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Resum

La deposicié en abocadors és la solucié més empexdal tractament de residus solids urbans.
En aquest sentit, el problema ambiental més impbdarivat d’aquestes instal-lacions sén els
lixiviats d’abocador, aigies residuals molt contaexies. Aquests lixiviats d’abocador es
caracteritzen per tenir concentracions molt elesvadlamoni i un baix contingut de matéria
organica biodegradable. Degut a aix0, el tractard&guests lixiviats a través dels processos
convencionals de nitrificacio-desnitrificacido té wwost economic molt gran pels elevats
requeriments d’'aeracié i a les necessitats deidasidé d’'una font de carboni externa. Durant
aquests ultims anys, s’ha demostrat la viabilielt procés combinat de nitritacio parcial i
anammox per al tractament d’aiglies residuals aratbaixa relacié C:N, alternativa que resulta
molt prometedora enfront dels processos convenisiorientre les diferents experiencies
descrites, la majoria s’han centrat en el tractamd@&fluents de digestors anaerobis. No obstant
l'aplicacié d’'aquest procés autotrofic per al tesment de lixiviats d’abocador és encara molt
limitat.

Préviament al procés anammox, I'amoni present tixéliats ha de ser parcialment oxidat a
nitrit pels organismes oxidadors d’amoni (AOB). j@sterior oxidacié de nitrit a nitrat, duta a
terme pels organismes nitrit oxidants (NOB) ha de evitada per tal de permetre una
eliminacié optima del nitrogen per part dels bastemammox. A més a més, la materia
organica present en el lixiviat ha de ser tamb#éiriida per evitar possibles efectes adversos en
el procés anammox. Aquesta tesis tracta sobreaelament de lixiviats d’abocador urba a
través de la tecnologia SBR, com a pas previ elaraent amb un procés anammox.

Primerament els estudis es van centrar en l'avilude la viabilitat d’aquesta configuracio per
tal d'assolir una nitritacio parcial. Aquests essugs van dur a terme a escala de laboratori, cosa
que va permetre demostrar la viabilitat del prof&gant aquests estudis es van analitzar les
condicions d’operacié adequades i I'estratégiam@htacio optima, i es van obtenir els millors
resultats per I'estrategia “step-feed” basada eltiptes alimentacions al llarg d’un cicle. A més

a més, es va estudiar la inhibicié dels organisA@B a causa de les elevades concentracions
d’amoniac i acid nitrés, aixi com la reduccié del screixement per la limitacié en el
bicarbonat. Finalment, el procés va ser avaluat aista a ser escalat a planta industrial, tot
usant diferents indicadors. Aixi, la relaci®é6 motacarbonat:amoni a I'influent va resultar un
parametre clau per controlar la conversio del mo&er altra banda, la quantitat d’oxigen
consumida diariament va ser identificada com un frErdmetre per al seguiment en linia del
proces.

Quan es tracta amb aigiies residuals amb un cohtifguoni molt elevat, com seria el cas dels
lixiviats d’abocador, les altes concentracions diami nitrit a I'interior del reactor poden



produir una important inhibicié de I'activitat AOB\questa inhibicidé pot ser un punt critic ja
que els lixiviats poden arribar a presentar comaeigtins d’amoni de fins a 6,000 mg N-NH.

! En aquest sentit, qualsevol reduccié de la gizmte nitrogen total a l'interior del reactor ha
de ser entesa com una oportunitat per reduir agjedsttes inhibitoris. Aixi, malgrat el baix
contingut de matéria organica biodegradable, ldusi@ de fases anoxiques durant les
alimentacions pot ajudar a la reduccié del contirdginitrogen a través de la desnitrificacio
heterotrofica via nitrit, fet que disminueix la ibitié sobre els organismes amoni oxidants. En
aquest sentit, els estudis es van realitzar alnieeplanta industrial com a pas intermedi en
l'escalat a planta real. Aquest experiments varvisedoncs, per demostrar la viabilitat
d’aquesta tecnologia per produir un efluent adegeatable, aixi com per posar de manifest la
seva estabilitat a llarg termini. Aquest estuddbenostrat també que la matéria organica present
en els lixiviats pot ser utilitzada per a la dediiacio heterotrofica. A més a meés, la poblacié
bacteriana d’AOB i NOB s’ha caracteritzat a trasd&ssajos cinetics i tecniques moleculars, fet
gue ha permés tenir-ne un grau de comprensio reeatel

A través dels experiments de laboratori i plantetpis’ha demostrat la viabilitat de la
tecnologia SBR per tal d’aconseguir una nitritgeédcial d'afluents amb una alta carrega de
nitrogen. No obstant aixo, malgrat I'experiéncig@dda, la resposta del reactor a canvis en les
condicions d’operacio i/o caracteristiques de Iliaht no sempre és facil de predir, a causa de
la complexitat del sistema (interaccions entre rda®, I"stripping” del CQ, el pH, les
inhibicions i les velocitats de nitrificacio, entadtres). Els models matematics poden ser una
bona eina per incrementar el coneixement sobreoekp, i ajudar a una major comprensio dels
processos biologics, fisics i quimics que tenea do el reactor SBR de nitritacié parcial. El
modelatge matematic ha assumit tradicionalment iféficacio i desnitrificaci6 com dos
processos compostos d'un sol pas. Tanmateix, ga@amodela un sistema de nitritacio parcial,
el nitrit s’ha de tenir en compte com un intermeadiBambdos processos. Avui en dia hi ha
diferents models bioldgics capacos de descriucaittaulacio de nitrit. Alguns d’aquests models
fan referéncia al tractament d’afluents amb uneaela carrega amoniacal i poden ser usats com
a base per al desenvolupament de models d’aplite@specifiques. No obstant, és clar que
agquest models preexistents han de ser modificatstesos per incloure els processos biologics
i fisicoguimics més rellevants. A més a més, el ehoécessita ser calibrat per un influent i per
a parametres concrets. Aix0 s’ha estudiat a I'@tipart de la tesis, on s’ha desenvolupat,
calibrat i validat un model matematic del procésniteitacio parcial per al tractament de
lixiviats, posant un emfasis especial en I'adqidsibe coneixement i centrant I'estudi en les
dinamiques de cicle. Finalment, un cop desenvolapaguesta eina s’ha aplicat a un problema
especific: 'avaluacio de la produccié de nitritdiferents influents i condicions d’operacié.



Resumen

La deposicion en vertederos es la solucion magzadi para el tratamiento de residuos sélidos
urbanos. La mayor problemética ambiental derivaslastas instalaciones es la produccién de
lixiviados de vertedero, aguas residuales altamentgaminadas con un amplio rango de
contaminantes quimicos. Entre todos ellos, losifikios urbanos se caracterizan habitualmente
por elevadas concentraciones de amonio y bajogmioiols en materia organica biodegradable.
Por esa razon, el tratamiento de los lixiviadosicaptdo el proceso convencional de
nitrificacion-desnitrificacion resulta econdmicartemviable debido a la elevada demanda de
oxigeno y al requerimiento de la adicion externan@dgeria organica. Durante los Gltimos afios
se ha demostrado la viabilidad del proceso combirmkadnitritacion parcial-anammox para el
tratamiento de afluentes con elevadas cargas mg@ito y relaciones bajas de C:N, siendo esta
aplicacibn una prometedora alternativa a los si&tem convencionales de
nitrificacion/desnitrificacion. Entre todas las exiencias descritas referentes a esta nueva
tecnologia, la mayoria de ellas se han centradal énatamiento de efluentes de digestién de
fangos. No obstante, son pocas las experienciasatiiniento de lixiviados urbanos a través de
procesos totalmente autotréficos como el sistent@atdeacion parcial-anammox.

Previamente al proceso anammox, el amonio presengd agua residual debe ser parcialmente
oxidado a nitrito a través de bacterias oxidantgesrmdonio (AOB). Una posterior nitratacion a
nitrato, llevada a cabo por bacterias oxidantenitlitgo (NOB), debe ser evitada para alcanzar
una Optima eliminacion de nitrégeno gracias a latdsea Anammox. Ademas, la materia
organica biodegradable presente en el lixiviadcedsdy eliminada del sistema para evitar los
efectos negativos en el sub-siguiente proceso apamwsi pues, esta tesis aborda el
tratamiento de los lixiviados urbanos de vertedgiando la tecnologia de reactor discontinuo
secuencial (SBR) como paso previo a un reactor eneem

Primeramente, los estudios se centraron en la asidlu de la viabilidad de la configuracion
SBR para la obtencién de la nitritacién parcialtoEsxperimentos se realizaron a escala de
laboratorio, permitiendo demostrar la viabilidad pgeoceso. Ademds, se han investigado las
condiciones de operacion y la estrategia de aliaogdm mas apropiadas para el proceso,
obteniendo mejores resultados con una alimentaesgalada (step-feed strategy), basada en
alimentaciones cortas a través del ciclo. Por &@dw, la inhibicion de las bacterias AOB
provocadas por amoniaco y acido nitroso librecasio la reducciéon de su actividad debido a
una limitacion en el bicarbonato disponible haro sé$tudiadas. Finalmente, el proceso fue
evaluado a escala de laboratorio usando difereinidisadores. Asi pues, la relacion de
bicarbonato y amonio en el influente resultd seflaetor clave para el control de la reaccion,
mientras que el oxigeno consumido por dia fuezatlib como un buen parametro para la
evaluacion en linea del proceso.

Cuando se tratan aguas residuales con un contdeidmonio muy elevado, como seria el caso
de los lixiviados de vertedero, las elevadas canaeiones de amonio y nitrito en el interior del



reactor pueden producir una importante inhibiciénlal actividad AOB. Asi, esta inhibicién
puede ser un punto critico ya que los lixiviadosdan llegar a presentar concentraciones de
amonio de hasta 6,000 mgN-NH4+-L-1. En este sentigalquier reduccion de la cantidad de
nitrdgeno total en el interior del reactor tienee (ger entendida como una oportunidad para
disminuir estos efectos inhibitorios. Asi, a peset bajo contenido de materia organica
biodegradable, la inclusién de fases anoxicas teirkas alimentaciones puede ayudar a la
reduccion del contenido de nitrdgeno a través deéeknitrificacion heterotréfica via nitrito,
permitiendo disminuir la inhibicidon sobre los orgamos AOB. En este sentido, los estudios se
realizaron a nivel de planta industrial como pagermedio en el escalado a planta real. Estos
experimentos sirvieron para demostrar la viabilidadsta tecnologia para producir un efluente
adecuado, asi como también poner de manifieststabikkdad a largo plazo. Los estudios han
demostrado ademas que la materia organica premeifde lixiviados puede ser utilizada para la
desnitrificacion heterotréfica. Finalmente, la @alddn bacteriana de AOB y NOB se ha
caracterizado a través de ensayos cinéticos yceEcnioleculares, permitiendo un mayor grado
de comprension sobre ésta.

A través de los experimentos de laboratorio y plaibto, se ha demostrado la viabilidad de la
tecnologia SBR con el fin de conseguir una nitiftgzarcial de afluentes con una alta carga de
nitrogeno. No obstante, a pesar de la experiecjaiada, la respuesta del reactor a cambios en
las condiciones de operacion y/o caracteristichinfleayente no siempre es facil de predecir,
dada la complejidad del sistema (interaccionesdataireacion, el "stripping" del CO2, el pH,
las inhibiciones y las velocidades de nitrificaci@ntre otros). Los modelos matematicos
pueden ser una buena herramienta para incremew@macimiento sobre el sistema, ayudando
a una mayor comprension de los procesos biol6gitsisps y quimicos que tienen lugar en el
reactor SBR de nitritacién parcial. Tradicionalneen¢l modelado matematico de procesos
biolégicos ha asumido la nitrificacién y desnit#cion como dos procesos compuestos de un
solo paso. No obstante, cuando se modela un sigtemdritacion parcial, el nitrito ha de ser
tenido en cuenta como un intermediario de ambosegs. Hoy en dia hay diferentes modelos
bioldgicos capaces de describir la acumulacion ittéon Algunos de estos modelos hacen
referencia al tratamiento de afluentes con unaadi\carga amoniacal y pueden ser usados
como base por el desarrollo de modelos de aplisasiespecificas. No obstante, estos modelos
preexistentes tienen que ser modificados y/o eidemdpara incluir todos los procesos
bioldgicos y fisicoguimicos mas relevantes. Adeneisnodelo necesita ser calibrado para uno
influente y pardmetros concretos. Eso se ha estodia la ultima parte de la tesis, donde se ha
desarrollado, calibrado y validado un modelo mateméalel proceso de nitritacié parcial para
el tratamiento de lixiviados, haciendo especiakéisf en la adquisicion de conocimiento, y
centrando el estudio en las dinamicas de cicloalfiente, una vez desarrollada esta
herramienta, se ha aplicado a un problema espacifievaluacion de la produccién de nitrito
para diferentes afluentes y condiciones de operacié



Summary

Landfilling is the most widespread technology foe treatment of urban solid wastes. The main
environmental concern which arises from its managgneentres on urban landfill leachate,
highly contaminated wastewater with a wide range cbemical contaminants, usually
characterised by high ammonium concentrations awdbiodegradable organic matter content.
Treating leachate through conventional nitrificataenitrification processes is expensive due to
its high oxygen demand and the requirement of lsupentary external carbon source. In
recent years, the feasibility of treating highlyrogen loaded streams with a low C:N ratio by a
combined patrtial nitritation-anammox process hankdemonstrated, and shown itself to be a
promising alternative to conventional nitrificatidenitrification systems. However, the
majority of reported experiences have focused entrdatment of sludge digester supernatant,
while experiences with a fully autotrophic partitritation-anammox process for the treatment
of urban landfill leachate have been very limitachumber.

Prior to the anammox process, the ammonium presaemhstewater must be partially oxidised
to nitrite by ammonium oxidising bacteria (AOB).rEher nitrification to nitrate, carried out by
nitrite oxidising bacteria (NOB) has to be avoidadorder to allow optimal N-removal by
anammox bacteria. In addition, biodegradable ogaratter needs to be removed to prevent it
having negative effects on the subsequent anammmogegs. This thesis deals with the
treatment of urban landfill leachate by partiatitdtion SBR technology as a preparative step
for an anammox reactor.

Firstly, experiments performed with a lab-scalectea focused on the assessment of the
feasibility of this configuration for achieving it nitritation. In addition, proper operational
conditions and a suitable feeding strategy werestigated, and optimal results were obtained
for a step-feed strategy, based on short feedirgteuthrough the cycle. Inhibition of AOB by
free ammonia (FA) and free nitrous acid (FNA), wesereened, together with possible
bicarbonate substrate limitation. Finally, the mexwas assessed with a view to scale-up, using
different indicators. Here, the bicarbonate to amimm influent molar ratio revealed itself to
be the key factor in the control of the processveosion, while the amount of oxygen
consumed per day was identified as a good pararfoeten-line process evaluation.

The aim of a partial nitritation system is to osiliabout half of the influent ammonium to
nitrite. In the particular case of highly ammonilmaded wastewater such as landfill leachate,
the ammonium and nitrite concentrations insideréiganitritation reactor can be very high, and
inhibit AOB activity. Inhibition can be a criticéésue when dealing with landfill leachate, with
concentrations of up to 6,000 mg N-NH.* being present. In light of this, any reduction in
total nitrogen concentration inside the partiafitaition reactor could be seen as an opportunity



to reduce the inhibition factors. Despite the |lewdls of biodegradable organic matter available
in the leachate, the inclusion of anoxic phasemduhe feeding events may help to reduce the
nitrogen content by heterotrophic denitrificatioia nitrite, diminishing the inhibition over
AOB. Studies were carried out at pilot-scale witliew to future full-scale application, and
experiments served to achieve stable productiansfitable mixture of ammonium and nitrite,
as well as demonstrate the viability of long-tentnite build-up in a biomass retention system.
It was also shown that low levels of available leighdable organic matter present in leachate
could be used for denitrification purposes. Fumieme, the characterisation by DNA-based
molecular techniques and kinetic batch studiesiofahial populations involved in the aerobic
processes of N-compound oxidation (AOB and NOB)grasided a better understanding of the
partial nitritation process, the bacterial commyaind kinetics.

