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Abstract

Nitrous oxide (NO) production from autotrophic nitrogen converspracesses, especially
nitritation systems, can be significant, requiraderstanding and calls for mitigation. In this stud
the rates and pathways of@®l production were quantified in two lab-scale sewirey batch
reactors operated with intermittent feeding and alestrating long-term and high-rate nitritation.
The resulting reactor biomass was highly enriclmeaihnmonia-oxidizing bacteria, and converted
~93 + 14% of the oxidized ammonium to nitrite. Toe DO set-point combined with intermittent
feeding was sufficient to maintain high nitritatiefficiency and high nitritation rates at 20-26 °C
over a period of ~300 days. Even at the high ation efficiencies, net }D production was low
(~2% of the oxidized ammonium). Net® production rates transiently increased with e imspH
after each feeding, suggesting a potential effeptbon NO production. In situ application 61N
labeled substrates revealed nitrifier denitrifioatas the dominant pathway of@ production. Our
study highlights operational conditions that mirae@NO emission from two-stage autotrophic

nitrogen removal systems.

Keywords. Nitrous oxide; Nitritation; Ammonia-oxidizing baia; Intermittent feeding; pH;

Nitrifier denitrification
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1. Introduction

Autotrophic nitrogen removal by combined partiatitation (PN, aerobic ammonium (NH
oxidation to nitrite (N@)) and anammox (anaerobic hHbxidation with NQ" to dinitrogen gas
(N2)) is being implemented as an energy and resouficgeat process compared to traditional
nitrification and heterotrophic denitrification mess (Siegrist et al., 2008; Wett et al., 2013).
Autotrophic nitrogen removal can be achieved eith@ne- or two-stage systems. Although the
two-stage process requires higher investment cekstted to the construction, this configuration
allows for coordination and optimization of theiwidual conversion stages (Desloover et al.,
2011). The PN-anammox process offers a promisiegreltive for nitrogen removal that meets
both lower energy consumption, mainly due to loaermation need, and lower carbon footprint
emission without requirement for external carboditaah (Kartal et al., 2010). Nitritation can be
achieved by manipulating operation parameters, asdbw dissolved oxygen (DO) and high NH
loadings, that are favorable for ammonia-oxidiZagteria (AOB) over nitrite-oxidizing bacteria
(NOB) (Blackburne et al., 2008; Vadivelu et al.0Z®. However, low DO and high NHas well as
high accumulation of N© produced by AOB in two-stage systems may promoteraulation and
emission of nitrous oxide @) (Kampschreur et al., 2008; Kim et al., 2010; Npaey et al., 2016;

Peng et al., 2015, 2014; Tallec et al., 2006).

The ongoing accumulation of;® in the atmosphere (~0.3% per year) is of greatem because it
contributes to global warming R has a ca. 300 times higher global warming paétitan CQ)
and the destruction of stratospheric ozone (IPQC32Strokal and Kroeze, 2014). Indeed,
documented BD emissions of up to 17% of the KHbxidized from both lab-scale and full-scale
PN reactors have been higher compared to measutefnem conventional nitrification-
denitrification processes (Desloover et al., 20340 et al., 2016; Kong et al., 2013; Lv et al.,&01

Mampaey et al., 2016). The variation iBONemissions might be explained by the different
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responses of YD production and consumption pathways to diffecgrgration strategies (e.qg.
feeding and aeration pattern) and parameters Nélg., NO,', DO and pH) (Burgess et al., 2002;
Domingo-Félez et al., 2014; Law et al., 2011; Ratfake et al., 2015; Schneider et al., 2014).
There are two main pathways involved igNproduced by AOB: (a) the reduction of N@ N,O
via nitric oxide (NO), known as nitrifier denitrifation (ND) (Ishii et al., 2014; Kim et al., 2010;
Wrage et al., 2001) and (b)® as a side product during incomplete oxidatiohyafroxylamine
(NH,OH) to NG’ (Law et al., 2012; Poughon et al., 2001; Tallealgt2006), known as
hydroxylamine oxidation. Furthermore, denitrifyibgcteria can be as important as AOB in the
production of NO under very low C/N conditions (Domingo-Félez let2017). During
heterotrophic denitrification (HD), XD is an obligate intermediate and is produced durin
incomplete denitrification. The exact biologicatipaays and environmental controls ofON
production in two-staged autotrophic nitrogen real®ystems still remains to be quantified (Ishii
et al., 2014; Law et al., 2012; Terada et al., 20ADetter quantitative understanding of the
mechanisms for pO production is crucial to develop novel strategiesew designs to mitigate

N2O.

The principle goal of this study was to investigdi® dynamics and determine® production
pathways in two intermittently-fed lab-scale sequeg batch reactors (SBRs) with high nitritation
performance. This was achieved byO\online measurements aimdsitu applications of°N

labeled NH* or NO, followed by monitoring of°N labeled and unlabeled products. In addition,

the nitritation performance was assessed during 30€ days of operation.
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2. Materials and methods

2.1. Setup and operation of sequencing batch reactors (SBRS)

2.1.1 Reactor description and operation

Two SBRs (R1 and R2) with a working volume of 5Lrevesed (Fig. S1, Support information). Air
supply was introduced by a bubble air diffuser eontinuous mixing was provided with a
magnetic stirrer during the reaction and feedingsgh Air supply, mixing, and actuation of pumps
for fill and discharge were controlled by a prograaile power strip EG-PM2-LAN (Gembird

Software Ltd., Almere, Netherlands).

