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Resum

El tractament biologic d’aiglies residuals industrials que contenen altes concentracions
de nitrogen (>1000 mg N L) i baixa concentracié de matéria organica biodegradable (bCOD)
com sén els lixiviats d’abocador és a dia d’avui un repte. El tractament convencional
mitjancant nitrificacid-desnitrificacio d’aquest tipus d’aiglies residuals industrials implica
costos molt elevats degut a I'aeracid i la necessitat de I'adicié de bCOD externa. El procés de
nitritacié parcial (PN) combinat amb la oxidacié anaerobia d’amoni (anammox) resulta una
alternativa més sostenible pel tractament biologic d’aquest tipus d’aigles. Els sistemes PN-
anammox soén tractaments totalment autotrofics que permeten reduir en un 40% els
requeriments d’aeracié i no necessiten I'adici6 de BCOD externa al procés. PN és el procés
previ necessari per alimentar el posterior reactor anammox. L'objectiu del reactor de PN és el
de produir un efluent apte pel reactor anammox. En el reactor PN, 57% de NH," contingut a
I’afluent s’ha d’oxidar a NO,™ per la obtencié de la proporcié molar estequiométrica NO, :NH,"
de 1.32. L’eliminacid de la BCOD és també un punt clau ja que els bacteris heterotrofics poden

competir amb els bacteris anammox pel NO, disponible.

El tractament de lixiviats d’abocador mitjancant el procés PN-anammox ha sigut
demostrat anteriorment. No obstant, el reactor PN operava a alta temperatura (35°C) i es va
prestar poca atencid a l'eliminacié de bCOD. A més, les emissions d’oxid nitrds (N,O)
procedents de sistemes de nitrificacid s’han convertit en un tema de preocupacié. L'N,0 és un
important gas d’efecte hivernacle amb un potencial 300 vegades major que el CO,. Les
condicions descrites que fan incrementar les emissions de N,0O sén altes concentracions de
NO, i NH,", fluctuacions d’oxigen dissolt i pH, baixa proporcié de bCOD/N i també alta

activitat dels bacteris oxidadors d’amoni (AOB). Totes elles presents en els reactors de PN.

La investigacio presentada en aquesta tesi suposa canvis operacionals en el reactor PN
com son la duracid de les fases aerobies i la baixada de la temperatura operacional en un
reactor discontinu sequiencial (SBR) de PN tractant lixiviat d’abocador madur per reduir els
requeriments energetics. La posada en marxa i operacié del PN-SBR es va dur a terme en
condicions completament aerdbies a 25 i 35°C i també incloent alimentacions anoxiques per
promoure la desnitrificacié heterotrofica via NO, a 35°C. Especial atencid va ser posada en la
qualitat de I'efluent, la seleccié dels microorganismes usant tecniques moleculars i, per ultim,

la produccio de N,0 en condicions anoxiques i aerobies.
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L’efluent del PN-SBR era adequat en tots els casos estudiats en termes de proporcio
molar NO,:NH," i contingut en bCOD tot i el canvi de la temperatura operacional (25 i 35°C) i
la inclusid d’alimentacions en condicions anoxiques. La posada en marxa i operacio del PN-SBR
tractant lixiviats d’abocador amb carrega extrema de nitrogen (6 g N L™) va ser exitosament
demostrada tant a 25°C com a 35°C. Un model cinétic es va implementar per obtenir
informacid sobre la reduccié de I'activitat maxima dels AOB provocada per la concentracio
d’amoniac lliure (FA) i acid nitrds lliure (FNA) aixi com també la limitacié d’activitat deguda al
HCO5". En condicions plenament aerodbies a 35°C, I'activitat maxima dels AOB va ser reduida
per la combinacié d’inhibicié de FA i FNA i també la limitacié de HCO;". En canvi, en la operacio

del PN-SBR a 25°C els AOB eren parcialment inhibits per FNA i limitacié de HCO;".

En relacié amb la produccié de N,O del PN-SBR, es va demostrar que la produccié i
posterior emissio de N,O va ser de 3.6% del nitrogen total de I'afluent. La produccié de N,0 va
ser analitzada durant la operacié del PN-SBR alternant alimentacions anoxiques amb fases
aerobies. L'N,0 va ser majoritariament produit en condicions anoxiques (60%) degut a la
desnitrificacié heterotrofica incompleta. La velocitat anoxica de produccié de N,O era d’uns 10
mg N-N,O gVSS™ h™ mentre que I'aerobia era d’uns 2 mg N-N,O gVSS* h'. Aquests resultats
contrasten amb els resultats obtinguts per altres autors. Les condicions severes en termes de
concentracié de NH," i de NO, i salinitat, van ser les causes majors per aquesta produccié de
N,O. No obstant, la produccié de N,O del PN-SBR estava en el rang d’altres sistemes de PN-

anammox tractant aigles residuals industrials.

Finalment, la seleccid6 microbiologica obtinguda en el PN-SBR va ser avaluada
mitjancant diferents tecniques moleculars com sén fluorescence in situ hybridization (FISH),
reacci6 en cadena de polimerasa (PCR), electroforesis amb un gel amb gradient
desnaturalitzant (DGGE), PCR quantitativa i piroseqtienciacié. En tots els experiments un filotip
d’AOB va ser enriquit i estava ben adaptat a les condicions severes del PN-SBR. La comunitat
heterotrofica era poc diversa perd estava molt ben adaptada a les condicions del reactor.
Bacteroidetes eren el grup de microorganismes dominants i estaven especialitzats en la
degradacié de bCOD lentament biodegradable. Una minoria del organismes heterotrofics tenia

la capacitat genética de desnitrificar completament I’'N,0 a N,.

En definitiva, els resultats d’aquesta tesi demostren que es va aconseguir exitosament
el funcionament robust del PN-SBR tot i els canvis de temperatura i la inclusié de fases
anoxiques. L'aplicacié dels canvis realitzats en reactors d’escala real hauria de ser analitzada en

termes de requeriments del reactor anammox posterior i la llei ambiental vigent (en el cas de
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I’'N,0). Els resultats inclosos a la tesi també demostren I'aclimatacié dels microorganismes

seleccionats en condicions severes i variables.
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Summary

The biological treatment of industrial wastewater containing high nitrogen
concentrations (>1000 mg N L™) and low biodegradable organic matter (bCOD), such as landfill
leachate, is challenging these days. Conventional nitrification-denitrification of such
wastewater implies high operational costs associated with aeration requirements and external
bCOD supply. Partial nitritation (PN) combined with anaerobic ammonium oxidation
(anammox) has become a more sustainable alternative treatment of this kind of industrial
wastewater. PN-anammox systems are completely autotrophic treatments which reduce
aeration requirements by 40% and eliminate adding an external bCOD source. PN is the
preceding step to a subsequent anammox reactor whose objective is to acquire a suitable
effluent to subsequently feed the anammox reactor. In the PN reactor, 57% of the influent’s
NH,* must be oxidized to NO, and reach a NO,:NH,* molar ratio of 1.32. The removal of the
bCOD is also a key point because heterotrophic bacteria and anammox may compete for the

available NO,".

Landfill leachate treatment by the PN-anammox process has already been
demonstrated some years ago, however, the PN reactor operates at a high temperature (35°C)
and little attention is paid to bCOD removal. Moreover, nitrous oxide (N,0) emissions from
nitrification systems have become a great concern. N,0 is an important greenhouse gas having
300 times more global warming potential than CO,. Conditions leading to high N,O emissions
are described as high NO, and NH," concentration, dissolved oxygen and pH changes, low
bCOD/N ratio, as well as high ammonium oxidizing bacteria (AOB) activity. All of these

conditions are typical in PN systems.

The research presented in this thesis involves changes to operational parameters to
reduce energy requirements. These changes include aeration phase lengths and operational
temperature decreases in a PN sequencing batch reactor (PN-SBR) treating mature landfill
leachate. The PN-SBR startup and operation was assessed at fully aerobic conditions at 25 °C
and 35°C, as well as the implementation of anoxic feedings to promote heterotrophic
denitrification via NO, at 35°C. Special attention was placed on effluent quality, microbial
selection using molecular techniques and N,O production under anoxic and aerobic

conditions.
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In all cases, the PN-SBR effluent was considered suitable despite the operational
temperature (25 °C and 35°C) and the inclusion of anoxic conditions in terms of both NO,
:NH," molar ratio and bCOD content. The startup and operation of the PN-SBR treating
extremely high nitrogen concentration leachate (up to 6 g N L") was successfully demonstrated
at 25°C and 35°C. A kinetic model was implemented to obtain an AOB maximum activity
decrease by free ammonia (FA) and free nitrous acid (FNA) concentrations as well as the HCO;”
limitation availability. During fully aerobic conditions at 35°C, maximum AOB activity was
reduced through a combination of FA and FNA together with the HCO;" limitation. Besides,
when the operational temperature was set at 25°C, AOB were partially inhibited by FNA as well

as HCOj3  limitation.

N,O production and later emission from the PN-SBR was demonstrated to be 3.6% of
the influent’s total nitrogen. N,0 production, including anoxic feedings and aerobic phases,
was analyzed during the PN-SBR’s performance. N,O was mainly produced under anoxic
conditions (60%) due to incomplete heterotrophic denitrification. The anoxic N,O production
rate was about 7 mg N-N,0 gVSS™ h™*, whereas aerobic N,0 production was 2 mg N-N,0 gVSS’
' h™. These results differ from previously reported studies. Stringent conditions, in terms of
NH," and NO, concentrations and salinity, were the main causes of N,0 production.
Nevertheless, the N,O production from the PN-SBR was in the same magnitude of order as

other PN-anammox systems treating industrial wastewater.

Finally, the microbial selection achieved in the PN-SBR was also assessed by several
molecular techniques such as fluorescence in situ hybridization (FISH), polymerase chain
reaction (PCR), denaturing gradient gel electrophoresis (DGGE), quantitative PCR and
pyrosequencing. In all the experiments, one AOB phylotype was enriched and was well
adapted to stringent conditions present in the PN-SBR. When anoxic feedings were included,
the heterotrophic community was low diverse but well adapted to the PN-SBR conditions.
Bacteroidetes were the dominant organisms and specialized in the degradation of slowly
biodegradable bCOD. A minor fraction of the heterotrophic organisms had the genetic

capability to completely denitrify NO, to N,.