By means of lab and pilot-scale experiments, tlsikglity of partial nitritation in sequencing
batch reactor (SBR) technology for the treatmenthahly nitrogen-loaded streams was
demonstrated. However, despite the experience djathe reactor’'s response to changes in
operational conditions and influent characteristies not always easy to understand or predict,
given the complexity of the way the system reliasnderactions between oxygen supply, CO
stripping, alkalinity, pH, inhibition effects anditnification kinetics, among other factors.
Mathematical models can be useful tools to incrgaeeess knowledge and help to better
understand the biological processes and the phyplwanomena taking place in a partial
nitritation-sequencing batch reactor (PN-SBR). Tiradal modelling has assumed nitrification
and denitrification as single-step processes. Hewewhen modelling a partial nitrification
system it is necessary to consider nitrite as aernmediary step in nitrification and
denitrification. Nowadays there are several biatagmodels describing nitrite build-up. Some
of these focus on the treatment of high nitrogexdém streams and can be used as a basis for
modelling specific processes. Nevertheless, itléarcthat existing models may need to be
modified or extended to include all relevant phgbkithemical processes and biochemical
transformations for a given application. Besidég, tnodel needs to be calibrated for influent
and process specific parameters. This is illugdrate the last part of this thesis, where a
mathematical model of the process is developedbreaéd and validated, with the aim of
increasing process knowledge and focusing on sbort-dynamics (cycle basis). This work
also addresses the question of the usefulness syfstematic calibration guideline and its
refinement. Finally, once it has been developed,ttiol is applied to a specific problem, the
assessment of nitrite build-up under differentuafit and operational conditions.

Vi



NOTATION AND ABBREVIATIONS

n: Anoxic reduction factor

fesop: Correction factor for BOD estimation

p: Reaction rate of reactiarjmg-L™*-d"]

PK: Determinant value

fns Non-settable fraction of the sludge

fxi: Production of X in endogenous respiration
[gCOD-gCOD]

Hmax O2: Maximum growth rate for AOB [§

Hmax': Maximum growth rate for heterotrophic
bacteria [df]

Hmax O2: Maximum growth rate for NOB [4

a: Sigmoidal kinetic constant

AC: ACclimated sludge

ANAMMOX: ANaerobic AMMonium OXidation
AOB: Ammonium Oxidising Bacteria

ARD: Average Relative Deviation

ASM: Activated Sludge Models

baos: Aerobic endogenous respiration rate for AOB
[d]

BCOD: Biodegradable Chemical Oxygen Demand
[MmgOx-L7]

by: Aerobic endogenous
heterotrophic bacteria Td
bnos: Aerobic endogenous respiration rate for NOB
[d]

BOD: Biochemical Oxygen Demand [mg®@]

BOD,: Ultimate Biochemical Oxygen Demand
[MmgOx- L]

CANON: Completely Autotrophic N-removal Over
Nitrite

C., : Saturation concentration of componéefing-L

g

C_,: Concentration of componenfmg-LY]

CL,i"‘: Concentration of componentin the influent
[mg-L7]

CL,i"“t: Concentration of componentin the effluent
[mg-L7]

C_,"®": Concentration of componehin the reactor
[mg-L7]

CO3?: Carbonate [mgC-C§3-LY]

COD: Chemical Oxygen Demand [mgQ™]

D;: Diffusion coefficient ofi (i as O, CO,, N, or
NHz) [m-s?]

DN/PN: Denitrification/Partial Nitritation

respiration rate for

DO™: Dissolved oxygen concentration at a given T
[mgO, L]

DO: Dissolved Oxygen [mgOL™]

DOC: Dissolved Organic Carbon [mgC'L
DO..\":Saturated dissolved oxygen concentration
ata given T [mg®L™"]

EC: Electrical Conductivity iS-cm']

FA: Free Ammonia [mgN-NkIL™]

FB: Fed-Batch

FISH: Fluorescenin situ Hybridisation

FNA: Free Nitrous Acid [mgN-HN@L?]

H,CO3: Carbonic acid [mgC-KCO5- L]

HCO3: Bicarbonate [mgC-HCO LY

HCOjs: Bicarbonate concentration at the influent
[mol HCO;-LY

HCOjs ¢ Bicarbonate concentration at the effluent
[mol HCO; LY

HCOg3a0p: Bicarbonate used to balance proton
production by AOB [mol HCQ-L™]

HCO3 gripping: the
system and not used to balance proton production
by AOB [mol HCQ;-L™]

HRT: Hydraulic Retention Time [d]

IC: Inorganic Carbon [mgC]

icem: Carbon content of the biomass [gC-gCHD
icss Carbon content of Ss [gC-gC3P

icx: Carbon content of ¥gC-gCOD']

icxs: Carbon content of X[gC-gCOD']

insm: Nitrogen content of the biomass [gN-gCéD
inss Nitrogen content of Ss [gN-gCOP
inx: Nitrogen content of X[gN-gCOD"]
inxs: Nitrogen content of X[gN-gCOD']
ipgv: Phosphorus content of the
[gP-gCODY

ipss Phosphorus content of Ss [gP-gC§D
ipx1: Phosphorus content of }gP-gCODY]
ipxs: Phosphorus content ofsfgP-gCOD']
J?% Janus coefficient

ksop: First order constant of BOD i
Kecoz Chemical equilibrium constant of carbon
dioxide [mmol-n¥]

Bicarbonate removed from

biomass

Kenzpos: Chemical equilibrium constant of
dihydrogen phosphate [mmoln
Kencos: Chemical equilibrium constant of

bicarbonate [mmol-ij

vii



Kennoz Chemical equilibrium constant of nitrous  N-NH4: Ammonium [mgN-NH*-L'l]

acid [mmol-n] NH, a0s: Ammonium oxidised by AOB [molN-
Kenns: Chemical equilibrium constant of ammonia NH," L7

[mmol-m? N-NO,: Nitrite [mgN-NO, L]

K" Maximum specific hydrolysis rate N-NO;: Nitrate [mgN-NQ LY

[gCOD-(gCOD-df]

Kucos: Half saturation constant for HGQgC:m°]
K oz ©2: Nitrous acid substrate saturation constant NPR: Nitrite Production Rate [kgN-fhd’]

for NOB [gN-m’] NPR,,s Nitrite Production Rate observed [kgN-m
Kinoz % Free nitrous acid inhibition constant for — *.d”]

NOB: Nitrite Oxidising Bacteria
NOCRI: NOn-Competitive Reversible Inhibition

AOB [gN-m?| NPRy,™: Maximum Nitrite Production Rate
K mnoz O°: Free nitrous acid inhibition constant for  observed [kgN-m-d’]

NOB [gN-m7] N-TKN: Total Kjeldahl Nitrogen [mgN-TKN-t]
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Chapter 1. INTRODUCTION




1.1 Urban landfill leachate: problem definition

Every year, millions of tones of urban solid wagtesentially harmful for the environment and
requiring a proper treatment are produced globdlpndfilling is one of the most widely
employed methods for its management (Kurniaeiaal, 2006; Renowt al, 2008), and landfill
sites have been developed as highly engineerelitiéscidesigned to minimise the negative
effects of the waste on the surrounding environnf@fiszniowskiet al, 2006). These negative
effects include possible contamination of the gowater and surface water regimes, the
uncontrolled migration of landfill gas and the gextimn of odour, noise and visual nuisances
(EPA, 2000). One of the main environmental concemsing from the management of these
sites is the production of urban landfill leachateghly contaminated wastewater generated
from the percolation of rain through the landfibgether with the production of liquids during
the stabilisation of the solid waste.

Urban landfill leachates are characterised by aewiange of contaminants. According to
Kjeldsenet al. (2002), the pollutants can be divided into fourugs:
1. Organic matter, including dissolved organic matteslatile fatty acids and more
refractory compounds such as fulvic and humic acids
2. Inorganic macrocomponents: calcium {Qa magnesium (Mg), sodium (N3),
potassium (K), ammonium (NH'), iron (Fé"), manganese (M), chloride (C),
sulphate ( S@) and hydrogen carbonate (HEPD
3. Heavy metals: cadmium (€%, chromium (C¥), copper (Ct), lead (PB", nickel
(Ni*") and zinc (ZA".
4. Xenobiotic organic compounds, including a huge atgriof aromatic hydrocarbons,
phenols, pesticides, among others. These compaanedasually present at very low
concentrations.

The composition of landfill leachate changes adahdfill ages. Generally, leachates produced
in younger landfills are characterised by the preseof substantial amounts of volatile fatty
acids. In mature landfills, the greater portionooanics in leachate are humic and fulvic-like
fractions (Kulikowska and Klimiuk, 2008). On theéhet hand, ammonium is released from the
waste by the decomposition of organic matter, floeee reaching significantly high
concentrations in the first stages of the wasteattgion process. This high ammonium levels
may slightly decrease over time due to the landfdlturation.

Figure 1.1 depicts the evolution of different compds in leachate throughout the degradation
process.
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Figure 1.1 Changes in leachate composition (EPA, 2000)

The principal organic content of leachate is forntkoting the breakdown processes at the
beginning of degradation, and the quality of mysatiandfill leachate changes with time as the
degradation of the waste continues inside the lthnthe process is generally divided into five

successive stages, namely (i) aerobic, (i) hydislyand fermentation, (iii) acetogenesis (iv)

methanogenic and (v) the aerobic phase. These gg®geare dynamic, each stage being
dependent on the creation of a suitable environnnthe preceding one (EPA, 2000).

Leachate generated at the early stages, termedyyleachate, is characterized by elevated
ammonium concentrations and organic matter witigh hiodegradable content. As it ages, the
ammonium concentrations increase while the biodtdie fraction declines due to the

stabilisation process. Leachate with these chaistits is termed mature or old leachate.

Finally, leachate composition among landfills mayyvsignificantly depending on the type of
municipal solid wastes dumped, the degree of swdiste stabilisation, site hydrology, moisture
content, seasonal weather variations, age of thdfilaand the stage of the decomposition in
the landfill (Kurniawanet al, 2006). An example of different leachate chardsties can be
found in Table 1.1. This table clearly depicts #ievated ammonium concentration of this
wastewater (in the majority of the studies betw&@00 and 3,000 mgN-NfL™), reaching
values up to 5,500 mgN-NHL™ for mature leachate. This review also shows theifitant
presence of organic matter in the leachate, witthceotrations frequently much higher than
1,000 mgCOD:-L}, and its low biodegradable content. Young leaclistieh as that treated in
the study of Kulikowska eal., 2008) with low nitrogen and organic matter contisnalso
shown in this table. With regards to bicarbonatecentration in leachate was also high, mainly
ranging between 3,000 and 10,000 mgHA3d. Finally, pH was in the majority of the studies
slightly basic, with pH values up to 9.



Table 1.1Ammonium and organic matter content of differeatcleates

Source NH," COD BOD HCQ pH
mgN-NH"L" ~ mgO-LT  mgOyL"  mgHCQ/ L™ i
Kjeldsenet al.
(2002) 50-2,200 140-152,000  20-57,000 - 4.5-9
Kalyuzhnyi and Gladchenko 780-1,080 9.660-20,560 ] ] 5 99.7 50
(2004)
Lianget al.

(2007) 1,600-3,100 1,500-16,000 - 9,200-17,250 8.0-9.0
Vilar et al.

(2007) 1,275-5,500 14,600-70,800 - - 6-8.8

Bohdziewiczet al.
(2008) 750-840 2,800-5,000 - 5,612-9,638 8.0-8.9
Kulikowskaet al.

(2008) 66-364 580-1,821 76-701 - 7.29-8.61
Spégonc;%t)al' 167-1,540 528-3,060 30-1,000 2,135-9,882  7.55-8.9
Spagniet al.

(2009) 933-1,406 1,769-2,623 - 5,734-9,882  7.93-8.23

Moncluset al.
(2009) 535-1,489 810-2,960 254-368 3,353-8,093 -

When all these factors are taken into accountirf@ment of this wastewater turns out to be a
highly complex issue. The processes currently ugth require combined techniques which

are designed as modular or multistage units skilidtie treatment of contaminants which vary

in concentration over the years (Wiszniowskal, 2006).

Because of its elevated concentrations during gggatiation process and its high toxicity for
aquatic life, ammonia has been identified by maegearchers as the contaminant in the
leachate with the potentially greatest adverseceffa the long term (Robinson, 1995;

Krumpelbeck and Ehrig, 1999; Christenstral, 1994).

1.2 Nitrogen removal from landfill leachate

The treatment of leachate is complicated due tontlde range of contaminants to be removed
(organic matter, salts, nitrogen, metals). Thiglgtapecifically focuses on the elimination of

nitrogen. In the following section, the most comiyemsed technologies for ammonium

removal of landfill leachate are briefly describdthysical-chemical treatments, as well as
biological methods, are included.

1.2.1 Physical-chemical treatments
The treatment of urban landfill leachate by phylsatemical treatments is common due to the

constraints imposed by the characteristics ofkimnd of wastewater: elevated concentrations of
ammonium, high concentrations of refractory COD dow biodegradable organic matter
content. But these treatments may also allow timeirgtion of other contaminants, depending



on the technology applied. In terms of nitrogen aeah, treatment of landfill leachate can be
achieved by adsorption processes in activated na(hbdul Aziz et al, 2004), membrane
filtration processes (Di Palmet al, 2002; Ozturlet al, 2003), chemical precipitation (Et al,
1999; Altinbaset al, 2002; Zhanget al, 2009) and ammonia stripping (Cheuwetgal, 1997;
Marttinenet al, 2002; Ozturket al, 2003; Calliet al, 2005). Of these, the most widely-used
technologies for N removal are the chemical préaijpn and the ammonia stripping
treatments, which are further described below.

1.2.1.1 Chemical precipitation
Due to its effectiveness, the simplicity of the ggss and the fact that the equipment employed

is inexpensive, chemical precipitation has beererestvely used for the removal of non-
biodegradable organic compounds, N J\&hd heavy metals from landfill leachate €tial,
1999; Altinbaset al, 2002; Zhanget al, 2009). During chemical precipitation, dissolveds in
the solution are converted to the insoluble solidge via chemical reactions. Typically, the
nitrogen precipitate from the solution is in thernfo of struvite (magnesium ammonium
phosphate, MAP). To achieve this goal Mg6H,O and NaHPQ,-12H0 are usually employed
as precipitants, as shown in the following reacfidarniawanet al, 2005).

MgCl, 6H,0 + Na,HPO, + NH," «~ MgNH,PO, 6H,0 | +2NaCl+H"* (Eg. 1.1)

The advantage of struvite precipitation is that shedge produced after treatment may be
utilised as a nitrogen fertiliser if the leachates not contain any heavy metals. However, there
are major drawbacks to chemical precipitation,udiig the high dose of precipitant required,
the sensitivity to pH of the process employed,dgbperation of sludge and the need for further
disposal of this sludge (Kurniawa al, 2005).

1.2.1.2 Ammonia stripping
Because of its effectiveness, ammonia strippirtgeamost widely-used method for the removal

of NH; from landfill leachate (Kurniawamet al, 2005). This treatment is based on a mass
transfer process from the liquid to the gas phhaadfill leachate containing NHand the air
phase are allowed to interact in a counter-curflemt, resulting in the transfer of ammonia
from the waste stream to the air.

However, the ammonia/ammonium equilibrium has tdt ¢b free ammonia prior to the

stripping in order to facilitate the stripping oH} This can be achieved by adjusting the pH of
the leachate to values over 10. The alkali requer@sifor achieving such a high pH vary from
one leachate to another. For instance, about 0lBriggm® may be needed when dealing with



methanogenic leachates, while up to 6 kjwould be necessary for acetogenic leachates
(EPA, 2000).

Ammonia stripping is usually carried out in stripgitowers, and the ratio between air and
leachate critically affects the process performafdeerefore, the greater the ratio, the more
efficient the process and the lower the relativet (EPA, 2000). The concentration of ammonia
released in a stripping tower exhaust is typicallgouple of hundred milligrams per cubic

metre, which is below the level of toxic effectlg?00 mg-ri, but above the odour threshold of

35 mg-n?, meaning there would be detectable odour neapliwet. Consequently, a proper

treatment of this gas would be required (EPA, 2000xddition, effluent may be neutralised

with acid prior to discharge.

