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Abstract

Anammox, the oxidation of ammonium with nitrite @key microbial process in the nitrogen
cycle. Under mesophilic conditions (below 40°C),igt widely implemented to remove
nitrogen from wastewaters lacking organic carboesiite evidence of the presence of
anammox bacteria in high-temperature environmeméports on the cultivation of
thermophilic anammox bacteria are limited to a skenm experiment of 2 weeks. This study
showcases the adaptation of a mesophilic inoculanmthermophilic conditions, and its
characterization. First, an attached growth teabgwlvas chosen to obtain the process. In an
anoxic fixed-bed biofilm bioreactor (FBBR), a sldiwear temperature increase from 38 to
over 48°C (0.05-0.07°CJ was imposed to the community over 220 days, aftsich the
reactor was operated at 48°C for over 200 days.ifax total nitrogen removal rates
reached up to 0.62 g N'id™. Given this promising performance, a suspendedtyreystem
was tested. The obtained enrichment culture seageshoculum for membrane bioreactors
(MBR) operated at 50°C, reaching a maximum totabgen removal rate of 1.7 g N*Ld*
after 35 days. The biomass in the MBR had a maximpetific anammox activity of 1.1 +
0.1 g NH*-N g* vSS d', and the growth rate was estimated at 0.075-0:19 Tdhe
thermophilic cultures displayed nitrogen stoichitrperatios typical for mesophilic
anammox: 0.93-1.42 g N-NQmovead" N-NH4"removesand 0.16-0.35 g N-Nngducedg'l N-
NH; removea  Amplicon and Sanger sequencing of the 16S rRNAegerevealed a
disappearance of the origindlCa. Brocadia” and “Ca. Jettenia” taxa, Yyielding
Planctomycetesmnembers with only 94-95% similarity t€a. Brocadia anammoxidans” and
“Ca. B. caroliniensis”, accounting for 45% of the baicieFBBR community. The long-term
operation of thermophilic anammox reactors and simajp views on the nitrogen
stoichiometry, kinetics and microbial community opelp the development path of

thermophilic partial nitritation/anammox. A firstc@nomic assessment highlighted that



40 treatment of sludge reject water from thermoplah@erobic digestion of sewage sludge may
41  become attractive.
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1. Introduction

Anammox, the anoxic oxidation of ammonium with ibéy is a microbial process
autotrophically producing nitrogen gas, catalyzgadrtembers of the Planctomycetes phylum.
Interest in anammox has grown substantially over past decades in both research and
application for wastewater treatment. From itstfisediction based on thermodynamics
(Broda, 1977), two decades passed before the divtathment culture was characterized
(Strous et al., 1999a) and anammox was proposed a®st-efficient alternative to
denitrification for the treatment of wastewaterskiag organic carbon (Jetten et al., 1997).
By 2014, more than 100 full-scale installations Hagen built, treating high-strength
nitrogenous wastewater with ratios of biologicallggradable chemical oxygen demand to
nitrogen (bCOD/N) <3, under mesophilic conditiohackner et al., 2014). Current advances
towards applying anammox to the treatment of caddtewaters, i.e. below 15°C, could even

enable energy-autarkic treatment of municipal wasater (Agrawal et al., 2018).

Thermophilic conditions have been widely exploreddarbon removal wastewater treatment
processes, revealing advantages over mesophiitntemt such as lower sludge production,
higher conversion rates and a more effective imattin of pathogens (Lapara and Alleman,
1999, Layden et al., 2007, van Lier, 199@)} Efforts to develop thermophilic technologies
for N removal, however, are scarce and recent. rfibghilic nitrogen removal could
nonetheless offer a viable alternative to curreasophilic practices in industries generating
warm nitrogenous wastewater, avoiding the needcéaling prior to mesophilic treatment.
The biotechnological possibility of thermophilidnification (nitritation and nitratation), and

denitrification as well as denitritation have beeoently demonstrated at lab-scale, revealing
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the benefit of lower heterotrophic sludge produtt{€ourtens et al., 2016a, Courtens et al.,
2016b, Courtens et al., 2014, Vandekerckhove et8l9a, Vandekerckhove et al., 2018,
Vandekerckhove et al., 2019b). For carbon-rich ewmater streams (bCOD/N>4),
thermophilic nitrification/denitrification would eble high-temperature treatment. Carbon-
lean streams such as thermophilic digestates, henweave suitable candidates for shortcut
nitrogen removal processes. Nitritation/denitrgatiis one possibility, but when bCOD/N
drops below 2-3, only partial nitritation/anammdXNJ/A) would enable nitrogen removal

without exogenous carbon dosage (Vlaeminck ep@l?2).