The robustness of the PN process was successfully demonstrated, despite operational
temperature being changed or anoxic feedings being included. Applying the operational
changes studied in full scale reactors should be analyzed in terms of the requirements for the

subsequent anammox reactor and environmental laws (in the case of N,O emissions). The
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present thesis results also demonstrate bacterial acclimation to stringent and variable

conditions.
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Resumen

El tratamiento biolégico de aguas residuales industriales que contienen elevadas
concentraciones de nitrégeno (>1000 mg N L) y baja concentracién de materia orgénica
biodegradable (bCOD) como son los lixiviados de vertedero es hoy en dia un reto. El
tratamiento convencional mediante nitrificacidn-desnitrificacion de este tipo de aguas
industriales implica costes muy elevados debido a la aeracidn y la necesidad de afiadir bCOD
externa. El proceso de nitritaciéon parcial (PN) combinado con la oxidacidn anaerdbica del
amonio (anammox) resulta una alternativa mas sostenible para el tratamiento bioldgico de
este tipo de aguas. Los sistemas de PN-anammox son tratamientos totalmente autotréficos
que permiten reducir en un 40% los requerimientos de aeracién y no necesitan la adicién de
bCOD externa al proceso. PN es el proceso previo necesario para alimentar el posterior reactor
anammox. El objetivo del reactor de PN es el de producir un efluente apto para el reactor
anammox. En el reactor de PN, 57% del NH," contenido en el influente se ha de oxidar a NO,
para la obtencidn de la proporciéon molar estequiométrica NO, :NH,* de 1.32. La eliminacién
de la bCOD es también un punto clave ya que las bacterias heterotréficas pueden competir con

las bacterias anammox por el NO," disponible.

El tratamiento de lixiviados de vertedero mediante el proceso PN-anammox ha sido ya
demostrado anteriormente. No obstante, el reactor PN operaba a alta temperatura (35°C) y
poca atencion fue prestada a la eliminacion de bCOD. Ademas, las emisiones de dxido nitroso
(N,0) procedentes de sistemas de nitrificacion se han convertido en un tema de alta
preocupacién. El N,O es un importante gas de efecto invernadero con un potencial 300 veces
mayor al del CO,. Las condiciones descritas que incrementan las emisiones de N,O son altas
concentraciones de NO, y NH,", fluctuaciones de oxigeno disuelto y pH, baja proporcién de
bCOD/N asi como también alta actividad de las bacterias oxidadoras de amonio (AOB). Todas

ellas presentes en los reactores de PN.

La investigacidn presentada en esta tesis supone cambios operacionales en el reactor
de PN como la duracién de las fases aerobias y la bajada de |la temperatura operacional en un
reactor discontinuo secuencial (SBR) de PN tratando lixiviado de vertedero maduro para
reducir los requerimientos energéticos. El arranque y operacién del PN-SBR fue llevado a cabo
en condiciones completamente aerobias a 25 y 35°C y también incluyendo alimentaciones

andxicas para promover la desnitrificacion heterotréfica via NO,™ a 35°C. Especial atencidn se
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focalizé en la calidad del efluente, la seleccidn de los microorganismos usando técnicas

moleculares y por ultimo, la produccién de N,O en condiciones andxicas y aerobias.

El efluente del PN-SBR era adecuado en todos los casos estudiados, a pesar de la
temperatura operacional (25 y 35°C) y la inclusién de alimentaciones en condiciones andxicas,
en términos de proporcién molar NO, :NH," y contenido en bCOD. El arranque y operacién del
PN-SBR tratando lixiviados de vertedero con extrema carga de nitrégeno (6 g N L) fue
exitosamente demostrado tanto a 25°C como a 35°C. Un modelo cinético fue implementado
para obtener informacion sobre la reducciéon de la actividad maxima de los AOB provocada por
la concentracién de amoniaco libre (FA) y dacido nitroso libre (FNA) asi como también la
limitacion de actividad debido a la concentracién de HCO;". En condiciones plenamente
aerobias a 35°C, la actividad méxima de los AOB fue reducida por la combinacidn de inhibicién
por FA y FNA y también la limitacién de HCO;". En cambio, en la operacién del PN-SBR a 25°C

los AOB eran parcialmente inhibidos por FNA y limitacion de HCO3'.

En relacion con la produccién de N,0 del PN-SBR, se demostrd que la produccién y
posterior emisién de N,0 fue de 3.6% del nitrégeno total del influente. La produccién de N,0
fue analizada durante la operacién del PN-SBR alternando alimentaciones andxicas con fases
aerobias. El N,O fue mayormente producido en condiciones andxicas (60%) debido a la
desnitrificacion heterotréfica incompleta. La velocidad andxica de produccion de N,O era de
unos 10 mg N-N,0 gVSS™ h™ mientras que la aerobia era de unos 2 mg N-N,O gVsS™ h’. Estos
resultados contrastan con los resultados obtenidos por otros autores. Las condiciones severas,
en términos de concentracién de NH,", NO, vy salinidad, fueron las mayores causas por dicha
produccién de N,0. No obstante, la produccién de N,O del PN-SBR estaba en el rango de otros

sistemas de PN-anammox tratando aguas residuales industriales.

Finalmente, la seleccidn microbioldgica ocurrida en el PN-SBR fue evaluada mediante
distintas técnicas moleculares como son fluorescence in situ hybridization (FISH), reaccién en
cadena de polimerasa (PCR), electroforesis con un gel con gradiente desnaturalizante (DGGE),
PCR cuantitativa y pirosecuenciacion. En todos los experimentos un filotipo de AOB fue
enriquecido y estaba bien adaptado a las condiciones severas del PN-SBR. La comunidad
heterotrofica tenia baja diversidad pero estaba muy bien adaptada a las condiciones del
reactor. Bacteroidetes eran los microorganismos dominantes y estaban especializados en la
degradacion de bCOD lentamente biodegradable. Una minoria de los organismos

heterotroficos tenia la capacidad genética de desnitrificar completamente el N,O a N,.
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En definitiva, los resultados de esta tesis demuestran que se logré de manera exitosa
el funcionamiento robusto del PN-SBR a pesar de los cambios de temperatura y la inclusion de
fases anodxicas. La aplicacion de los cambios realizados en reactores de escala real tendria que
ser analizada en términos de los requerimientos del reactor anammox posterior y de la ley
ambiental (en el caso de la produccion de N,O). Los resultados incluidos en esta tesis también
demuestran la aclimatacion de los microorganismos seleccionados a condiciones severas y

variables.
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Chapter 1. Partial nitritation-anammox process background

1.1. PN-anammox technology: state of the art

Anaerobic ammonium oxidation (anammox) metabolism was first detected by Mulder et
al. (1995) in a denitrifying biofilm that was treating urban wastewater in the Netherlands.
Later, anammox stoichiometry (Eq. 1.1) was reported in 1999 by Strous et al. (1999b).
Anammox bacteria belong to the Planctomycetales order and are strictly anaerobic and
autotrophic organisms (Strous et al. 1999a); except Anammoxoglobus propionicus which have

been described as being able to oxidize propionate (Kartal et al. 2007).
NH," + 1.32NO, + 0.066HCO; + 0.13H" - 1.02N, + 0.26NO;3 ™ + 2.03H,0 + 0.066CH,045N¢ 15
(Eqg. 1.1)

As a result of the discovery of anammox metabolism, research was then pointed towards
the enrichment and application of anammox process and focused on nitrogen removal from
NH," rich wastewater streams (Chamchoi and Nitisoravut 2007, Egli et al. 2001, Lépez et al.
2008, Van Der Star et al. 2008). Anammox requires a NO, :NH," molar ratio of 1.32 (Eq.1.1)
and as such, a previous partial nitritation (PN) of the influent’s NH," to NO, is required. PN is
carried out by ammonium oxidizing bacteria (AOB) which are also autotrophic organisms
whose metabolism is governed by the stoichiometry given in Equation 1.2 (Ganigué et al.

2007).
NH,* + 2 HCO; + 1.5 0, NO, + 3 H,0 +2 CO, (Eq. 1.2)

Thus, the combination of PN and anammox emerges as a fully autotrophic nitrogen
removal system which, when compared to conventional nitrification-denitrification systems,
reduces the aeration requirement by 40% and excludes the external biodegradable organic
matter (bCOD) supply (Ahn 2006). The PN-anammox process is usually applied to wastewater
high in NH," and low in bCOD, for instance such as anaerobic digester liquor, swine piggery or
landfill leachate, and consequently, has a low bCOD/N ratio (Strous et al. 1997b). The
combination of the two linked processes (PN-anammox) can be achieved in one or two

different reactors (Schmidt et al. 2003).

The PN-anammox operation in one single reactor can be successfully accomplished
despite the different metabolic pathways (anoxic and aerobic), because oxygen inhibition over
anammox biomass has been demonstrated to be reversible (Strous et al. 1997a). In this
process, the dissolved oxygen (DO) gradient is stabilized in granules or biofilms which promote

AOB activity in the aerobic zone and anammox activity in the anoxic zone (Sliekers et al. 2002).
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Applying the PN-anammox process in two separate reactors isolates each process at their
optimum conditions where the NO,™ produced in the aerobic reactor is later fed to the anoxic

reactor (van Dongen et al. 2001).

Successful application of PN-anammox process in a single reactor has been widely
demonstrated at lab and full scale with several different configurations. The oxygen-limited
autotrophic nitrification-denitrification system (OLAND) was first developed in the late 1990s
by Kuai and Verstraete (1998) containing both AOB and anammox in biofilm. OLAND was
successfully operated at lab scale treating synthetic media (Pynaert et al. 2002, Windey et al.
2005) and black wastewater which had an NH,* concentration in the influent of 1000 mg N-
NH,* L™ (Vlaeminck et al. 2009).

Additionally, complete autotrophic nitrogen removal over nitrite (CANON) reactors are
granular sludge systems which also contain both AOB and anammox in the same granule.
CANON experiments demonstrated excellent stability when treating synthetic water (Third et
al. 2001) and, later, this was applied to treat a full-scale digester returns at 250 mgN-NH," L™
(Kampschreur et al. 2009). It should also be noted the DEMON® process which was successfully
implemented in a full-scale rejection water deammonification (1800 mg N-NH," L™) system at
the WWTP Strass, Austria (Wett 2006). DEMON® consists of a sequencing batch reactor (SBR)
intermittently aerated, controlled by pH and continuously fed. DEMON® was also successfully
applied treating digested sludge liquor (1000 mg N-NH,* L") in an urban WWTP in Glarnerland,
Switzerland. Nowadays, the company Veolia has developed a product called ANITA-Mox®
which consists of suspended biofilm carriers treating mostly digested sludge liquor

(Christensson et al. 2013).

In the case of landfill leachate treatment, Seyfried et al. (2001) first reported nitritation-
deammonification in a rotating biological contractor (RBC) plant designed for conventional
nitrification-denitrification treating leachate at 150-300 mg N-NH," L™, Furthermore, Cema et
al. (2007) demonstrated the feasibility of combining heterotrophic denitrification and

anammox processes in an RBC nitritation treating landfill leachate (<1500 mg N-NH," L').