Figure 1.2 shows a scheme of a typical ammonippéiri) process.
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Figure 1.2Scheme of an ammonia steam stripping process (Ectoddpouset al.,2003)

It is important to point out that the process is-selective, so that other contaminants such as
volatile organic species may also be releasedliv@@tmosphere.

To sum up, ammonia stripping is a good treatmenafmonium removal from urban landfill
leachate and allows the ammonium discharge stasidadoe met. In terms of operational costs,
it is more economically appealing than other plalsahemical treatments such as reverse
osmosis or nanofiltration. A major drawback of anmiao stripping, however, is the
environmental impact of the release of N\khs, which makes further treatment of the gas with
HCI or with H,SO, necessary, thus increasing the operational cdstsmste treatment due to



chemicals. The other limitations of this technigue the CaC@scaling of the stripping tower
when lime is employed for pH adjustment, the nesdpH adjustment to the treated effluent
prior to discharge, and the difficulty in removiaghmonia with concentrations of less than 100
mg-L* (Kurniawanet al, 2005).

1.2.2 Conventional biological treatments
Nitrogen can also be removed from landfill leachdtg a conventional biological

nitrification/denitrification process. Here, ammomi is biologically oxidised to nitrate under
aerobic conditions (Eq. 1.2). This nitrate is reztldo N gas under anoxic conditions by
heterotrophic bacteria, which utilise organic mattewastewater @,;oH;40sN) as the electron
donor (Eqg. 1.3).

NH," +2HCO,” +20, — NO,” +3H,0+2CO, (Eq. 1.2)

C,oH,;4O,N +10NQ; - 5N, +10CQO, +3H,0 + NH, +100H" (Eq. 1.3)

These metabolic pathways can be effected undeerdiff technologies. The different
configurations that are usually employed for N-bgtal treatment in urban landfill leachate
are presented next.

1.2.2.1 Rotating Biological Contactor (RBC)
The rotating biological contactor (RBC) is an alieat growth technology that consists of a

series of closely spaced circular disks mountedraliyron a horizontal shaft (Tchobanoglous
et al, 2003). These disks are approximately 40% subrdeirgex tank containing wastewater
and are slowly rotated by either a mechanical compressed air drive. The rotation of the
assemblage ensures that the media are alternatelyr iand wastewater, resulting in the
development of a biofilm (EPA, 2000). Figure 1.pidés a rotating biological contactor.

Figure 1.3View of a rotating biological contactor



This technology has been widely used for the treatnof ammonium from landfill leachate.
Examples of it can be found in Henderstral. (1997) and Castillet al. (2007), among others.
Finally, it should be noted that the development asfaerobic ammonium oxidation
(ANAMMOX) metabolism has been observed on sevetalasions in RBCs treating landfill
leachate (Hipperet al, 1997; Helmer and Kunst, 1998; Siegmstal, 1998; Helmeret al,
2001).

1.2.2.2 Aerated lagoons/Extended aeration
This is one of the simplest forms of on-site treatimof landfill leachate. It is carried out in

ponds operating at long retention times, betweandB10 days (Haarstad and Mashlum, 1999).
These systems are provided with artificial aerafasually by motor driven aerators, but also
carried out by diffusers injecting air). Aeratiopsgeems play a dual role: on the one hand they
supply oxygen to the microorganisms, and on therdtiey allow biological solids to be kept in
suspension (Tchobanoglowt al, 2003). Anoxic conditions have to be provided foe
denitrification process, which is usually achievedspecific anoxic ponds. The advantages of
this treatment method include its high flexibilityhich may allow it to cope with a wide range
of flows and strengths of leachate. Nevertheleésgso has drawbacks, including the large area
required for the treatment, low energy efficienayd odour and aerosol formation (EPA, 2000).
Some examples of the application of this technologhandfill leachate treatment can be found
in Robinson and Grantham (1988), Frase&al.(2004) and Mehmooet al. (2009).

1.2.2.3 Activated sludge
The activated sludge process is a suspended gtuwttgical treatment where wastewater is

constantly supplied. By definition, activated sladgystems consist of three basic components:
i) the activated sludge unit or reactor ii) a lidnsiolid separation unit, usually a settler, andaiii
recycle which returns the solids to the reactorhfb@anoglouset al, 2003). The activated
sludge unit can be operated as a continuous stiarddreactor or a plug flow. In addition, to
remove nitrogen, the activated sludge unit hagawige aerobic and anoxic zones. This can be
achieved in the same tank or in different tanksh&isubsequent need for internal recirculation.
A scheme of this technology is depicted in Figuee 1

Effluent

Influent Activated Settler

—P> .
sludge unit

A

Recirculation

Figure 1.4 Scheme of an activated sludge process



Activated sludge systems for nitrogen removal flamdfill leachate are widespread. Examples
can be found in Knox (1985), Lin and Sah (2002)ait al. (2007), among others.

1.2.2.4 Sequencing Batch Reactors (SBRS)
The SBR is a fill-and-draw activated sludge systimn wastewater treatment. While in

continuous systems the reaction and settling aocdifferent tanks, in an SBR all the processes
are conducted in a single reactor following a seqaef fill, reaction, settling and draw phases
(see Figure 1.5). The cycle configuration depermdshe wastewater’'s characteristics and legal

requirements (Puig, 2008).

SETTLE
FILL REACTION and wastage DRAW

Figure 1.5 Sequence of phases in an SBR operation (Puig,)2008

This technology has been extensively used for réegtrnent of landfill leachate (Yilmaet al,
2001; Uygur and Kargi, 2004; Neczej al, 2005; Moncluset al, 2009). Among the main
advantages of an SBR are the high flexibility andtmllability of the system, which also leads
to a reduction in the treatment costs. On the dtlaaid, SBRs require higher levels of control
and automation than activated sludge systems whgmnitrogen and phosphorus removal is
required.

1.3 Autotrophic nitrogen removal

The treatment of high nitrogen loaded wastewatatis law carbon:nitrogen (C:N) ratios by a
conventional autotrophic nitrification — heterothip denitrification process is expensive due to
high aeration requirements and the need for anrredtearbon supply. In light of this, the
development of processes based on anaerobic ammanxidation metabolism (anammox) has
resulted in a revolution in the field of nutriemnmoval, since it has paved the way to fully
autotrophic nitrogen elimination.

In the late seventies, Broda (1977) demonstratedesibility of a metabolic pathway based on
ammonium oxidation under anoxic/anaerobic cond#ioby means of thermodynamic
calculations. But it was not until 1995 that thistabolism was first reported, in the wastewater
treatment plant (WWTP) of Gist-Brocades, in the Héetands (Mulderet al, 1995). The
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process, as well as the organism responsible,faras named ANAMMOX. Three years later,
Strous and co-workers (1998) proposed an experattgnbbtained stoichiometry for this
process (Eq. 1.4). In their studies they obserfiatlammonium was converted to nitrogen gas,
using nitrite as an electron acceptor, and alsostimall amounts of nitrate were produced in the
reaction.

NH," +132NO,” +0.066HCO, + 013H* — 102N, + 026NO,” + 203H,0
+0.066CH,0,cN

(Eq. 1.4)

However, this process has also drawbacks. Anammgansms have a very low growth rate
(duplication time around 11 days; Stroetsal, 1998), dependent on temperature and pH. In
addition their growth is negatively affected by el other factors. Anammox activity is
inhibited by oxygen (Stroust al, 1997; Egliet al, 2001) and nitrite (Stroust al, 1999) and
the presence of biodegradable organic matter altbesievelopment of heterotrophic bacteria
which may compete with anammox for the substrat@; KChamchoiet al, 2008; Ruscalleda
et al, 2008).

Finally, the anammox process requires a prelimirsaage in which a suitable influent (1.32
moles of nitrite per mole of ammonium; Equation)lmust be produced. About half of the
ammonium must be partially oxidised to nitrite, lwia fraction of ammonium remaining
unconverted. This preliminary biological procesaasned partial nitritation.

1.3.1 Fully autotrophic partial nitritation-anammox systems

At the present, the fully autotrophic partial ndtion-anammox process is still under
development. There are very few full-scale fa@itiaround the world, despite the fact that
several investigative studies have focused on ifisge. In the following sections, different
experiences involving the application of a partidgtitation-anammox process in one- or two-
reactor systems are presented.

1.3.1.1 Two-reactor systems
There are several studies reporting successful riexpes featuring a combined partial

nitritation-anammox process in two separate reactdrhe majority concern lab-scale
applications dealing with sludge digester supentatsuch as van Dongest al. (2001) and

Caffazet al. (2006). Hwanget al. (2005) and Yamamotet al. (2008) focused their research on
the treatment of piggery wastewater, with ammonitoncentrations of around 1,000 mgN-
NH,-L". Also at lab-scale, Lianget al. (2008) dealt with landfill leachate containing
ammonium concentrations up to 2,800 mgN;NH'. Several authors have also reported
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successful results at the pilot-scale, such asdtat. (2002), Gutet al. (2006) and Qiaet al.
(2009), with the first two treating sludge digesteipernatant (ammonium concentration of
around 700 mgN-NH-L™), and the last livestock manure (with concentratiof about 1,500
mgN-NH,"-L™?). With regards to full-scale application of théshnology, the first facility was in
a WWTP in Rotterdam treating sludge digester swggant with ammonium concentrations of
1,000-1,500 mgN-NH-L'l (van der Staet al, 2007; Abmeet al, 2007a). The start-up of this
plant took more than three years. However, thegenakv other full-scale facilities around the
world, such as the anammox plant in Lichtenvoortie (Netherlands) for the treatment of
tannery effluents, and the two-step anammox systeating effluents from a semiconductor
plant in Japan (Abmet al, 2007Db).

1.3.1.2 One-reactor systems
Autotrophic nitrogen removal can be also achievedrie-reactor systems where, despite their

different metabolic requirements, aerobic and amaximonium oxidising bacteria coexist. To
this end, different technologies/configurations ddeen successfully applied. For instance,
Helmeret al. (2001), Seyfrieckt al. (2001) and Cemat al. (2007) reported good results with
the application of a one-step process for the mreat of landfill leachate, dealing with
ammonium concentrations lower than 1,500 mgN/NH. This process included partial
nitritation and anammox, and was named as one-steagmmonification. In the late nineties
Kuai and Verstraete (1998) developed the oxygenitdon autotrophic nitrification
denitrification (OLAND) process, which also combsngoartial nitritation and anammox
metabolism in a single reactor. This configuratitas been further studied, and successfully
applied at lab scale to the treatment of synthmigcdlia (Pynaeret al., 2002; Windeyet al,
2005) and digested black waters from vaccum tgileith concentrations of around 1,000
mgN-NH,"-L™" (Vlaeminck et al, 2009). The CANON (completely autotrophic nitrogen
removal over nitrite) process (Strous, 2000) wagelbped along similar lines in Delft (the
Netherlands). Experiments relating to this configian mainly concern lab-scale set-ups,
treating synthetic media (Thiet al, 2001; Slieker®t al, 2002; Sliekeret al, 2003), although
CANON technology has also been successfully appliddll-scale treatment of the effluent of
a potato factory (Abmat al, 2007b). Finally, it is also important to mentithe DEMON
process, consisting of an SBR for combined nitatdanammox with continuous feeding,
intermittent aeration and pH-control (Wett, 2008his technology has been successfully
applied in at least two full-scale plants: Stragaustria, since 2004) and Glarnerland
(Switzerland, since 2007) (Wett, 2007).
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1.4 Partial nitritation

The oxidation of ammonium to nitrite is called i#tion, while the nitrite conversion to nitrate
is termed nitratation. The term “partial nitritatlorefers to the partial oxidation of ammonium
to nitrite, with a fraction of ammonium remainingaonverted. This biological process is the
conditioning step in the anammox process and igesuto many factors and parameters.

1.4.1 Fundamentals of nitrification

Nitrification has traditionally been considered assingle process (Eq. 1.2), but from a
biological point of view it is composed of two ssegAmmonium is first oxidised to nitrite (Eq.
1.5) by ammonium oxidising bacteria (AOB), whilether oxidation of nitrite to nitrate (Eg.
1.6) is carried out by a different bacterial popiola, called nitrite oxidising bacteria (NOB).

NH; +2HCO; + 150, — NO; +3H,0 +2CO, (Eq. 1.5)

NO, + 050, — NO; (Eq. 1.6)

Ammonia and nitrite oxidising bacteria activityirgluenced by several parameters and factors.
The most important are briefly described in théofeing sections.

1.4.1.1 Temperature
Temperature (T) is a key factor in biological preses. Biological and chemical reactions take

place at higher rates when temperature increasmgever, at a certain level, high temperatures
result in the denaturalisation of proteins and dgenmto bacterial membranes, which in turn
leads to a sharp reduction in biological activitye can say, therefore, that microorganisms are
conditioned by lower temperatures (below which rngh is detected), an optimal temperature
(where the growth rate is at its maximum) and aimar temperature (over which no growth
is possible) (Madigaet al, 1997). Nitrification can take place in the raryeto 40°C, with a
maximum activity between 30° and 37°C.

The kinetic parameters are influenced by tempezaand their value has to be corrected
accordingly. The most widely-used equation to estémthis dependence is the van't Hoff-
Arrhenius relationship (Equation 1.7) (Tchobanoglai al, 2003), but the fact that the

estimation may be biased at very high temperatunesyhen the temperature is significantly
different from the reference, needs to be rementbere
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K, =K, " (Eq. 1.7)

ref

whereKy is the kinetic parameter at temperatliy&ys is the value of the kinetic parameter at reference
temperaturdl,; andd is the temperature coefficient.

Next, Figure 1.6 presents the change in maximumifio#ttion activity by the increase in
temperature. In addition, the estimation of the imaxn growth rate i,y by the Arrhenius
relationship is also depicted in the graph.

p max,t
A K max,20

°c temp.

Figure 1.6 Effects of temperature over nitrification (Hereteal,, 1995)

Temperature has a differential effect on AOB andB\#gtivity. Within the temperature range
usually found in wastewater treatment plants (1@0%C), nitrite oxidisers grow faster than
ammonium oxidisers and under such conditions amumoris completely oxidised to nitrate.
However, at temperatures over 25°C the situatidghasopposite: AOB grow faster than NOB,
and nitrite may accumulate (Hellinga al, 1998). To address this issue, Figure 1.7 shows th

minimum sludge retention time needed for the dgymlent of both communities, as a function
of temperature.
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Figure 1.7 Minimum residence time for AOB and NOB as a fumetof temperature (Hellingzt al,
1998)
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Temperature also governs the solubility of oxygenvater. A temperature increase leads to a
reduction in the solubility of gases, which in tumay increase aeration costs. Finally,
temperature also affects the dissociation of chahaiquilibriums such as NH NH,", HNO, -
NO, and CQ- HCO; - COy™.

1412 pH
Nitrification is pH sensitive, and reaction ratexlihe significantly at pH values below 6.8. At

pH values around 5.8 to 6 the rates may be 10 toePfent of the rate at pH 7 (Tchobanoglous
et al, 2003). On the other hand, pH over 8 may also tedte inhibition of nitrifying activity.
This effect is due to the activation-deactivatidnhe nitrifying bacteria, linked to the inhibition
of active sites of enzymes by the bonding 6faHd OH (Garcia and Fernandez-Polanco, 1996).

In addition, pH also governs the chemical equilibriof substrates (NH NH,", HNO, - NO,
and CQ- HCO; - CO;%) and inhibitors (NH - NH,", HNO, - NO,).

1.4.1.3 Dissolved oxygen
Nitrification is an aerobic process, so the avdlilgtof dissolved oxygen (DO) in the media is

essential for the development of AOB and NOB attiiHowever, these two bacterial groups
have different affinities to this substrate. In geal, NOB organisms have less affinity for DO
(Ko2'“®=1.1 mgQ-L*, Wiesmann, 1994; &"°®=1.75 mgQ-L*, Guisasolaet al, 2005) in
comparison with AOB (§,/°°°=0.3 mgQ-L*, Wiesmann, 1994; &"°®=0.74 mgQ-L",
Guisasoleet al, 2005).

