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ARTICLE INFO ABSTRACT

Keywords: Two-stage partial nitritation (PN) and anammox (AMX) systems showed promising results for applying auto-
Ammonium oxidising bacteria (AOB) trophic nitrogen removal under mainstream conditions. In this study, a pilot-scale (600 L per reactor) two-stage
Anammox

PN/AMX system was installed in a municipal wastewater treatment plant (WWTP) provided with a high-rate
activated sludge (HRAS) system for organic carbon removal. The PN/AMX system was operated without tem-
perature control (ranging from 11 to 28 °C) and was subjected to the same variations in wastewater charac-
teristics as the WWTP (22 to 63 mg NH4 - N/L). The developed strategy is simple, does not require the addition of
chemicals and is characterised by short start-up periods. The PN process was established by applying a high
hydraulic load and maintained by in situ accumulated free nitrous acid (FNA) of 0.015-0.2 mg HNO,-N/L. Based
on pH value, a controlled aeration strategy was applied to achieve the target nitrite to ammonium ratio in the
effluent (1.1 g NO2-N/g NH4-N) to feed the AMX reactor. Although NOB were not fully washed out from the
system, nitrite accumulation remained (>99 %) stable with no evidence of NOB activity. In the AMX reactor, an
overall nitrogen removal efficiency of 80 % was achieved. Regarding effluent quality, 12 + 3 mg TN/L was
obtained, but 5 mg NO3-N/L was already in the HRAS effluent. The relative abundance of NOB showed a strong
negative correlation with the FNA concentration, providing a good strategy for establishing PN under main-
stream conditions.

Municipal wastewater treatment
Nitrite oxidising bacteria (NOB) suppression
PN/AMX pilot plant

1. Introduction approaches, such as high-rate activated sludge systems (HRAS). HRAS

consist of a CAS with a shortened solid retention time (SRT) and hy-

Efficient nitrogen removal from wastewater is crucial as wastewater
treatment plants (WWTPs) face increasingly stringent effluent quality
requirements due to the growing relevance of water reuse [1]. In the
search for more energy-efficient WWTPs, systems based on partial
nitritation and anammox (PN/AMX) processes have been proposed to
autotrophically remove the nitrogen present in the mainstream [2].
Conventional activated sludge systems (CAS) would thus be replaced by
an unit for organic matter removal (A-stage) followed by a nitrogen
removal unit (B-Stage) [3,4]. Carbon capture is achieved using different
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draulic retention time (HRT), in which the organic carbon is adsorbed
onto the activated sludge and only 10-30 % of the nitrogen is removed
by microbial growth [3]. Stable organic matter removal at this stage is
critical for energy recovery and successful implementation of PN/AMX
processes. High organic matter content drives the proliferation of het-
erotrophic bacteria that compete with ammonia-oxidising bacteria
(AOB) for dissolved oxygen (DO) and with anammox for nitrite via
denitrification [4-6].

In recent years, intensive research on mainstream PN/AMX systems
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has been conducted and promising results have been obtained [7-9]. In
addition to low temperatures and nitrogen concentrations, the main-
stream exhibits other characteristics, such as high variability in terms of
fluctuating temperatures, nitrogen and organic matter loads, and flow
rates due to daily and seasonal variations and precipitation periods [10].
The impact of these fluctuations on PN/AMX process performance is
often overlooked, but they pose a challenge to PN/AMX stability
[7,11-15]. So far, little information is available on the PN/AMX appli-
cation under fluctuating realistic conditions [4]. In fact, most pilot-scale
studies were performed with temperature control [4,16] or have sup-
plemented the feeding with external ammonium when they receive
diluted waters to increase the nitrogen loading rate (NLR) and mitigate
wastewater composition variability [5,6,15].

Initially, studies on mainstream PN/AMX were focused on the use of
single-stage systems because of their excellent results in treating the
supernatant of the anaerobic sludge digester in municipal WWTPs [4].
The results from pilot-plant experiences showed that some challenges,
such as biomass retention or the proliferation of nitrite oxidizing bac-
teria (NOB), still hinder the application of PN/AMX processes under
mainstream conditions. In fact, the nitrate produced by the NOB limited
the nitrogen removal efficiency (NRE) and deteriorate the effluent
quality [5,6,11,12]. Hoekstra et al. [5] showed the seasonal effect on the
PN/AMX process, as the nitrogen removal rate (NRR) decreased from
223 + 29 mg TN/(L-d), at 23.2 + 1.3 °C, to 97 + 16 mg TN/(L-d) at
winter temperatures of 13.4 + 1.1 °C.

Recently, the potential of the two-stage PN/AMX configuration was
demonstrated under mainstream conditions [4] with nitrite accumula-
tion identified as the critical step. However, little pilot-scale experience
can be found in the literature. At pilot-scale, controlling the aeration
time as a function of ammonia valley produced excellent results with
nitrite accumulation ratios (NAR) exceeding 90 % when treating pri-
mary settled wastewater (with COD) at low temperatures (12-26 °C)
[17,18]. However, Jin et al. [19] that also applied real-time control of
aeration length in a two-stage PN/AMX system reported a severe dete-
rioration of NRE due to an imbalance between control parameters
caused by frequent variations in feeding composition. These results
suggest the need for more straightforward and dynamic control systems
to cope with fluctuation in wastewater composition. Kowalski et al. [14]
apply a strategy based on the ratio of DO to total ammonium nitrogen
ratio in combination with free ammonia (FA) to suppress the NOB ac-
tivity. However, they found that it was difficult to maintain the stability
of the PN process, and 14 % of the nitrogen was oxidised to nitrate.

One of the most commonly reported strategies to achieve the PN
process is to exploit the higher sensitivity of NOB to free nitrous acid
(FNA) concentrations compared to AOB [4,20] by exposing the sludge
from the nitritation reactor to FNA concentrations that inhibit NOB
(>0.023 mg HNO,-N/L). At pilot-scale, Duan et al. [21] observed a 66 %
decrease in NOB activity in 10 days when treating a portion of the sludge
with FNA in an external unit placed in side-stream, but they begin to
recover after 45 days. Although Duan et al. [22] found that the NOB
adaptation to relatively high FNA concentrations could be overcome by
alternating FNA and FA treatment of biomass, this was not successful at
pilot scale [21]. Hausherr et al. [15] have operated a pilot-scale PN
reactor in which NOB were successfully inactivated in a plug-flow
reactor, but the mechanism that suppresses the NOB activity is un-
clear. Given this scattered information, it is necessary to investigate the
resilience of the two-stage PN/AMX systems at pilot-scale under realistic
conditions to shed light on whether the strategies developed at the lab-
scale are feasible. In addition, PN/AMX systems are usually inoculated
with a relatively high biomass concentration that would be difficult to
achieve in the upscaling process. Therefore, the development of strate-
gies that allow rapid start-up and require little inoculation sludge is of
great interest.