PN-anammox has also been successfully operated in two separate reactors. The Single
reactor for High activity Ammonia Removal Over Nitrite (SHARON) was initially designed as a
short cut for nitrogen removal via NO, (Hellinga et al. 1998). NO,™ build-up is achieved by
favoring AOB in detriment to nitrite oxidizing bacteria (NOB) whose activity is undesirable. The
SHARON process ensures NO,™ build-up through operating temperatures and sludge retention

time (SRT). The operating temperature of the SHARON process is 30-40°C as AOB present
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higher growth than NOB at temperatures above 25°C (Figure 1.1; (Hellinga et al. 1998)). No
sludge retention system is used during the SHARON process. Thus, hydraulic retention time
(HRT) fixed at 1-1.5 days is equal to SRT which is the convenient SRT to avoid NOB growth and
to favor AOB growth. The SHARON process has nitritation limitation when treating digester
sludge liquor due to the HCO5:NH," molar ratio of the influent which is usually about 1.
Therefore, only 50% of the influent’s NH," could be oxidized to NO,™ (Eq. 1.2). However, this
particular characteristic of the SHARON effluent could be used as influent for a subsequent
anammox reactor. Along these lines, van Dongen et al. (2001) demonstrated the feasibility of

combining the SHARON process with the anammox process to treat digested sludge liquor.
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Figure 1.1. Temperature dependency of the maximum growth rate of AOB (Hellinga et al. 1998).

The SHARON-anammox process was also applied to treat pig manure with nitrogen
concentrations of about 1000 mg N- NH," L™ (Hwang et al. 2005), landfill leachate (Shalini and
Joseph 2012, Vilar et al. 2010) and full-scale systems treating digester supernatant at 1500 mg
N- NH," L'* (Desloover et al. 2011, Kampschreur et al. 2008). However, the SHARON process
can have operational problems when influent loads, such as landfill leachate, vary. From this
perspective, Fux et al. (2003) reported that SBR configuration could also be used to obtain PN
which has a higher biomass retention. Higher biomass concentration would ensure robustness

when treating dynamic influents.

Other reactor configurations were applied in order to attain higher biomass retention.
Yamamoto et al. (2008) reported PN satisfactorily treating digested pig manure in an upflow
biofilm reactor with influent nitrogen concentrations of 2000-4000 mg N-NH," L™. Also, PN
operated as an SBR treating landfill leachate at 2000-4000 mgN-NH," L' was carried out by
several authors (Ganigué et al. 2007, Liang and Liu 2008, Liang and Liu 2007).
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The treatment of landfill leachate deals with intrinsic leachate characteristics such as high
NH," content, high COD with heterogeneous biodegradability of the organic components and
high salinity (Renou et al. 2008). Also, variability of the leachate characteristics due to leachate
pounds pumping can vary depending on needs of the operation of the landfill management.
Anammox bacteria are more sensible to NH," loading shocks (Jin et al. 2012) and
heterotrophic bacteria can compete for NO,” when bCOD is available (Ruscalleda 2011). AOB
are autotrophic organisms more resistant to changes than anammox organisms. AOB can resist
NH," loading shocks due to its high tolerance range to FA and FNA and also can coexist with
heterotrophic bacteria competing only for oxygen which can be supplied into the reactor.
Thus, landfill leachate is usually treated in two separate reactors because of its dynamic
characteristics and the variability of its bCOD content. Along these lines, the Laboratory of
Environmental and Chemical Engineering (LEQUIA) from the University of Girona has set up

their investigations into the treatment of mature leachate via the Panammox® process.
1.2. Panammox® technology

Panammox® technology consists of a two steps PN-anammox system. PN and anammox
are carried out in two sequential SBRs (Ganigué 2010, Ruscalleda 2011). This results in high
biomass retentions and concentrations which in turn enables higher stability of the system.
However, even though difficulties with the stability of the PN and anammox processes were

detected, the processes have been optimized lasting recent years.

Anammox enrichment from several microbial sources such as activated sludge and
sediments was investigated. Successful enrichment from two different urban nitrification-
denitrification WWTPs was achieved (Lépez et al. 2008). Anammox biomass was sequentially
acclimated to leachate PN-SBR effluent by incrementing its content in the feed (Ruscalleda et
al. 2008). Nevertheless, two challenges were detected during the anammox acclimation and
the reactor’s performance. Firstly, high salinity and leachate media could partially inhibit
anammox activity (Scaglione et al. 2012) and secondly, competition between anammox and
heterotrophic organisms for NO, could lead to NH," accumulation, but also, and on the
contrary, it has a positive affectation by the heterotrophic denitrification of the NO;™ produced
by the anammox activity (Ruscalleda et al. 2008, Ruscalleda et al. 2010). Thus, PN-SBR effluent

had to ensure a good effluent in terms of NO, :NH," molar ratio (1.32) and low bCOD.

The PN-SBR configuration to treat landfill leachate was first demonstrated by (Ganigué et
al. 2007). The lab scale PN-SBR (20 L) was operated at 35°C, at HRT of 1.5 days, and SRT of 5

days throughout the whole performance cycle. Influent was continuously fed and leachate was
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progressively added to the influent media during startup. The PN-SBR operation cycle ran for a
total length of 8 hours: Those eight hours were divided into 360 minutes of aerobic feeding, 80
minutes of aerobic reaction, 15 minutes of settling and 25 minutes draw.

NOB growth suppression and activity inhibition was achieved by mean of free ammonia
(FA) and free nitrous acid (FNA) (Ganigué et al. 2007) and accordingly, AOB were enriched in
the PN-SBR sludge. However, FA and FNA also affected AOB activity but at higher
concentrations than NOB (Anthonisen et al. 1976). Temperature and pH governs FA and FNA
concentrations. Furthermore, pH is a key factor, with the optimum being pH 7.2, for AOB
activity (Figure 1.2). Along these lines, Ganigué et al. (2008) reported that a step-feed strategy,
compared to continuous feeding strategy, was a more efficient way of keeping the PN-SBR
stable due to lower pH and bicarbonate concentration at the end of the reaction phase which
caused higher limitations on AOB activity. A step-feed strategy was later applied initially during
the startup and then during the stable operation of a pilot plant PN-SBR (250 L) treating raw

leachate from the very first day (Ganigué et al. 2009).
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Figure 1.2. Influence of pH at 25°C and 35°C on the oxygen uptake rate (OUR) (Van Hulle et al. 2007).

NOB inhibition and successful NO,  build-up was achieved through high FA and FNA
concentrations. HCO5™ was proven to be a key parameter in controlling NH," oxidation to NO,
in thermophilic conditions (35°C). Consequently, the influent’s HCO5:NH," molar ratio had to
be adjusted to 1.14 in order to oxidize 57% of the influent’s NH," to NO,". The PN-SBR cycle
configuration included anoxic feedings to promote heterotrophic denitrification (Ganigué et al.
2010), which led to low effluent bCOD concentration (<20 mg BODs L'). However, little
attention was paid to either the heterotrophic denitrification rates or the heterotrophic sludge

community.
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In summary, the PN process included in the Panammox® technology has been performed
at 35°C and demonstrates high stability. Key parameters for successful PN performance were
the FA and FNA concentrations, which inhibited NOB activity, and the influent’s HCO; :NH,"
molar ratio, which regulates the effluent NO,:NH," molar ratio. High operating temperatures
increase the energy requirements for heating. Thus, a decrease in the operational temperature
of the process would imply lower treatment costs. However, temperature variation affects
bacterial activity as well as chemical equilibriums such as NH3/NH," and HNO,/NO," (Equations
1.3 and 1.4; (Anthonisen et al. 1976)) and the FA and FNA variation could significantly affect

NOB inhibition as well as AOB activity.

TAN
10~PH

1+<KE'NH3)

(—6344)

where; K, yp, = e\273+7/, TAN is the total ammonium as nitrogen (mg N L"), pH is the pH

FA(mgN - L) = (Eq.1.3)

value and T is temperature in °C.

TNO,

K,
14 (Koo
10~P

FNA (mgN - L) = (Eq.1.4)

—2300

where; K, pyno, = e(273+T), TNO, is the total NO, (mg N L™)

Additionally, bCOD removal during anoxic feedings could involve N,O formation due to
uncompleted denitrification. N,O formation is undesirable because of its high greenhouse

effect.

1.3. Nitrous oxide (N,0) production during PN

N,O is a greenhouse gas with a global warming potential 300 times higher than CO, (IPCC
2001). The biological nitrification-denitrification process is responsible for the majority of
anthropogenic N,0 emissions from wastewater infrastructures. To establish their contribution,
several studies have monitored N,0 in conventional biological nutrient removal (BNR) and PN—
anammox processes (Foley et al. 2010, Kampschreur et al. 2008). Experimental results
between studies vary, largely due to the different operational conditions, and to date there is
no consensus on their actual extent. However, fundamental research carried out in recent
years has enabled the main conditions leading to N,O accumulation and later emission, to be

better understood. Figure 1.3 shows each and every possible chemical and biological pathway
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of nitrogen transformation known today (Desloover et al. 2012). Some reactions and pathways

are still not clear and remain under investigation.
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Figure 1.3. Conceptual overview of the N,0 production and consumption pathways during BNR, and the
involved microbial communities and enzymes. The key microbial communities are aerobic ammonia-
oxidizing bacteria (AOB), anoxic ammonia-oxidizing bacteria (AnAOB), ammonia-oxidizing archaea
(AOA), heterotrophic denitrifying bacteria (HDN) and nitrite-oxidizing bacteria (NOB). The related
enzymes are ammonia monooxygenase (AMO), hydroxylamine oxidoreductase (HAQ), hydrazine
dehydrogenase (HDH), hydrazine synthase (HZS), periplasmatic nitrate reductase (NAP), membrane-
bound nitrate reductase (NAR), Cu-containing nitrite reductase (NirK), cytochrome cd1 nitrite reductase
(NirS), nitric oxide reductase (NOR) and nitrous oxide reductase (NOS). “For archaeal nitritation,

proposed intermediates are NH,OH or HNO (Desloover et al. 2012).

On one hand, aerobic N,O production is mainly caused by AOB activity via two metabolic
pathways: hydroxylamine oxidation and autotrophic denitrification. The main parameters that
promote N,O production via AOB are high NO, concentrations, high NH," loads in the influent
and low DO concentrations (< 1 mg O, L™), among others (Kampschreur et al. 2008). On the
other hand, anoxic N,0O production can be linked to two main pathways. During anoxic
conditions both autotrophic and heterotrophic denitrification occurs. Heterotrophic
denitrifiers can reduce NO3;™ to N, in four steps (NO3">NO,  >NO->N,0->N,; Fig. 1.3) using
bCOD as the electron donor. A low bCOD/N ratio and electron competence between
denitrification enzymes are defined as key parameters for N,O production (Pan et al. 2013).
Also, AOB can autotrophically denitrify NO,” to NO (Yu et al. 2010) which would then be

available for further heterotrophic denitrification to N,O and N,.