1.4.1.4 Free ammonia and free nitrous acid: substrates anohhibitors
Free ammonia, rather than ammonium is the subdtrat&OB organisms (Suzuldt al, 1974;

Wiesmann, 1994), while NOB use the unionised fofmiwite, HNO,, as their electron donor
(Wiesmann, 1994). But, free ammonia (FA) and frésous acid (FNA) are also inhibitors of
AOB and NOB activity (widely described by Anthomiset al, 1976; Vadiveluet al, 2007;
Van Hulle et al, 2007, among others). Nitrite oxidising organisane more sensitive to the
inhibitions of both compounds than AOB (Vadivetti al, 2007), although there is a huge
disparity in the inhibitory values found in theeliature. Therefore, Anthonisen and co-workers
(1976) found the FA inhibition range for AOB and R@o be 10-150 mgNkL™" and 0.1-1
mgNH,:-L™, respectively, and also stated that FNA had aragnpn NOB (inhibition range of
0.2-2.8 mgHNGL™), but not over AOB. These results are quite défférfrom those found by
Vadiveluet al. (2007) who did not detect any inhibition in AOBtigity at FA concentrations
up to 16 mgN-NRL™", but observed a total inhibition of such activayan FNA concentration
of 0.4 mgHNQ-L™. With regards to NOB, they observed total inhibitiat concentrations
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higher than 6 mgN-NEL™ and 0.02 mgHN@L™. These differences may have been due to
different bacterial communities and acclimatiorstiongent conditions.

1.4.1.5 Salinity
The presence of salts in the media may negativifgctabacteria and inhibit their activity.

Campos et al. (2002) observed complete inhibition of nitrificai activity at high
concentrations of different salts (250-300 mM). tanly, Moussaet al. (2006) obtained a 95%
reduction in activity in NaCl concentrations of 410'gL'1. In addition, some studies, such as that
of Dahlet al. (1997), observed nitrite as the end product whestting saline wastewaters. This
is in accordance with the findings of Vredenbergtl. (1997) and Dinceet al. (1999), who
pointed out that salinity favoured AOB rather thHd®B. Conversely, Moussat al. (2006)
found AOB organisms to be more sensitive to salithtn NOB. This disparity in results may
have been due to the sludge used in the experimémsexperimental conditions (pH,
temperature, dissolved oxygen, among others),eosplecific salts used.

1.4.1.6 Toxics
Nitrification can also be influenced by inorganiaics such as heavy metals (Dahkl.,1997).

For instance, Skinner and Walker (1961) reportedptete inhibition of ammonia oxidation at
0.25 mg-L* of nickel, 0.25 mg-E of chromium and 0.1 mg-Lof copper. In addition, organic
compounds (solvent organic chemicals, amines, iptéannins, phenolic compounds, among
others) may also inhibit nitrifying activity (Blulind Speece, 1991).

1.4.2 Nitritation

Nitrite concentrations are seldom detected in conweal WWTPs because NOB usually have
higher reaction rates than AOB. In fact, ammoniuxidation is the rate-limiting step while
nitrite is consumed at the same time it is produddris means that the accumulation of nitrite
in a system is achieved by promoting AOB rathentN®B activity. The previous section has
depicted some factors that negatively affect mitdkidisers in contrast to ammonia oxidisers.
Based on these, several methodologies have beetoged to favour AOB activity and avoid
nitrate production. In the following section thechaiques for nitritation most commonly
applied are briefly presented.

1.4.2.1 Operation at high temperatures and short sludge regntion times
At room temperature, NOB reaction rates are highan for AOB organisms, but this changes

at temperatures higher than 25°C (Hellirggaal, 1998). This situation is accentuated at a
temperature of 35°C, where the AOB reaction ratalrisost double that of NOB. Thus, when
applying a sludge retention time (SRT) lower th&e tminimum SRT needed for NOB
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development, but still high enough for AOB, it iessible to achieve a complete washout of
NOB. Such an SRT has been determined to be abbi days (Hellingat al, 1998). This is
the theoretical basis of SHARON (Single reactoriHagtivity Ammonia Removal Over Nitrite)
technology (Hellingaet al, 1998; van Dongeet al, 2001), which has been mainly applied to
the treatment of sludge digester supernatant (igllet al, 1998; Fuxet al, 2002; Gutet al,
2006, among others). However, there have been iexges with this configuration for the
treatment of other N-strong wastewater, such agepjgwaste (Hwangt al, 2005) and
effluents from a fish cannery (Mosquera-Cogtal, 2005; Dapena-Moret al, 2006).

1.4.2.2 Inhibition of NOB activity by free ammonia and/or free nitrous acid
Several studies have reported that non-ionised Saframmonium and nitrite, free ammonia

(FA) and free nitrous acid (FNA), can inhibit AOBANOB activity (Anthonisert al., 1976;
Villaverde et al, 2000; Vadivelwet al, 2007; Van Hullest al., 2007, among others). However,

NOB organisms are more sensitive than AOB to e@a/abncentrations of these compounds
and reactors operating at high ammonium conceatrgtmay lead to an inhibition of NOB
activity. Such inhibition may subsequently end opnitrite accumulation, which at the same
time may reinforce the inhibitory pressure on NOBamisms. This strategy was successfully
applied by Laiet al. (2004) in a batch reactor. Yamamabal. (2008) also relied on FA and
FNA inhibition to out-compete NOB from an attachéibmass reactor treating swine
wastewater digested liquor.

1.4.2.3 Low dissolved oxygen concentrations
AOB and NOB organisms require oxygen for performihgir metabolisms. In recent years,

several studies have pointed out that NOB havewaraffinity with this substrate than AOB
organisms (Wiesmann, 1994; Picioreagtual, 1997; Guisasol&t al, 2005). Under oxygen
limited conditions (0.1-1 mg@L™"), NOB activity is severely reduced, leading to egative
selection of this phylogenetical group. Thus, theichment of AOB ends-up in nitrite
accumulation in the system. Examples of the apjicaof this mechanism for NOB
outcompetition can be found in Garrigo al. (1997), Jocet al. (2000), Berneet al. (2001),
Wyffels et al.(2003), Chuangt al. (2007), Blackburnet al. (2008a) and Aslaat al.(2009).

1.4.2.4 Aeration duration control
A typical nitrification reaction can be divided intwo steps. The first is oxidation of ammonia

to nitrite and the second is the conversion ofiteitio nitrate. Terminating the aerobic reaction
phase prior to or at the completion of ammoniumdation process may lead to a nitrite
accumulation (Blackburnet al, 2008b), a situation which can be identified bg #o-called
“ammonia valley” in the pH profile and the DO-breakdpoints (Yangt al, 2007). Examples
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of the application of successful aeration durawontrol can be found in Fuet al. (2006),
Yanget al.(2007), Pengt al.(2008) and Guet al. (2009).

1.4.3 Modelling nitrite build-up

Nitrification and denitrification have been traditially modelled as one-stage processes (Henze
et al, 2000). This assumption was valid since the actatiom of nitrite rarely takes place in
wastewater treatment systems. However, the recemelabment of new processes and
technologies reliant on nitrite has made the inoluof complete metabolic pathways in the
biological models of these systems necessary.

Nowadays there are various different biological eiedlescribing nitrite build-up, as reviewed
by Sinet al. (2008). Some of these models focus on side-stpragesses for the treatment of
highly nitrogen loaded wastewater (Hellingiaal, 1999; Volckeet al, 2002; Wett and Rauch,
2003; among others), while others are more sugembhventional wastewater systems (e.g. Sin
and Vanrolleghem, 2006; Kaelet al, 2009). With regards to organic matter, the majoof

the side-stream models have been developed foicapphs without significant amounts of
biodegradable organic matter in the system, an@l ait occasional external carbon source
dosage. As a result, side-stream models seldomréeah a detailed modelling of heterotrophic
conversions or organic matter availability and $farmations. Finally, models also differ in
terms of pH inclusion. pH plays an important ralehighly N-loaded streams and, therefore,
some models take it up. The main biokinetic modeisnitrite build-up, together with their
principal features are summarised in Table 1.2vbelo

Table 1.2Summary of biological models taking up nitrite

High nitrogen 2-step 2-step Complex organic
strength streams  nitrification denitrification matter

Model reference

Hellingaet al.
(1999)
Volcke et al.
(2002)
Haoet al.
(2002)
Wett and Rauch
(2003)
Moussaet al.
(2005)

Van Hulleet al.
(2005)
Pambruret al.
(2006)

Sin and Vanrolleghem
(2006)
Joneset al.
(2007)
Magriet al.
(2007)
Kampschreuet al.
(2007)
Kaelinet al.
(2009)

ANEEANEEANANE:

ANANEERANANAN) NA ) NN

ANAN

ANANANANA N N) N N NANANAN
ANANENA N NEEL NI NERANAN

ANEEANA N N BN BN
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With regards to denitrification, it should be notdtht most models assume a sequential
denitrification mechanism, i.e. N&® NO, > 1/2N,, while Hellingaet al. (1999) and Volcke

(2006) considered parallel denitrification, i.e. N® 1/2N, and NQ > 1/2N, for the sake of
simplicity (Sinet al, 2008).

Finally, it is important to highlight that, indepdent of its characteristics and features, any
model may have to be adapted, calibrated and vatddar a specific application.
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Chapter 2. OBJECTIVES




2.1 Problem definition

The treatment of urban landfill leachate (with higiitrogen concentrations and low
biodegradable organic matter content) by classig@logical nitrification/denitrification
methods is expensive due to high aeration requinesnéhe need for an external organic matter
supply and elevated sludge production. The treatresuch leachate by a combined partial
nitritation-anammox system is a more economicaraétive to conventional processes. As a
preparative step for an anammox reactor, the léachast be pre-treated in a partial nitritation
step.

2.2 Objectives

The main objective of this PhD thesis is studyft#asibility of the partial ammonium oxidation
to nitrite of landfill leachate, as a prior step #8 subsequent anammox process. The working
objectives started at a lab-scale level and focosetthe acquisition of basic knowledge relating
to the partial nitritation of highly ammonium-loatlkeachate. The following step was a scale-up
to an industrial pilot-plant, aiming at long-tertalsility of the partial nitritation process. Final
efforts focused on process modelling, for the dgwalent of a mathematical tool for the study
of the system, the simulation of different openadilstrategies and future process control.

In order to achieve the main goal, the following@®elary objectives were established:

» Lab-scale work was directed at the identificatidrsaitable nitrite build-up operational
conditions and strategies, focusing on:
¢ SBR cycle definition: Feeding strategies
« Study of the inhibitory effects of FA, FNA and Hg@mitation over AOB.
* Process assessment by:
- Knowledge acquired from in-cycle dynamic profiléson-line and
off-line parameters.
- Key parameters for process control relating touerflt composition,
effluent quality assessment and biological stafubeprocess.

» Once the lab-scale goals had been achieved, tlreggavas scaled up to an industrial
pilot-plant with the following aims:
« Obtaining a stable effluent of the desired effluemtnposition, with a view to
subsequent anammox reactor.
¢ Reduction of oxygen consumption and total nitrogethe effluent by taking
advantage of the biodegradable organic matter nobontdandfill leachate.
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« Validation of the assessment tools proposed itethiescale experiences.
« Microbiological and kinetic characterisation of thacterial community of the

reactor.

» Finally, the mathematical model for a partial méttion process was developed, with the
focus on:
e Adaptation of a previously developed model for iphrhitritation of highly

nitrogen-loaded landfill leachate, looking at:
- Processes involving heterotrophic and autotrophiactdyial

communities
- Physical and chemical processes
* Refinement of an existing modelling guideline
e Calibration and validation of the partial nitritati model using historical data
« Utilisation of the model for a simulation case stubmpact of different factors

on the long-term effluent speciation of a reactor.



Chapter 3. MATERIALS AND METHODS




This chapter gathers general materials and methmsdgsl among the different chapters.
Additional Materials and methodsections have been also included in Chapters 45atal
briefly describe specific materials and methodas®f these chapters.

3.1 Chemical analyses

Different analytical methods have been used in shigly. Among these, the majority are in
accordance with Standard Methods (APHA, 2005), eixt® the biochemical oxygen demand

analysis, which was based on a Euro Norm. NextleTald summarises the different analytical
methods and their references.

Table 3.1Analytical methods

Analysis Compound Reference
N-NH,* Ammonium APHA-4500-NH,.B-C5220B
N-NO, Nitrite APHA-4110B
N-NO3 Nitrate APHA-4110B
N-TKN Total Kjeldahl Nitrogen APHA-4500-Norg.B

COD Chemical Oxygen Demand APHA-5220B

BOD Biochemical Oxygen Demand Euro Norm EN 1899-1/1998

TOC Total Organic Carbon APHA-S310

IC Inorganic Carbon APHA- S310
TSS Total Suspended Solids APHA- 2540D
VSS Volatile Suspended Solids APHA- 2540E

3.2 Free ammonia and free nitrous acid

Concentrations of free ammonia (FA) and free niraaid (FNA) were calculated as a function

of pH, temperature and total ammonium as nitroge&xN), for FA, or total nitrite (TNGQ), for
FNA (Egs 3.1 to 3.4; Anthonisest al, 1976):

—6344

enn, = €777 (Eq. 3.1)

-2300

erno, = €277 (Eq. 3.2)
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FA(mgNL™) = LNH (Eq. 3.3)
—P
L.[10
Ke,NH3
ENA (mgNLY)=— 1NO2 (Eq. 3.4)
1+ ( Ke,HNO2 J
10"

3.3 Carbonate equilibrium

Concentrations of ¥£Os;, HCO,” and CQ* were calculated as a function of the total inofgan
carbon (IC).

[CO,”] =d,,.[IC] (Eq. 3.5)
[HCO 1 =a, ., [IC] (Eq. 3.6)
[H,CO;] = aHZCQ'[IC] (Eq. 3.7)

whereacos; accounts for the fraction of GOin the mediagycos for the fraction of HC@ in the media

andoypcos for the fraction of HCO;

Thesen values can be obtained from Equations 3.8, 3.8Bal@l

ac - = +12 FG'COZ'KG,HCQ7 (Eq 38)
% [H ] +[H ]'Ke,002 + KEYCOZ .Ke,HCO{
O'HC - = 12 +[H+]'Ke,coz' (Eq 39)
> [H']*+[H ]'Ke,co2 + Ke,COz 'Ke,HCQ’
+12
[H*] (Eq. 3.10)

aHZCQ = + +
[H ]2 +[H ]'Ke,COZ + Ke,coz 'Ke,HCO3_

where [H] accounts for the proton concentration (mof;IK. cozis the first acid dissociation constant
(mole-ms) andK, ycos-is the second acid dissociation constant (mdfga-m

These dissociation constants can be calculated tharfollowing equilibrium relationships,

according to Tchobanogloes al. (2003).
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_[H'}[HCO, ]

Eqg. 3.11
e.Co, [H,CO,] (Eq )

+ 2-
[HTI[CO] (Eq. 3.12)
eHCo, [HCO, ]
Finally, equilibrium constant¥.co, and Ke pcos. are affected by temperature, and can be
calculated from the following temperature-dependequations, obtained from Stumm and
Morgan (1996).

—356309&0.0609196.@+%3437+1258339|0%T_16$915)
Recor = (Eq. 3.13)
[—107.887}0.03252849r+515T179+33,g2561|0910T_56372139]
- ! (Eq. 3.14)
e,HCO;

3.4 Off-line Oxygen Uptake Rate calculation

During aerobic phases of the cycle, and assumingutiow is taking place and only a
negligible oxygen supply from the inflow, the DO ssabalance in the mixed liquor can be
represented by Equation 3.15.