The application of anammox bacteria to treat waatemwunder thermophilic conditions has
hardly been explored. The maximum growth tempeeaseems to be dependent on the
species, i.e., 37°C forCandidatusKueneniastuttgartiensis” (Egli et al., 2001), 42.5°C for
“Candidatus Jettenia caeni” (Ali et al.,, 2015), 43°C for Candidatus Brocadia
anammoxidans” (Strous et al., 1999b) and 45°C @arididatusBrocadiasinica” (Oshiki et
al., 2011). Nevertheless, the evidence of the poEseof anammox bacteria in high-
temperature environments suggests that some uredilsirains may have higher temperature
growth limits. Byrne et al. (2009) found molecukridence of the presence of anammox
bacteria in hydrothermal vents in the mid-Atlanficean. The anammox activity was
confirmed in incubations with samples from chimneperformed at 60°C and 85°C.
Jaeschke et al. (2009) detected traces of laddépde (a biomarker for anammox bacteria)
and found 16S rRNA genes closely related @arididatusKuenenia stuttgartiensis” in
sediment and mat samples from a Californian hangpat 52°C. Additionally, molecular
evidence of anammox bacteria has been found inothgemal spring in Japan (50-62°C)
(Hirayama et al., 2005) and in oil reservoirs inir@h(55-75°C) (Li et al., 2010). Recently,
anammox activity at 50°C was reported for 2 weekan upflow anaerobic sludge-blanket

(UASB) reactor, with a total nitrogen removal rate0.53 + 0.23 g N Lt d*. This was
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achieved after implementing a temperature increbe5°C every two weeks (corresponding

to 0.18°C &) (zhang et al., 2018).

Although anammox activity has been shown at 50°Gpgiterm cultivation and

characterization of the bacterial stoichiometryeitics and community remain absent. This
study reports on the first long-term operation @2@ays) of a thermophilic anammox
bioreactor (48°C), obtained by imposing a lineangierature increase (with 0.05 + 0.01°C d
1) to a mesophilic anammox inoculum. A first readigpe was biofilm based to achieve a
sufficiently high biomass retention, implementedaafixed-bed biofilm reactor (FBBR). In

this bioreactor we evaluated the changes in miatobdbmmunity and stoichiometry. A

second reactor type was based on suspended skldgembrane bioreactor (MBR), using
microfiltration to retain the biomass. With the HBEBnrichment as inoculum, the MBR were
operated at 50°C, and the specific anammox actwitgt the first thermophilic anammox
growth rate were determined. Finally, an econonsseasment was performed of the

treatment ofludge reject water from thermophilic anaerobic digestion of sewage sludge.
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2. Materials and methods

2.1. Adaptation and characterization in a fixed-bediofilm reactor (FBBR) at 48°C

An anoxic upflow bioreactor (3L) was used in thiperiment. The reactor was composed of
a cylindrical section of 5.5 cm diameter and 60tmight, and a spherical settling section at
the top of the column, with a diameter of 15 cme Thactor was fed from the bottom, and
the effluent discharge occurred through an overfibwhe top of the reactor. The column was
packed with carrier material (Kaldness K1 and cécaings), was inoculated with granules
from a mesophilic (£37°C) full-scale bioreactor dtieg anaerobically digested potato
wastewater and sludge reject water through PN/A{@en, The Netherlands), provided by
Paques BV (The Netherlands). The column reactor plased in a temperature controlled
room (34°C) to prevent temperature fluctuationhie €énvironment and was heated >40°C by
a hose coiled around the reactor connected to veatemlating thermostatic bath (Julabo
MA-4). The temperature of the thermostatic bathtijvd sensitivity of 0.01°C) was raised
with 0.05 + 0.01°C d, starting from 37.5°C until over 48°C (measuredydimside the
reactor with a sensitivity of 0.1°C). The temperatwas measured at the top of the column
reactor. The reactor was continuously fed with yatlsetic, autotrophic medium that
consisted of NWHCO; and NaN®, CaC} (0.1 g L), MgSQ.7H,0 (0.2 g LY, NaHPO,
(0.015 g P [}, yeast extract (4.5 mg¥) and 1 mL ' medium of trace element solution A
(9.15 g I'* FeSQ.7H,0 and 9.62 g I NaEDTA.2H,0) and trace element solution B (Third
et al., 2001). The medium was not flushed withgils and had the temperature of the climate
room (34C). Ammonium and nitrite were dosed at a nitrite-ting ratio of 0.8-0.9g N&-N

g* NH4-N, avoiding the accumulation of nitrite. Water gaes were collected regularly,
filtered over 0.2 um pore-size syringe filters @hored at 4°C prior to analysis of NHNO,

and NQ'. The pH was controlled at 7véa the addition of 0.2 M HCI.
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In-situ maximum anammox activity (VRRimay tests were performed regularly. The
VRRniwotmax Was calculated as the volumetric rate of totatogen removal over the test
period (mg NH*-N and NQ-N L™ d%). During these tests, the continuous feeding was
interrupted and substrates NajN&hd NHHCO; were spiked at 33 + 15 mg NON L and

a NO-N/NH4"-N ratio of 1. Liquid samples were taken reguladyring 1-8 hours,
depending on the N consumption rate, and storddQuiprior to analysis of N, NO,” and

NOs.

2.2. Cultivation and characterization in membrane loreactors (MBR) at 50°C

Two membrane bioreactors (MBR, 1L each reactorevetarted up on days on days 354 and
430. The bioreactors were inoculated with biomassifthe FBBR. The reactors were fitted
with a hollow fibre microfiltration membrane, with pore size of 100 nm, that allowed for
effluent discharge with complete biomass retentiothe bioreactors. The fibers originated
from a full-scale PALL Microza installation (AsakKiasei Chemicals Corporation, Japan).
The reactor vessel was jacketed and the temperatasecontrolled at 50°C by use of a
circulating thermostatic water bath (Julabo MA-#h)both MBR, mixing was provided by a
magnetic stirrer and the pH was controlled at [h6VIBR; the pH was controlled by dosing
0.2 M HCI. In MBR. the pH was not controlled. Instead the medium araended with 2 g
NaHCQ; L™ and the reactor was continuously flushed wighaXD, (90/10, v/v) at a flowrate
of ca. 100 ml mitt providing a constant pH of 7.6. A water-lock iretexhaust gas line
provided enough overpressure to prevent air indrusi the bioreactor. This was found to be
more reliable than dosing HCI and prevents acidrange in case of failure of the pH

controller. The reactors were not run in parallel.