Additionally, it is important to consider the plausible heterotrophic N,O reduction inhibition by

FNA. PN reactors operate under high NO, concentrations which cause high FNA
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concentrations (up to 0.2 mg N-HNO, L™). Zhou et al. (2008) defined the 50% inhibition of N,O
reduction at 0.0007-0.001 mg N-HNO, L™ and complete inhibition at 0.004 mg N-HNO, L™ with
denitrifying biomass operating at NO, concentrations in the reactor lower than 10 mg N-NO,"
L. However, acclimated biomass in PN reactors could resist higher FNA concentrations like
AOB community which has been observed to be enriched in phylotypes resistant to stringent
conditions (Egli et al. 2003). N,0 reduction inhibition could cause large N,O production and

later emission during the performance of the PN-SBR treating high nitrogen loads.
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Chapter 2. Objectives

Stability in the treatment of high nitrogen loaded wastewater by PN in SBR configuration
was successfully demonstrated by Ganigué (2010). However, by decreasing the operating
temperature the operational costs of this process could be reduced, as could the anoxic
oxidation of the bCOD by including anoxic feedings. Therefore, the main objective of this thesis
was to study the effects of these two operational changes on the overall PN-SBR process
performance in the context of bacterial activity stability and process robustness based on the
effluent quality, as well as the production and later emission of the significant greenhouse gas

N,O.

To achieve this principal goal, several specific objectives were defined:

e To establish the effects of PN-SBR operating temperatures on FA and FNA inhibition

and HCO;' limitation over AOB activity.

e To determine mechanisms for nitrogen conversion during changes of the operating

temperature and intermittent aeration cycle configuration.

e To quantify aerobic and anoxic N,0O production of the PN-SBR operated under

alternate aeration configuration and to identify the causes of N,O accumulation.

e To characterize the microbial community ecology of the PN-SBR with intermittent

aeration configuration treating mature leachate.

« To determine the suitability of including anoxic feedings regarding effluent quality,

sodium bicarbonate and acid addition requirements and N,O production.

13
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Chapter 3. Materials and methods

3.1. PN-SBR setup

The experiments were conducted in a pilot plant located at the Technological and
Scientific Park of the University of Girona. The plant was situated in a container to facilitate its
transport when necessary (Figure 3.1). The pilot plant for autotrophic nitrogen removal was
placed inside the container (Figure 3.2). The principal elements were a pretreatment tank, a
partial nitritation sequencing batch reactor (PN-SBR), anammox SBR and a control panel. The
influent leachate came from the Oris and Corsa landfills (Catalonia, Spain) in 1000 L container

tanks (Fig. 3.1.B) every 30-40 days.

Figure 3.1. External view of the pilot plant. A. Pilot plant container. B. Landfill leachate container

tanks (1000L)

PN-SBR Anammox SBR

Figure 3.2. Inside view of the PN-anammox container.

17



Chapter 3. Materials and methods

a Pretreatment tank o Probes (DO, Redox, pH) 0 Draw valve
a Influent pump e pH control e Airflow valve
PN-SBR i
e e Thermostatic bath e Computer and control panel

Figure 3.3. Schematic view of pilot plant

A scheme of the overall PN-SBR is presented in Figure 3.3. The leachate was first pumped
into a 300 L pretreatment plastic tank equipped with a stirrer to ensure homogeneous influent
conditions. When necessary, leachate was conditioned in this tank by solid sodium bicarbonate
or hydrochloric acid addition (Fig 3.4.A). From this tank, the leachate was fed to the reactor

with a peristaltic pump.

The PN-SBR was made of stainless steel and had a squared base, was 0.6 m longand 1.1 m
high, and as a result had a maximum working volume of 250 L (Fig 3.4.B). The minimum
volume was set at 111 L. An external water jacket ensured a constant temperature by
recirculating water heated in a thermostatic bath and with the aid of a mechanical stirrer the
mix liquor was mixed completely. Aeration was carried out by a blower connected to 3 air

diffusers (Magnum, from OTT system GmbH & Co.) placed at the bottom of the reactor.

1 P

EEEEEEE
sew =
ﬁﬁiiﬁi:gg

T 1
-
L]

Figure 3.4. Inside view of the PN-SBR: A) Pretreatment tank. B) PN-SBR C) Control panel.

18



Chapter 3. Materials and methods

Data acquisition and PN-SBR control were managed via the control panel (Figure 3.4.C),
which was composed of an interface card (PCI-1711 | PCLD-8710, Advantech, Taiwan) and
computer controlled. The computer used an own created software developed by LabVIEW,
which permitted the electronic on/off control of all the electrical devices and the control of the
SBR cycle by another interphase card (PCI-885, Advantech). Control actions were focused on
DO concentration (DO set point = 2 mg O, L) during aeration phases and pH control to a

maximum value of 8.0 by adding HCI (1M).

ORP, pH, dissolved oxygen concentration (DO) and temperature probe (CPF 82, CPF 81,
OXYMAX-W CO0S-41) signals were sent to the control panel (Fig.3.4.C), allowing DO, pH and
ORP to be monitored online. Furthermore, liquid N,0O concentration was measured online with
an in-situ N,O microsensor (Unisense, Aarhus, Denmark; Figure 3.5.A) during specific
experiments. The microsensor was connected to an in-situ amplifier (PA 2000; Figure 3.5.B) via
one single channel. This is a robust and compact system which ensures reliable data gathering.
Data was stored every 5-30 seconds depending on the experiment. Signals from the
microsensor were amplified and sent to a laptop. Unisense software (sensorTrace BASIC,
Unisense) stored and depicted data during experiments. Calibration was linear and was

performed by successively addition of saturated N, O solution.

A
B
v
UNISENSE
©

Figura 3.5. A) N, O in-situ microsensor. B) Signal in-situ amplifier
3.2. Batch test set-up

To analyze the influence of specific factors on the PN-SBR sludge activity, batch tests were
conducted in a 5 L fermenter (Fig. 3.6). The fermenter consisted of a 5 L glass vessel which was
water jacketed to keep the temperature constant. In the reactor, the sludge was well mixed
with a mechanical stirrer (250 rpm) and could be conditioned by sparging with nitrogen or air
when needed. ORP, DO, T and pH probes allowed these parameters to be monitored and
controlled via the fermenter and the connected computer. Maximum and minimum pH could

be controlled by adding 1M acid (HCI) or base (NaOH) with peristaltic pumps.
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Chapter 3. Materials and methods

Figure 3.6. Fermenter set-up.

The fermenter screen permitted the control of variables through on-line measurement plots.
The recipe to control batch conditions was set up with Sartorius® software on the PC
connected to the fermenter. Data were stored and made available from the PC once the batch

test was over. A schematic view of the set-up is shown in Figure 3.7.

ih

0 Batch vessel (5L) e ORP, pH, DO, T probes e Acid/base pH control a Screen parameters control
a Mechanical stirrer o Acid/base peristaltic pumps e Gas flow meter e PC

Figure 3.7. Schematic view of fermenter set-up. Solid lines refer to liquid, dashed to gas and dotted

to data transfer.
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Chapter 4. Calculations

4.1. Free ammonia and free nitrous acid

The values of the free ammonia (FA; mgN L™) and the free nitrous acid (FNA; mgN L)
concentrations were calculated as a function of pH, temperature and total ammonium as

nitrogen (TAN), for FA, or total nitrite (TNO,), for FNA (Eq.4.1 and 4.2); Anthonisen et al. 1976).

FA = 2N __ (Eq. 4.1)

_pH
14+ 22
Ke,NH;
—6344)

where: Koy, = e(273+T

FNA = —2% (Eq. 4.2)

Ke HNO,
1+(-22852)

(—2300)
where: K, yno, = €\273+T

4.2. Observed and maximum nitrite production rate
The observed nitrite production rate (NPR,s; mgN L™ d!) was calculated as a function of
daily influent flow (Qq; (L-d™)), nitrite [NO,] (mgN-L™), nitrate [NO5] (mgN-L™) and maximum

volume of the reactor (Vnay; (L)) according to Equation 4.3.

Vmax

The specific nitrite production rate (sNPR; mgN 107 cells™ d™) was calculated as a function of

NPR.s and the total AOB concentration [AOB,] (cells-L™) as given in Equation 4.4.

NPR,ps-1010
SNPRobs = [AOb—BCDC] (Eq. 4.4)
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Chapter 4. Calculations

On the other hand, a maximum specific nitrite production rate (SNPR ) (mg N-10"-cells™.d?)
was calculated from Equation 4.4 following the kinetic expression and constants previously
described in literature (Ganigué et al. 2007), which describes the sNPR.,s to be dependent on
the NPR,.., FA and FNA inhibition (modeled as Monod terms) as well as bicarbonate

concentration (modeled as a sigmoidal term).

SNPRyps

SNPRmax = ——07 —o5 (Eq. 4.5)
ILNH3 LHNO,

AOB AOB HCO3 ~kgco-)/a
K{\H,+ NH3 KfigN o, + HNOy [(HCO3~kycoz)/@)

e((HCO;—kHcog)/a)

1
Where: K/\0F = FA inhibition concentration for AOB (605.48 mg N-NH; L™), K/iNp, = FNA
inhibition concentration for AOB (0.49 mg N-HNO, L), a = kinetic constant (1.1), kHC03_ =
bicarbonate half saturation constant (28.5 mg C L™). All these values were obtained from

Ganigué (2010).

4.3. N,O production and emission
N,O generation (rg, mg N gVvsst h''; Eq. 4.6), emission (ro; mg N gVss™ h'’; Eq. 4.7) and
accumulation (r,; mg N gVSS™ h'; Eq. 4.8) rates were calculated using balances based on on-

line N, O liquid concentration measurements.

4.3.1. N,0 mass balance

Ty =T, +1, (Eqg. 4.6)
Vref *
_ Kaa '(CNZO lL'q_CNZOair)
T, = Vss (Eqg. 4.7)

Where: K,a = N,O mass transfer coefficient (h™), V. = experimental reference volume for K,a
(120 L), Vr = reactor volume a = correction coefficient (experimental determination is

presented in SM), Cnzo iy = N2O liquid concentration (mg N LY, C*Nzc,ai, = N,O saturation
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Chapter 4. Calculations

concentration in the liquid in equilibrium with air (mg N L™; assumed as 0) and VSS = volatile

suspended solids concentration (g VSS L™Y).

_ dCNZO
Ty = -2 (Eq. 4.8)

4.3.2. N,0 emission (E;y.)

t
ftonre(t)dt

E
x,a 1000

- (VSS V) (Eq. 4.9)

Where: E, = anoxic emission (g N), E, = aerobic emission (g N), t, = anoxic/aerobic time of sub-

cycle (n).

4.3.3. N,O0 production (P;,.)

t
ftonrg(t)-dt

——— - (VSS-V};) (Eq. 4.10)

Px,a

Where: P, = anoxic production, P,= aerobic production.