OUR(t) = K,a™ (DO - DO™ (t))—‘?—to (Eq. 3.15)

where OUR is the calculated oxygen uptake rate (mgth?), K.a (™ is the mass transfer coefficient
(h™h), DO is the dissolved oxygen in the SBR (md3), and DQyis the saturation dissolved oxygen as a
function of temperature (T) (mgQ. %)

Oxygen uptake rates (OUR, mgO"-h") were calculated off-line and based on the general
oxygen mass balance in the reactor. Thereforengwair-off periods, due to the on/off control
strategy, oxygen uptake rates were calculated frarslope of the oxygen decrease over time
(Equation 3.14), in accordance with Peigal. (2005).
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OUR= —O“;—to (Eq. 3.16)

OUR values were corrected by the volume or thd &oteount of VSS in the reactor, to take into

account SBR volume variations in feeding duringdapee.

3.5 Oxygen Consumed calculation

The total amount of Oxygen Consumed (OC) duringg@eccan be calculated from an OUR
profile of a cycle. The area below an OUR curvassumed to be the oxygen consumed during
the cycle. In this sense, OC can be calculateditegrating the OUR profile.

OC= LOUR-dt (Eq. 3.17)
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Chapter 4. LAB-SCALE EXPERIENCES ON PARTIAL
NITRITATION

This chapter formed the basis of the following pubtations:

Ganigué, R., Lopez, H., Balaguer, M.D. and Colprdm2007. Partial ammonium oxidation to
nitrite of high ammonium content urban landfill dbatesWater Res41(15), 3317-3326.

Ganigué, R., Lépez, H., Ruscalleda, M., Balaguep Mand Colprim, J. 2008. Operational
strategy for a Partial Nitritation-SBR (PN-SBR)dtiag urban landfill leachate to achieve
a stable influent for an anammox reactbrChem. Technol. BidB3 (3), 365-371.



4.1 Motivation

In recent years, the feasibility of treating highdaded nitrogen streams with a low C:N ratio
by means of a combined partial nitritation-anamrpoxcess has been demonstrated, and been
proved to be a promising alternative to conventiontification/denitrification systems. The
majority of the reported experiences have focusedtlee treatment of sludge digester
supernatant (van Donge al, 2001; Fuxet al, 2002; Wett, 2007, among others), with only a
few studies dealing with other N-loaded wastewataech as piggery wastes (Akbhal, 2004,
Hwanget al, 2005; Wakiet al, 2007; Molinuevcet al, 2009) or canning effluents (Mosquera-
Corral et al, 2005; Dapena-Mora&t al, 2006). Experiences with fully autotrophic partial
nitritation-anammox for the treatment of urban ldhéeachate are very few, and only Liang
and Liu (2008) have reported the successful agmicaf this technology to leachate.

The partial nitritation step has usually been adgdeusing SHARON technology (Hellinga

al., 1998; Mulderet al, 2001). However, there are other suitable conéiions which could be
used, such as sequencing batch reactor (SBR) tegjyn@.ai et al, 2004; Galiet al, 2007) or
biofilm airlift reactors (Garridoet al, 1997; Kimet al, 2006). There is just one reported
experience with partial nitritation of landfill lehate prior to an anammox reactor. Liang and
Liu (2007) achieved a suitable partial nitritatiohthe ammonium present in leachate with an
up-flow fixed bed bio-film reactor, operating atesmperature of 30°C.

As far as SBR technology is concerned, differemtitegies can be used to operate these
reactors. A batch strategy based on a short feediegt at the beginning of a cycle is one of the
simplest cycle designs, and is especially suitédilehe treatment of low and medium nitrogen
loads. Using this strategy, Gali al. (2007) achieved partial nitritation of a synthdded using

a 4 h cycle, with a short feeding phase followedablpng aerobic reaction phase. A similar
cycle was used by Pambren al. (2006) to achieve complete nitritation of a sytithanfluent
which emulated the characteristics of a sludgestégesupernatant. Another option is the step-
feed strategy (SF), based on multiple feeding evenhis can be used in systems which
alternate different reaction phases, such as io#tibn/denitrification systems (Puigt al,
2004), or when dealing with nitrogen concentratitwgher than in the batch strategy (one
feeding event). Fuet al. (2003) successfully applied a step-feed strategynposed of three
short feeding events, followed by aerobic phasesaamoxic periods with external carbon source
addition) for the nitritation and denitritation thfe nitrogen content of a sludge digester effluent.
On the other hand, full-scale SBR plants or SBRitgldreating high loads (Haet al, 2007;
Damascenet al, 2007) usually operate using a fed-batch strat€®), where the influent is
progressively supplied throughout the entire cydieix et al. (2006) used this strategy
alternating aerobic and anoxic conditions, to aah nitritation/denitritation of the ammonium
present in sludge dewatering liquor. To sum upy tee can say that a suitable cycle definition
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depends on the characteristics of the wastewdtergbal of the process and the technical
requirements and/or limitations.

4.2 Objectives

This chapter aims principally to evaluate the fieidist of achieving a successful partial
nitritation of the ammonium present in leachaterfnarban landfill sites, using SBR technology,
as a preparative step for an anammox reactor. fByadlgi the study focuses on the
identification of a suitable feeding strategy fbe toperation of a partial nitritation-sequencing
batch reactor (PN-SBR), and its proper operatiopabitions. In addition, the chapter seeks to
gain insight into the inhibitory effect of free amama (FA) and free nitrous acid (FNA) over
ammonium oxidising bacteria (AOB). Finally, anotimaportant aim is the process performance
assessment with a view to scale-up.

4.3 Materials and methods

4.3.1 Experimental set-up

The experiments were carried out with a lab-sc8R,Socated in the Faculty of Sciences of the
University of Girona. The set-up was composed jipailty of a storage tank, a 20-L reactor and
a control system. A scheme of the set-up and vvilse lab-scale plant are depicted in Figure
4.1 and Figure 4.2 respectively.

o

@ STORAGE TANK @ pH CONTROL DISCHARGE VALVE
@ INFLUENT PUMP @ PROBES (ORP, DO, T, pH) @ DO VALVE
@ JACKETED SBR @ STIRRER CONTROL PANEL

@ THERMOSTATIC BATH

Figure 4.1.Scheme of the lab-scale set-up
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The reactor (Figure 4.2b), constructed in A-316n#tas steel, was of cylindrical shape, with a
height of 0.55m and an internal diameter of 0.2mwas water jacketed, thus allowing
temperature to be controlled by means of a thertedtwater bath. Complete mixture was
achieved during the filling and reaction phaseshvét mechanical stirrer (Stuart Scientifics
SS10). The SBR was operated with a minimum watéumwe (Vi) of 9.7 L and a volume
exchange ratio (VER, ratio of the volume fed pecleyto the maximum reactor volume) of
about 0.225. Aeration was carried out with airuBfrs, located at the bottom of the reactor, and
the air flow was switched on and off by an electatve to maintain the desired DO
concentration. The influent, stored at 4 °C in @-L5stirred tank, was pumped with a peristaltic
pump (Watson Marlow 505S) to the bottom of the t@acThe SBR was drawn by gravity
discharge using an electro-valve, until thg,\Was reached. The pilot plant was also equipped
with a monitoring and control system (Figure 4.20n-line data provided by pH, oxidation
reduction potential (ORP), DO and temperature @otePF 81, CPF 82 and OXYMAX-W
COS-41, from Endress-Hauser) were acquired by mefas interface card (PCL-812 PG from
National Instruments) and our own software develdopging LabWindow’ (Puiget al, 2005).
Program commands were transmitted to the pilottglarough the same interface card and a
relays output board, which controlled the on/offitstv of all electrical devices, thereby
allowing a previously defined operational cycléotorepeated over time.

= —

Figure 4.2.Lab-scale pilot plant. a) General view; b) ReactdrControl panel

4.3.2 Synthetic feed

The synthetic feed used in this study (Table 4.43 wainly composed of a mixture of R,
NaHCG, phosphate buffer solution (Pugg al, 2007) and a micronutrient solution (adapted
from Dangconget al, 2000).
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Table 4.1Synthetic wastewater composition

Compound Formula Concentration Solution
Ammonium chloride NHCI Variable Ammonium source
Sodium bicarbonate NaHGO Variable Alkalinity source

Manganese (Il) chloride tetrahydrate Mp@H,0O 0.19 mg-If
Zinc chloride dehydrate ZngePH,0 0.0018 mg-* ]
] Microelement
Copper (Il) chloride dehydrate Cuy2H,0 0.022 mg-L* ,
Magnesium sulphate heptahydrate Mg@S®L0 5.6 mg-[* soltion
Iron (IIl) chloride hexahydrate Fe{6H,0 0.88 mg-I*
Calcium chloride dehydrate CadH,0 1.3 mg-C*
Potassium dihydrogen phosphate R, 7.0 mg-[* Phosphorus
Dipotassium hydrogen phosphate HRO, 18 mg-L* source
Disodium hydrogen phosphate heptahydrate ,HR&®,-7H,0 14 mg-L*

" concentration dependent on the leachate compositid the percentage of leachate in the feed

Raw leachate was diluted with synthetic feed togprssively acclimate the biomass to the
wastewater, as further described in Section 418.5ight of this, ammonium concentration in

the synthetic media was calculated based on theiafil of the raw leachate and the desired
ammonium concentration in the influent. On the othand, bicarbonate concentration was

defined to keep the same bicarbonate to ammoniufarmatio in the feed than the raw landfill
leachate.

4.3.3 Urban landfill leachate

The raw leachate used in this study came from tmwsaCurban landfill site (41° 6' 28" N, 1° 7'
4" E; Reus, Catalonia, Spain), and presented a hagfability on its composition. The

concentration range and mean values of the prihclpemical compounds are summarised in
Table 4.2.

Table 4.2Urban landfill leachate characterisation

Compound Units Range Mean +ao

Ammonium, NH* mg N-NH,"-L™? 1,346 — 3,149 2,520 £ 523

Nitrite, NO, mg N-NG; - L 0.0-17.8 49+58

Nitrate, NG’ mg N-NO;-L* 0.0-4.8 1.1+1.6

Alkalinity mg HCO, L™ 8,156 — 17,894 12,894 + 2,645

Chemical Oxygen Demand, COD mg-O" 2,880 — 4,860 4,048 £ 376

Biochemical Oxygen Demand, B@D mg QL™ 114 - 492 338+134
Total Organic Carbon, TOC mg C'L 1,079 — 2,246 1,686 + 276
Inorganic Carbon, IC mg CL 688 — 2,399 1,445 + 329
HCO;:NH," molar ratio - 0.56 — 1.95 1.16 +0.19
pH - 8.13-9.27 8.68 £ 0.24
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4.3.4 Inoculum

The reactor was inoculated using biomass from fle\&dreres wastewater treatment plant
(41° 47' 58" N, 2° 45' 7" E; Catalonia, Spain). &ja was taken from the aerobic tank and
washed three times with tap water prior to the uation.

4.3.5 Experimental procedure

The experiments focused on assessing the feagibilachieving partial nitrification in an SBR,
and evaluating different strategies and operatiarmaiditions. Once these aims had been
achieved, an analysis of FA and FNA inhibition ah@Os limitation over AOB was carried
out. Finally, efforts were directed at an assessmémprocess performance with a view to a
scaling-up to pilot plant.

4.3.5.1 Operational strategy: fed-batch vs. step-feed
Two separate experiments were carried out, usirgdifferent feeding strategies: fed-batch

(Run A) and step-feed (Run B). In each run, thetorawas inoculated with nitrifying sludge
from the Sils-Vidreres WWTP (10L with a TSS and V& centration of 3,400 and 2,200
mgSS-L[*! respectively). During the start-up and acclimatisperiod of each run, the reactor
was initially fed with a mixture of synthetic feeshd raw urban landfill leachate. The
percentage of leachate in the feed was progregsiveteased to the point where solely urban
landfill leachate was being treated. During Runh& teactor was operated using a fed-batch
strategy, based on a long feeding phase whereemtflvas supplied continuously (Figure 4.3).
The 8 h cycle consisted of an aerobic feeding pb&860 min, followed by an aerobic reaction
phase of 80 min. The aim of this phase was to sas\& safety period. The cycle ended with a
settling phase of 15 min and a draw phase of 25 Buming Run B, the PN-SBR was operated
using a step-feed strategy (Figure 4.3), also wittycle length of 8 h. The SBR cycle was
composed of 11 aerobic feeding phases of 30 mih éaxxcept for the last one of 25 min),
followed by aerobic reaction phases of 10 min, theettling phase of 20 min and a draw phase
of 25 min.

0 60 120 180 240 300 360 420 480
Time (min)

0 60 120 180 240 300 360 420 480
Time (min)

Feeding + Reaction[[] ~ Reaction Setting @l  Draw []

Figure 4.3Scheme of the cycle design of each strategy
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During both runs dissolved oxygen (DO) was conglat a set-point value of 2 mgOD* and
the temperature was kept at 36+1 °C. The reactar operated with 1-2 days of hydraulic
retention time (HRT), maintaining a minimum volumg9.7 L. Sludge retention time (SRT)
ranged from 3 to 7 days (with an average valuer@firad 5 days). The SRT was calculated as
depicted in Equation 4.1, taking into account tH#uent total suspended solids (TSS)
concentration and the mixed liquor suspended s@WlsSS), maintained throughout the entire
study at 500-1,000 mgSS™iwith a volatile fraction of between 66% and 75%.

V... -MLSS
Qert - TSSy

whereV (L) is the maximum volume of the reactor in a airycle, and.y is the outflow (L-d).

SRT= (Eq. 4.1)

To avoid FA inhibitory effects, the maximum pH idsithe reactor was controlled by means of
HCI (1 M) dosage. Based on Equations 3.3 and 3mh@niseret al, 1976), a maximum pH
set-point was defined as a function of reactor enajpire and the total ammonium as nitrogen
(TAN), taking the worst scenario (i.e. the TAN centration inside the reactor being the same
as that of influent TAN), and permitting a maximiA of 8.23 mgN-NH L™ (the lowest value

in the AOB activity inhibitory range due to FA, acding to Anthoniseret al, 1976).
Therefore, the pH set-point was variable during Wiele study, and mainly dependent on
influent ammonium concentration.

Table 4.3 summarises the main operational parametfdyoth runs.

Table 4.3Summary of the main PN-SBR operational conditidmsng the experimental period

Parameter Units Fed-batch Step-feed
Length of the period d 250 160
Volumetric exchange ratio (VER) - 0.16-0.33 0.183D.
Hydraulic retention time (HRT) d 1-2 1-2
Sludge retention time (SRT) d 3-7 3-7
Total suspended solids (TSS) mgTSS-L 500-1,000 500-1,000
Volatile suspended solids (VSS) mgVS3$.L 300-750 300-750
Nitrogen loading rate (NLR) kgN-trd* 0.5-1.5 0.5-2

Once a proper and stable operation of the reaetbiblken achieved, each run was characterised
by fixed cycle concentration profiles, where theinmphysical-chemical parameters along a
cycle were monitored.

Finally, the two strategies were compared and exatlin terms of general performance and
from the information obtained in the cycle analyses
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4.3.5.2 Inhibitory effect of FA, FNA, and HCO 5 limitation on AOB
In order to assess the inhibitory effect of FA &MA on AOB activity, as well as possible

HCOs limitation, experiments based on a stepwise irsgéa pH (from 6.2 to 8.3, with a step
size of 0.1 pH units) were conducted. These exmris) carried out subsequent to the fed-
batch run, were performed during the reaction phétefeeding of four different SBR cycles
(i.e. from minute O to minute 360 of the 8 h cyclBuring the experiment, the pH value was
automatically controlled with NaOH (1 M) or HCI (M) by using an Endress Hausser
LIQUISYS M CPM 223/253 controller. At each pH stajfter the pH value had been stabilised
and the performance of the system was steady, pleaimom the SBR was obtained and
prepared for analysis of ammonium, nitrite, nitratel inorganic carbon. Afterwards, the pH
set-point was again increased by 0.1 units, repgdtie same procedure. Figure 4.4 depicts the
pH profile during the feeding phase (360 minuteS)oie of the four cycles in which the
experiment for the assessment of the inhibitions ezaried out.