Rland R2 were operated as duplicates for 121 d&ysped for 170 days, where the biomass was
stored separately at 4 °C, and restarted for @ndtffi2 days. The operation period can be divided

into two phases: phase 1 (dayl@1) and phase 2 (day 29163). The NH" and oxygen loading

were the two manipulative variables to sustaivaNDOB/AOB activity. To recover biomass
activity after storage and maintain high N@ccumulation, excess NHand oxygen limitation
were set by stepwise increasing the ammonium |lgadite (ALR) and air flow rate from 0.29 to

0.79 g N/L/d and 0.2 to 0.55 L/min, respectivelynlple S1).

A 6-h working cycle was applied over the entire @xmpent. One cycle consisted of 320 min
reaction phase including five consecutive interedl$ minute feeding followed by a 63 minutes
inter-feed period, 30 min settling phase, 5 minamhéing phase and 5 min idle phase. The
volumetric exchange ratio (VER) was 50%, resultimg hydraulic retention time (HRT) of 12h.
The sludge retention time (SRT) was controlledGat@ys by wasting sludge at the end of reaction

phase. The reactors were operated at room tempe(2@t26 °C) and without pH control.



97 2.1.2. Seed dludge and synthetic wastewater
98 The seeding sludge, originated from the returrvattd sludge stream at Mglleavaerket WWTP

99 (Lyngby, Denmark), was pre-cultivated and then ilated into two SBRs.

100 Ammonium bicarbonate (N}HCOs) was the only nitrogen source in the synthetictexaater

101  while NHsHCO;z;and sodium bicarbonate (NaHg)®rovided the inorganic carbon. The

102 composition of trace chemicals (van de Graaf etl@B6) was: 169.7 mg/L KiPO4, 751.1 mg/L
103 MgS047H,0, 451.6 mg/L CaGi2H,0O, 5 mg/L EDTA, 5 mg/L FeS£rH,O and trace element
104  solution of ImL/L. The trace element solution caméa 0.43 mg/L ZnSQ7 H,O, 0.24mg/L

105 CoChk'6H,0, 0.99mg/L MnCJ}4H,0, 0.25mg/L CuS®5H,0, 0.22mg/L NaMo®@2H,0, 0.19mg/L

106  NiCl,6H,0 and 0.21mg/L NaSe£0H,0.

107  2.2. N2O measurement

108 Liquid phase NO was analyzed by a,®-R Clark-type microsensor (UNISENSE A/S, Arhus,

109 Denmark) and data was logged every 30s. Off-g&3 ¢dncentration was measured during phase 2
110 and logged on a minute basis (Teledyne API, Sagd)igSA) to compare liquid and off-gas®

111 dynamics. As the reactors were not completely gge-tiuring the periodic off-gas

112 measurements, the liquid phasgO\toncentrations were used for the quantificatioN

113 emission rates.

114 Net N,O production and emission rates were calculatad ftee following equations:

AN>O;
At

115 Instantaneouset N;O production rate , b, = +K ay,0,"N20O; Eq. 1
cycle

116  Daily averaged net )O production rate, o= (erOi-At)X4dTy

Eq. 2

117 Where f,q Is the instantaneous net®lproduction rate at timeﬁ% is the differential term of

118  liquid concentration at time i, and &,0.-N,G; is the stripping rate at time i, which equals the
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emission rate. The JD volumetric mass transfer coefficient &) was determined
experimentally at different volume/flow rates sagos (Domingo-Félez et al., 2014) (Table S2).
The net NO produced per NHoxidized AN,O/ANH,", %) and the specific net,® production
rate (NOR, mg N/g VSS/d) were calculated from the dailgraged net pO production rate (Eq.

2).

2.3. DNA extraction and gPCR

Biomass samples were collected periodically fronRSBNd centrifuged at 10,000 rpm for 5 min.
Pellets were stored at -80 °C until DNA extractiDiNA was extracted by FastDNA™ SPIN Kit
for Soil (MP Biomedicals, Solon, OH, USA), accomglito the manufacturer’s instructions. The
guantity and quality of the extracted DNA was meadwand checked by its 260/280 ratio with a
NanoDrop (ThermoFisher Scientific, Rockwood, TN,A)Sand was stored at -20 °C until further
processing within a couple of weeks. gPCR wase@dwut on all the extracted DNA samples to
determine the relative abundance of ammonia-oxidibiacteria (AOB), nitrite-oxidizing bacteria
(NitrobacterNOB, NitrospiraNOB), anammox (AnAOB) and denitrifying bacteriasbd on
appropriate 16S rRNA targets and functional geBesails on the procedure can be found in
Terada et al. (2010). Primers and conditions usegiious genes detection are listed in Table S3.

All samples, including control reactions withoutiglate DNAs, were measured in duplicates.

2.4. N additions and analysis

A N experiment was designed to identify the microb@irces of BO production during
operation of the nitritation SBRs (day 106 to 1IMHe N-labeled nitrogen compounds (>98%;
Sigma-Aldrich) were added together with the sedeed during the same cycle on different days

(Table S4).
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The resulting®N mole fractions of the nitrogen pools was 17-18¥%TNH," and 11-13 % for

1>°NO,’, as determined from the isotopftN and total concentrations after additions. Redijaid

(212 ml) was sampled every 10 minutes after tradditians until the fourth feed of the cycle. For
isotopic analysis of pO and N, 3-mL and 6-ml Exetainer vials, respectively, pied with 100 pL

of 50% (w/v) ZnC} to stop microbial activity, were filled completeapnd immediately screw-
capped with butyl rubber septa. Previous experimbat shown that Zngéfficiently quenched N
transformations in this biomass (data not showhg fest of the sample was filtered (0.22 um) and
frozen immediately for later analyses of nutrieamsl isotopic composition of NH NO,” and

nitrate (NQ)).