4.3.4. Nitrite removal rate

d[NO3]
no; = dtz W (Eg. 4.11)

Where: ryo,. = nitrite removal rate (mg N h™)

TNO;

sTNO; = s (Eg. 4.12)

Where: (ryo,” = specific nitrite removal rate (mg N gvss™ h™).

4.3.5. N,O removal
sTN,0 = sTnoy — Ty (Eq. 4.13)

Where: .ry,0 = specific N,O removal rate (mg N gVss™ h™)
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Chapter 4. Calculations

4.4. Specific nitrogen rates

PN-SBR specific activity was defined as the relative activity of the biomass, calculated as
gVsS L. Therefore, the specific NH," loading rate (sALR; g N gVSS™ d) (Eq. 4.14), specific
nitrite production rate (sNPR; g N gVvSS* d?) (Eq. 4.15) and specific nitrogen removal rate
(sNRR; g N gvss'd?) (Eq. 4.16) were calculated as function of daily influent flow (Qg;Ld™),
influent NH," concentration([NH,"]ins; g N L"), effluent NO,  concentration ([NO, Jes; g N LY,
influent and effluent TN ([TNJint, [TN]es; g N L™) maximum volume ofthe reactor (Vma; m°) and

the reactor VSS concentration([VSS],; gVSS m™).

Qa [NHI]Lnf

SALR = —ss, (Eq. 4.14)
Qg [NOxlesys

SNPR = Vo ssh, (Eg. 4.15)

sNRR = & (TN —[TVley) (Eq. 4.16)

Vimax - [VSS]r

4.5. Specific organic rates
PN-SBR specific organic loading rate (OLR; gCOD gVSS™ d) (Eq. 4.17) and the specific organic
removal rate (ORR; gCOD gVSS™ d) (Eq. 4.18) were calculated as a function of Qq, Vmax, [VSSI,,
influent COD concentration ([COD],.; gCOD L™) and effluent COD concentration ([COD]e;

gCoD LY.

Qq [COD]ing

SOLR =
Vimax * [VSS]T

(Eq. 4.17)

_ Qa([cODling=[COD]ery)
SORR = . 7S5 (Eg. 4.18)
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Abstract

This study investigates the effects of temperature on ammonia oxidizing bacteria activity in a partial
nitritation (PN) sequencing batch reactor. Stable PN was achieved in a 250 L SBR with a minimum
operating volume of 111 L treating mature landfill leachate containing an ammonium concentration
of around 6000 mg N-NH,+ L™ at both 25 and 35 °C. A suitable influent to feed an anammox reactor
was achieved in both cases. A kinetic model was applied to study the influence of free ammonia
(FA), the free nitrous acid (FNA) inhibition, and the inorganic carbon (IC) limitation. NH;+ and NO,-
concentrations were similar at 25 and 35 °C experiments (about 2500 mg N-NH,+ L™* and 3500 mg N-
NO,- L"), FA and FNA concentrations differed due to the strong temperature dependence. FNA was
the main source of inhibition at 25 °C, while at 35 °C combined FA and FNA inhibition occurred.
DGGE results demonstrated that PN-SBR sludge was enriched on the same AOB phylotypes in both
experiments.
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Abstract

Partial nitritation (PN) reactors treating complex industrial wastewater can be operated by
alternating anoxic-aerobic phases to promote heterotrophic denitrification via NO, . However,
denitrification under stringent conditions can lead to high N,0 production. In this study, the
suitability of including anoxic phases in a PN-SBR treating real industrial wastewater was assessed in
terms of process performance and N,O production. The PN-SBR was operated successfully and,
when the HCO;™:NH," molar ratio was adjusted, produced a suitable effluent for a subsequent
anammox reactor. 10-20% of the total influent nitrogen was removed. N,0 production accounted
for 3.6% of the NLR and took place mainly during the anoxic phases (60%). Specific denitrification
batch tests demonstrated that, despite the availability of biodegradable COD, NO,™ denitrification
advanced at a faster rate than N, O denitrification, causing high N,0 accumulation. Thus, the
inclusion of anoxic phases should be avoided in PN reactors treating industrial wastewaters with
high nitrogen loads.
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1. MATERIALS AND METHODS

1.1. PN-SBR cycle configuration

Time (minutes)

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1440
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Anoxic feeding B Anoxic reaction Aerobic reaction ] Settling g3 Draw

Figure S1. PN-SBR cycle configuration over 24 hours.
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1.2. Landfill leachate characterization

Table S1. Raw landfill leachate mean and standard deviation (8) characterization
(n=30).

Compound Units mean d
Ammonium (NH4") mgNL* 2184 306
Nitrite (NOy") mg N L* 0
Nitrate (NO3") mgNL* <2
Total nitrogen (TN) mg N L™ 2530 359
Alkalinity (AIK) mg C-HCO3 L™ 2384 335
HCO3:NH," mol HCO3 mol™ NH,*  1.40 0.08
Chemical oxygen demand (COD) mg O, L™ 6913 1578
5-day biochemical oxygen demand (BODs) mg O, L™ 732 411
Ultimate biochemical oxygen demand (BOD,) mg O, L™ 1469 189
Conductivity (EC) mS cm™ 27.8 3.8
pH - 8.25 0.22

1.3. K| _a determination
One important term for N,O emission and, consequently, its production is the
determination of the K_a (Equation S1 (Tribe et al. 1995)).

ky,(t —t) = —In (C”Z—"“)> (Equation S1)

CONZO

Where: K\ a is the mass transfer coefficient, Cnzo (t) is the liquid N,O concentration at

time t and Con2o is the initial liquid N,O concentration.

Special experiments to determine the PN-SBR K a and the a term were carried out.
Firstly, K_a from the PN-SBR was performed with tap water and a sodium chloride
addition to obtain conductivity close to the mix liquor value (29 mS cm™). The total
volume was 120 L (V) during the experiments. The K| a results obtained are shown in

Table S1.
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Table S2. K_a determined from the PN-SBR (n=2)

h-l

mean )
mixing 0.82 0.01
aeration 39.36 1.92

Once K a was determined, establishing the a term was needed because of the difference
between the mix liquor and the salted tap water. Thus, several experiments were made
in the 5L fermenter. Table S2 shows the experimental results from the experiments
carried out with salted tap water as the PN-SBR K a experiments. The second
experiment was performed with salted water and paraformaldehyde (PFA 2%) to inhibit
any possible bacterial activity. Finally, the mix liquor and PFA (2%) were also

investigated.

Table S3. K| a determination in the 5L fermenter for a term calculation

h-l
mean d
Salted tap water 59.82 0.59
Salted tap water +
PEA 63.11 0.28
Mix liquor + PFA 25.44 0.08

From these experiments (Table S2) the a term, which was calculated to be 0.467, was
able to be established. Additionally, experiments with differing VSS concentrations
were also carried out to determine the VSS effects on KLA. However, K, a remained

stable independently of the VVSS concentration (data not shown).

49



1.4. DNA extraction, pyrosequencing and sequence processing

DNA from the PN-SBR reactor at day 94 was extracted and quantified according to
Gabarro et al.(Gabarro et al. 2012) The bacterial community was analyzed by tag-
encoded FLX-Titanium amplicon pyrosequencing using optimized protocols at the
Research and Testing Laboratory (Lubbock, TX, USA)(Dowd et al. 2008). The DNA
extract was used as a template in the PCR reactions using primers 341F/907R ((Muyzer
and Ramsing 1995) and primers nosZ-F/nosZ1622R (Throback et al. 2004)
complemented with 454-adapters and sample-specific barcodes in the forward primer
sequences targeting the V3-5 regions of the bacterial 16S rRNA gene and the nitrous
oxide reductase gene (nosZ), respectively. Demultiplexing of 16S rRNA and nosZ gene
sequences according to sample barcodes, and denoising and chimera detection,
respectively, were conducted in Mothur (Schloss 2009) using the Functional Gene
Pipeline at the Ribosomal Database Project (RDP)

(http://fungene.cme.msu.edu/FunGenePipeline/). All sequences were quality-filtered

and sequences with quality scores <25 and <27 for 16S rRNA and nosZ, respectively;
with lengths <250 bp or >900 bp and <270 bp or >500 bp for 16S rRNA and nosZ gene,
respectively; or with uncorrectable barcodes, ambiguous bases or homopolymers >6 nt,
were excluded. The FrameBot pipeline tool was applied to nosZ gene sequences to
translate nucleotide sequences to protein sequences to detect and correct any frameshifts
in the reads. Only nosZ nucleotide gene sequences with corrected frameshifts were used
for further analysis. Sequence processing, taxonomic identification and classification of
thel6S rRNA and nosZ gene sequences was performed in Mothur using the Mothur
files’ trainset9 032012.rdp.fasta and trainset9 032012.rdp.tax, and the RDP nosZ gene

database (http://fungene.cme.msu.edu/), respectively.
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Abstract

This study investigates the microbial community dynamics in an intermittently aerated partial
nitritation (PN) SBR treating landfill leachate, with emphasis to the nosZ encoding gene. PN was
successfully achieved and high effluent stability and suitability for a later anammox reactor was
ensured. Anoxic feedings allowed denitrifying activity in the reactor. The influent composition
influenced the mixed liquor suspended solids concentration leading to variations of specific
operational rates. The bacterial community was low diverse due to the stringent conditions in the
reactor, and was mostly enriched by members of Betaproteobacteria and Bacteroidetes as
determined by 16S rRNA sequencing from excised DGGE melting types. The qPCR analysis for
nitrogen cycle-related enzymes (amoA, nirS, nirk and nosZ) demonstrated high amoA enrichment
but being nirS the most relatively abundant gene. nosZ was also enriched from the seed sludge.
Linear correlation was found mostly between nirS and the organic specific rates. Finally,
Bacteroidetes sequenced in this study by 16S rRNA DGGE were not sequenced for nosZ DGGE,
indicating that not all denitrifiers deal with complete denitrification. However, nosZ encoding gene
bacteria was found during the whole experiment indicating the genetic potential to reduce N,0.
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1. Materials and methods

1.1. PN-SBR setup
The usual PN-SBR performance during an operational subcycle is presented in Figure S1. pH
remains invariable (6.8) during the preanoxic phase while dissolved oxygen concentration (DO)
decreases being 0 mg O, L™ at the beginning of the feeding (Fig. S1.A). During feeding, pH
increases due to the alkalinity given by the influent reaching values about 7.2. During the anoxic
reaction pH and DO remained stable. Later, at the aerobic reaction phase the pH increased
during the first 20 minutes due to CO, stripping (up to 7.6) being 6.8 at the end of the phase due

to both bicarbonate consumption and protons production by AOB.