9.0

8.5 1

8.0 1

pH

7.5 A

7.0

6.5

6.0

0 60 120 180 240 300 360
Time (minutes)

Figure 4.4pH profile during the feeding phase of a cycle mch the experiment took place

4.3.5.3 Assessment of the process in view of the scale-up
Once the feasibility of achieving partial nitrifit@n in a lab-scale SBR had been evaluated, and

the most suitable operational conditions and cyesign identified, efforts were focused on
increasing process knowledge with a view to scating. To this end, the reactor was restarted
using 10L of sludge from the Sils-Vidreres wast@rateatment plant (SST = 4,360 mgS5-L
VSS = 2,770 mgSSH), and operated under the feeding strategy whichyielded the best
results (see Section 4.3.5.1).

Table 4.4 summarises the main operational conditadrthe PN-SBR in this experiment.
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Table 4.4Main PN-SBR conditions during the process assesispaiod

Parameter Units Value
Length of the period d 190
Volumetric exchange ratio (VER) - 0.06-0.10
Hydraulic retention time (HRT) d 3-6
Sludge retention time (SRT) d 3-16
Total suspended solids (TSS) mgTSS-L 250-400
Volatile suspended solids (VSS) mgVS3-L 100-250
Nitrogen loading rate (NLR) kgN-fd™ 0.5-1

During this stage, the assessment of the processcaraplemented by monitoring of organic
matter. In addition, new parameters for the assessrof the reactor's performance were
proposed, based on dissolved oxygen: the oxygeakeptate (OUR, calculated as explained in
Section 3.4) and the oxygen consumed (OC, calacukdesxplained in Section 3.5).

4.4 Results and discussion

This section deals with the feasibility of achiayipartial nitritation of the ammonium present
in urban landfill leachate, using SBR technologly.also seeks to find a suitable feeding
strategy, identify the most important operationafgmeters and investigate the inhibition of
AOB by free ammonia and free nitrous acid. Findhg results of the process performance
assessment are presented.

4.4.1 Operational strategy: fed-batch vs. step-feed

The purpose of this section is demonstrate thalidiss of achieving partial nitritation of the
ammonium present in urban landfill leachate, uSBdR technology, and evaluate two different
feeding strategies, fed-batch and step-feed, fopgeration of the reactor.

4.4.1.1 Fed-batch strategy
The PN-SBR reactor was started up on a fed-batategy (Figure 4.3), being fed with

synthetic media for a week (data not shown). Atfies short start-up period, the reactor was fed

with a mixture of synthetic feed and landfill leatd. The percentage of leachate in the feed was
progressively increased in order to acclimatisebdneteria to the raw leachate.

Figure 4.5 shows the evolution of influent ammoniand the nitrogen loading rate (NLR;

kgN-ni®.d%) (Figure 4.5a), and effluent ammonium, nitrite amitfate concentrations (Figure
4.5b).
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The influent ammonium concentration was progre$giwereased, until it reached 1,474 mg
N-NH,"-L™ on day 167. Concentrations of nitrite and nitiatéhe influent were negligible, as
shown in Table 4.2. The NLR initially applied teeteystem was 0.35 kgNai?, rising to 1.1
kgN-nmi®.d™. In terms of the concentration of nitrogen commizuin the effluent, Figure 4.5b
shows that during this period ammonium was pauiyverted to nitrite, without any significant
further oxidation to nitrate. Ammonium and nitrd¢encentration started to increase from day O,
until it reached concentrations of 729 and 610 rhgNespectively on day 167. Effluent nitrate
concentration that day was 5.2 mgN-NO™.
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Figure 4.5Evolution of the PN-SBR using a fed-batch stratapinfluent ammonium concentration and
NLR; b) Effluent nitrogen compounds

For the next 83 days, during which raw urban ldhl#fachate only was supplied to the system,
the NLR was kept at around 1.25, ranging from 0t671.56 kgN-rii-d’. The influent
ammonium concentration was kept about 1,500 mngNIJ—]I. On the other hand, the effluent
concentration of ammonium and nitrite during thesipd fluctuated between 750-1,000 mgN-
NH,"-L™* and 500-750 mgN-NOL™ respectively, indicating that the desired panilitation
had been achieved. Furthermore, the nitrate coratent remained close to zero.
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The bicarbonate concentration in the influent affthent was also assessed throughout the
entire period, and is shown in Figure 4.6. As carsben from the graph, influent bicarbonate
concentration rose continuously during the first #@ys, starting from 2,500 mgHgQ* and
rising to about 10,000 mgHGGL™. This augmentation was due to the progressiveeaser of
leachate in the feed. From day 167, bicarbonateer@ration remained at this level. In contrast,
bicarbonate in the effluent was almost negligilieotighout the study. This showed that the
majority of the bicarbonate supplied was alwaysaesd from the system.
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Figure 4.6 Evolution of bicarbonate concentration in the iefitiand effluent of a PN-SBR using a fed-
batch strategy

In terms of process performance, Figure 4.7 shbesitrogen compound effluent speciation.
The orange and green dashed-dotted lines have inekmed in the graph to serve as a
reference for the ideal nitrite and ammonium spexiafor an anammox reactor (57% of NO
and 43% of NH' respectively).
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As depicted in Figure 4.7, nitritation efficiencgtiveen 30% and 55% was reached during the
majority of the fed-batch operation, with a verylpercentage of nitrate production (i.e. less
than 2%). These results clearly point to significlinctuations in the process performance,
mainly due to changes in raw leachate and NLR. Hewestable performance was recovered
after a period of stable influent composition, @hd percentage of nitritation evolved to 40—
55%. This effect was possibly related to the AO8twv response to an increasing loading rate.
Finally, it is important to note that the fluctuats in the process performance during the period
in which only leachate was being fed led to an agyemitrite to ammonium molar ratio of 0.94,
slightly lower than the stoichiometry of the anammpoocess.

With regards to on-line parameter behaviour, FiguBedepicts the evolution of pH, DO, ORP
and T along three typical 8-hour cycles correspogdo day 198. It must be emphasised that
the initial conditions of each cycle are dependenthe end conditions of the previous one.
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Figure 4.8 Evolution of the main on-line parameters along waathe fed-batch strategy a) pH and
ORP; b) DO and T

Figure 4.8a shows that pH at the beginning of t§ecwas very low, around 5.8. However,

when the feeding event started, pH quickly incrdastil it reached a value of 6.6. After that, it
stabilised at around 6.5 for the entire feedingsehaince H production by nitritation was
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balanced by the alkalinity supplied by the leachiitmvever, during the aerobic reaction phase,
pH plummeted to values lower than 6 because dfyiitg activity and the low buffer capacity
of the system. The ORP profile was always highantB0 mV, with slightly higher values
during the reaction phases. Dissolved oxygen valarged from 2 to 4 mg@.* due to the
rough on/off control, except in the settling andwliphases when the DO plummeted to 0. The
temperature during these cycles was around 36&9@,slightly higher during the reaction
phases. Finally it is important to notice that melparameter values may vary depending on the
influent composition, NLR and process conversiarpng other factors. Nevertheless, they
can be a good indicator of reactor performance.

In order to study the process in more detail, tlgpadhics of the main physical-chemical
parameters were monitored over an 8-hour cycleleTéb summarises the main characteristics

of the influent in this specific cycle.

Table 4.5Main influent characteristics in the fed-batch eyptofile analysis

Parameter Units Value
Ammonium, NH' mgN-NH," L™ 1,761
Nitrite, NO,” mgN-NQ,-L™? 5.8
Nitrate, NG, mgN-NQy-L™? 0.0
Alkalinity mgHCO; -L* 11,512
Chemical Oxygen Demand, COD mgO’ 4,007
Biochemical Oxygen Demand, B@QD mgO,-L™? 492
Total Organic Carbon, TOC mgC*L 1,892
Inorganic Carbon, IC mgC-L 1,768
pH - 8.67

The cycle profile for the fed-batch operationahtgy is presented in Figure 4.9. In spite of
continuous influent feeding, the ammonium and teititoncentrations inside the PN-SBR
remained almost constant (650 mgN-RKiH™ and 1,120 mgN-N@L™?) throughout the whole
cycle (Fig. 4.9a), indicating that the ammonium waglised at the same time it was supplied
by the influent flow. It was expected that, durihg aerobic reaction phase without filling (i.e.
minutes 360-440), ammonium concentration would els® and nitrite would increase due to
the nitritation process. However, analytical dat@veed slight changes in nitrogen species
concentrations. The inorganic carbon (IC, mg¥profile during the cycle was quite different
from the nitrogen species profile. Initially, thé increased slightly until minute 60. It remained
stable at around 30 mgC"Luntil the reaction phase without filling, wherethoncentration
quickly diminished to values near zero due to @il consumption by the high ammonium
oxidation. The reduction in IC during this finaltion phase without filling was 24 mgChL
corresponding to a production of 14 mgN-NO", which cannot be identified because of the
graph’s scale. In addition, the possibility of i3$ due to CEOstripping cannot be discounted.
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Figure 4.9 Cycle profile evolution of the main physical-chealiparameters over an 8h SBR fed-batch
cycle. a) Ammonium, nitrite, nitrate and inorganarbon concentrations; b) pH and oxygen uptake rate
(OUR)

From the pH profile (which has a shape similarhat tof the IC profile), it can be seen that
during the first 60 min the pH increased to 6.9icllwas when the maximum pH set-point was
reached and controlled. From about minute 75, rtheease on pH due to the Ostipply from
the feed was balanced by the proton production,th@gH value stabilised. Later, during the
reaction phase, the pH plummeted to values lowar thbecause of nitrifying activity, and the
consumption of IC.

The OUR indicated the biological activity in theackor, which increased sharply during the
first 60 min, at which point it stabilised. It theemained at its maximum values (100-110
mgQ,-L™-h"), until minute 360. In terms of the reaction phasgighout filling, the OUR

decreased, following a similar trend to those & gH and IC concentrations. From these
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observations it can be concluded that biologicéiviig reduction may be related to inhibition
factors regulated by pH and/or IC limitation.

4.4.1.2 Step-feed strategy
Once the fed-batch run had finished, the PN-SBRtoeavas started up again using seed sludge

from the Sils-Vidreres WWTP. The same procedure fotiswed, but a step-feed strategy was
applied. After a short start-up period, the reaetas fed with a mixture of synthetic and real
wastewater. Then, after the acclimation period, uavan landfill leachate was supplied. Next is
presented the performance of the reactor for tiedbys during which this second run lasted.
Figure 4.10 depicts the evolution of influent arffluent nitrogen compounds, and the NLR,
during this second run.
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Figure 4.10Evolution of the PN-SBR on a step-feed strategypnfi)ent ammonium concentration and
NLR; b) Effluent nitrogen compounds

Influent ammonium at the beginning of this experitaas 1,000 mgN-N-L™ (see Figure
4.10a). It was progressively increased up to 2@0@ay 75 by increasing the proportion of
leachate in the feed. At this point the feed wdslga@omposed of leachate, and ammonium
remained at the same level until the end of the(day 160). The progressive acclimation to the
leachate meant an increase in the nitrogen loaditegfrom 0.25 to 1.8 kgN-fd" during the
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first 72 days, with problems only being encounteoedday 51 due to an overloading of the
system. Once raw leachate feeding had been achiglegd 72-160), the NLR was kept at
between 1.5 and 2 kgN-hu™.

During the early days of this run, nitrite startedbuild up, without any nitrate production
(Figure 4.10b). Ammonium and nitrite concentratiomereased progressively, reaching
concentrations of 800 mgN-NHL™ and 1,300 mgN-N@ L™ by day 72. From that day on, the
system performed well, and changes in the efflaemtnonium and nitrite concentrations were
linked to the raw leachate’s characteristics, achge concentrations on day 160 of 811 mgN-
NH,"-L™" and 1,417 mgN-N@ L™ respectively.

With regard to the inorganic carbon, Figure 4.1avahthe evolution of influent and effluent
bicarbonate during the 160-day period.
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Figure 4.11Evolution of bicarbonate concentration in the iefiiand effluent of the PN-SBR on a step-

feed strategy

Influent bicarbonate was raised quickly in accomgawith influent ammonium concentrations.
However, on day 57 the NLR was decreased due toethetor’'s poor nitritation performance.
This was done by decreasing the percentage of deacivhich resulted in a decrease in the
bicarbonate to 11,000 mgHG@ . This concentration was kept fairly constant udgly 119
when it was increased to 15,000 mgH;GDl. With regards to the effluent, bicarbonate
concentrations were very low, although slight acalations were detected in days 51-56 due to
the increase in the influent concentration andakenitritation performance, and on days 119-
130 when it accumulated due to the high bicarbooateentration in the influent.
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Figure 4.12 shows the effluent speciation of thegen compounds. Orange and green dashed-
dotted lines have been included in the graph teesas a reference for the ideal speciation of,
respectively, nitrite (57% of NQ and ammonium (43 of %Nf.
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Figure 4.12Evolution of the nitrogen compounds effluent spéaiaon a step-feed strategy

As depicted in the graph, the percentage of nitnitthe effluent increased quickly during the
first 15 days, until it stabilised at around 45%eDthe next 30 days, nitritation was enhanced,
leading to conversions slightly higher than theckiometric. With regards to nitrate, there was
initially a percentage of 3%, but this rapidly ploeted to values around 0. On day 51 a loading
shock ended up on a loss of activity, which lechteudden decrease in the effluent’s nitrite
content. Once AOB activity had recovered, nitriteld>up was restored. From day 120 on, the
higher bicarbonate concentration in the influenhdiected to higher conversions, with an
effluent speciation of about 60% of N@nd 40% of NH. Finally it is important to point out
that there were very few fluctuations in effluepesiation, indicating a high level of process
stability. This issue is examined further in Secib4.1.3.

On-line parameters were also monitored during tep-feed strategy. Figure 4.13 summarises
the evolution of pH, ORP, DO and temperature on 8@&f the step-feed operation. The pH
followed an increase/decrease pattern, linkededehding events: pH increased when leachate
was supplied and decreased during reaction phases rasult of proton production. ORP
presented values of around 70 mV, with fluctuatiomssed by the feeding pattern. Figure 4.13b
shows that DO was controlled within a suitable eglways above 2mg™, except in the
settling and draw phases. To conclude with theyaigabf on-line profiles, temperature — also
depicted in Figure 4.13.b — presented values ar8uf@, decreasing slightly during the settling
and draw events.
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A cycle profile analysis for the step-feed strateggs also performed, in order to make it
possible to study the process dynamics in moreldé&tae main characteristics of the influent
raw leachate are summarised in Table 4.6, whilepttodile of the main physical-chemical
parameters is shown in Figure 4.14.

Table 4.6Main influent characteristics in the step-feed eyptofile analysis

Compound Units Step-feed
Ammonium, NH* mgN-NH," L™ 2,009
Nitrite, NO,” mgN-NQ,-L™? 0.3
Nitrate, NQ’ mgN-NOy-L™ 35
Alkalinity mgHCO; -L* 11,437
Chemical Oxygen Demand, COD mgO’ 3,053
Biochemical Oxygen Demand, B@QD mgQ,-L* 377
Total Organic Carbon, TOC mgC*L 1,085
Inorganic Carbon, IC mgC-L 1,863
pH - 8.84
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Figure 4.14a shows the evolution of nitrogen conmgisuand inorganic carbon. From the plot it
can be seen that NHand NQ concentrations remained stable over the cycleatra 750
mgN-NH,'L™* and 1,200 mgN-N©L™, with no nitrate production. However, there wdighs
variations in the compounds (barely noticeable tduthe scale) linked to the feeding strategy.
IC concentration at the beginning of the cycle wasngC-L". During the feeding phases, the
concentration inside the reactor increased sligiatlyalues of about 25-30 mgCtldue to the
high bicarbonate concentration in the influent. ditiveless, the IC levels decreased during the
aerobic reaction phases without filling, as a resfilhigh ammonium oxidation activity. pH
(Figure 4.14b) followed the same trend as IC, remai between 6.7 and 6.9 over the entire
cycle, but increasing during the feeding phasesdi®e of the higher pH of the influent), and
decreasing during the reaction phases (due tdatitm activity). In the same figure it can also
be seen that there was an increase/decrease patkexchto pH and IC levels in the OUR plot.
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However, the overall trend of the OUR profile wae @f a progressive increase throughout the
cycle until stabilisation, at minutes 250-300, et 80 mg@L™h™.