Hence, this study aims at exploring the feasibility of implementing a
pilot-scale two-stage PN/AMX system for the treatment of municipal
wastewater at uncontrolled ambient temperature (11 to 28 °C). The
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robustness of the system to cope with the wastewater fluctuations (22 to
63 mg NHZ-N/L and 25-135 mg COD/L) was evaluated as it was
implemented in situ at the WWTP, with special attention to the achieved
effluent quality. The performance of each PN and AMX reactor was
evaluated and optimised separately. Microbial community analyses
were also performed to evaluate the system performance.

2. Materials and methods
2.1. WWTP configuration and influent composition

The pilot plant was installed in a municipal WWTP operated by FCC
Aqualia (Madrid, Spain). The WWTP has a treatment capacity of
approximately 260,000 population equivalent and an average waste-
water flow of 52,000 m3/day. The CAS system, equipped with me-
chanical aeration, was operated with a low HRT (7 & 1 h) to improve the
adsorption of chemical oxygen demand (COD) from the wastewater to
the biomass. Due to the low HRT, no nitrogen removal occurred in the
CAS unit. Phosphorus is chemically removed in these aeration basins by
ferric chloride (approximately 3,500 kg FeCls/day) before discharge to
the secondary clarifiers, which also improves sludge settling capacity.
The effluent from the CAS unit had annual average values of 66 + 11 mg
COD/L, 62 + 11 mg TN/L, 43 + 10 mg NH;-N/L, 3 + 1 mg NO3-N/L,
0.9 + 0.1 mg TP/L and 18 + 4 mg TSS/L. The low COD/N ratio
(approximately 1 g COD/g TN) indicated its suitability for feeding the
PN/AMX system.

2.2. Pilot-plant set-up and operation

A two-stage PN/AMX pilot plant (Figure S1), with a working volume
of 600 L each reactor, was operated without temperature control
(11-28 °C). Both reactors were operated as sequencing batch reactors
(SBRs) connected to a Supervisory Control and Data Acquisition
(SCADA) software to monitor the process and pilot plant operation.

2.2.1. Partial nitritation reactor

The PN reactor (with a useful height to diameter H/D ratio equal to
3.5) was operated as an SBR treating the CAS effluent (operated as
HRAS), previously stored in a 220 L buffer tank. The PN reactor was
seeded with a mixture of sludge (1.2 g VSS/L in total) from a CAS system
of a WWTP, where biological nitrogen removal processes took place, and
the flocculent fraction from ELAN® biomass (enriched in AOB but also
containing NOB). The addition of the ELAN® biomass, comprising
approximately 28 % of the VSS in the inoculum, increased the propor-
tion of nitrifying bacteria compared to the heterotrophic bacteria pre-
sent in the CAS. The ELAN® biomass come from a single-stage PN/AMX
reactor that treated sludge digester supernatant under mesophilic con-
ditions (i.e. a sidestream PN/AMX reactor), located at the WWTP of
Guillarei (Tui, NW Spain) [23].

The distribution of the SBR cycle was divided into four phases (Fig. 1.
A) comprising: aerated feed, aerobic reaction (with variable length),
settling and discharge.

To feed (from the top) and discharge the reactor, two peristaltic
pumps were used. Air was supplied through diffusers located at the
bottom of the reactor at a rate between 5 and 10 L/min. The air flow rate
was manually modified to prevent DO limitations and, especially, to
promote the reactor mixing. The DO concentration was monitored on-
line (Hach LDO) but was not actively controlled. The PN reactor was also
equipped with online sensors to measure pH (pHD, Hach) and ammo-
nium and nitrate concentrations (AN-ISE, Hach). All probes were con-
nected to a sc100™ controller (Hach) for data acquisition.

The PN reactor was operated for 118 days (April to July) and
included three Stages corresponding to changes in the duration of the
aerobic phase (Table 1). First, in Stage I, a short aerobic reaction phase
of only 10 min (or 100 min if including the feeding phase) was utilized to
achieve a high hydraulic loading rate, which promoted the growth of
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Fig. 1. SBR cycle configurations: A) Partial nitritation (PN) reactor and B) anammox (AMX) reactor. Details of the variable phase length are shown in Table 1. The
discharge from the PN reactor directly fed the AMX reactor. *Settling time in the PN reactor was 20 min instead of 40 min from day O to 16.

Table 1

Distribution of operational stages for the pilot-scale PN reactor.
Stage (S) Duration (days) Cycle (min) Aeration” (min) Settling (min) VER (%) HRT (h)
I 0-16 145 10 20 50 4.8
II 17-49 310 - 215° 150-90 (day 21) 60 (day 25) 40 50 7.2-10.2
I 50-118 140 - 275° 120 min or pH 40 33 7.5-13.9

@ In all cases, the previous 90 min were used for the aerated feeding stage.
b Cycle length manually adjusted.
¢ Cycle length variable based on pH set point or maximum time.

AOB over NOB. The cycle length was set at 145 min resulting in a low
HRT of 4.8 h. During this Stage, the settling time was 20 min and the
volume exchange ratio (VER) was 50 %. In Stage II (days 17-50), the
duration of the aerobic reaction phase was manually modified to pro-
mote the ammonium oxidation and achieve an effluent with a nitrite to
ammonium ratio close to the value required for the AMX process (target
1.1 g NO5-N/g NHZ-N). The aeration phase length was first increased to
150 min, then reduced to 90 min (day 21), and finally to 60 min from
day 25 (Table 1). The settling time was increased to 40 min to improve
biomass retention. Finally, in Stage III, the VER was reduced to 33 %,
and the SBR cycle configuration was changed to a variable duration
configuration based on a pH setpoint that terminated the aeration phase.
If the setpoint was not reached due to pH prove failure or process in-
stabilities, the cycle terminated with a maximum aeration time of 120
min. The pH setpoint was periodically readjusted based on periodic
single-cycle characterisations performed to achieve the target nitrite to
ammonium ratio as the composition and temperature of the wastewater
fluctuated. As the composition and temperature of the wastewater
fluctuated, the pH set point was periodically readjusted according to
periodic single-cycle characterisation performed to obtain the target
nitrite to ammonium ratio. At all stages, the effluent withdrawal lasted
for 25 min or until the required liquid level in the reactor was reached.