On the other hand, Figure S1.B shows the temporal evolution of free ammonia (FA) and free
nitrous acid (FNA) during the same subcycle operation. FA and FNA were calculated as

Anthonisen et al. (1976) (total nitrite concentration and total ammonium concentration were
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used from the effluent data). Mainly, pH totally dominates FA and FNA concentration changes
because temperature, nitrite and ammonium were kept constant. Thus, FA reached during the

first minutes of the aeration phase values up to 40 mg N-NH; L™ being about 6 mg N-NH; L™
at the end of the aerobic phase. FNA had the opposite profile behavior. Maximum values were

achieved at low pH and low at high pH.
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Figure S1. Operational subcycle temporal evolution of A) pH and dissolved oxygen (DO) B)

free ammonia (FA) and free nitrous acid (FNA).

1.2. Fluorescence in situ hybridization (FISH)
A set of specific oligonucleotide probes are shown in Table S1. The hybridizations were
performed in 35% formamide at 46 °C for 1.5 h. Image acquisition was done with a Nikon CS1
90i Eclipse confocal laser-scanning microscope. Images were obtained using EZ-C1 software.
The area containing cells targeted by the Cy3-labelled and Fluos-labelled specific probes
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(NOBmix and AOBmix respectively) was quantified as a percentage of the area of Cy5-
labelledEubacterial probe (EUBmMIix) within each image using a pixel counting program. The
final quantification result was expressed as a mean percentage obtained from 30 imagesanalyzed
along with a standard error. The standard error of the mean was calculated as the standard
deviationof the area percentages divided by the square root of the number of images analyzed

(Carvalho et al. 2007).

69



Table S1. Target groups, probes and astringent conditions used to determine general microbial community composition using FISH technique.

Group Probe Target organism Sequence (53" - 3%) Dve % Formamide Reference
o EUB338 Eubacteria GCT GCC TCC CGT AGG AGT Cy5 40 (Amann et al. 1990,
z EUB338II Planctomycesphylum GCA GCC ACC CGT AGG TGT Cys 40 Daims et al. 1999)
= EUB338III Verrucomicrobia GCT GCC ACC CGT AGG TGT Cy5 40
. NS0190 CGATCCCCTGCTTITCTICC Fluos 35
g Ammoma- (Mobarry et al.
S NSO1225 OmidizingBetaproteobacteria CGC CAT TGT ATT ACGTGT GA Fluos 35 1996)
-
- NIT3 Nitrobacter CCT GTG CTC CAT GCT CCG Cy3 35
5 Ntspat62 Nitrospiralike organisms GGA ATT CCG CGC TCC TCT Cv3 35 (Daims et 2l 1999)
=] compNIT3 Nitrobacter competitors CCT GTG CTC CAG GCT CCG - 35
- compNtspab63 Nitrospira competitors GGA ATT CCG CTC TCC TCT - 35
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Table S3. Target genes, PCR primers and thermal cycling conditions used in order to determine microbial community compositionin PN-SBR

Gene Primer pair Sequence (3° - 3%) Thermal Conditions Reference
Eub337fGC CCTACGGGAGGCAGCAG 94°C, 1 min, lcycle
94°C for 1 min. 61°C for 45 s, 72°C for 1 min. 10
165 rRNA cvcles
Bacteria Eub007r CCGTCAATTCMTITIGACTTT 94°C for 30 s, 46°C for 45 s, 72°C for 1 min, 20
ec. Hmczm__wm esete (Throback et al. 2004)
nosZf CGYTGTTCMTICGACAGCCAG 94°C_ 2 min, lcvcle
94°C for 30 s, 60°C for 1 min. 72°C for 1 min. 35
nosZ nosZ1622R-GC CGCRASGGCAASAAGGTSCG cvcles

72°C, 10 min, lcvcle
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2. Calculations

Total nitrogen (TN) was calculated as the sum of the TKN, NO,  and NO3". Free ammonia (FA)
and free nitrous acid (FNA) concentrations were calculated according to (Anthonisen et al.

1976) as function of pH, temperature, NH," and NO,™ concentrations.
2.1. Specific nitrogen rates

PN-SBR specific activity was defined as the relative activity of the biomass, calculated as gVSS
L. Therefore, the specificNH," loading rate (SALR; g N gvSS™ d™?) (Eq. 1), specific nitrite
production rate (SNPR; g N gvSS™ d?) (Eq. 2) and specific nitrogen removal rate (SNRR; g N
gVSS'd™) (Eq. 3) were calculated as function of daily influent flow (Qg;Ld™), influent NH,"
concentration([NH,Tinr; g N L), effluentNO,” concentration ([INO, Jerr; g N L™), influent and
effluent TN ([TNJinr, [TN]err; g N L) maximum volume ofthe reactor (V max; m?) and the
reactor V/SS concentration([VSS]:; gvVSS m?).

Qq [NH|

_ inf
SALR = ——mroat (Eq. 1)

Qd ' [NO;]eff

sNPR = m (Eq 2)
_ Q4 (ITNlins—TNlefs)
SNRR =~ e (Eq. 3)

2.2. Specific organic rates

PN-SBR specific organic loading rate (OLR; gCOD gVSS™ d™) (Eq.4) and the specific organic
removal rate (ORR; gCOD gVSS™ d™) (Eq.5) were calculated as a function of Qq, V max, [VSS]:,
influent COD concentration ([COD];.r; gCOD L™) and effluent COD concentration ([COD] s

gCoD L.
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Qg ICOD

= — Eq. 4
SOLR = 5 —ret (Eq. 4)

Qg (ICOD1;~ICODI f¢) Eq. 5
SORR = T SST, (Eq.5)
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3. Results
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Figure S2. Negative image of a SybrGold-stained gel of 16S rRNA gene fragments (~560 bp)
separated by DGGE. Mixed liquour samples were analyzed at different days during stable
operation of PN-SBR. Symbols in the left margin of the lanes indicate the bands that were
excised and sequenced, numbers indicate bands that yielded a validated good consensus

sequence. The percentages on the left margin give the estimated concentrations of denaturant.
ST, DGGE band position standard.
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Figure S3. Negative image of a SybrGold-stained gel of nosZ gene fragments (~453 bp)
separated by DGGE. Mixed liquor samples were analyzed at different days during stable
operation of PN-SBR. Symbols in the left margin of the lanes indicate the bands that were
excised and sequenced, numbers indicate bands that yielded a validated good consensus

sequence. The percentages on the left margin give the estimated concentrations of denaturant.
ST, DGGE band position standard.
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8. RESULTS AND DISCUSSION
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Chapter 8. Results and discussion

8.1. PN-SBR performance

The PN-SBR has the clear objective of attaining suitable effluent with which to feed a
subsequent anammox reactor (Ganigué et al. 2007). The PN-SBR effluent must achieve a NO,
:NH," molar ratio close to the stoichiometric value of 1.32 (Strous et al. 1997) along with a low
biodegradable COD (bCOD) concentration to reduce any possible subsequent competition for
NO," between the heterotrophic and anammox bacteria (Ruscalleda et al. 2008). PN systems
are usually operated at 30-35°C because at these values AOB have higher growth rates than

NOB (Hellinga et al. 1998).

Ganigué et al. (2009) demonstrated the stability of the PN-SBR process treating mature
landfill leachate at 35°C. The desired nitrogen conversion was driven by two different, but key,
aspects. First, the NOB inhibition was obtained by the non-ionized forms of NH," and NO,,
free ammonia (FA) and free nitrous acid (FNA), respectively, which are affected by
temperature and pH (Eq. 4.1 and 4.2). Second, the stoichiometric influent’s HCO;:NH," molar
ratio was adjusted to 1.14 to obtain the desired effluent NO,:NH," molar ratio of 1.32
(Ganigué et al. 2009). Although stable PN operation was achieved in these conditions, various
modifications to the operating cycle could be applied to reduce energy requirements. Two
different operational changes were assessed: i) temperature decrease and ii) the inclusion of
anoxic feedings to promote heterotrophic denitrification. However, starting up and operating
at lower temperatures as well as including anoxic feedings could in fact destabilize the
performance of the process thus, the viability of the PN process in these conditions was

analyzed.
8.1.1. Nitrogen conversions

Temperature affects bacterial activity as well as the chemical equilibriums of nitrogen
species. Temperature has the opposite effect on FA and FNA equilibriums in their ionized
forms present in the PN-SBR mixed liquor, and from which a higher FA but lower FNA emerges
when temperature increases (Eq. 4.1 and 4.2). Both FA and FNA negatively affect AOB and
NOB activity (Anthonisen et al. 1976). In this sense, an operational temperature change could
affect the stability and robustness of the PN-SBR. The PN-SBR performance was evaluated
under two different operating temperatures (35°C and 25°C) and was fed from day one of
operation with mature leachate containing a mean NH," concentration of up to 6000 mg N-
NH," L'* (Gabarré et al. 2012).

A kinetic model was applied to investigate the influence of FA and FNA as inhibitors, as

well as limitations from HCO; availability. Table 5.1 summarizes maximum percentage
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Chapter 8. Results and discussion

reduction in AOB activity due to the inhibition and limitation. The AOB community was highly
inhibited by FNA at 25°C, while a mix of FA and FNA inhibited AOB at 35°C. However, the
influent’s HCO;™ concentration effect was similar for both experiments thus; limitations caused

by HCO;  availability were also similar in both cases (about 45%).

Table 8.1. Contribution to AOB activity depletion at 25°C and 35°C from FA, FNA inhibition and in IC

limitation kinetic terms (Gabarro et al. 2012).

Temp FA inhibition FNA inhibition IC limitation
L (K L (__Kitfko, L (e o/
K08 + NH; K/%,, + HNO, "~ \ o(HCOs ~kncop)/a) | 1
°C (%) (%) (%)
mean * o mean = o mean = o mean
25 49 + 09 499 + 0.6 422 = 15 32.3
35 221 + 23 216 + 17 494 + 0.7 46.7

The highest specific nitrite production rates observed (sNPR.,) during stable operation
were 9.1 x 10 and 14.3 x 10" mg N cells™ d* at 25 °C and 35°C, respectively. These values
were compared to the theoretical maximum sNPR (sNPR.,.,) by applying the kinetic model, i.e.,
32.3 10" and 46.7 x 10" mg N cells* d™* at 25 °C and 35°C, respectively. Thus, the ratio
SNPRops:SNPRax  remained between 0.28 and 0.31 in the stable state. It could be
demonstrated that AOB activity was decreased similarly in both runs, despite differences in
AOB inhibition by FA and FNA. Therefore, as to the NO,:NH," molar ratio of the effluent, it
was demonstrated that mature leachate with extremely high influent nitrogen concentration

could be successfully treated at 25°C (Table 5.2).

On the other hand, and taking into account changes in operating temperature and cycle
configuration, NO,™ build up was achieved in all of the PN-SBR conditions within about 10 days.
The combination of FA and FNA were the main inhibition factors for NOB activity (Anthonisen
et al. 1976) and NO; concentration was below 10 mg N-NO; L™ for all tested configurations
during the stable state. The operating changes applied to the PN-SBR (temperature and cycle

configuration) did not diminish the quality of the PN-SBR effluent (Table 5.2).