Just before isotopic analysis of@and N, 1 and 1.5 ml of water was removed with a syriage
needle through the septum of the 3-mL and 6-mL &ret vials, respectively, while replacing the
volumes with helium. The isotopic composition andaentration of BO and N were determined
using a gas chromatograph-isotope ratio mass speeter (Thermo Electron, Delta V advantage
system) by injecting 1-mL and 200-pL samples ofdspace directly from the Exetainer vials
(Dalsgaard et al., 2012). The N-isotopic compositbNH," was analyzed after conversion te N
with hypobromite (Warembourg, 1993JNO, was converted to Nwith sulfamic acid (Fiissel et
al., 2012), whilé°NOs was analyzed, after removal of anfO,” with sulfamic acid, by cadmium
reduction followed by conversion of the N@roduct to N with sulfamic acid (Mcllvin and

Altabet, 2005).

Rates of°N-labeled NO and N production were calculated from the measured exces
concentrations dfN™NO, ®N**NO, NN, and™>N**N and the ka for N;O and N, respectively,
similar to the calculations for bulk net® production rate described above.

The total conversion of N and NQ' to the gaseous products, irrespective of the pmghwas

determined by division of the rate BN-labeled gas production®N-N,O =*N**NO + 2 x
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NTNO; °N-N, = NN + 2 x°N™®N) by the labeling fractiofr of the substratey = [*°NH,4"] x

[NH,T* andFy = [**NO,] x [NO2TD), e.g.:
Rate(NH—N,0) = Rate{” NH—> °N-N,0) xF} Eq. 3

Production of NO through denitrification in th&NO, experiments was calculated in two ways
(Eq. 4 and 5), both based on the principle of ramddtrogen isotope pairing (Nielsen, 19%2)d
resting on the assumption that denitrificatiorhis only source of double-labeled products with
1>NO,". Here, Eq. 4 represents a rate based o MGhe bulk liquid only, with a knowRy, and
Eq.5 represents a situation wheéggat the site of reaction may differ from that ie thulk liquid

and is instead estimated from the ratid®f*°NO production td*N**NO production, R

Denitrificationy,o, pu= Ratel® N**NO) xF; Eq. 4
T 5 ni15 AN
Denitrificationy,o, coupie® Rate(® N*°NO) x(2RyeX[1+2Ry6] ) Eqg.5

2.5. Analytical methods

Liquid effluent samples were filtered through OB pore size filters before nitrogen species
analysis. NH" and NQ" were measured colorimetrically according to Boarsd Holm-Hansen
(1980) and Grasshoff (1999) respectively, whilesN&as analyzed by autoanalyzer (AutoAnalyzer
3, SEAL Analytical) with the cadmium-reduction meth(Armstrong et al., 1967; Grasshoff, 1999).
Reactor performance was described by computingllserved ammonium oxidizing rate (AOR,

mg N/L/d), nitrite accumulation rate (NiAR, mg Nd)/ nitrate accumulation rate (NaAR, mg
N/L/d) (Eg. S2-4). Free ammonia (FA) and free nis@acid (FNA) concentration were calculated
following Anthonisen et al. (1976) (Eq. S5-B)ixed liquid suspended solids (MLSS) and mixed
liquor volatile suspended solids (MLVSS) were meaduollowing standard methods (APHA,

1998). DO and pH were monitored continuously (WTWilgk, Weilheim, Germany).
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3. Resaults

3.1. Reactor performance

3.1.1. Nitritation performance

Both reactors were operated towards high nitritagierformance, and displayed stable;NH
removal at the end of phase 1 (day 78-121) andephéday 291-463) (Fig. 1). At the loading of
0.57 g N/L/d at the end of phase 1, the averageamum oxidizing efficiency (AOR/ALR) was 83
+ 12% (average + standard deviation) and 90 + 1d8RfL and R2, respectively. With stepwise
increases in loading from 0.29 to 0.79 g N/L/d dgrphase 2, the average AOR/ALR remained
relatively stable at 86 £ 11% (R1) and 88 + 8% (B@)ing phase 2, except for a ~19% decline in
the final days of the reactors (Fig. 1). There high NO,” accumulation at the end of phase 1 and
throughout phase 2, maintaining average nitriteianedation efficiency (NIAR/AOR) of 92 + 17%
and 93 + 14% in R1 and R2, respectively.qN&cumulated at low concentrations throughout the
whole operation period (Fig. 1). Nitrate accumulatefficiency (NaAR/AOR) in R1 and R2 was

maintained at 11 + 9% and 14 + 8% respectivelyicaithg low NOB activity.

3.1.2. In-cycle dynamics of nitrogen species, DO pH

The reactors were operated with five intermittesdings, without on-line pH control, and pH
slightly decreased from 7.85 to 7.55 within a cy(l&y. 2). pH transiently increased after each
feeding due to the bicarbonate and phosphate dooitéime influent. During the inter-feed periods,
pH decreased due to proton release during nibitaldO concentrations were close to the limit of
quantification of 0.1 mg/L during the reaction paBig. 2). NH" concentration increased at each
feeding while N@ concentration decreased due to dilution. Conceotrsof FA and FNA varied
between 1.39 to 4.79 mg N/L and 0.005 to 0.013 g iespectively, reflecting the changes in
NH,;" and NQ concentrations at different pH (Fig. 2). During ihter-feed periods, AOR was

relatively constant with an average value of 0.42@4 mg N/L/min (Fig. 2).