2.2.2. Anammox reactor

AMX reactor (Figure S1.C, with a H/D ratio of 0.75) was inoculated
with anammox-enriched granular biomass (Figure S2) from the full-
scale ELAN® reactor [23] and started up on day 70 of the PN opera-
tion. For technical reasons, the discharge pump from the PN reactor
directly fed the AMX reactor for 25 min coupling both SBR cycles
(Fig. 1). Thus, the reaction time in the AMX reactor was not optimised
but was defined by the length of the PN aeration phase. The AMX reactor
was an open SBR and it was mechanically stirred for at least 90 min.
Once the set-point in the PN reactor was reached, the mechanical stir-
ring in the AMX was stopped (Fig. 1.B). The biomass settled for 20 min
and then the effluent was discharged by level. The VER in the AMX
reactor was set at 33 %, equal to the PN reactor (Stage III). The AMX
reactor was equipped with ammonium, nitrate (AN-ISE, Hach), con-
ductivity and redox sensors connected to a sc100™ controller (Hach).

2.3. Analytical methods

Influent and effluent were periodically sampled. For influent, the 24-
hour integrated sample of the full-scale WWTP was used except for cycle
characterisation. Individual operating cycles were monitored to eval-
uate process rates and adjust the pH set point in the PN reactor. After
sample filtration (0.45 um), the COD, ammonium, total nitrogen (TN),
nitrite and nitrate concentrations were determined spectrophotometri-
cally using Dr. Lange test kits (Hach Lange, Germany). Alkalinity was
determined by titration according to Standard Methods for Water Exam-
ination, as were concentrations of total and volatile suspended solids
(TSS and VSS) and sludge volume index (SVI) [24]. Approximately 2 L of
effluent were collected every 5 min during the entire discharge phase to
obtain a representative sample for solids concentration determination.
Maximum specific nitrifying activities (both for AOB and NOB, SAxcop
and SAnog, respectively) were determined by respirometric tests [25].

2.4. Quantification of microbial populations by quantitative PCR (qPCR)

2.4.1. Biomass sampling and DNA extraction and purification

Biomass samples were taken from the PN reactor after 10, 17, 41, 57,
70, 79, 93, 99 and 113 days of operation, while the AMX reactor was
sampled on days 70, 79, 93, 99 and 113 (operational time is counted
from the start of the PN rector). To guarantee a homogenous sample,
approximately 1 L was obtained at different heights of the PN reactor,
mixed and then resampled for DNA extraction. The samples were
centrifuged (14,500 x g, 1 min) and the pellets were frozen and stored at
—20 °C. DNA was extracted and purified using the FastDNA-2 mL SPIN
Kit for Soil and the FastPrep24 apparatus (MP-BIO, Santa Ana, CA, USA),
following the protocols described by Maza-Marquez et al. [26]. A
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific Waltham,
MA, USA) was used to assess the quality and quantity of DNA samples,
stored at —20 °C.

2.4.2. qPCR assays

Absolute quantification of total Bacteria, ammonia oxidising Beta-
proteobacteria (AOB), nitrite oxidising bacteria (NOB, Nitrospira spp.),
and anammox bacteria (AMX) was performed in the PN and AMX
biomass samples by qPCR, using the molecular gene markers and
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primers summarised in Table S1A. Triplicate qPCR assays were per-
formed according to MIQE guidelines [27], using True Start Hot Start
DNA polymerase (Thermo Scientific, MA USA) and SYBR Green I (Sigma
Aldrich, MO, USA) in a total volume of 25 ul with a QuantStudio-3 Real-
Time PCR system (Applied Biosystems, CA, USA) as previously described
elsewhere [26]. The amplification conditions applied for each molecular
marker are listed in Table S1B. To obtain absolute quantifications,
standard curves were generated using tenfold dilutions (10711078 of
linearised plasmids carrying inserts of each target gene (16S rRNA gene
for total Bacteria and AMX, amoA for AOB, and nxrB for NOB. All
plasmids used as standards were available from previous work [28-30].
The free software “Calculator for determining the number of copies of a
template” [31] was used to calculate the copy numbers of the templates.

2.4.3. Statistical analyses

Absolute abundances measured for all target bacterial groups were
statistically analysed by the Kruskal-Wallis and Conover-Iman non-
parametric tests (p < 0.05 significance level), using IBM SPSS Statistics
v. 21 (SPSS Inc., USA) and R (https://www.r-project.org/). Multivariate
statistical analyses (non-metric multidimensional scaling, MDS) were
performed with the aid of Primer software (PRIMER-E v. 6.0, Plymouth,
UK) following protocols described in detail elsewhere [30].

3. Results and discussion
3.1. Partial nitritation process performance

3.1.1. Nitrite accumulation promotion and maintenance

During the entire operational period, no COD removal was observed
in the PN reactor, indicating that the COD present in its feed (approxi-
mately 60 mg COD/L) was not readily biodegradable. As the reactor
without temperature control, its value ranged from 11 to 28 °C (from
spring to summer). The observed decrease in DO concentration was
mainly related to the increase in temperature (Fig. 2.A) and/or the
evolution of biomass concentration inside the reactor (Figure S3).

Nitrite accumulation was rapidly started up, without additional
chemical agents, by applying a relatively high NLR of 248 + 41 mg TN/
(L-d) (Fig. 2.B) which resulted in average sludge nitrogen loading of
1,400 mg N/(g VSS-d). On the first day of operation alone, an ammo-
nium oxidation ratio (AOR) of 72 % was reached, producing 44 mg NO3-
N/L (Figure S4).