4.4.1.3 Comparison of the feeding strategies
Two different feeding strategies (fed-batch ang-$ted) were applied to the PN-SBR process.

The general performance results show that botkegies allowed the partial nitritation SBR to
perform properly: stable partial nitrite build-upasv reached in both operating periods.
Nevertheless, the experimental results also ingliteat the two feeding strategies yielded
different reactor performances and process dynanmiosrder to visually evaluate the efficacy
of each strategy, the theoretical NQH," effluent molar ratio (calculated from ammonium and
bicarbonate at the influent, in accordance with Al@@B stoichiometry) was plotted, together
with the experimental ratio. In addition, the lagshicarbonate by stripping was quantified on
the basis of mass balances, neglecting inorganimnaassimilated for cell growth.

HCO3_inf = HCO3_AOB + HCO3_eff + HCO3_stripping (Eq 42)

where HCQ; is the concentration of bicarbonate at the inflL(ennIe-L'l), HCO; pog is the amount of
bicarbonate used to balance the proton producedniyionium oxidation (mole®), HCOy is the
effluent bicarbonate concentration (moré) [and HCQ syipping is the amount of bicarbonate lost from the
system and non-used for ammonium oxidation bufée(mole-%).

Assuming that two moles of bicarbonate are needdmhatance the protons produced from the
oxidation of one mole of ammonium (Equation 1.5 amount of bicarbonate lost from the
system can be quantified as:

HCO3_stripping = HCOs_inf - 2'NH4+AOB - HCO3_eff (Eq 43)

where NH* 05 accounts for the ammonium oxidised (mol8:L

These findings are presented in Figures 4.15 ah@ #r the fed-batch and the step-feed
strategies respectively.

From a visual comparison of the general performarfcthe PN-SBR under the two feeding
strategies (Figure 4.15a and Figure 4.16a) it @aocdncluded that, in general terms, the step-
feed strategy performed better, since the efflueolar ratio was closer to the theoretical than
that of the fed-batch. In addition, the step-fewdtegy resulted in a more stable performance,
because fewer fluctuations in the effluent compaisitvere detected (Figure 4.10b compared to
Figure 4.5b).
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Since the majority of the bicarbonate was alwaysoneed from the system independently of
process effectiveness, it was expected that afigigni amount of bicarbonate would be lost by
stripping when the PN-SBR underperformed. Figurekbk and 4.16b provide a rough
estimation of this bicarbonate loss for the fedzbatnd step-feed strategies respectively. As can
be seen, there was significant HCElimination linked to the stripping process in fed-batch
operation, which at certain moments was about 45-50 the total HC@ in the influent. In
contrast, Figure 4.16b shows that the loss of El@@s much lower in the step-feed strategy,
and was mainly evident during periods of proceskeyperformance.

In order to quantify this observation, the averagktive deviation (ARD; Equation 4.4)
between the theoretical and observed process paafare was calculated for both runs. For this
calculation only the period treating raw urban fhigachate was taken into account.

n ([ X. - X.
ARD:EZ ‘ i,theo i.exp

Eq. 4.4
i X (Eq. 4.4)

iteo

where X neoiS the theoretical value of the stoichiometry, gk, is the experimental value.

The results revealed that when operating the reattder a fed-batch strategy (SF), the PN-
SBR presented an important underperformance, witlivarage relative deviation of 40.9%. On
the contrary, the step-feed operation (SF) yielaéolver ARD of 14.1%, which meant that the
performance was very close to the theoretical.

The reason for the better performance of the step-Strategy may be found through cycle
profile analysis. When the fed-batch strategy wsedythere were significant pH variations in
the reactor at the beginning and end of the cyétem the cycle representation depicted in
Figure 4.9, it can be seen that the average pHov&s+ 0.35 and the lowest pH value reached
was 5.95. This low pH led to FNA inhibition andigrsficant loss of IC by stripping. The fed-
batch strategy could be improved in this respectdolycing the length of the aerobic reaction
phase. In contrast, when the step-feed strategy used, pH values remained more stable
throughout the cycles. Despite the increase/deerpatiern, the average pH was 6.77 + 0.07,
with minimum values of 6.7. The loss of bicarbortayeCQ, stripping was minor and inhibition
of AOB by FNA was much lower.

4.4.2 Inhibitory effect of FA, FNA, and HCO ; limitation over AOB

During the feeding phase of four different SBR eg¢lan experiment was carried out to assess
the effect of free ammonia (FA), free nitrous a&tlA) and HCQ' limitation on AOB activity,
by staggerly increasing the pH. OUR values,NIMO, and IC concentrations were monitored
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throughout the experiment. Non-ionic species cotmagan, FA and FNA, was calculated based
on Anthoniseret al. (1976) (see Section 3.2 for further details), ehilCQ concentration was
calculated from the carbonate-bicarbonate equilibritaking into account temperature and pH
(see Section 3.3). The results of this experimempeesented in Figure 4.17.
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Figure 4.17Evolution of oxygen uptake rate (OUR), free ammaq(fiA), free nitrous acid (FNA) and
bicarbonate (HC®) at different reactor pH, and the adjustment curve

Analyzing the results, AOB activity seemed to béuaed by FA inhibition at high pH, and by
FNA inhibition and bicarbonate limitation at low pNevertheless, AOB activity reduction due
to the direct effect of pH may also took place etyvhigh/low pH values (above 8 or below
6.5). From Figure 4.17 it can also be seen that QR at its maximum in the pH range 7 -
7.7.

In order to study the results in more depth andhtiiyathe inhibitory effects and bicarbonate
limitation, the experimental data was fitted toiaekic model. In the literature, several authors
(Carrera, 2001; Magst al, 2007; Pambruet al, 2006) have assumed a Haldane kinetic to be
the most suitable model to describe FA inhibitid®AO®B, since it takes into account the double
effect of FA as a substrate and an inhibitor. Have®a non-competitive reversible inhibition
(NOCRI) term can also be used (Wett and Rauch, ;2288 Hulleet al.,2007). Also a NOCRI
term has usually been considered suitable to meN&l inhibition over AOB (Hellingeet al,
1998; Wett and Rauch, 2003; van Hutteal., 2007; Pambruret al, 2006). Wett and Rauch
(2003) proposed a Sigmoidal function to model tffeceé of growth reduction due to HGO
limitation. Guisasolaet al. (2007) also studied this issue and considered gqbssible kinetic
expressions apart from the Sigmoidal term, suchMesnod growth term.
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Table 4.7 summarises a wide variety of kinetic esprons which could be used for the
modelling of free ammonia and free nitrous acidhitton, together with bicarbonate substrate

limitation.
Table 4.7Summary of kinetic expressions
Compound Kinetic Kinetic expressions References
v K Wett and Rauch (2003)
NOCRI imies =V A van Hulleet al. (2007)
FA S FA Carrera (2001)
Haldane e iFAs T Magri et al. (2007)
7 K ra Pambruret al. (2006)
Hellingaet al. (1998)
k\ FNA
ENA NOCRI Viupng =V , Wett and Rauch (2003)

K, + FNA van Hulleet al. (2007)
Pambruret al. (2006)

HCO;
Monod Vimiea = VF?—TCO; Guisasoleet al. (2007)
HC - Hi - - a
S Siamoidal v —v O a1 Wett and Rauch (2003)
9 mied T eoT ko010 Guisasoleet al. (2007)

where Vimitea IS the observed activityy is the maximum activityk, ra the inhibition constant for NH
(mgNH,-L™"), FA the calculated Nifconcentration (mgNEL™), k e the substrate half saturation constant
for NH; (mgNI-g-L'l), k ena the inhibition constant for HNp(mgHNQ-L‘l), and FNA the calculated
HNO, concentrations (mgHNQ_'l). HCGO; is the bicarbonate concentration (mg‘@-,IkHcog' the half-
saturation constant for the HG@mgC-L"), anda a kinetic constant.

Among the expressions for modelling FA inhibitica,non-competitive reversible inhibition
term was chosen in this experiment because whermsuhstrate is not limiting, the Haldane
model becomes mathematically equal to the NOCRWéer, it was decided to consider both
possible kinetics for the bicarbonate substratéaditon.

OUR can be understood as a measure of AOB acthutythis is only true if the contribution of
heterotrophic metabolism to the oxygen consumpti®nnegligible. This is a plausible
assumption if the low biodegradable organic mattertent of the leachate is taken into account.
Therefore, two different kinetic models (Equatio® 4nd 4.6) were fitted to the experimental
data:

(HCOs ~k, .}/ @)

OUR,,, = OURRY ul Kia € (Eq. 4.5)
K a + FA K gya + FNA J(HCO 001 o

kI JFA kI ,FNA HCO;
Ki ea ¥ FA K oua + FNA kHCO; + HCO,

OUR,,, = OUR™ (Eq. 4.6)

whereOUR, is the observed OUR (mg(]l'l-h'l) and OUR,p,"® the theoretical maximum OUR value
(mgO,-L™hY),

The results of both adjustments are summariseclinhe’4.8.
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Table 4.8Results of the adjustment for the two kinetics

B H 2 I(I,FA kI,FNA kHCO3—
Kinetic model r mgN-L'l mgN-L‘l mgC-L‘l
K K e((HCO§ “Kices )@ 7
OUR,,, = OUR&*——L.FA LENA Y 0.912 751.30+177.21  9.29+33.99  1.04'1B.54
K ra + FA K eya + FNA [0,/ g
_ max kI JFA kI JFNA HCO;;
OUR,,, = OURy; 0.957 605.48+87.18 0.49+0.09 0.01+0.16

Kiea+ FA K eya + FNAK  +HCO;

Equation 4.6 yielded a better adjustment than Eoua.5 (F = 0.957 vs. 7= 0.912). The best
fitting is shown in Figure 4.17 in a red continudime. As can be observed, both adjustments
yielded similar results for thig £, While there was a huge disparitykina values. The results
for Equation 4.6 were adopted because of higherelation of the adjustment and fewer
standard errors.

In order to validate these constants, they were peoved with the literature. Table 4.9
summarises the results of this study, as well asetiheported by other authors.

Table 4.9Comparison of different reported inhibition andffedturation coefficients for FA, FNA and
IC, according to reactor operational conditions

Reactor conditions Constant values
NH," (NH3) NO; (HNO») Temp KiFa Ki Fna Khcos-
Reference mgN-L? mgN-L? °C mgN-L? mgN-L? mgC-L!
This stud 1,812-2,230 (6-516)  641-788 (0.01-2.58) 6 3 605.48+87.18 0.49:0.09 0.01%0.16
Hellingaet al.
(1068) 130 (1.77) 300 (0.17) 35 - 0.2
((:;(;{)ir;‘ 1.7-441 (0.13-35.15)  411-2,275 (0.11-0.61) 20 95.72 0.18
Wett and Rauch
(2003) 100 (1-3) 100 (0.03) 30-35 3,000 2.8 50
Pa”(‘g&;rg al. 0-2,000 (0-325) 200-500 (0.04-0.1) 30 241 0.05
Van Hulleet al.
(2007) 0-2,000 (0-1,000) 0-2,000 (0-1.5) 35 - 2.04
M"’(‘gg;?t)a" 417.8-675 (0-45.8)  246.2-685.1 (0-0.43) 35 458 40.2
Guisasoleet al.
(2007) 25 - - 13.32

An analysis of the results collected in this tatgeeals significant variation among the constant
values detected. Specifically, thga value obtained in this study is not as high as eb&ined

by Wett and Rauch (2003), or as low as that obthinethe other authors. Therya value is
also quite different from the literature, althouflk constant values range is not as big as for the
k ra. It has an intermediate value, located betweerhigle values found by Wett and Rauch
(2003) and van Hullet al. (2007), and the low ones found by Carrera (20Bambrunet al.
(2006) and Magrét al. (2007). In terms of bicarbonate, the half satoratoefficient Kycos)
obtained for this study is much lower than thatoled by Wett and Rauch (2003) or Guisasola
et al. (2007). However, since the results were obtairedgutwo different kinetic expressions,
they may not be comparable.
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Several factors may explain this deviation. Amotigecs, these are a possible acclimation of
the biomass to the inhibitory effects of FA and FMAe to a long term exposure to high
concentrations, differences in the microbial comityyrand a different kinetic model choice. It
must also be taken into account that a possibleledion between the parameters may bias the
results when determining different parameters utfiegsame data set. In particular, inhibition
by FNA and growth limitation due to low concentoas of HCQ occurred simultaneously
when pH decreased. Thus, for this experiment diffecult to clearly distinguish the reduction
linked to each phenomenon. Both effects need tmsstigated in depth in further studies in
order to identify the contribution of each to glbbativity reduction.

4.4.3 Assessment of the process with a view to scal  e-up

Previous experiments have demonstrated the faasibilusing SBR technology for achieving

a partial nitritation of the ammonium present ibam landfill leachate and allowed the correct
operating conditions and a suitable feeding styategbe identified. However, there are still

some issues remaining which need to be clarifiéat po scaling-up the process to pilot scale.

Urban landfill leachate contains low biodegradadyiganic matter content, but the degradation
of this fraction may influence the partial nitritat process, so it was decided that partial
nitritation would be studied together with orgamiatter removal.

The main aim of a partial nitritation process isdiotain a suitable stream for feeding an
anammox reactor. Therefore, it was also decidaattsfivould be focused on the assessment of
process performance to identify the keys for pragperation of the PN-SBR.

To this end, experiments were carried out withlgiescale PN-SBR. The reactor was started
up with sludge from the Sils-Vidreres WWTP usingstep-feed strategy. The system was
directly fed with urban landfill leachate, in caadt to previous experiments in which bacteria
were progressively acclimated to the leachate. rEigul8a depicts the evolution of influent

ammonium concentration and NLR, as well as thaueffl nitrogen compound concentration

(Figure 4.18b) and organic matter (Figure 4.18c).

The NLR was progressively increased from 0 to &§8-m>-d* during the first 25 days. The
N-load was then kept at this level until day 11QriBg this period, the process performed
properly, and effluent concentrations of ammoniurd aitrite remained at 1,000 - 1,600 mgN-
NH,"L™* and 1,700 - 2,100 mgN-NGL™, respectively. With regard to organic matter, ugft
TOC concentrations were around 1,600 - 1,800 m'é.CO.n day 25, about 40% of influent
organic matter was removed heterotrophically. Trastion diminished progressively to under

57



10% by day 110 due to a decline in the organic endtiodegradability (BOBfrom 480
mgOx-L™* on day 10 to 114 mg@.* on day 110). Such a change on the biodegradakikiy
attributable to the leachate supplied from the fidlruite.
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Figure 4.18Evolution of the PN-SBR a) Influent ammonium cortcation and NLR; b) Effluent
nitrogen compounds; c) influent and effluent TOQg aercentage of TOC removed from the system

On day 115, the process performance diminishedaamdonium started to accumulate. It was
therefore decided to decrease the NLR to avoichéurprocess inhibition and restore proper
nitritation. To this end, the nitrogen load was t®e0.5 kgN-rii-d*. The NLR was kept at this
level for the rest of the period, with the aim asaring a stable reactor performance. In terms of
effluent compounds, when stability was recovereg¢ @mmonium and nitrite effluent
concentrations both remained at about 1,900 mgKbt the rest of the period. With regards to

58



organic matter, influent TOC remained at around@,5 1,600 mgC-E until the end of the
experiment. In this final period, effluent TOC centrations were close to those of the influent,
indicating minimal organic matter removal. Spedifig, effluent organic matter was sometimes
slightly higher than that of the influent, whichnche attributed to organic matter released by
biomass decay processes. Moreover, TOC measureomyisiclude dissolved organic matter,
so the contribution of solids was not considerecenwvimeasuring the organic matter in the

influent.