10
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3.2. N2O production

3.2.1. Overall NO production

During the end of phase 1, the average n€ produced per NH oxidized AN,O/ANH,") in R1

and R2 was 0.6 + 0.2% and 0.8 £ 0.3% respectivetye it was 2.0 + 1.0% and 2.1 + 0.7% during
phase 2 (Table 1). The liquick® concentrations as well A&, O/ANH," increased during phase 2
(Fig. 3 and Table 1) in two reactors. The diffeenm the specific netJ® production rate (bOR)
between the two reactors were likely due to thietbhces in MLVSS concentrations. Furthermore,
each inter-feed period did not contribute equaillyhie total NO production of a cycle. XD gas
escaping after feed 1, ranging between 23 to 41b6tih reactors during two phases, was

considerable higher compared to the emissionsviaig the other feeds (Table 1).

3.2.2. NO dynamics during intermittent feedings

The patterns of liquid PO concentration profiles over the reaction phasewery reproducible
during the whole period for both reactors (Fign@ 8). In-cycle MO profiles had the following
pattern: after the settling phase from the previyede, an initial maximum in O concentration
occurred when the first feed initiated, after whilhh concentration declined until the next feeding;
another four smaller peaks in® concentration were observed in the subsequedingse NO
concentration reached minimum values in the irtedfperiods but with concentrations higher than
the detection limit of the sensor. Thus, basedaqund N,O concentrations there was always a
positive net production of O in both reactors, with rates,( ) increasing after each feeding and
decreasing during inter-feed periods (Fig. 3). @46 NO profiles followed the same trends during

the reaction phase.

11



232 3.3. Microbial community composition dynamics

233 The optimization of the reactor operation duringgd 1 caused clear shifts in the microbial

234 community, as indicated by gPCR analysis usingregieprimers (Fig. 4). The microbial

235 community composition was similar between the teactors. The relative abundance of

236  Nitrobacterspp. decreased at the end of phase 1, vienagbacterspp. was 2—3 orders of

237 magnitude higher thaNitrospira spp. BothNitrobacterspp. andNitrospira spp remained very low
238 throughout phase 2. Both 16S rRNA gene axich targeted NOB quantifications were consistent in
239 phase 2 (Fig. 4 and S2). The overall reduction@BNelative abundance was mirrored by a

240 significant increase in AOB numbers, as reflectedhdith the 16S rRNA gene aathoAtargeted
241 quantifications (Fig. 4 and S2). AOB remained daaninin both reactors throughout the operation
242  period. The relative abundance of AnAOB, based@® rRNA gene quantification, was low but
243  existent (0.96 £ 0.01% and 1.94 + 0.01% in R1 aB@drBspectively). The ratio @irS plusnirK

244  overnosZtargeted quantifications was far above 1 (Fig. S2)

245  3.4. N,O production pathway

246  In incubations with°N-labeled substrates, the label was transferrétio NO and N within 2—3
247 minutes of addition, irrespective of whettigX was added aSNO, or **NH,* (Fig. 5). The

248  dynamics of>N-N,O mirrored those of bulk #D, and NO was the dominating productitNO,
249 incubations accounting for 57-58% of the labele® M N; in both feedings, while it only

250 accounted for 17—23% withiNH.,". The production of Nwas also highly dynamic, showing an
251 even steeper rise after feeding than fe®NThe production ofN-N,O from**NO, corresponded
252  to atotal conversion of NOto N,O of 5.7-9.91g N/g VSS/min, which was not significantly
253 different from the total net XD production Table2), implying that NQ was the main source of

254 N>O in the incubations.

12



255 There was no detectable productior®fH," in the incubations witfPNO, (data not shown),
256  which implies that all®N-N,O and™®N-N; in these incubations was formed exclusively thtoug
257 reductive pathways, i.e., not via dissimilatoryaii¢/nitrite reduction to ammonium (DNRA) and

258 subsequent oxidation of NH

259 Indeed, the relative production BN**NO and™N*NO from®NO, (Fig. 5) was close to that

260 expected from denitrification with random isoto@rmg (either heterotrophic or nitrifier

261 denitrification). Thus, the production ob,® through denitrification (calculated by Eq. 4)

262 corresponded to 80% and 77% of total ngdroduction from N@ (the NQ'-to-N,O conversion
263 rates calculated by Eq. 3) on average for feedd23amespectively (Table 2). The remaining 20—
264  23% of NQ'-derived NO corresponds to a surplus'3f*>NO relative to the prediction from

265 random isotope pairing from the bulk M@ool, and therefore indicates pairing of N frons thool
266  with N from a second source of unlabeled N. Thelsisrof**N*>NO may arise if the labeling

267 fraction of NQ/, Fy, in the immediate vicinity of the nitrite reductasnzymes is lower than the
268 bulk Fy value used for the calculations (Eg. 4), e.g.ahee of dilution with unlabeled NTrom

269 nitritation maintained by diffusional gradientshat intracellularly or within microaggregates. This
270 is reflected in the PO production calculated by Eq. 5, which deriveafthe site of N@

271  reduction from the relative production 8N*>NO and"N**NO. Thus, assuming that all conversion
272  of NOy to NbO occurred through a denitrification pathway, tdéNaD production was calculated
273 based on the relative production'df*>NO and*N**NO (Nielsen, 1992), yielding rates that

274  exceeded the NOto-N,O conversion rates by 24-31% (Table 2).