Later, AOR decreased sharply to values below 10 % while the NAR
progressively increased up to 99 % (Fig. 2.B). Thus, both AOB and NOB
were active in the seeding sludge but did not operate properly under the
PN reactor operating conditions, presumably due to the high hydraulic
load applied, with an HRT of 4.8 h (Table 1, Fig. 2). However, the low
AOR observed limited the nitrite concentration accumulated to 3.9 mg
NO,-N/L (Figure S4.A) which corresponds with an specific ammonium
oxidising activity of 62 mg N/(g VSS-d). Moreover, the pH in the effluent
was higher than the one in the influent, making the FNA concentration
in the system negligible (Fig. 2.C). Therefore, the relatively high hy-
draulic load applied and the expected AOB abundance higher than that
of NOB in the inoculum allowed the selection of the AOB over NOB
during this Stage I (with average temperature of 15.4 + 1.8 °C).

On day 17, the sludge that had been washed-out from the system
with the effluent was reintroduced leading to a solid concentration of
1.04 g VSS/L inside the PN reactor. Then, a single cycle with extended
aeration (SBR phase 2 = aerobic reaction length of 270 min) was
characterised (Fig. 3.A and B). The objective of this cycle was to evaluate
the length of the aeration phase required to achieve high nitrite accu-
mulation by promoting the rate of AOB that was limited to values below
30 mg NH4-N/(L-d). The aerobic feeding phase lasted 90 min as both
criteria level and time must be achieved (Table 1). However, the actual
feeding time was shorter due to the pump flow (7.5 L/min) and took
approximately 40 min. During this time, both ammonium and pH
increased (Fig. 3). This resulted in a sludge loading rate was 35 mg N/(g
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Fig. 2. Evolution of A) average daily hydraulic retention time (HRT, o), dis-
solved oxygen (DO) concentration (—) and operational temperature (—); B)
ammonium oxidation ratio (AOR, @), nitrite accumulation ratio (NAR, o) and
nitrogen loading rate (NLR, /,); C) the free nitrous acid (FNA) concentration
(—) and pH values in the influent (---) and effluent () of the partial nitrita-
tion reactor.

VSS-h). During the aerated phase (360 min), the AOB rate doubled the
NOB rate, and the pH value decreased from 7.05 to 6.70. Despite FNA
concentration increased, it was still well below the inhibitory value re-
ported for NOB metabolism (0.023 mg HNO,-N/L) [20]. However,
Vadivelu et al. [32] showed that FNA already inhibits the NOB anabo-
lism at concentrations of 0.011 mg HNO2-N/L and completely stops
growth at 0.03 mg HNO»-N/L. Based on the results obtained with this
extended aeration cycle characterisation, the total cycle duration on day
17 was extended from 145 min (Stage I) to 310 min (Stage II) to promote
the AOB growth but limiting the NOB one.

In Stage II (19.2 £ 1.2 °C), the applied NLR was diminished to favour
AOR and NAR remained close to 100 % (Fig. 2.B) while nitrite con-
centration in the effluent progressively increased up to 25 + 6 mg NO>-
N/L (Figure S4). Throughout this Stage, the cycle length was manually
modified by gradually reducing the aeration phase length (Table 1),
decreasing the HRT from 10.2 to 7.2 h (Fig. 2.A) as the AOR increase.
Moreover, the aeration flow rate was also increased from 5 to 7 L/min,
to ensure that the AOR was not limited by the insufficient DO supplied to
the bulk liquid (Fig. 2.A). The obtained nitrite to ammonium ratio in the
effluent was close to the stoichiometric value required for the subse-
quent AMX process (1.15-1.32 g NO3-N/g NHZ-N) [33,34]. The low
operating pH values (6.1 + 0.1), generated by the alkalinity depletion
during the PN process, together with the nitrite accumulated, lead to
FNA concentrations up to 0.20 mg HNO»-N/L (Fig. 2.C) considered the
main factor inhibiting the NOB activity. These values are comparable
with those observed at the laboratory scale treating primary municipal
wastewater [29]. Indeed, the cycle from day 35 is shown in Fig. 3.C and
D as an example, and FNA over the NOB inhibitory threshold were
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Fig. 3. Cycle characterisations on days 17 (extended aeration) (A and B) and 35 (Stage II) (C and D). A and C) evolution of the ammonium (o), nitrite (M) and nitrate
(A) concentrations. B and D) evolution of the pH value () and FNA concentration (4). The change in trends at the end of the cycle characterisation on day 35 was

due to the beginning of the settling phase.

observed during the entire cycle. The low pH values and FNA do not
seem to negatively affect the AOB activity that increased from 58 mg N/
(L-d) to 93 mg N/(L-d) during the aerobic phases on day 17 and 35,
respectively. This is an advantage of the proposed method compared to
those using sludge FNA treatment in an external unit that reported
temporally ammonium oxidation collapse after sludge exposure to high
FNA concentrations [21]. During the rest of the operational period,
significant nitrate production was not detected (Figure 2 and S4); thus,
NOB activity was successfully suppressed.

Finally, from day 50 onwards (Stage III), the cycle had variable
length. The aeration phase was terminated by a pH set-point (Table 1) to
adjust the effluent nitrite to ammonium ratio better while coping with
the influent characteristic fluctuations. Excellent correlation between
pH and ammonium concentration in the effluent was corroborated with
the cycles characterisation (Fig. 3). Therefore, pH was selected as the
control parameter since the sensor is more reliable than those used for
ammonium determination that required to be calibrated at least once
per week as at mainstream conditions with about 50 mg N/L range a low
deviation in the measure might incur in significant process instability.

At the beginning of this Stage III, the pH in the effluent sharply
increased from 5.6 to 6.6 (Fig. 2.C). This change in the pH value was
ascribed to a particular infrastructure event when drinking water with
large amounts of sand entered the full-scale WWTP which led to the partial
stop of the treatment units and the complete stop of the FeCl3 dosage used
for phosphorus removal. As the alkalinity consumed during phosphorous
removal (3 mol HCO3/mol FeCl3) diminished, its concentration in the
influent to the nitritation reactor increased from 134 + 69 to 200 + 22 mg
CaCOg/L. Therefore, the wastewater presented a higher buffering capacity,

without ever reaching the pH set-point of 5.6. On day 50, the pH set-point
was changed to 6.9 and afterwards, it was reduced progressively to 6.5. The
obtained AOR during this stage was in average 51 + 7 % and the NAR
remained close to 100 % (Fig. 2.B). Besides the frequent fluctuations in
wastewater characteristics, the WWTPs had also to cope with the particular
events that might compromise its operation. In this case, the pilot plant
operation remained stable showing its robustness despite the full-scale
plant (including HRAS and anaerobic sludge digesters) were stopped for
one week to prevent their collapse and allow the sand removal works.