The synthetic medium for the MBR was the same adBBR’s feed and was continuously
fed to the systems. As for the FBBR, nitrite was limiting nitrogen substrate. Ammonium

and nitritewere supplemented to the medium at ratios between 0d8lah g NQ-N g*
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NH;"-N. Liquid samples handling, anch-situ activity measurements in MBRwere
performed as previously described for the FBBRotaltof three activity tests was performed

on operation day 100.

2.3. Physical/chemical analyses of water and sludge

Ammonium (Nessler method), total suspended solidaS{ and volatile suspended solids
(VSS) were measured according to standard methdeldA, 1992). Nitrite and nitrate were
determined on a 761 Compact lon Chromatograph (Metr Switzerland) as explained in
the supplementary material. The temperature irthid@eactor was regularly measured with a
digital thermometer. pH inside the reactor was laty checked with a digital pH probe

(Orbisint CPS11D).

2.4. Molecular analyses of the microbial communitie

Samples were collected from the inoculum and fros EBBR biomass at 43 and 48°C
(operation days 120 and 390) for analysis of therobial community by amplicon
sequencing. On the sample from the FBBR at 48°@g&asequencing was performed as
well. The samples were stored at -20°C prior to DE¥raction. DNA extraction was

performed as explained in the supplementary méateria

2.4.1. Amplicon sequencing and data processing

lllumina 16S rRNA gene amplicon libraries were gated and sequenced by BaseClear BV
(Leiden, the Netherlands). The DNA extracts werd s& BaseClear B.V. (The Netherlands)
for 16S rRNA gene amplicon sequencing on the Matform for bacteria as explained in

the supplementary material.

2.4.2. Sanger sequencing
Primers targeting the Planctomycetes community weused, namely Pla40f

(CGGCRTGGATTAGGCATG), Pla46f (GGATTAGGCATGCAAGTC), 1378r
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(CGGTGTGTACAAGGCCCGGGAACG) and 1492r (TACGGYTACCTTGBACGACTT).
The amplification products were purified as indechin Supplementary Material and were

sent to LGC Genomics (Germany) for Sanger Sequgncin

2.5. The economic prospect of thermophilic PN/A

Even though only snapshot views on the kineticsstoidhiometry of thermophilic nitritation
and anammox are available, a first cost assesswanperformed to evaluate which factors
could render thermophilic PN/A economically intéieg. The chosen source of wastewater
was high-temperature (+ 50°C) sludge reject waigginating from thermophilic anaerobic
digestion of primary and secondary sewage sludggit@ and operational expenditure
(capex and opex) were compared for its mesopHBCE) and thermophilic (50°C) PN/A
treatment. Typical influent and effluent charagics from full-scale mesophilic treatment
of sludge digestion reject water were assumed édin lffable S.1 Lackner et al. (2014)).
The treatment plant consisted of a continuouslysiedle-sludge reactor tank, at a biomass
concentration of 4 kg VSS ThA lamella separator was installed for sludgeréoe, with a
mixed liquor recycle stream back to the reactok tammereas the produced biomass was
wasted via a waste flow to a centrifuge. Even thouy practice, sludge wasting from a
sidestream PN/A occurs only on limited occasiorgsiarusually sent back to the digester and
mainstream treatment unit, this economic assessimeotporated the cost for wasting the
produced sludge to see what the difference woultbdteveen mesophilic and thermophilic
PN/A. In the mesophilic PN/A scenario, a coolingtallation was added to the design to
lower the temperature of the thermophilic sludggeate water. Applied kinetics are
summarized in Supplementary material, Table S.pe€#volved cooling installations (only
for the mesophilic scenario), civil works, equipmenechanical and electrical works, piping,
working hours and profit/risk. Opex comprised cogli sludge thickening (electricity

consumption centrifuge), chemicals, aeration, pugpmixing, sludge disposal, personnel,

10



205 analyses and maintenance. All details on data asslnaptions linked to influent

206 characteristics, kinetics, process design and tiparand depreciation can be found in
207  Supplementary material, section S.3. Process diag@ the mesophilic and thermophilic
208  scenario, along with several process parameterslsarbe found in Supplementary material,

209 section S.3.3Kigure S.4 and S.h

210
211 3. Results & discussion

212 3.1. Adaptation and characterization in a fixed-bediofilm reactor (FBBR) at 48°C

213 In a first phase, a biofilm-based reactor was chdseachieve a sufficiently high biomass
214  retention, implemented as a fixed-bed biofilm rea¢FBBR). The FBBR, inoculated with
215 mesophilic PN/A granules, was subjected to a lapdate of 276 + 18 mg N L™ d* at a

216 temperature of 37.5°C. After 3 days of temperaincecase to 38.1°C, low concentrations of
217  nitrite accumulated (1.5 + 0.6 mg N*L(Figure S.1), after which the temperature inceeas
218 was stopped and the loading rate was lowered tor2@Ny L™ d* in order to prevent
219 substrate accumulation. The-situ batch activity measurements showed a decreasing
220 maximum total nitrogen removal rate (VRRmay for the first 26 daysHigure 1). On day

221 39, VRRywotmax did not decrease relative to the previous WRRax determination, after

222 which the daily temperature increase of 0.05 + 000d* was resumed.