275 The production of BD from NH,*, determined in incubations witAiNH," showed very similar
276 temporal dynamics as,® production from N@ (Fig. 5). After the ¥ feed, the production from
277 NHj corresponded, on average, to 42% of the produttion NO, (Table 2). This fraction

278 increased to 58% after th& &ed, which is explained by the accumulatiof®™fO, and the

13
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301

resulting increasing contribution BN,O from denitrification, as also reflected in theHner
concentrations oPN-N,O reached after thé*Feed relative to the" (Fig. 5). The amount dfN-
N,O produced fron°NH," via nitritation, mixing of the formetPNO," with the bulk NQ pool,
and subsequent denitrification, was estimateddcheeactor based on the rates gDNbroduction
determined in th&°NO, incubations in the same reactor andRRevalues (data not shown) from
the'>NH," incubations (Eq. 3). These calculations indicaled 25% and 49% of 4D production
determined with®NH.," occurred via bulk N@ after feed 2 and 3, respectively. TfiiH,"-based
N>O production that was not attributable to this eoaveraged 2.6 ug N/g VSS/min after both
feedings, corresponding to 25% of the combine® Nroduction detected withiNO, and™>NH,"
(Table 2), and the sum of this rate and the pradoaif N,O from NG matched the estimated®™
production from denitrification closely (7.7 vs371g N/g VSS/min and 12.1 vs. 12.5 pug N/g
VSS/min for R1 and R2, respectively). The contiidmutof the hydroxylamine oxidation pathway to
N,O production dichotincrease immediately after the addition of NHas the production ratio
between®N*>NO and"N**NO did not change significantly over time afterde2and 3. Thus, the
1>NO, and®NH," in combination support a denitrification pathwaythe main and possibly sole

source of NO in this SBR system.

In the®™NO, incubations, the relative abundance of singledouble-labeled N(**N**N and

15NN differed markedly from that of #D, with *>N*°N accounting fox0.5% of the labeled N
compared a contribution of ~5% franN*°>NO to labeled MO (Fig. 5). This pointed towards
another N source than denitrification. The tota} production rate from NO(Eq. 3) was 4.4 £ 0.9
and 6.4 £ 0.8 pg N/g VSS/min for R1 and R2, respelst Substantially higher Noroduction rates
were obtained for thENH," than with">NO,: 10.2 + 3.5 and 21 + 0.8 pg N/g VSS/min for R1 and

R2, respectively. Correction of these rates'IdN, produced from the accumulatimftNO,
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(performed similarly as for theJ® production rates froftNH,") only reduced these rates slightly

t0 9.4 + 3.5 and 19.7 £ 1.5 ug N/g VSS/min, respebt.

4. Discussion

4.1. Mechanismsto achieve high and stable nitritation performance

Two SBRs were operated for approximately 300 daifs mgh NG accumulation and no
significant production of N@, which indicates that NOB were successfully outpetad by AOB

(Fig. 1). The suppression of NOB and enrichmera©B was verified by an average AOB/NOB
ratio of >200 at the end of phase 1 and during @Ra@-ig. 4). Various parameters such as DO, FA,
FNA, temperature and feeding strategy have beeasrtepto affect the selective enrichment of
AOB over NOB (Blackburne et al., 2008; Hellingaaét 1998; Liu and Wang, 2014; Vadivelu et

al., 2007; Yang et al., 2013).

Oxygen limitation is a critical factor to achievedamaintain high nitritation performance. AOB are
postulated to outcompete NOB at low DO concentnatidue to the higher oxygen affinity of AOB
than NOB (Blackburne et al., 2008; Wiesmann, 19B49).below 1.0 mg/L was previously reported
to inhibit the growth of NOB and instead enhanaedlowth of AOB, resulting nitrite
accumulation (Sinha and Annachhatre, 2007; Tokut@004). For instance, stable nitrite
accumulation efficiency (NIAR/AOR) of 70% and 85%oachieved at DO of 0.1 mg/L and 0.5-1.0
mg/L, respectively (Gao et al., 2016; Guo et &13). As the DO level in our two nitritation SBRs
was< 0.1 mg/L, oxygen limitation is an important facfor NOB inhibition at the end of phase 1
and throughout phase 2, where high nitritationcedficies of 92 + 17% (R1) and 93 £ 14% (R2)

were maintained (Fig. 1).
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Among other factors, FA and FNA are commonly seléets the key parameters to achieve high
nitritation because of the different impacts on A@®l NOB (Anthonisen et al., 1976; Brockmann
and Morgenroth, 2010; Vadivelu et al., 2007; Yamtoei al., 2008). Many studies have reported
FA and FNA concentrations that might inhibit NOBeth and trigger AOB proliferation; however,
the critical values reported in these studies war@able (Anthonisen et al., 1976; Bae et al., 2001
Vadivelu et al., 2007). Regarding FA, NOB has bieemd to be inhibited at concentrations
ranging from 0.1 to 1 mg N/L, while AOB was inhigmt at 10-150 mg N/L (Anthonisen et al.,
1976). This agrees with a recent study by Vadiaeld coworkers (2007), where NOB activity was
totally inhibited by 6.0 mg N/L and AOB activity wainaffected at up to 16 mg N/L. The increase
in FA concentration by a factor of ~5 from phaded phase 1 Il and 2, where the FA
concentration was 3.1 £ 0.8 mg N/L, could be tlesoa for a decrease in nitrate accumulation,
especially in R1 (Fig. 1 and 2). However, FA did fudly inhibit the activity of NOB at any time in
our study. Also, within the observed FA concentmatiFA likely had no effect on the activity of
AOB.