The pH increase caused the decrease of FNA concentration to
average values of 0.014 + 0.001 mg HNO»-N/L (Fig. 2.C), but it did not
affect NOB suppression, and similar nitrate concentrations were
observed in the influent and effluent (Figure S4.B). This suggests that
another factor (or combination of factors) may have contributed to
maintaining the PN process or, the strategy of in situ FNA accumulation
is robust enough to prevent system destabilisation when inhibitory FNA
concentration are not reached temporarily, as shown by Pedrouso et al.
[35] who observed a delay of 40 days until nitrate production was
observed. However, some studies have reported NOB adaptation to
higher FNA concentrations when part of the sludge is treated in an
external unit [21,22]. Long-term operation is needed to confirm whether
it is possible or not to stably maintain the PN process when treating
municipal wastewater under these conditions. Furthermore, during
Stage III, the temperature increased to average values of 23 + 2° C,
which may have favoured the growth of AOB over NOB one. Addition-
ally, the relatively low HRT successfully initiated nitrite accumulation in
Stage I and may have contributed to maintaining the nitritation process
[36].
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In addition, batch tests were conducted on days 38 (Stage II) and 79
(Stage III) to measure the SAxop and SAnog. The results indicated a value
of 195 + 23 mg NH4-N/(g VSS-d) for SAxop on day 38, which increased
to 360 + 35 mg NH4-N/(g VSS-d) on day 79. SAnop was not detected
during either batch tests, suggesting that the suppression of NOB was
successful. It is worth noting that batch tests were not performed on day,
so maximum value of NOB activity is not available but, on day 1, the
specific NOB activity was observed to be 228 mg NO3-N/(g VSS-d).

3.1.2. Biomass retention capacity

Biomass retention in the PN reactor was a challenge obtaining a
relatively high VSS concentration in the effluent (>40 mg VSS/L,
Figure S3). This problem is commonly encountered in mainstream PN/
AMX systems since, due to the low nitrogen concentrations of this
stream, they have to operate with short HRT to obtain a high NLR for
substantial biomass growth [8,11]. The low net biomass production did
not compensate for the biomass washout provoked by the high flow-
rates. Nevertheless, the biomass washout can be seen as a trade-off that
helps to promote nitrite accumulation. Li et al. [36] also reported, at lab
scale, the rapid establishment of the PN process after simultaneously
eliminating both AOB and NOB by applying short SRTs of 10 days. In
contrast, Hausherr et al. [15] operated a plug-flow PN reactor with a
VER of 90 %, but using longer SRTs ranging from 7 to 40 days,
depending solely on the sludge lost in the effluent. They observed an 80-
day lag phase in nitrite accumulation during the upscaling from lab to
pilot scale.

In the present study, the average SRT in Stage [ was 1.5 + 0.8 days,
which helped initiate nitrite accumulation. Later, the SRTs were
considerably longer, aiming to retain the biomass, with average values
of 11.6 + 5.0 days in Stage II. However, during Stage I and II, effluent
solids were collected and reintroduced into the reactor on a weekly
basis, which resulted in longer actual SRTs and no selection based on the
SRT was expected. Reintroducing the washed-out biomass allowed for
the retention of biomass in the PN reactor, but also led to fluctuating VSS
reactor concentrations with an average of 0.5 g VSS/L. Additionally, the
high hydraulic stress and the high specific NLR applied (with average
values of 1,400 and reaching peaks as high as 2,900 mg N/(g VSS-d),
during Stage I led to the formation of aggregates (Figure S5.A). At day
70, biomass reintroduction was stopped since the AMX reactor was
started-up, but the nitritation process performance remained stable
(Fig. 2). From that time onwards, the SRT was 17.8 + 8.9 days. The high
variation in VSS concentration and SRTs was mainly attributed to
determination errors, as biomass stratification was observed in the PN
reactor (Figure S5.B), showing that the reactor was not well mixed.

The biomass wash-out could be attributed to the reactor configura-
tion since biomass washing problems were not solved even when the
settling time was increased from 20 to 40 min (Table 1) or the VER was
reduced from 50 % to 33 % during Stage III. Moreover, biomass strati-
fication inside the reactor (Figure S5.B) could be limiting the potential
conversion rates. From day 52 onwards, the aeration flow rate was
increased to 10 L/min to improve reactor mixing, but the stratification
phenomenon was still present, presumably due to difficulties in resus-
pending the biomass, as air diffusers are located at 20 cm from the
bottom. The implementation of a mechanical stirring would likely pro-
mote the achievement of higher AOB rates solving this issue for up-
scaling purposes and enabling to applied higher NLR.

Regarding the SVI, fluctuating values were obtained again probably
due to the fact that the reactor was not properly mixed. The SVI from the
seeding sludge was 150 mL/g TSS that was in the range of values
commonly found in the CAS systems ranging between 100 and 200 mL/g
TSS [10]. During Stages I and II, the SVI remained at average values of
127 + 14 mL/g TSS and 121 + 21 mL/g TSS, respectively. Finally,
during Stage III the SVI was slightly reduced to values of 95 + 25 mL/g
TSS. The relatively high SVI values (>80 mL/g TSS) also indicated the
moderate biomass compaction capacity explaining the observed
biomass wash out.
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Fig. 4. Evolution of nitrogen loading rate (NLR, 4), nitrogen removal rate
(NRR, ¢)), in mg N/(L-d) and the nitrogen removal efficiency (NRE, *) during
the anammox reactor operation.

3.2. Anammox process performance

After the stable performance of the PN reactor, from day 70 onwards,
its effluent was directly fed to the AMX reactor, which operated at an
average NLR of 116 + 22 mg TN/(L-d) (Fig. 4.A). The HRT was the same
as that of the PN reactor, 11.7 + 1.6 h (Fig. 2.A).