223 The ratios NQremovedNHa removed @Nd NQ producedNH4 removea@re common indicators of the
224 anammox nitrogen stoichiometry, with reported valoé1.15-1.32 and 0.16-0.26 g N &
225  respectively (Lotti et al., 2014c, Strous et a@99b). The NG emovedNH4 removearatio in the
226 FBR remained at 1.16 + 0.09 g N*dN as long ashe temperature was below 43°C.
227  Additionally, the nitrate production was lower thaxpected from anammox stoichiometry.

228  During the first 40 days, the NQoducedNH4 removed ratio was 0.02 + 0.02 g N'gN at a

11
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temperature of 38.1°C. This points towards endogem@nitrification, i.e. decay products in
the reactor acting as electron donors for nitratkiction, as some members of the inoculum
microbial community depending on oxygen and/or orgm likely could not survive under

the newly imposed anoxic autotrophic conditions (&/at al., 2015).

After this start-up phase, the performance of tlBBR was stable at temperatures up to
43°C, with limited nitrite accumulation and a VRRmaxof 703 + 212 mg N L* d* (Figure 1
and Figure S.). From day 40 onwards, the N@oducedNH4 removearatio was higher at 0.12 +
0.02 g N ¢ N, but still below the typically reported ranger fanammox. From 43°C
onwards, total nitrogen removal rate in the rea¢WRRywo) (45 + 13 mg N [* d%) and
relative nitrate production (0.14 + 0.06 g N! g\N) remained low, with a N©
removedNHa removed ratio of 1.17 + 0.30 g N § N. The linear temperature increase was
maintained until 48°C, after which the activity ieased again, with a VRR: max 0f 529 +
103 mg N L[* d*. The increase in anammox activity was accompahig@n increase in
nitrate production to 0.20 + 0.03 g N*dN, which is within the typically reported range,
possibly suggesting a lower contribution of defidation. The period of low activity could be

the consequence of low initial numbers of the thmgahilic anammox species, that took over 100 days

to provide a measurable activity from the beginniofy the linear T increaseThe NG
removedNHa " removearatio remained stable at 1.03 + 0.11 g NNyat thermophilic temperatures,
slightly below the literature values. Overall, $&abperation for over 200 days was achieved

at 48°C.

Key to the successful selection for thermophilicammox bacteria, or adaptation of
mesophilic anammox bacteria to thermophilic coondsi, was possibly the slow temperature
increase allowing the microorganisms to adapt tanging conditions. Previous studies
investigated temperature shocks and found thagXample, overheating from 35 to 48°C for

one hour resulted in anammox bacteria damage aath die an irreversible process, with

12
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recovery requiring two weeks of operation back 2tC3 (Liu et al., 2015). Another study
examined the effect of a stepwise change of tenyoerebetween 35 and 46°C on an
anammox sequencing batch reactor and found thedused lysis of anammox cells after
which almost no activity was found back. The atyivecovered over a period of about 20
days and subsequently increased again after negttive initial temperature of 35°C (Isanta
et al., 2015). It was also found that thermophalimmmox bacteria could not be selected at
55°C from industrial coke-oven wastewater sludgbsh(et al., 2002). As opposed to the
temperature shocks in previous studies, this singyosed a slow temperature increase
lasting over 200 days, which enabled the developnena thermophilic anammox

community with sustained activity up to 48°C.

el —e— Total nitrogen loading rate (VLR ;) —— Temperature
‘__C’ 1400 ...a-. Total nitrogen removal rate (VRRNtot) O Max total nitrogen removal rate [ 50
' (VRRNtot,max)
=Z 1200 + - 48
o
E
5 1000 o - 46
©
: g
2 800 A 44 ©
= =
i &
= 600 1 L 42 aé_
L= e
= 400 - . - 40
_>_ 200 - 38
S el
= 0 \ . - . . 36
$| 0 100 200 300 400 500

Day of operation

Figure 1. Reactor performance of the thermophilic anammox RB®&iroughout the
temperature increase and subsequent operatiomstacd high temperature of 48°C, together
with the maximumn-situ total nitrogen removal (VR may-
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3.2. Stoichiometry and kinetics in membrane bioredors (MBR) at 50°C

After obtaining anammox activity at 48°C in the HABBpart of the culture was used to
inoculate two membrane bioreactors operated at 50MBR; and MBR). Cultivating
anammox bacteria in these MBR enabled homogenesmagplsg for the determination of
biomass concentration, which was not feasible @RBBR. This enabled the determination
of several kinetic parameters, being the maximusmbiss-specific anammox activity and the
net growth rate (). Within 35 days, a high total nitrogen removakraf 1.8 g N [* d*
was achieved in MBR with NO, removedNHa4 removed @Nd NQ producedNHa removed Of 1.14 +
0.16 and 0.22 + 0.05 g N'gN respectively, consistent with known mesophilim@mox
stoichiometry Figure 2, A). The obtained volumetric rates were about a fagtoigher than

a previous study achieving anammox activity at 50f@ bioreactor using salt amendment

for 2 weeks (0.53 + 0.23 g N'Ld™) (Zhang et al., 2018).