During the fully aerobic runs, the adjustment of the influent leachate HCO5:NH," molar
ratio resulted in a good quality effluent in NO,:NH," molar ratio terms. Besides, when anoxic
feeding was applied, the effluent NO, :NH," molar ratio was lower than expected because

NO, removal was mainly through heterotrophic activity (Table 5.2). Thus, higher HCO;’
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Chapter 8. Results and discussion

influent concentration would be needed to reach the desired value of 1.32. However,
anammox limitation by NO,™ availability is better as the NH," accumulation has lower negative
effects over anammox biomass than NO, accumulation due to high NO, inhibition over
anammox biomass (Lotti et al. 2012, Scaglione et al. 2012). In this sense, an effluent NO, :NH,"

molar of 1 could be considered as suitable for the subsequent anammox reactor.

Table 8.2. PN-SBR influent and effluent quality at differing temperatures and configuration cycles

PN-SBR cycle Temp HCO;:NH," inf NO,:NH," eff
References
configuration (°c)  (mol HCO; mol™* NH,*) | (mol NO, mol™NH,*)
25 1.16 £ 0.06 1.33+£0.08 (Gabarré et
Aerobic

35 1.12 £ 0.06 1.23+0.07 al. 2012)

(Gabarré et
Aerobic/anoxic 35 1.17 +£0.15 1.01+£0.14
al. 2014)

Although a suitable PN-SBR effluent with a correct NO, :NH," molar ratio was achieved, the
bCOD removal prior to the anammox process (to diminish the possible NO,” competence
between anammox and heterotrophic bacteria in the subsequent anammox reactor) was also
a key point during the PN-SBR operation (Ruscalleda et al. 2008). COD contained in the
leachate is heterogeneous in terms of biodegradability, with a larger proportion of non-
biodegradable recalcitrant compounds, another part of slowly degradable bCOD (BOD,) and
low easily degradable bCOD (BODs) content (Anfruns et al. 2013). In summary, all the removed
COD could be considered as bCOD. A fully aerobic cycle was applied during the experiments at
25°C and 35°C (Gabarro et al. 2012) and bCOD removal was achieved by heterotrophic aerobic
oxidation using energy in aeration.

bCOD could be used as the electron donor during heterotrophic NO,™ denitrification. bCOD
oxidation in anoxic conditions decreases aeration requirements and also decreases the
nitrogen load for the subsequent anammox reactor. The anammox NO, inhibition risk
decreases by lowering the nitrogen concentration of the anammox influent. In this light, anoxic
feedings were included in the PN-SBR cycle to promote heterotrophic denitrification via NO,".
Anoxic feedings at 35°C resulted in 10-20% influent nitrogen removal (2300-2500 mg N-TN;¢ L
!). Nevertheless, heterotrophic denitrification via NO,™ in the PN-SBR should be at low rates
since NO, can also be an inhibitor as well as leachate contented low bCOD concentration.
Furthermore, NO, removal can lead to partial denitrification and end up with undesired

intermediates such as NO or N,O, instead of N,.
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Chapter 8. Results and discussion

N,O is a greenhouse gas with a potential 300 times higher than that of CO, (IPCC 2001) and
can be emitted from nitrification-denitrification processes. Thus, N,O production was studied

during the PN-SBR performance at 35°C and including anoxic feedings.

8.1.2. N,O production

N,O can be produced under anoxic and aerobic conditions. Anoxic N,O production might
be induced by a low bCOD/N influent ratio, high NO, concentration, pH variation and
competition between denitrifying enzymes. Whereas, aerobic N,O production by AOB is
promoted by high NO, concentration, low DO, dynamic influent NH," concentration and
variable pH (de Graaff et al. 2010, Desloover et al. 2011, Joss et al. 2009, Kampschreur et al.
2008). Some of these conditions were present in the PN-SBR treating mature leachate

(Gabarré et al. 2012, Gabarro et al. 2014).

The N,0 production in the PN-SBR with alternate aeration was calculated to be 3.6% of
the total influent nitrogen (Gabarré et al. 2014), generated in both aerobic and anoxic
conditions. Figure 5.1 outlines possible N,O production routes under anoxic and aerobic
conditions in the PN-SBR. Anoxic and aerobic phases contributed to total N,O production by
60% and 40%, respectively. This finding was surprising as most of previous studies reported
higher N,O production during nitrification (Ahn et al. 2010, Kampschreur et al. 2008).
Consequently, anoxic NO,™ denitrification batch tests were carried out using the PN-SBR sludge

to analyze heterotrophic denitrification rates (Figure 5, Chapter 5 (Gabarré et al. 2014)).

|

N,O

NH,* > NO
:
:
v

—> Aerobic N,O production (40% )

- --=> Anoxic N,O production (60% )

Figure 8.1. Metabolic scheme of N,0 production in the PN-SBR

Denitrification batch tests consisted of 60 minutes of bCOD limiting conditions, followed
by an acetate spike used as easily degradable bCOD. Acetate addition was in excess (20%) to
denitrify the initial NO,  concentration (100 mg N-NO, L%). Consequently, two different

conditions were achieved, one under bCOD limiting conditions and the other with no bCOD
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Chapter 8. Results and discussion

limitation. The NO, denitrification rate (ryo,-; 5.7-7.6 mg N gVSS'1 h™) was always higher than
the N,O denitrification rate (ryy0; 0-4 mg N gVSS'1 h™') when NO, was available despite the
excess or limitation of bCOD. Additionally, it was observed that ry,o depicted an acceleration
phase under acetate excess or limitation, reaching its maximum when NO, was completely
removed. It is also noticeable N,O denitrification stopped when acetate was spiked into the

system.

Higher ryo,. than ry,o was also observed in the PN-SBR through high N,0O accumulation.
Moreover, the mean anoxic N,O production rate was calculated as 6.9 mgN-N,O gVSS'1 ht.
This value is in the range of the ryg,. from the batch tests and so indicating that denitrification
was mainly producing N,O instead of N,. This situation occurred despite enough bCOD being
available in the system. Thus, the bCOD/N ratio was not the main cause for the N,O
accumulation. Then, it can be hypothesized that NO,  denitrification is carried out by even
more microorganisms than N,O denitrification or that denitrifying enzymes compete for

electrons.

Another factor that could affect the heterotrophic denitrification under anoxic conditions
is the possible inhibition by FNA of the N,O reduction. Zhou et al. (2008) described the FNA
inhibition concentrations with denitrifying sludge from a reactor fed with a nitrogen influent
concentration of 250 mg N L™. Their results showed a 50% inhibition by 0.0007-0.001 mg N-
HNO, L™ and complete inhibition at 0.004 mg N-HNO, L. The PN-SBR sludge was acclimated
and selected under more stringent conditions of NO,’, NH," and salinity. The denitrification
batch tests indicated that N,O reduction rate increased by time despite FNA concentration and
reached its maximum when NO, was completely removed. Also, when acetate was spiked,
N,O reduction rate decreased to 0 mgN-N,0 gVSS™ h™. This behaviour occurred despite FNA
concentration which also decreased by time while NO,” was removed. Thus, results confirmed
that FNA did not have the same affectation as Zhou et al. (2008) described for their
denitrifying sludge. Further studies should be pointed to describe the FNA inhibition affecting

the heterotrophic denitrification in the PN-SBR sludge.

Despite high N,0 production under anoxic conditions, the N,O production from the PN-
SBR (3.6%) was at the same magnitude of order as the municipal wastewater treatment plants
in Australia (3.5%; (Foley et al. 2010)) or PN-anammox (operated in two steps) treating potato
digestate (5.1-6.6%; (Desloover et al. 2011)) and digester liquor (2.3%; (Kampschreur et al.
2008)). Lab-scale PN reactor experiences have also been reported. In all the cases studied

(Table 5.3), N,O production was lower when treating synthetic and anaerobically treated black
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Chapter 8. Results and discussion

wastewater (de Graaff et al. 2010, Kong et al. 2013). However, NLR and influent NH," differed
from the PN-SBR treating leachate presented in this thesis. Also, it is important to remark on

the absence of bCOD in their influents.

PN-anammox can also be operated in one single reactor. Joss et al. (2009) reported a 0.4-
0.6% N,0 emission of the NLR treating digestate liquor. In addition, Kampschreur et al. (2009)
determined 1.23% of the NLR as N,0 emission. The PN-anammox configuration in one single
reactor produces lower N,O emissions than the two step PN-anammox since NO,
concentration is lower (Joss et al. 2009). However, complex industrial wastewaters such as
landfill leachate treated by one single step PN-anammox have not yet been implemented and
the experience with complex wastewaters is still under investigation. The impact of dynamic
influents and bCOD content can destabilize the system when operating in a single reactor. In
this sense, Panammox® technology has been demonstrated as a robust and stable technology

for complex and variable influents.

The PN-SBR is only a part of the Panammox® process. It has been observed that the
anammox process did not produce N,0 during denitrification (Desloover et al. 2011) and slight
N,O production from anammox reactors has been attributed to AOB denitrification
(Kampschreur et al. 2008). Along these lines, the PN process would then be the main N,0
source matching in a subsequent anammox reactor such as the PN-SBR experiments discussed
in this thesis. Thus, N,O production from the PN-SBR could be taken as an approximate value
for the whole Panammox® system. Nevertheless, further research should be pointed towards

investigating N,0O production from the anammox reactor treating mature leachate.

The principal N,O production in a PN-SBR operated under anoxic/aerobic conditions was
obtained during anoxic conditions (60%). It is also known that aerobic N,O production is
exponentially related to AOB activity (Law et al. 2012) and at the same time, AOB activity is
partially reduced by HCO; limitation, FA and FNA concentrations. However, FA and FNA
concentrations did not directly affect N,O production by AOB (Law et al. 2011). In this light,
further investigation should be pointed towards applying changes in the PN-SBR cycle to
reduce N,O production. The suppression of anoxic phases should be studied in N,O production

terms as well as HCO;  limitation over AOB.
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Chapter 8. Results and discussion

8.2. Microbial community

The inoculum of the PN-SBR was taken from a conventional nitrification/denitrification
urban wastewater treatment plant (WWTP) located in Sils-Vidreres (Catalonia, Spain). For all
the experiments presented, microbial analysis of the inoculum demonstrated diversity in both
the nitrifying and the heterotrophic community. During the PN-SBR start-up period,
enrichment of AOB and heterotrophic bacteria specialized in degrading complex bCOD was
demonstrated (Gabarrd et al. 2012, Gabarrd et al. 2014, Gabarrd et al. 2013). None of the

stable state PN-SBR dominant species were dominant in the inoculum.