The vigorous mechanical stirring during the first 10 days together
with the fact that the AMX reactor is an open-SBR, resulted in high DO
concentrations (up to 6 mg Oy/L) in the AMX reactor. Thus, overall
nitrogen removal was not observed but ammonium oxidation (Fig. 4 and
Figure S6). After installing a variable frequency drive in the mechanical
stirring system, the AMX process was quickly established. The reactor
experienced transient oxic-anoxic conditions with DO concentrations
close to 4 mg Oo/L at the beginning of the cycle due to DO present in the
fed stream and mass transfer through the water surface. DO concen-
tration decreased to zero during the first 15 min of the cycle. The NRR
exponentially rose to average values of 99 + 26 mg TN/(L-d) and a NRE
of 80 + 5 % was achieved (Fig. 4). The nitrate produced to ammonium
removed ratio was on average 0.15 + 0.09 g NO3-N/g NH;-N and the
nitrite to ammonium consumption ratio was of 1.22 + 0.13 g NO3-N/g
NHZ-N. Both ratios close to those from the theoretical AMX stoichiom-
etry of 0.16-0.26 g NO3-N/g NHJ-N and 1.15-1.32 g NO3-N/g NH;-N
[33,34]. The pH of the PN effluent was 6.7 + 0.3, in the lowest limit of
the reported optimal pH range for the anammox bacteria of 6.5 to 8.5
[34], but high NRE of 80 + 5 % was achieved in the AMX, comparable to
previous laboratory results obtained at pH as low as 6.2 and 15 °C [37].
Slight COD removal occurred with average rates of 26 + 1 mg COD/
(L-d), indicating limited denitrification due to a lack of organic matter.

Despite the low initial granular biomass concentration used to
inoculate the reactor (0.4 g VSS/L), the AMX process was successfully
established with specific AMX rates ranging from 110 to 214 mg N/(g
VSS-d). The granular biomass was successfully retained with VSS con-
centration in the effluent lower than 10 mg VSS/L. Although the too
short operational period of this reactor (48 days) that has coincided with
spring to summer season (with a temperature of 24.9 + 1.3 °C), together
with the slow growth rate of the anammox bacteria, do not allow to
categorically state that the process is able to provide long-term stable
performance at mainstream conditions, the results obtained are
auspicious.

3.3. Quantification of total Bacteria, AOB, NOB and AMX in the PN-
AMX pilot-scale plant and links to operational parameters

Fig. 5 summarises the abundances (number of copies per ng DNA) of
the gene markers selected for total Bacteria, AOB, NOB and AMX in the
pool of samples from the PN and AMX reactors. Statistically significant
differences among samplings were found for all the microbial groups
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Fig. 5. Notched Box and-Whiskers plots showing the logarithm of the number of copies/ng DNA of the targeted genes markers of total Bacteria, ammonia oxidising
bacteria (AOB), nitrite oxidising bacteria (NOB) and annamox bacteria (AMX) in the partial nitrification (PN) and annamox (AMX) reactors, quantified by qPCR. In
all the plots, upper and lower bounds of the box denote the 75th and 25th percentiles, upper and lower bounds of bars are the 90th and 10th percentiles. The medians
of boxes marked with the same letter in each plot are not significantly different, according to the Conover-Iman test (p < 0.05).
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quantified. The numbers of total Bacteria were always kept between 107-
108 copies/ng DNA throughout the whole experimental period, in both
bioreactors. Quantification of AMX ranged 102-10% copies/ng DNA in
the PN reactor throughout the three operation Stages, and increased
their abundance in the AMX reactor over two orders of magnitude
(Fig. 5). The abundances of the nitrifiers AOB and NOB were subjected to
ample variations, in response to the changes of operational parameters.

In the PN reactor, AOB and NOB average abundances oscillated be-
tween 5.4 £ 1.1 x 10%-3.1 + 0.3 x 10 and 5.3 £ 0.7 x 10'-1.6 + 0.2 x
10° copies/ng DNA, respectively (Fig. 5). During Stage I, biomass
sampled on day 10 reached the highest abundance of AOB, and the AOB:
NOB ratio achieved under the selected cycling conditions (section 3.1.1)
was > 400:1 (Table S2), confirming an effective enrichment of AOB over
NOB. In an earlier work by Li et al. [38], achieving an AOB:NOB ratio >
100:1 in the start-up stage was regarded as a key step for the successful
long-term operation of PN. At day 17, the reintroduction of the washed-
out biomass in the SBR led to a sharp increase of the abundance of NOB,
while the AOB numbers fell nearly two logarithmic units; however, after
25 days of further operation under the extended aeration cycling con-
ditions and longer HRT imposed in Stage II (day 41), the NOB numbers
decreased to the values of Stage I, and AOB populations dominated again
over NOB at 8:1 ratio (Table S2). Accordingly, by the end of Stage II,
nitrite concentrations in the effluent increased, while nitrate concen-
trations were reduced raising the NAR (Fig. 2.B, Figure S4). Further
enrichment of AOB over NOB occurred up to a 23:1 ratio after one week
of operation under the conditions of Stage III (day 57), being kept near
this value in most of the samples analysed throughout this Stage
(Table S2). This maintenance might be attributed by the fact that the
reintroduction of the biomass washed out was stopped. Similarly, Bao
et al. [39] observed AOB:NOB ratios ranging 3:1 to 23:1 during stable
operation in a PN system. The molecular characterisation of the dy-
namics of AOB and NOB populations also agreed with the measures of
SAaop and SAyog in batch tests in Stages II and III (section 3.1.1).

In the AMX reactor, the abundances of total Bacteria, AOB and AMX
populations remained fairly stable during the whole experimental
period, mostly oscillating within half a logarithmic unit (Fig. 5). In
contrast, NOB populations’ abundance increased steadily throughout
operation; hence, the AOB:NOB and AMX:NOB ratios decreased
accordingly (Table 2). The AMX:NOB ratio was particularly high
(>600:1) at the start of operation in the AXM reactor, and was over
tenfold reduced (41:1) by the end of the experimental period (Table 2).
The good biomass retention in the AMX reactor enable the AMX reten-
tion but also other bacteria like the NOB coming with the effluent of the
PN reactor that are one of the main reasons of the NOB relative abun-
dance increase. Long-term operation is required to see whether the NOB
activity can be controlled in the AMX reactor.

AOB and AMX comprised very small fractions of the total bacterial
populations in the PN and AMX reactors, respectively (AOB =
0.007-0.786 %o and AMX = 0.745-2.667%o, Table SX1). In previous
studies, higher relative abundances of both ammonia-oxidising groups
were usually reported. Li et al. [38] measured 10 % AOB by qPCR in a

Table 2
Composition of the different streams from the two stage PN/AMX pilot-plant in
the last 25 operational days.