The increasing anammox activity during the first &b/s of MBR operation was used to
estimate the net growth rate,{y the result of the actual growth rate and theagle@te.
Over the activity increase, substrate levels wé&é& 2 15.5 mg N&-N L™ and 12.3 + 17.9
mg NO,-N L™. However, the affinity indices of this culture watot known, so it is not sure
that the anammox bacteria were growing at theirimam rate (hay. NOnetheless, j4;is a

valuable parameter, providing insight into the aghble thermophilic anammox growth rate.

Three different approaches were used for the estmaf pne; at 50°C. First, an exponential
model was fitted to the experimental data using ldest squares metho#igure 2, B),
yielding a et of 0.075 & (R2=94%). Secondly, the total nitrogen removag raas linearized
by log-transformation and fitted by a linear egolatusing the least squares methbidj(re

2, C) (van der Star et al., 2007), resulting in.a pf 0.12 + 0.01 @ (R2=92%). Thirdly, Jet
was calculated at every time interval (1) (Lauretnal., 2015), rendering an average value of

0.19 + 0.18 & (Figure S.2.

14
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Moo — s (1)

Each method yielded a differentgl so caution should be used when using the estimate
values. Nonetheless, the obtaineg;mange of 0.075-0.19 dis after rescaling to 20°C
(Arrhenius function with theta 1.1 (Seuntjens et aD18)) comparable to growth rates of
anammox bacteria measured under mesophilic conditi@able 1). When comparing
reactors with high sludge retention time (SRT), tiained We; in this study is relatively
high compared to growth rates for mesophilic anamrbacteria. The high growth rates

observed by Lotti et al. (2015) were obtained bpasing a low SRT to the bioreactor.
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304 Figure 2: (A) Reactor performance of MBRwith the imposed total nitrogen loading rate
305 (VLRyniot) and the total nitrogen removal rate (VIRR:). The increasing anammox activity
306 was used to estimate the net anammox growth ratg) n MBR; based on (B) an
307 exponential fit to the experimentally determined R{R: and (C) a linear fit to the natural
308 logarithm of the experimentally determined VIRR both using the least squares method.
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310 Table 1: Overview of the anammoxdx and doubling time at different temperatures anadadens, with their respective reactor SRT and
311  wastewater type. N/A: not determined. AnAOB: anarribacteria (anaerobic ammonia oxidizing bacteria.

f f
Umax,20°C qmax qmax c]max,20"(: R
Temperature | SRT  Hmax (dd  (gNH,-Ng* abA:rﬁZlC;ECG (g NHs-N g* (g NH,-N g* Dciiurglelng Reference
(°C) (d) (@Y VSS db o AnAOB-VSS AnAOB-VSS
(A)) d-l) d-l) (d)
60- (Lotti et al.,
10 140 0.005 0.013 0.03 80 0.04 0.10 138.6 2014b)*
(Laureni et al.,
12.5 >60 0.009 0.018 77.0 2015)"
60- a (Lotti et al.,
15 140 0.009 0.014 0.10 77.0 2014b)1
(Lotti et al.,
15 150 0.017  0.027 40.8 ( 201 4a)2|
60- a Lotti et al.,
20 140 0.02 0.020 0.13 40 0.33 0.33 34.7 2014b)-
29 560 003 0013 23.9 (Laggelng)?t al,
3.0- 0.24- (Lotti et al.,
30 41 0.3%F 0.110 1.1-34 97 1.1-35 0.42-1.35 2.1-2.9 2015)2
(Lotti et al.,
30 12 0.083 0.032 2.01 98 2.05 0.78 8.4 2014c)
3233 | NA 008 0019 0.66 74 0.89 0.28 10.7 (St;%‘g%)ezt al.
45- 0.04- (van der Star et
30-40 160 035 0.047 0.25 55 0.45 0.11 2-18 al.. 2007)3
3540 | N/A 0098 0018 7.0 (Oszhékl'le)zt al.
12- 0.062- (van der Star et
38 16 0.084 0.013 8.3-11.1 al.. 2008)2
50 N/A Oo'logz,i’fg 000 1.1 45° 2.4 0.14 3.6-9.2 This study?
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Calculated from the change in anammox activitgrdime

Based on a linear fit of the natural logarithmrafreasing anammox rate

Calculated as 1/SRT

Based on maximum anammox activity,{q and biomass yield (Y)

Calculated from the maximum conversion capamiypared to steady state reactor operation
Normalized phax at 20°C using the Arrhenius equation witk 1.1 (Seuntjens et al., 2018)
Not necessarily Hux that was determined here (see section 3.2)

e: The AnAOB abundance of the FBBR was assumehisrcalculation

Pretreated municipal wastewater

Synthetic medium

: Centrifuged digestate
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In MBR>, operated for >100 days, the biomass was keptispession and the biomass-specific
anammox activity could be determined. Anammox siioimetry was observed in MBRwith