It has been reported that NOB activity was inhibityy FNA at concentrations between 0.02 and
0.2 mg N/L (Hellinga et al., 1998; Vadivelu et &Q07). Compared to these studies, FNA at 0.008
+ 0.002 mg N@-N/L was too low to have a negative effect on N@Bwaty (Fig. 2). Throughout
the whole SBR operation period, AOR correlated pedy with NO,” concentrations, reaching the
maximum (0.8 g N/L/d) at 323 mg N/L (Fig. S3). Henoo evidence of NOinhibition was
obtained. The observed increase in AOR with inénggO,” concentration agrees with a previous
study with mixed microbial communities, showing higmmonium oxidation to NO(150-160 mg
NO,'N/h/g VSS) at N@ concentrations up to 1000 mg N/L (Law et al., 20N&vertheless, the
calculated FNA concentrations in this study (cA08.mg HNQ-N/L) remain much below

reported inhibitor concentrations (FNA of 0.1 mg(Hjatt and Grady, 2008).
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Temperature is another parameter that can affeatethative competitiveness of AOB over NOB.
NOB were outcompeted by AOB at moderate temperat{@@-26 °C), resulting in high nitritation
efficiency from day 78 onwards (Fig. 1). This findicontrasts with the general assumption of high
temperatures (30-35 °C) are needed for selectiveval of NOB over AOB (Hellinga et al., 1998;

Yang et al., 2007).

It is often difficult to maintain stable nitritatioover the long-term period even in successfully
established nitritation systems (Bernet et al., 12Gux et al., 2004, Villaverde et al., 2000; Yatig
al., 2013). For instance, Villaverde and coworK@@00) obtained high NIAR/AOR of 65% in
submerged nitrifying biofilters, however, after ®@mths NOB became acclimated to high FA and
NIAR/AOR decreased to 30%. Moreover, Bernet andar&ers (2001) observed a transition from
stable nitritation in a two-stage PN-anammox predes more than 100 days to complete
nitrification within 2 days caused by a transiendrease of DO. Here, SBRs were operated for ~300
days with high nitritation efficiency and high AG®undance accompanied by low NO
accumulation and low NOB abundance. We speculateufing intermittent feeding together with
low DO set-points successfully enabled long-terghhiitritation performance in the two SBR
reactors. While long-term high-rate nitritation me¢ been reported yet in intermittently fed SBRs,
high nitrite accumulation (NIAR/AOR) of 85% and *@5vas previously reported for 150 and 174
days, respectively, in step-feed A/O SBRs (Lemairal., 2008; Yang et al., 2007). Hence, low DO
control and intermittent feeding appear key opereti strategies to obtain continuous NOB

suppression at suboptimal temperatures.

4.2. Low N>O production
The net NO produced per NH oxidized AN-O/ANH,") and the specific netd® production rate
(N2OR) of the two nitritation SBRs were compared tevwusly reported values together with the

identification of reactor types, operation stragsgiperformance and AOB presence (Table S5). The
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372 average net pO production in phase 2 increased to 2.0 + 1.0%2ahd 0.7% of the NI oxidized
373 in R1 and R2, respectively, while the average spawet N;O production rate was 8.4 + 3.5 and
374 10.2 + 3.5 mg N/g VSS/d in R1 and R2, respectiy&pble 1 and S5). The net® production in

375 both reactors corresponded well with the genettemg@l for NO production, as the ratio afrS

376 plusnirK overnosZtargeted genes was far above 1 (Fig. S2). TheshigfO production in phase
377 2 compared to phase 1 is puzzling as it cannokpkamed by higher AOR (Table 1). We speculate
378 that the long-term operation under elevated,Ntay have selected for new microbes with higher
379 expression of the nitrifier-denitrification pathwaythe cultured microbes adapted to higherNO
380 resulting in higher expression of the pathway, @aittl that higher MO production. This theory,

381 however, calls for deeper analysis of the microbeahmunity than obtained with gPCR.

382 The NO production factors of ~2% are in the low rang@raivious reports for both lab-scale and
383 full-scale PN systems, ranging between 1-17% (T&b)e Our study is the first study to measure
384 low N,O emissions at very high nitritation efficienciesw DO (0.35 mg/L) and high NO

385 conditions (10 — 50 mg N/L) boost@ production (Peng et al., 2015, 2014). Measurgd N

386 emissions are lower compared to other lab-scal&BRs operated under low DO and high/NO

387 conditions (NO emissions of 17%) (Gao et al., 2016; Lv et &1&). With the intermittent feeding
388 strategy at low DO, we force relatively low ammoaiadation rates (Fig. 2, Table 1), which has

389 previously been shown to decreas®Nemissions from autotrophic nitrogen removal syste

390 (Domingo-Félez et al., 2014; Law et al., 2011). Laavd coworkers (2011) found that a decline in
391 feeding rate from 1 L/2.5 min to 1 L/25 min duritinge reaction phase lead to a substantial reduction
392 in N;O production without affecting the nitritation peminance. Instead of reducing the feeding rate,
393 our nitritation reactors were operated with fiveermittent feedings within a cycle. This step-feed

