 h™"), the predicted AUR, NPR/AUR and N,O emission factor were
approximately 12 mg N/(g VSS-h), 0.05 and 1%, respectively, which was close to the
experimental findings (scenario 13) (13 mg N/(g VSS-h), 0.07 and 1% at DO=0.7 mg
O./L, R=2 and F=6.5 h-"). The AOB activity could be increased to 14 mg N/(g VSS-h)
without compromising the NOB suppression (NPR/AUR < 0.1) and N,O emission
(Enzo < 2%). This increase could result from either decreasing the R ratio to 1.5 (Figure
S7a-c), or increasing the DO set point to 1.3 mg O,/L (Figure S7d-f). The intermittent
aeration with either higher DO set point and higher R ratio or lower DO set point and
lower R ratio was suggested to maintain AUR > 12 mg N/(g VSS-h), NPR/AUR < 0.1
and Enzo < 2% (Figure S7g-i).

As shown in Figures S7-S9, the R ratio and DO set point were crucial parameters

for performance optimization, however, with the opposite effects on NOB suppression
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and N,O mitigation. The AOB activity could be slightly improved by either decreasing
the R ratio or increasing the DO set point. In the meantime, a higher F frequency was
suggested to maintain the sufficient NOB suppression and N,O mitigation (Figures S8-
S9). Similar parabolic-shaped optimal range of the R ratio and DO set point were found
when the fixed F frequency exceeded 3 h-' (Figure S10). The R ratio should tightly be
controlled when the DO set point was adjusted. Increasing the F frequency could further

expand the feasible region for both R ratio and DO set point.
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