NO removedNHa " removed@nd NQ producedNHa removearatios of 1.10 + 0.13 and 0.19 + 0.03g N g
N, respectively. The actual biomass-specific toitdogen removal rates {Rior) in the reactor
0.52 +0.26 g N g VSS d* (Figure S.3, B. A maximum biomass-specific anammox activity of
1.1 + 0.1 g NH*-N g* VSS d' (1.8 + 0.2 g Num g+ VSS d') was obtained from am-situ
activity measurement. These rates are higher thewiqusly reported from reactors operated at
SRT >45d under mesophilic conditions and are coaiparto those obtained by Lotti et al.
(2015) in a reactor operated at very short SRTdx@able 1). However, when considering the
anammox bacteria abundance and after rescalint6 2Arrhenius function with theta 1.1
(Seuntjens et al., 2018)), this rate is in the lov@@ge of reported valuesdble 1). The biomass
yield can be considered as the ratio of growth (At675-0.19 @) and the biomass specific
anammox activity (1.1 g NF-N g* VSS db). This results in an estimated biomass yield 670.
and 0.17 g VSSHNH,*-N, which is comparable to the reported 0.12 g \¢SSIH,*-N (Strous

et al., 1998). In this study, biomass was only aoted for occasional sampling, rendering an
estimated SRT of + 300 days. It remains to be ingated whether a shorter SRT control would

render higher thermophilic activities as well.

3.3. A potentially new thermophilic anammox taxon

16S rRNA gene amplicon sequencing was used to ciesize the bacterial community in the
FBBR inoculum and in the reactor at 43 and 48°Ce(afion days 120 and 39(igure 3, B
and C). The anammox bacteria in the inoculum were digssias ‘CandidatusBrocadia” and
“CandidatusJettenia” and accounted only for 1.5 and 1.3% @& thicrobial community,

respectively. At 43°C, noCa. Jettenia’was detected, wherea€4. Brocadia” was present at a
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relative bacterial abundance of 2.1% and was thst mloundant anammox species. The loss of
“Ca. Jettenia could be attributed to its reported temperaturegeaof activity, being slightly
lower than reactor conditions (20-42.5°C) (Ali & @015). The activity of Ca. Brocadia”, on
the other hand, has been confirmed at a wider rahgemperature$25-45°C) (Oshiki et al.,
2011). Thermophilic conditions (48°C) resulted ifbacterial community highly enriched in a
“Ca. Brocadia-related anammox species (46.4% of thal todcterial community). The reactor
conditions (anoxic conditions and autotrophic megiiand the increasing temperature likely
resulted in the selection and high abundance af phitative thermophilic anammox species.
Previous research has also shown that a tempesdtack on an anammox reactor resulted in an
anammox enriched community after a recovery proa@s®pposed to a very diverse microbial

community before the temperature shock (Isanth,e2@il5).

Parallel to 16S rRNA gene amplicon sequencing & thermophilic community, Sanger
sequencing was performed on the DNA sample of BBRFat 48°C, using primers targeting the
Planctomycetesommunity. Three out of four sequence pairs canldmerged into contigs, all
yielding a 96-97% similarity to an uncultured anaoxbacterium from a geothermal spring in
Japan (Hirayama et al., 2005). Two of the Sangquesgces (pla46f 1492r and pla40f 1492r)
were used to construct a phylogenetic tree compatie obtained Sanger sequences to all
anammoxbacteria reference sequences. The closest culnalatives were Ca. Brocadia
caroliniensi$ (94-95% similarity) and Ca. Brocadia anammoxidafs(94-95% similarity)
(Figure 3A). Considering the currently applied sequence anityl thresholds of 95% (for
genus) and 98.7% (for species) (Rossi-Tamisielk. €2@15), we hypothesize that the community

harboured a new anammox species. However, furtbeearch is necessary to establish its
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phylogenetic novelty and to attribute the neces¢amctional) genes to thiBlanctomycetdo

validate its association with the observed ammoroxidation.

Both Rhodocyclaceaand RBG1 become abundant at 43°C, at the samethiséhe anammox
activity, as observed through in-situ tests, caép The switch from a mesophilic temperature
region to moderately thermophilic conditions cauaeshange in the whole microbial community
in which mesophiles die or are washed out, whilerogrganisms that tolerate higher
temperatures take over. TRhodocyclaecaghat became enriched at 43°C are affiliated to the
genusDenitratisoma that seem to have thrived by performing dendafion on the decay
products of collapsing mesophiles. The RBG-1 arfdiaaéd to the genus oFZixibacteria
(Castelle et al., 2013). It has been found in aneeictions in anoxic sediments, in the sulfate-
methane transition zone (Baker et al., 2015), asddeen suggested to scavenge reduced carbon
products. It is capable of nitrate and nitric oxidluction as well as of sulfate reduction
(Momper et al., 2017). It seems plausible thatomtdbuted to the denitrification of biomass

decay products during this T transition periodi |ike Rhodocyclaceae
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Figure 3: A: Phylogenetic tree displaying the evolutionarystdnce between the Sanger
sequence of the 2 PCR products from the thermapRBBR (almost full 16S rRNA gene) and
anammox bacteria reference sequences. The treebwihsin MEGA7 using the maximum
likelihood method with 500 bootstrap replicatiofifie numbers at the nodes are the bootstrap
values. B: Evolution of the relative abundance whramox species in the FBBR during the
transition from mesophilic to thermophilic tempewats. C: Shift in composition of the microbial
community during the transition from mesophilicth@rmophilic temperatures. In the inoculum,
OTU38 and OTU65 were the two most abundant anamspexies, classified aandidatus
Brocadia” and CandidatusJettenia”respectively. At 43°C, OTU38 CandidatusBrocadia”)
was the most abundant anammox species and OTWEn¢idatusJettenia”) disappeared. At
thermophilic conditions, a new anammox speciesamul OTU38 and was classified as
“CandidatusBrocadia”.