Reactor pH mg mg mg NO3- mg mg
COD/L NHZ-N/ N/L NO3-N/ VSS/L
L L

HRAS 7.84 + 75+ 8 52.48 + 0 4.56 + 16 +
effluent 0.06 1.94 1.44 15

PN 6.86 + 70+11  25.83 + 26.20 + 4.50 + 26+9
effluent 0.09 3.08 3.45 1.17

AMX 6.89 + 56+12 397 + 0.99 + 7.27 + 11+4
effluent 0.23 2.96 0.95 1.34*

* Note that approximately 62 % comes from the HRAS effluent whereas <3
mg N/L are produced in the AMX reactor.
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PN-SBR operated with COD:N ratios of 1:1 and 1:3 at 20-25 °C. Massive
parallel sequencing methods revealed AOB relative abundances of 0.24
% [40] and 18.3 % [41] in the PN reactors of two-stage PN/AMX plants
operated to treating mature landfill leachate and reject water from
anaerobic digestion of municipal sewage sludge, respectively. In addi-
tion, the relative abundances of AMX in the second unit in the two
aforementioned studies were 8.3 % and 1.4 %, respectively [40,41].
However, it must be considered that these PN/AMX two-stage systems
bore much higher N-loads (>700 mg/L) and were operated at warmer
temperatures (>30 °C) than those used here. In addition, the AMX
reactor investigated here was inoculated with a low initial biomass
concentration (section 3.2). At mainstream conditions, Hausherr et al.
[15] also observed very low relative AOB abundance (0.1 %) while
stable PN process was maintained. This might be explained by the in-
crease of other side population that make the relative abundance
decrease. Another explanation is the occurrence of a population shift
towards heterotrophic nitrification, ammonium oxidation archaea or
other nitrifying bacteria like “Candidatus Nitrosoglobus”, that can
tolerate higher FNA concentrations and low pH values [42].

In the present study, NOB were detected in all samples, indicating
that they were not completely washed out. In spite of this, both the PN
and AMX processes performed efficiently, in agreement with the reports
of several previous studies [5,15,29,38]. However, surviving NOB are
reported to exert an important impact in one-stage PN/AMX process
performance by limiting the NRE, even if their abundances are 3-4 or-
ders of magnitude lower than that of AMX [43].

MDS and BIO-ENV statistical analyses were conducted aiming to
reveal links among the changes of the abundance of the groups quan-
tified by qPCR and the shifts of the operational parameters in the PN/
AMX pilot plant, and the results are depicted in Fig. 6 and Table S4. In
the PN bioreactor, both AOB and AMX abundances correlated strongly
and positively (r > 0.80) with temperature and concentrations of NHJ in
both the influent and effluent, while robust negative correlations were
observed (r < -0.80) with DO and FNA concentrations. Strikingly, a
negative correlation was found among AOR and AOB abundance, which
was attributed to the low AOR registered in Stage I due to the short
aerobic reaction phase imposed (Fig. 2.B), even though the AOB abun-
dance peaked at day 10 (Fig. 5). Higher abundances of NOB were
correlated with lower NAR and NO5 concentrations in the effluent (r >
0.90), and conversely favored increased amounts of NOj in the effluent
(r = —0.99), consistently with the metabolic abilities of this group.
Increasing FNA concentrations were also strongly related to lower
abundance of NOB (r = —0.79), agreeing with its expected inhibitory
effect over the growth of nitrite oxidisers [20,32].

In the AMX bioreactor, Bacteria and AOB trends through the ordi-
nation fully overlapped, contrary to the behaviour observed in the PN
reactor (Fig. 6). The abundances of both groups were strongly and
positively correlated (r > 0.80) with the VSS concentration, while
negative correlations were revealed with NHj concentration in the
effluent (r = -0.92). AMX abundances were favored by longer HRT and
increasing NO3 concentrations in the influent (r > 0.80), and were
negatively correlated with the concentrations of NHj in the influent and
NO3 in the effluent (r < 0.70). It must be taken into consideration that
Bacteria, AOB and AMX abundances changed little throughout operation
in the AMX reactor, hence the abiotic factors exerted only a fine
modulatory effect on their populations’ dynamics. NOB abundances
displayed links to operational parameters very similar to those observed
in the PN reactor, correlating with higher NO3 and lower NO3 concen-
trations in the effluent (r = 0.70 and r = -0.82, respectively) and warmer
temperatures (r = 0.80), and being disfavored by higher FNA concen-
trations (r = -0.85).

3.4. Effluent quality and impact of the wastewater composition

The proposed methodology allows for the rapid establishment of the
mainstream PN/AMX process without the addition of the chemicals and
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Fig. 6. Non-metric multidimensional scaling (MDS) ordination of the PN and AMX samples, on the basis of the abundance of copies of gene markers of total Bacteria,
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parameters (lower row) throughout the samples’ ordination. AOR and NAR in the PN reactor, and NHj, NO3 and NO3 concentrations in the effluents of both reactors
were also included in the plots to display correlations among the systems’ performance and the abundances of the targeted bacterial groups.

with limited amount of biomass used as inoculum. The wastewater
composition from the last 25 days of operation of the combined PN/
AMX is presented in Table 2. The pH of the AMX effluent was consid-
erably lower than that of the existing HRAS, but it was close to neutral,
implying no discharge or reuse restrictions. The effluent solids concen-
tration was not increased, and the effluent COD concentration slightly
decreased, improving the effluent quality of the full-scale WWTP.

The TN concentration in the PN/AMX effluent was 11.5 + 2.6 mg
TN/L, which is similar to the results obtained by Kowalski et al. [14]
which is over 10 mg TN/L and close to 15 mg TN/L established discharge
limits for sensitive areas in the European Union (EU) depending on
WWTP size. The TN effluent primarily consisted of nitrate, with an
average concentration of 6.9 + 0.8 mg NO3-N/L. Aapproximately 62 %
of the nitrate came from the HRAS reactor. The increased in nitrate
concentration in the effluent from the HRAS was linked to the temper-
ature increase and impacted the effluent quality and the maximum
achievable NRE since barely no nitrate is removed in the PN/AMX sys-
tem. The performance of the HRAS system needs to be optimised by
further reducing the HRT to limit the nitrifying bacteria development. If
the nitrate fed to the PN reactor is disregarded when evaluating the
effluent quality, the average TN concentration would be 7 + 3 mg N/L,
which is within the EU discharge limits. The NRE achieved (80 + 5 %)
was higher than that obtained by other authors treating municipal
wastewater in one-stage PN/AMX pilot scale, and the NRR was com-
parable [9,11-13]. In a two-stage PN/AMX, Kowalski et al. [14] ob-
tained, at pilot scale, a NRR of 55 mg TN/(L-d) using a moving bed
biofilm reactor for PN and organic carbon removal and an integrated
fixed-film activated sludge AMX reactor.