394 strategy has previously been suggested as anieffeqitimization approach to reduce\N
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395 emissions from SBRs (Mavrovas, 2014; Yang et 8092 2013). Therefore, we postulate that

396 intermittent feeding is the cause for the logCON\Nemission from high-performance nitritation system

397 4.3. Potential pH effect on in-cycle N,O production dynamics

398 Distinctive NNO production profiles were observed within the esgntative cycles (Fig. 2 and 3).
399 The maximum net pD production and the subsequent decrease aftéirdghfeed has also been
400 described in various studies (Ali et al., 2016k#wa et al., 2001; Kampschreur et al., 2008;
401 Mampaey et al., 2016; Rodriguez-Caballero and Rjja@13). Rodriguez-Caballero and Pijuan
402 (2013) showed that 60% of the totgiNproduction occurred during the settling phastaéir lab-
403 scale PN SBR, while 70% of the quantifiegNemission was attributed to the anoxiON

404 formation in a full-scale PN SHARON reactor (Mampa¢ al., 2016). Tentative liquidJ®

405 measurements indicated thaiONaccumulated during the non-aerated settling pfdegta not

406 shown). Denitrification might be responsible foisthl,O accumulation during the settling phase,
407 which is then released at the onset of aeratiokdiva et al., 2001). The genetic potential fgON

408 production by denitrifiers was present throughhitgh relative abundance ofrS (Fig. S2).

409 A potential effect of pH on PO production during the reaction phase was indithiethe

410 transiently increase in netb® production rates with the rise in pH after easdding pulse (Fig. 2
411 and 3). There was no obvious changes in DO, ahdwah NH" and FA increased transiently after
412 each feeding, FA was always in excess compardtetét value of 0.0075 mg/L for AOB, and

413 therefore AOR remained unaffected (Fig. 2) (Hiatd &rady, 2008). Thus, pH appears the only
414 potential variable affecting in-cycle;® dynamics. Only few studies have been able taiedhe
415 effect of pH on NO production from the variations in FA and FNA, ahd reported effect of pH
416 on N,O production differ. In contrast to our resultsy.and coworkers (2011) obtained highest
417 NOR and AOR at pH 8 in the investigated pH rangé.048.5, independently from FA and FNA

418 concentrations, suggesting that an increase in anumooxidation activity might promote @
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419 production. Oppositely, Rathnayake et al. (2015eoled highest XD emission at pH 7.5 in PN
420 granules, although AOR was unchanged between pAr&I®B.5. Further research is needed to

421 resolve whether the pH effect on®Iproduction is direct or indirect.

422  4.4. N,O production pathway

423  The experiments witfPN labeled substrates point to nitrifier denitrificm as the dominant source
424 of N,O in the SBR nitritation systems. A denitrificatitype process rather than a direct production
425  of NoO from ammonium oxidation via hydroxylamine was d&strated by more than 3 times

426  higher rates of PO production from N@ than from NH*, when'>NH,"-derived rates were

427  corrected for accumulation 5INO, (Table 2). Moreover, isotope pairing calculatishswed that
428 NO; during its reduction to YD was mixed with nitrogen from an unlabeled souhtehe

429 nitritation-dominated system, NHis the most obvious candidate, and indeed, théyatin rate
430  of N,O from NH," that did not go via bulk NOclosely matched the difference between total and
431 bulk NO,-dependent denitrification. We therefore hypothesiat essentially all XD was

432  produced through nitrifier-denitrification with gaof the newly-formed N@ shunted directly to

433 reduction either intracellullarly or within cellulaggregates before it could mix completely with
434  NOy in the bulk liquid. Alternatively, the combinati@f N from NH," and NQ could occur at the
435 level of NO if this compound is a free intermedidtging ammonium oxidation (Stein, 2011).

436 The™N-labeling technique in itself cannot distinguistrifier denitrification from heterotrophic

437 denitrification. However, several pieces of evidepoint to the former process. Firstly, the

438 stimulation of NO production by each Nfifeeding points to Ni{ dependence rather than

439 heterotrophy. Secondly, there is no convincing enva® for heterotrophicAyroduction: (a) The

440 rate of NO production exceeds the rate of (foduction from N@ whereas BO is generally a

441  minor byproduct of heterotrophic denitrificationgtach and Tiedje, 1981); (b) the dynamics ef N

442 and NO production are out of phase with the peak impheceding that of pD, where the opposite
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would be expected during heterotrophic denitrifmate.g., Jensen et al., 2009), and (c) the very
low ratio of °N*N to **N**N, differing markedly from thé>N*™>NO:**N**NO ratio in NO, suggests

that N> production from N@ is mainly due to another process, possibly anammox

The complete dominance of nitrifier-denitrificatias source of pO is in general agreement with
the understanding that this process is favoreadwDO and high N@ levels (e.g., Colliver and
Stephenson, 2000; Kampschreur et al., 2008; Pealg @015; Tallec et al., 2006). The high rates
of N, production observed in tHe&NH," incubations, relative to both,® production in the same
experiment and to Nproduction with*°NO,’, suggests an involvement of anammox. Only a smalll
part of the N produced with®NH.," could be explained with oxidation to N@nd subsequent
reduction, which means that NHappeared to be converted directly from kb Np. As N
production has not been documented in aerobic anumooxidizers, this suggests the involvement
of anammox bacteria, which were indeed detectéddrmiomass (Fig. 4) in low abundance. As
anammox represents a 1:1 pairing of N froms;N&hd NQ', similar rates of Nproduction should,
however, be obtained with additions bNH,* and>NO, (van de Graaf et al., 1995), whereas we
observed ~2.5-fold higher production frdfNH," than from*>NO,". Potential explanations for the
imbalance in rates are either a close couplingtafation and anammox, which would require a
physical association of anammox bacteria and ammowixidizers, or variation in anammox rates
between the two series of experiments, which wenglacted 5 days apart. The resolution of these

issues is, however, beyond the scope of this study.