3.4. Practical outlook

The presented proof of principle of thermophili@ammox biotechnology opens up a new route
for thermophilic biological nitrogen removal, namehrough PN/A. Thermophilic nitrification
has been obtained in lab-scale bioreactors andintstics have been determined elaborately
(Vandekerckhove et al., 2019a, Vandekerckhove gt2419b), setting the foundation for
research on suppressing nitrite oxidation to obtaamtial nitritation and integrating with

thermophilic anammox in a single-sludge bioreactbhermophilic ammonia oxidation is
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dominated by ammonia oxidizing archaea (AOA) (Vamiekhove et al., 2019b). Only two
heterotrophic and one autotrophic thermophilic Ads been isolated so far (Itoh et al., 2013,
Mevel and Prieur, 2000, Shimaya and Hashimoto, ROXinetic comparison between
thermophilic AOA and mesophilic AOB revealed thiagrtmophilic AOA had a higher biomass
yield, lower biomass-specific ammonia oxidationerdbwer growth rate and higher substrate
affinity (Vandekerckhove et al., 2019a, Vandekemkhet al., 2019b). This first demonstration
of long-term cultivation of anammox bacteria undleermophilic conditions, with volumetric
activities and observed growth rates which are @afge to those reported under mesophilic
conditions (Table 1), suggests the feasibility bk tapplication of anammox to warm

temperature.

The obtained maximum biomass-specific anammox ictin this study indicates that similar
rates might be possible in thermophilic compared&sophilic sidestream anammox treatment
of, for example, reject water from thermophilic dhe digestion (De Vrieze et al., 2016).
However, more research is needed to evaluate #wbibty of thermophilic PN/A. First, the
economic prospect of thermophilic PN/A should benpared to current practices of cooling
thermophilic digestates prior to mesophilic PN/&c8ndly, more information on the anammox
biomass yield and decay rate is necessary to emabédter comparison to mesophilic kinetics.
Thirdly, the effect of organic carbon, pH, temparatfluctuations, free ammonia/free nitrous
acid, recurrent dissolved oxygen exposure andwasatewater matrices on the anammox activity
should be investigated as stepping stones towasdsbphilic PN/A. Fourthly, considering the
high anammox activity compared to thermophilic A@aivity (1.1 vs. ca 0.2 g NFN g* VSS
d1), the obtainable nitritation rate could be theiting factor in a PN/A system and requires

further research. However, in mesophilic PN/A systenitritation is the limiting factor as well.
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Finally, mesophilic reactor configurations implertezhin practice include moving-bed biofilm
reactors (MBBR), granular sludge processes andeseiug batch reactors (SBR) (Lackner et
al., 2014). Considering the configurations testethis study (FBBR and MBR), there is a need

to evaluate more practically relevant reactorsatlitate the implementation.

3.5. The economic prospect of thermophilic PN/A

Even though limited data is available d@he kinetics and stoichiometry of thermophilic

nitritation and anammox, a first cost assessmestpeaformed to evaluate which factors could
render thermophilic PN/A economically interestifitne chosen source of wastewater was high-
temperature (x 50°C) sludge reject water, origngatirom thermophilic anaerobic digestion of

primary and secondary sewage sludge. Capital aedatpnal expenditure (capex and opex)

were compared for its mesophilic (30°C) and thermlap(50°C) PN/A treatment.

Both scenarios showed a similar total treatment, soish thermophilic PN/A cost only .03

kg N or 2.5% above the mesophilic one. Opex domintitedotal treatment cost, amounting to
73 and 75% for the thermophilic and mesophilic aciex respectively Table 2). Capex and
opex associated with influent cooling for the méslip scenario contributed only 5.1% to the
total treatment cost, rendering limited savingsilaited to avoided cooling for thermophilic
treatment. The extra costs for thermophilic PN/Aravenainly attributed to a higher reactor
capex, due to the need for insulation, and an as&@ opex for sludge disposal. The extra cost
for insulation is inevitable. The slightly highdudge disposal cog9.5%) was caused by the
higher observed biomass production, mainly bectheenophilic AOA have a higher maximum
biomass vyield (¥ay and lower decay rate {kthan mesophilic AOB (Vandekerckhove et al.,

2019a, Vandekerckhove et al., 2019b). However, kadge on the ¥ax and k of thermophilic
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versus mesophilic ammonia-oxidizing organisms iis Ishited (Vandekerckhove et al., 2019a,
Vandekerckhove et al., 2019b), which is also tteedar anammox bacteria, rendering the need
for a more thorough investigation to accuratelydprethe sludge production difference. Also, as
sludge from a sidestream PN/A is usually sent btackhe anaerobic digester and to the
mainstream treatment unit, the actual impact omalvgludge disposal cost will be more limited.
Currently, the expected thermophilic nitritatiorteras below the rates observed in full-scale
mesophilic PN/A systems. However, if the thermaphiitritation rate could be increased to the
mesophilic rate and thermophilic and mesophilidgkiproduction would be the same, the total
treatment cost for thermophilic PN/A would be 2.8#&aper than mesophilic PN/A. As current
knowledge on thermophilic nitritation is still liteid, further research could focus on obtaining
higher rates, by investigating different reactonditions or other microbial species with higher

conversion rates.