Several molecular techniques were used to identify and quantify microorganisms involved
in the PN-SBR performance. Table 5.4 summarizes all of these molecular techniques used
during the experimental period. In the long term (alternating anoxic and aerobic phases and at
35°C), one only phylotype (Nitrosomonas sp) was found to be dominant (99%) in the
Nitrosomonadales group using pyrosequencing (Gabarré et al. 2014) and also using PCR-DGGE
(Gabarré et al. 2013). During the temperature effect experiments (at 25°C and 35°C),
Nitrosomonas europaea was also the dominant AOB specie using PCR-DGGE. However,

Nitrosomonas eutropha was also detected.

One possible explanation could be the primers that were used. On one hand, AOB 16S
rRNA primers, which are specific for AOB detection, were used for the temperature
experiments. On the other hand, general 16S rRNA primers, which are used to identify general
bacteria that represent more than 7% of the total bacterial community, were used during the
alternation of anoxic and aerobic phases experiment. Thus, it can be assumed that N. eutropha
dominance was lower than 7% in the general eubacteria group detection. To the contrary, N.
europaea was a significant specie in the PN-SBR. Also, it is interesting to highlight that it was
found that the longer the experiment lasted, the lower the intensity of the second melting
type (N. eutropha) (Gabarré et al. 2012) . In this sense, it is also plausible that over longer

periods N. eutropha would eventually be washed out of the system.

Overall, Nitrosomonas europaea found in the PN-SBR and the only dominant phylotype
was well adapted to the stringent conditions of FA, FNA and salinity in all cases. It is
remarkable that this specie of Nitrosomonas was able to tolerate such a wide range of
stringent conditions (FA, FNA and salinity) and dynamic influents (Gabarré et al. 2013). As a
consequence, the PN-SBR performance was demonstrated to be robust, feasible and stable,

thus ensuring a good quality effluent.
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Table 8.4. Summary of molecular techniques used in the experiments presented in this thesis.

PN-SBR cycle Temperature

Molecular techniques used References
configuration (°C)
25 PCR using AOB 16S rRNA primers (Gabarro et al.
Aerobic
35 AOB gPCR 2012)
FISH
PCR using general 16S rRNA primer | (Gabarr¢ et al.
PCR using nosZ primer 2013)
Aerobic/anoxic 35
AMO, nirK,nirS and nosZ gPCR
Pyrosequing general 16S rRNA (Gabarré et al.
Pyrosequencing nosZ 2014)

Regarding heterotrophic community, the PN-SBR sludge was enriched to stringent
conditions with resistant species which were not dominant in the inoculum. The leachate
treatment at 35°C and combining anoxic and aerobic phases was assessed by PCR and DGGE
fingerprinting of 16S rRNA and nosZ encoding genes to analyze eubacteria and denitrifiers
phylogeny. Phylogenetic tree for 16S rRNA demonstrated that PN-SBR sludge was enriched by
Bacteroidetes and Betaproteobacteria. Heterotrophic Betaproteobacteria were related to
denitrification pathways as their closest cultured bacteria were Comamonas nitrativorans and
Castellaniella denitrificans, whereas the Bacteroidetes identified were closely related to the
cultured bacteria relatived to Haliscomenobacter, Sphingobacter, Parapedobacter and
Empedobacter. Most of these were described as degrading complex organic molecules such as

soluble microbial products (Rittmann et al. 2002).

Surprisingly, the nosZ gene marker revealed that only Alphaproteobacteria and
Betaproteobacteria, both related to uncultured bacteria found in landfill leachate treatment
and wastewater treatments, could genetically complete denitrification to N, (Gabarré et al.
2013). This observation was also confirmed by pyrosequencing. Bacteroidetes accounted for
up to 49% of the 16Sr RNA gene sequences, while Betaproteobacteria and
Alphaproteobacteria made up 25%. In the nosZ gene sequence pyrosequencing, 67% and 27%
of the gene sequences were attributed as being Betaproteobacteria and Alphaproteobacteria,
respectively. However, gPCR demonstrated the existence of microorganisms encoding the nirK,
nirS and nosZ genes which, at the same time, demonstrated the capacity of the PN-SBR to

denitrify both NO," and N,O species.
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Based on the experimental results, the main nitrogen bio-transformation pathways in the
PN-SBR operated under intermittent aeration are presented in Figure 5.2. AOB is the only one
responsible for producing aerobic N,O and it exponentially correlates with AOB activity (Law et
al. 2012). Nevertheless, experimental results showed that aerobic production was about 1.5%
of the NLR. This is because PN-SBR treating mature leachate operated at very low NH,"
oxidation rates (20 mgN-NH," gVSS™ h™; (Gabarré et al. 2014)) because of FA and FNA activity

inhibition, as well as the HCO; substrate limitation (Gabarré et al. 2012).

As for the anoxic pathways, AOB can denitrify NO, during anoxic conditions but produces
NO as the end-product (Yu et al. 2010) which could then be further reduced to N,0O by
heterotrophic bacteria. On the other hand, in heterotrophic denitrification NO," is sequentially
reduced to NO, N,0 and finally N, using the bCOD from the anoxic feeding phases as the

electron donor.

Experimental results showed significant N,O generation during anoxic conditions because
of a low dominance of heterotrophic organisms with the genetic capability to denitrify N,O.
Furthermore, the genetic potential of the PN-SBR community to denitrify N,O was low
because Bacteroidetes sequenced from mixed liquor samples did not have the nosZ gene
(Gabarré et al. 2013). In this context, a small part of the microbial community
(Alphaproteobacteria and Betaproteobacteria) would be able to completely denitrify N,O to
N, (Gabarrd et al. 2013). Based on these findings, we propose an ecological equilibrium
approach (Figure 5.3) where Bacteroidetes, which are specialized in the oxidation of slowly
degradable bCOD (Gabarro et al 2013), could only denitrify NO,™ to N,O, while heterotrophic
Alphaproteobacteria and Betaproteobacteria would be the mainly responsible for NO,, NO

and N, O denitrification using bCOD from the influent leachate as the electron donor.
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Figure 8.2. The biological pathways approach for nitrogen transformations in the PN-SBR. Different
colors are used to separate these biological pathways. The ammonia oxidizing bacteria (AOB) pathway is
in red, Bacteroidetes in blue, and alpha and betaproteobacteria in green. Aerobic processes are marked

by solid lines and anoxic processes by dashed lines.

8.3. Implications of this thesis

From the discussion above, it has been seen that the PN-SBR operation was stable at high
nitrogen concentrations in the influent, at temperatures of 25°C and 35°C and including anoxic

feedings to promote heterotrophic denitrification.

The optimal temperature choice for the PN-SBR has to be related to the subsequent
anammox reactor’s working temperature. Lately, scientific efforts have been focused towards
decreasing the operational temperatures during the anammox process. Dosta et al. (2008)
reported on the short and long term effects of reducing operating temperature in an anammox
SBR. After acclimation, the anammox SBR could be stably operated at 18°C. Furthermore,
Daverey et al (2013) were successfully able to operate a simultaneous partial
nitrification, anammox and denitrification (SNAD) reactor at 20°C. Nevertheless, high nitrogen
load streams such as mature leachate require high anammox activity. Consequently, the
treatment of landfill leachate by the anammox process has been usually done at temperatures

of 30-35°C (Ruscalleda et al. 2008, Ruscalleda et al. 2010, Xu et al. 2010).
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Working with a temperature of 25°C in the Panammox® configuration would only depend
on the anammox SBR performance, therefore the anammox SBR limits the running

temperature of the overall process.

Anoxic feedings were also applied during the PN-SBR cycle configuration and extensively
discussed presenting this thesis. However, the engineering implications of the results would
mean that several considerations should be taken into account. The application of anoxic
phases during the PN-SBR has two significant consequences: N,0 production and effluent NO,

:NH," ratio fluctuation.

In reference to PN-SBR N,O production, anoxic feedings would be not recommended
when treating mature landfill leachate because 60% of the total N,0 production was derived
under anoxic phases. Thus, a fully aerobic cycle would be more appropriate. However, N,0O
production under these conditions should be analyzed to corroborate the hypothesis of

resulting in lower N,O production.

On the other hand, including anoxic feedings in the PN-SBR cycle configuration could be
considered as a good option when dealing with an influent that has a HCO;:NH," molar ratio
higher than the stoichiometric value of 1.14. NO," denitrification would decrease the effluent
NO,:NH," molar ratio and reduce the use of chemicals such as HCl. Moreover, the addition of
HCl should be diminished or even suppressed to balance the denitrified nitrogen with the PN-

SBR effluent needs.
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Chapter 9. Conclusions

The results of this thesis have resulted in a deeper knowledge of the impacts of changes
made in the PN-SBR operation. The configuration of the PN-SBR has been demonstrated as a
robust and effective technology to deal with complex industrial wastewaters such as mature
leachate containing high nitrogen concentration, as well as heterogonous COD. Stable PN was
able to be maintained, despite stringent conditions and the changes made in the operation,

and also, the PN-SBR ensured a suitable effluent for a subsequent anammox reactor.

Stringent conditions in the PN-SBR conditioned microbial community, bacterial activity
and thus, nitrogen conversions. The principal conclusions reached in this thesis can be

highlighted as:

e The PN-SBR can be operated at 25°C and maintain similar specific AOB activity as it
would at 35°C. In both cases, the activity is considerably lower than the maximum. By
applying a kinetic model to the experimental data, FA and FNA inhibition contributions
along with HCO;  limitation were quantified. At 25°C, AOB activity depletion was
mainly caused by FNA inhibition (49%) and HCO; limitation (42%). Whereas at 35°C, a
mix of FA and FNA caused inhibition (43%), although HCO;" limitation contributed

considerably to AOB activity depletion as it did at 25 °C.

e Despite lower AOB activity, stable and robust PN-SBR performance was achieved at
both temperatures and the desired effluent quality in NO,:NH," ratio and bCOD

content terms were guaranteed.

e FA and FNA effects on AOB activity depletion caused a low ammonium oxidation rate

and consequently affected aerobic N,O production.

e Stringent conditions led to having only one AOB phylotype (Nitrosomonas europaeaq)
which was able to deal with extremely high NH," and NO,” concentrations as well as

the high salinity present in the PN-SBR mixed liquor.
e The heterotrophic community was low in diversity but highly specialized. Bacteroidetes

found in the PN-SBR were specialized in degrading low biodegradable organic

molecules (slowly degradable bCOD).
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e The rate of N,O reduction to N, was lower than the NO, denitrification rate,

consequently causing an accumulation of N,O during the anoxic phases in the PN-SBR.

e The inclusion of anoxic feedings in the PN-SBR cycle configuration would depend on
the preferences of the operator. In terms of N,O, fully aerobic cycles should be
applied. Whereas, when the HCO;:NH," molar ratio of the influent was higher than
1.14, anoxic feedings would be able to lower the use of acid for HCO;™ concentration

reduction of the influent.
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