5. Conclusion

Two lab-scale intermittently-fed nitritation SBR&re operated to investigate®dynamics and

identify N,O production pathways.
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« High nitritation performance with ~93 + 14% of theidized NH," converted to N@ was
achieved in intermittently-fed SBRs at 202@6or ~300 days.

* The averaged net® production factor of 2.1 + 0.7% is in the low gan Operation with
intermittent feeding may be an effective approacminimize NO emissions from nitritation
systems.

* Increased net YO production rate was observed with pH increaser atich feeding. Further
investigations are required to identify the exaethanisms of the pH effect on enzymes,
pathways and bacteria involved in@Iproduction.

» Nitrifier denitrification was the dominant sourceN,O.

This study has demonstrated operational condifflanws dissolved oxygen and intermittent feeding)

that achieve high-rate and long-term nitritatioml@nnormal temperature, which could enlarge the

applicability of the nitritation process in WWTP&he relatively low NO production at high
nitritation efficiencies reduces the growing comcef N,O production from autotrophic nitrogen

processes in WWTPs. The identification of nitrifcemitrification as the main pathway ol

emissions will open up for more focused stratetpdewer the NO footprint even more in

nitritation systems.
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Table 1. Overview of AOR, JOR andAN,O/ANH," in R1 and R2 during phase 1 and 2. The net

N>O produced during each feed is stated as the pageenf total net pD production during the

entire cycle.
R1 R2
Phase 1 Phase 2 Phase 1 Phase 2
(Day 106-112)  (Day 395-451) (Day 106-112) (Day 397463)
AOR (g N/L/d) 0.5+0.05 0.60 £ 0.05 0.5+0.02 70+ 0.06
AOR (g N/g VSS/d) 1.04 +£0.11 0.46 £ 0.09 1.78.68 0.5+0.02
(Mg l’\\lllzg;)\ljSS/d) 59+1.8 8.4+35 16.0+£5.9 10.2+ 3.5
AN,0/ANH{ (%) 0.6 +0.2 20+1.0 0.8+0.3 21+0.7
Feed 1 (%) 23+5 41+9 30+5 27+5
Feed 2 (%) 22+1 14 +£2 21+2 17 +£2
Feed 3 (%) 19+1 15+2 18 +2 18 +2
Feed 4 (%) 17+£2 16 £2 16 £2 19+1
Feed 5 (%) 18 +3 15+4 15 +2 21+5

# cycles n=22 n=23 n=22 n=20




Table 2. Summary of net® production rates during tHeN experiment (g N/g VSS/min). Bulk

N>O production was based on liquid®lconcentrations, measured with microsensors, W@

source partitioning is based on isotope additions

N0, additions

Feed 3

9.3
8.7

6.5

11

5NH," additions

Feed 3

R1
N0, additions
Days of operation 110 111
Feed2 Feed3 Feed?2 Feed 3
Bulk N,O production rate 4.7 4.7 6.9 7.1
N,O production rate from
NO; (Eq. 3) 5.7 6.9 6.8 5.8
N,O production from bulk
NO, through ND (Eq. 4) 4.9 6.2 6.2 46
Total N,O production
through ND (Eq. 5) 6.7 7.6 7.4 7.4
5NH," additions
Days of operation 106 107
Feed2 Feed3 Feed2 Feed3
Bulk N,O production rate 6.1 5.0 5.5 5.3
N,O production from N 21 36 19 31
(Ea.3)
N,O productlpn via bulk 0.49 18 0.70 18
NO,
N,O production not via bulk 16 18 12 13

NO,

13

6.4

3.4

3.0
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Fig. 1. Nitritation performance in R1 (A, C) and B2 D) throughout the operational period. (A, B)
Nitrogen concentrations (ammonium, nitrite andatérin effluent, ammonium in influent). (C, D)
Nitrogen conversion efficiency (ammonium oxidizieficiency (AOR/ALR), nitrite accumulation
efficiency (NIAR/AOR), nitrate accumulation efficiey (NaAR/AOR)). The break at the X-axis

represents a period of 170 days, when the reastens stopped and biomass was stored at 4 °C.
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Fig. 5. Plots of bulk liquid N>O concentrations versus time during the reaction phase of one cycle

(upper panels) and isotopically labeled No,O and N, concentrations versus time for feed 2 and 3

(lower panels) in Reactor 1. NO," spikes were performed at 111 days of operation (A) and >NH,*

spikes at 107 days of operation (B).



Highlights

Long-term high nitritation performance was achieved in intermittently-fed SBRs.
* Net N,O production was, on average, 2.1% of the oxidized ammonium.

* Intermittent feeding appears an effective approach to mitigate N,O emission.

* pH hasapotential stimulatory effect on N,O production.

* Nitrifier denitrification was the dominant source of N,O production.