Overall, the first economic estimation highlight¢ldat thermophilic PN/A could be cost
competitive to mesophilic PN/A. This means that wawvastewaters, for example reject water
from thermophilic digestion, would not need coolipgor to mesophilic PN/A, but could be
treated thermophilically in a cost-effective waynefmophilic anaerobic digestion obtains higher
conversion rates, higher biogas vyield, higher rédncof pathogens and contributes to higher
energy and nutrient recovery compared to mesopligestion (De Vrieze et al., 2016).
Currently, the use of cooling equipment prior tosoghilic treatment is prone to failure. When
the cooling does not work, a temperature shock evanhibit the PN/A process and result in
treatment failure. Considering the importance afvpnting treatment failure and preventing
excessive amount of reactive nitrogen to be seck tiathe mainstream treatment unit or to the

environment, thermophilic PN/A would be a valuahlgernative to the current practices. Also,
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thermophilic conditions prevent the growth of mdsbp pathogens and enables a more efficient
hygienization of the wastewater (Lapara and Alleyr899). For example, legionella grows in
biofilms in wastewater treatment plants under mhbgapconditions (25-45°C), thermophilic

treatment would prevent growth of such pathogerscgio et al., 2019).

Further research and development on thermophitittation and anammox stoichiometry and

kinetics should enable a more accurate assessment.
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Table 2 Estimation of capital and operational expenditupex and opex) for mesophilic and thermophiliartipl

nitritation/anammox (PN/A) on sludge digestion cg¢jeater from thermophilic anaerobic digestion ofary and secondary sewage
sludge, with the most important differences undedi Extensive details on data and assumptionediné influent characteristics,
kinetics, process design and operation and depi@tiean be found in Supplementary material, sacHc.

Mesophilic PN/A (30°C)

Thermophilic PN/A (50°C)

€ € kg—l |\|removec % € € kg_l |\|removec %
Capex
Cooling installation 60 000 0.02 1.7 0 0.00 0.0
Civil works 188 214 0.05 4.2 348 057 0.10 8.2
Equipment 171 243 0.05 4.2 171 014 0.05 4.1
Mechanical works 27 500 0.01 0.8 27 500 0.01 0.8
Piping 62 250 0.02 1.7 62 250 0.02 1.6
Electrical works 80 000 0.02 1.7 80 000 0.02 1.6
Working hours 327 360 0.09 7.6 327 360 0.09 7.4
Profit / risk 147 302 0.04 3.4 172 205 0.05 4.1
Total capex 1 063 869 0.30 25.2 1188 387 0.33 27.0
Opex
Cooling 0.04 3.4 0.00 0.0
Centrifuge 0.01 0.8 0.01 0.8
Chemicals 0.09 7.6 0.09 7.4
Aeration 0.13 10.9 0.13 10.7
Pumping and mixing 0.03 25 0.03 2.5
Sludge disposal 0.21 17.6 0.23 18.9
Personnel 0.23 19.3 0.23 18.9
Analyses 0.03 25 0.03 2.5
Maintenance 0.11 9.2 0.12 9.8
Total opex 0.89 74.8 0.89 73.0
Total 1.19 100.0 1.22 100.0
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4. Conclusions

Long-term thermophilic anammox reactor operatios wamonstrated for the first time, both for
an attached and suspended growth. In the FBBR, makimum total nitrogen removal rates up
to 0.62 g N [* d* (48°C), an adapted enrichment community was obtaby imposing a linear
temperature increase (0.05-0.07°€¢) ¢b a mesophilic PN/A inoculum. Kinetic charactation

in subsequent MBR operation at 50°C revealed amatgd net growth rate between 0.075 and
0.19 d* and a maximum biomass-specific anammox activity.tf+ 0.1 g NH'-N g* VSS d".
When taking into account anammox bacteria abundanderescaling to 20°C, however, these
rates were relatively low compared to mesophili@mamox. In all reactors, the nitrogen
stoichiometry known for mesophilic anammox was obseé (NG removedNH4 removed1.03-1.14 g

N g* N; NOs producedNH4 removed 0.20-0.22 g N g N). Amplicon and Sanger sequencing of the
16S rRNA gene revealedlanctomycetesnembers with only 94-95% similarity tBrocadia
anammoxidansnd B. caroliniensis accounting for 45% of the adapted thermophilictéaal
community in the FBBR. A first economic estimati@vealed that thermophilic PN/A could be
cost competitive to mesophilic PN/A. This novel ggss may present opportunities for the
treatment of several wastewater types, for examglect water from thermophilic anaerobic

digestion of sewage sludge.
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A slow temperature increase on a mesophilic inoculum enabled thermophilic anammox
A potentially novel species was highly abundant in the adapted community
Stoichiometry and rescaled kinetics are low compared to mesophilic anammox cultures
An attached and a suspended growth reactor were feasible

Thermophilic partial nitritation/anammox may become economically cost-effective
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