The effluent from the present study showed a very low nitrite con-
centration (<0.8 mg NO»-N/L) (Figure S6). As nitrite is known to be
highly toxic to aquatic environment, it is important to maintain its
concentration below 1 mg N/L. It should be noted that the AMX reactor
was not fully optimized in the current study but operated coupled with
the PN reactor. By extending the reaction phase and/or reducing the
amount of oxygen entering into the reactor, which can lead to ammo-
nium oxidation, the presence of nitrite in the effluent can be easily
eliminated.

The NRE of the complete system should be enhanced in accordance
with the new proposed limits set by the European urban water directive
(2022/0345/COD) of 6 mg N/L or a 85 % reduction. As the combination of
the PN/AMX processes always convert the 11 % of the nitrogen load into
nitrate, further improvement in the effluent quality can be achieved by
diverting some raw wastewater (with residual COD) to the AMX systems
for removal of produced nitrate and nitrite via heterotrophic denitrifica-
tion. This was already proved at laboratory scale in a two-stage system
[371, but its feasibility at the pilot scale needs to be verified. As the raw
water also contains ammonium, the target AOR value should be adjusted to
achieve the appropriate nitrite to ammonium ratio for the AMX process.
The efficiency of the final polishing stage must be validated at pilot scale,
taking into account the varying composition of the wastewater.

The lack of information about the performance of PN/AMX systems
treating municipal wastewater under realistic conditions has been
pointed out by several authors [4,5,37]. This fact highlights the rele-
vance of the results in the present study, where the feasibility of using
the effluent from an HRAS to feed a pilot-scale PN/AMX system was
proven.
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To sum up, the proposed operational strategy aims to suppress NOB
using in situ accumulated FNA. The basic principles were outlined by
Pedrouso et al. [35] and updated while working with real wastewater.
During the start-up phase, the PN reactor is inoculated with sludge,
regardless of whether the NOB are active or not. Then, nitrite accumu-
lation is initiated by overloading the system with a low HRT, decoupling
AOB and NOB activities. As alkalinity is consumed, the pH drops, and
the AOR is adjusted to create the conditions that lead to inhibitory FNA
concentrations (shown in Figure S7). To optimize nitrite accumulation,
it is desirable to adjust the process control strategy by reaching the
maximum achievable AOR that the wastewater alkalinity allowed. As
detailed in Pedrouso et al. [35], if ammonium to inorganic carbon (IC)
ratio in the incoming wastewater is higher than 0.6 g N/g IC, nitritation
maintenance does not required any additional measured. If this ratio is
lower than 0.6 g N/g IC, the HRT should be controlled, and if it is higher
than 1 g N/g IC, the AOR will be limited by the alkalinity availability.

Then, depending on the AOR required to maintain the PN process,
raw wastewater can be bypassed to supplement ammonium to the AMX
reactor (if the nitrite to ammonium ratio is higher than 1.2 g N/g N). The
amount bypassed depend on the wastewater nitrogen to alkalinity ratio
too (g N/g IC). Additionally, to enhance the NRE, raw wastewater can be
added to the AMX reactor at the end of the cycle to denitrify the nitrate
produced and any possible nitrite present, thereby improving the
effluent quality. The nitrogen to alkalinity ratio varied significantly with
the geography (as wastewater alkalinity is linked to the type of soil in a
location) but it does not fluctuate much over time for a specific facility.
To maintain the PN/AMX process at pilot scale while coping with the
wastewater fluctuations, ammonium, nitrate and pH would be online
measured and flows will be adjusted accordingly.

This operational strategy is simple (without required complex con-
trol loops) and flexible being able to cope with fluctuations in waste-
water characteristics. Nevertheless, the operational period of the pilot-
scale reactors was short, especially for the AMX reactor (48 days), and
further research is required to evaluate more extended process stability.
Indeed, the operation must also be tested under colder conditions and
with more diluted and fluctuating wastewater conditions (winter time).
Hausherr et al. [15] obtained a near complete NOB suppression over a
year in a plug-flow reactor (sedimentation, bottom-feed, anaerobic
mixing and aeration) with a VER of 90 %. Authors recognized difficulties
on the operation of these systems (two plug-flow reactors in series) to
maintain the flow regime under real-world conditions. More intringly,
the mechanism responsible for the NOB inhibition remains uncertain
and, according to the authors, this might be resolved before speculating
how to combine the PN with the AMX process.

4. Conclusions

A pilot-scale two-stage PN/AMX plant (total 1.2 m®), fed with
wastewater from an HRAS system (22 -63 mg NHj- N/L), was operated
successfully under without temperature control and fed wit). The nitri-
tation process (operated for 118 days at 11 — 28 °C) was rapidly achieved
by applying a high hydraulic load and sustained by accumulated in situ
FNA. A variable duration of the aeration phase (controlled by pH) was
used to cope with fluctuating wastewater characteristics and to obtain
an effluent suitable to be fed to the AMX reactor (1.1 mg NO3-N/g NHj-
N, NAR 99 %). Although NOB were not entirely washed out from the
system, their abundance was negatively correlated with FNA concen-
tration, which suggests that this approach could be employed to better
regulate these undesirable populations under the operating conditions
applied here.

Despite being inoculated with low biomass concentration (0.4 g VSS/
L), the AMX process (operated only during the last 48 days, 24.9 +
1.3 °C) was quickly established in the open pilot-reactor, achieving a
NRE of 80 £+ 5 % and a NRR of 94 + 14 mg TN/(L-d), which was mainly
limited by the HRT required for satisfactory biomass retention in the PN
reactor. However, the promising results need to be confirmed through
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long-term operation (including wintertime).
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