Stoichiometrically, anammox bacteria need 1.32 madé nitrite per mole of ammonium
(Equation 1.4), and achieving a suitable N© NH," in the effluent of the PN-SBR is crucial
for the proper operation of an anammox reactormAtee AOB'’s stoichiometry (Equation 1.5),
1.14 moles of bicarbonate per mole of ammoniumthe®retically needed to reach such a
conversion. In this sense, the assessment of miflogarbonate to ammonium and effluent
nitrite to ammonium molar ratios may provide deepsight into process performance. Figure
4.19 depicts the evolution of experimental influet@0;:NH," and effluent N@:NH," molar
ratios. In addition, the reference values with whic achieve a suitable feed for an anammox
reactor are shown in dashed-dotted lines.
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The influent HC@:NH," molar ratio was much higher during the first 35gathan the
theoretical stoichiometric value needed to reachideal effluent of 1.32 moles of nitrite per
mole of ammonium. Then, due to the decrease inentl bicarbonate concentration, this ratio
got to between 1.25 and 1, close to the stoichiopmd&egarding the nitrite to ammonium
effluent molar ratio (Figure 4.19b), this relatibiswas initially much lower than expected, due
to the underperformance of the reactor. Once alsleitprocess performance was reached, the
NO,:NH," effluent molar ratio stabilised at around 1.32. @y 105, the influent molar ratio
increased due to a decline in the influent ammonaamcentration, which also resulted in a
higher NQ:NH," effluent molar ratio (up to 2 moles of nitrite perole of ammonium).
Nevertheless, over the following days, both théuerit and effluent molar ratios stabilised at
around 1 due to the recovery in influent ammoniwncentration and a decline in bicarbonate

concentration.

In Figure 4.20, N@:NH," effluent molar ratio values have been plotted regaihe influent
HCO;:NH," molar ratio to establish a relationship betweenitifluent HCQ:NH," molar ratio
and process conversion. In addition the theoregffilent NQ:NH," molar ratio (calculated
on the basis of the AOB’s stoichiometry; EquatioB) has been included as a red dashed line.
Finally, it should be noted that results from da@ys 25 have been excluded from the plot to
avoid biased results linked to the effects of starand dilution.
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Figure 4.20Experimental and stoichiometric nitrite to ammoniaffiuent molar ratio versus bicarbonate
to ammonium influent molar ratio

As can be seen, experimental results fit quite wét the stoichiometric curve and confirm
bicarbonate as the key to controlling the conversibammonium to nitrite. However, there are
several experimental features that deviate fronordteeal behaviour, and which provide
information about process performance and ongolmenpmena. If the effluent molar ratio is
lower than the theoretical, this can be attributed bias linked to bicarbonate loss due to, CO
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stripping. On the other hand, a higher than themketeffluent ratio could be related to
ammonium removal from the system due to;MNttipping, and/or to additional G@oming
from organic matter elimination, which may allowhaher conversion if being supplied as
bicarbonate. In this period, several experiment@hts were significantly below the theoretical
curve, corresponding to days 111-125. The react@s partially inhibited and a significant
amount of bicarbonate was removed from the systerstipping. Finally, it should be noted
that these results need to be validated for a wida®; :NH," range.

The assessment of the PN-SBR’s performance dunmd¢pb-scale experiments was carried out
through periodic analytical monitoring. Howevere tivaluation of process performance by on-
line parameters may turn out to be an importanéstioine in terms of process control. In this
way, efforts were also focused on the identificatdd possible on-line parameters which may
help operators to evaluate plant performance.

The OUR, whose measurement can be understood awligator of biological activity, has
been used for control purposes in several studigs Johanseet al, 1997; Puiget al, 2005).

If the small quantity of biodegradable organic maftemoved in the process is taken into
account, it can be assumed that the oxygen congumiptthe PN-SBR is due solely to AOB
activity, and the OUR would then be a good indicatfoAOB performance. Figure 4.21 shows
the evolution of maximum and minimum OURs, and tiiteite production rate (NPR, kgN-
NO,-m*.d%). The graph covers the period between days 40180d when the process was

performing properly.
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Figure 4.21Maximum and minimum OUR, together with the nitfit@duction rate (NPR)

It can be seen from Figure 4.21 that the maximunR@uring the time period from day 40 to
day 106 was between 100 and 125 mg®h*, while the minimum OUR fluctuated between
10 and 50 mg@L™-h'. The decrease in the nitrite production rate ftbBto 0.25 kgN-rd*
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led to lower maximum OUR (60 mg®@™-h"), while the minimum rate stabilised at around 10
mgOx-L-h?. Thus, a significant relationship between the Nfid the maximum OUR can be
observed in the graph.

Nevertheless, OURs are dependent on the amouitieé diomass in the system, traditionally
assimilated to VSS. Therefore, because of the itapberrors linked to the VSS analysis, it
was decided that the total amount of oxygen condudwing a day (OC; mgOper litre of
reactor per day) would be a better indicator ofcpes performance, calculated according to
Section 3.5. The OC and NPR data are presentedune4.22.
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Figure 4.220xygen consumed (OC), together with the nitriteduction rate (NPR)

As depicted in the figure, there is a good agre¢rbetween the NPR and OC. Values for OC
of around 2,100 mg-t.d* were obtained for an NPR of 0.5, and when NPRedeserd to 0.25,
OC followed suit, presenting values of between 800 1,200 mg@L™*.d™.

Given a certain NLR, the NPR of a partial nitrieatireactor should be about 50-55% of it, in
order to achieve a suitable influent to feed anmmanax reactor. Therefore, and because of the
strong correlation between the NPR and OC, propegf®rmance could be monitored on-line
by assessing the oxygen consumed. This could prageesting in terms of a future on-line

control of the process.

4.5 Conclusions

It proved possible to achieve stable partial ndafion of the ammonium present in urban
landfill leachate using the SBR technology. On blasis of the conditions of the system, and
according to the literature, it may be concludeat this nitrite build-up was achieved by the
out-competition of NOB due to inhibition by FA and/FNA. However, the contribution of
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other factors such as IC limitations and tempeeatamong others, is still not clear. Further
experiments must be carried out to confirm thisdtlgpsis.

The PN-SBR was operated under two different feeditigtegies: fed-batch and step-feed.
Although both allowed partial nitrification to beiccessfully achieved, the step-feed strategy
yielded a more suitable performance. Its overalfqumance was better, and was linked to a
more efficient use of the available bicarbonate ARD value was of 14.1%, while the ARD for
the fed-batch strategy was 40.9%) and a higheilisgalihe cycle profiles obtained show that
when a fed-batch strategy was applied, the inoogeaibon and pH profile values were low at
the end of the cycle (2 mgCiland pH = 5.8 respectively), which concluded witsignificant
reduction in AOB activity and a loss of Hgy stripping. In contrast, during the step-feed
operation, the pH and inorganic carbon profilesented a more stable behaviour, in spite of an
increase/decrease pattern, which in turn resultedNIQ:NH," effluent molar ratio with fewer
fluctuations.

From the batch studies of OUR to PN-SBR pH valugh tpH values indicated an OUR
reduction caused by FA inhibition, while on the astihand there was an activity reduction at
low pH related to an inhibitory effect by FNA andlack of bicarbonate. The inhibition
constants for FA and FNA and the semi-saturatiarstamt for HC@ were calculated from the
experimental data, with values qf:k (mg N-NH;-L™) = 605.48+87.18, lkna (Mg N-HNQ-L

) = 0.49+0.09 and lgos. (Mg-CLY) = 0.01+0.16. However, further in-depth studieg ar
necessary to validate this set of parameters,@adtablish a possible correlation betwegqk

and k.|co3_

A successfully start-up of a PN-SBR treating ordpdhate was achieved under a step-feed
strategy, with a NLR of 1 kgN-fhd® being reached in 25 days.

Biodegradable organic matter was completely remawmethe PN-SBR, without any harmful
effect on process performance. However, the lowldgoadable organic matter fraction of the
leachate should be noted.

This study allowed identifying bicarbonate as tleg ko controlling the process conversion. In
addition, the assessment of the influent H@OH," molar ratio vs. N@:NH," effluent molar
ratio provides an insight into process performance.

OC may serve as a good parameter for a PN-SBR’'eiadi@n because of the correlation

between this parameter and the nitrite productada (NPR). This could be used as a tool for
the on-line assessment of process performance.
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Chapter 5. PILOT-SCALE EXPERIENCES ON
PARTIAL NITRITATION

This chapter formed the basis of the following pubtation:

Ganigué, R., Gabarro, J., Sanchez-Melsié, A., Rigstg M., Lépez, H., Vila, X., Colprim, J.
and Balaguer, M.D. 2009. Long-term operation ofadtigl nitritation pilot plant treating
leachate with extremely high ammonium concentrafioior to an anammox process.
Bioresource Technol00(23), 5624-5632.



5.1 Motivation

In Chapter 4 the feasibility of achieving a midaepartial nitrification of the ammonium
contained in urban landfill leachate was demorstrat lab scale using the SBR technology. In
such a system, NOB out-competition is accomplighettee ammonia (FA) and/or free nitrous
acid (FNA) inhibition (Laiet al, 2004). However, some authors (Turk and Mavin@8%
Villaverdeet al, 2000; Fuxet al, 2004) have reported problems in maintaining teitbiuild-up
over the long term in such systems when the NOBnes acclimatised to high concentrations
of these inhibitory compounds.

The aim of a partial nitritation system is to osiliabout half of the influent ammonium to
nitrite. In the particular case of highly ammonilmaded wastewater like landfill leachate, the
ammonium and nitrite concentrations inside a plantitaitation reactor can be very high. This
turns to be an operational problem, since AOB camlbo inhibited by the unionised forms of
their substrate and product, Blldnd HNQ (as detailed in the previous chapter and widely
described by other authors such as Anthoneteal, 1976; Wiesmann, 1994; Vadiveét al,
2007; Van Hulleet al, 2007). Partial nitritation systems have beenresttely used to treat
sludge digester supernatants (Hellingaal, 1998; Fuxet al, 2002; among others) with
ammonium concentrations between 500 and 1,500 mlgN-Nl. Nevertheless, inhibition can
be a critical issue when dealing with landfill late, which can present concentrations up to
6,000 mg N-NH"-L™* (Kurniawanet al, 2006). In light of this, any reduction in totatrogen
concentration inside the partial nitritation reactoust be seen as an opportunity to reduce
inhibition factors. Despite the low levels of bigdadable organic matter available in the
leachate, the inclusion of anoxic phases duringféeeling events may help to reduce the
nitrogen content by heterotrophic denitrificatiora wnitrite, and diminishing inhibition over
AOB.

Finally, several studies (Wett and Rauch, 2003;s@aolaet al., 2007) have suggested that
bicarbonate substrate limitation can reduce AOB/iggtat quite high concentrations. This is in
contradiction to the results obtained in the prasichapter. However, these results are subject
to uncertainty due to the determination of twoealéint parameters using the same data set.

5.2 Objectives

The primary aim of this section is to demonstrdte feasibility of treating urban landfill
leachate with extremely high ammonium concentrati@p to 5,000 mg N-NH-L™) by means
of a 250L pilot-scale partial nitritation-sequergcimatch reactor (PN-SBR), as a step prior to an
anammox reactor. Specifically, the study seeksctieae the stable production of a suitable
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mixture of ammonium and nitrite, and to demonstthgeviability of long-term nitrite build-up

in a biomass retention system. This study alsodeswn harnessing the low levels of available
biodegradable organic matter for denitrificationrgmses. The assessment of the process
performance has been also defined as one of thés gufathis chapter. Finally, the
characterisation of the microbial populations iweal in the aerobic processes of N-compound
oxidation (AOB and NOB) by DNA-based molecular teicjues and kinetic batch studies has
been performed to attain a better understandinigeopartial nitritation process.

5.3 Materials and methods

5.3.1 Experimental set-up

5.3.1.1 250L PN-SBR pilot plant
This study was conducted in a PN-SBR pilot plaotated inside a container to allow

transportation. The set-up was placed outside theulfy of Sciences of the University of
Girona so that analytical monitoring could be aairbut in the Laboratory of Chemical and
Environmental Engineering (LEQUIA) facilities. Unbdandfill leachate was provided from the
Corsa uban landfill site by 1,000L cubicontainéwsated outside the facility. Effluent from the
treatment was also stored using empty cubicontsider outside view of the experimental set-
up is depicted in Figure 5.1.

Figure 5.1Exterior view of the pilot plant

The pilot plant was composed of a reactor, a stotagk and a control panel. A scheme of the
pilot-plant is presented in Figure 5.2, while Fig:3 provides a detailed view of the main parts
of the plant.
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Figure 5.2.Scheme of the pilot-scale set-up

Figure 5.3.Pilot-scale set-up. a) Reactor; b) Storage taniGarjtrol panel

The reactor, constructed of stainless steel, hsguare-base shape, with a side-length of 0.6m
and a height of 1.1m (an effective volume of 250t was operated between a minimum and
maximum volume of 111 and 165 litres respectiv@lye reactor was water jacketed, allowing
temperature control by means of a thermostatedrvisatidh. A complete mixture was achieved
by means of a mechanical stirrer, and aeration eaased out using air diffusers (Magnum,
from OTT System GmbH & Co.) located at the bottdnthe reactor. Raw leachate was stored
in a 300 litre storage tank prior to treatment, andplied to the reactor from the top. The pilot
plant was also equipped with a monitoring and adrdystem. On-line data provided by pH,
ORP, DO, and temperature probes (CPF 81, CPF 8DaMMAX-W COS-41 from Endress-
Hauser) were acquired by means of interface cafiSl-{711 and PCLD-8710 from
Advantech) and by our own software, which was deyed using Lab-Vielk Program
commands were transmitted to the pilot plant throagother interface card (PCI-885 from
Advantech) and a relays output board, which coletiothe on/off switch of all electrical
devices and thus allowed the repetition of a prestipdefined operational cycle.
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5.3.1.2 Batch reactors
The batch reactors (BIOSTAT B PLUS-SARTORIUS AG)g(Fe 5.4) were two cylindrical

glass vessels of 5L and 10L of maximum capacityeyTWwere jacketed to allow temperature

control, and were equipped with a mechanical stigeachieve ideal mixing. The vessels were
provided with pH, DO, ORP and T probes. The setwese monitored by control units which

allowed the stirring velocity, maximum and minimyh, DO level, and temperature of the
mixed liquor to be controlled. The system was suped by software which enabled acquiring
on-line data.

Figure 5.4Batch reactors

5.3.2 Operational conditions

Temperature in the reactor was maintained at 36+4A@ dissolved oxygen (DO) was
controlled at a set-point concentration of 2 mygeduring the aerobic reaction phases. The pH
was kept below a maximum set-point value of 8 tghothe addition of hydrochloric acid (1
M).

The reactor was operated according to an anoxmbaeistep-feed strategy (DN/PN; Figure
5.5). In contrast to the lab-scale experimentsdla @cle was used because of the elevated
ammonium concentration, the high pH and the teethtimitations. The cycle consisted of 14
feeding events under anoxic conditions (the volawah#ed per feeding ranged between 0.21 and
3.86L), homogeneously distributed over a total tieacphase of 1,400 minutes. The cycle
could therefore be divided into 14 identical sulsleg of 100 minutes, each consisting of 15
minutes of anoxic phase (feeding between minutes 44) followed by 85 minutes of aerobic
reaction. The cycle ended with a 20-minute setttihgse followed by 20 minutes of draw.
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Figure 5.5Scheme of the anoxic-aerobic step-feed strateghe cgsign

5.3.3 Urban landfill leachate

The raw leachate used in this study came from trsaCurban landfill site (41° 6' 28" N, 1° 7'
4" E; Reus, Catalonia, Spain), supplied in 1,000hicontainers. This wastewater varied greatly
in its composition during the study. The conceitratange and mean values of the principal
chemical compounds are summarised in Table 5.1.

Table 5.1Urban landfill leachate characterisation

Compound Units Range Mean o
Ammonium, NH mg N-NH,"- L™ 2,237 — 4,938 3,772 £ 956
Nitrite, NO, mg N-NO, L™ 00-1.2 0.2+0.5
Nitrate, NG mg N-NQ; L™ 0.0-8.0 1.4+3.2
Alkalinity mg HCO; -L*! 2,059 — 11,223 8,638 + 3314
Total Kjeldahl Nitrogen, TKN mg N-L 2,494 — 5,540 4,058 + 987
Chemical Oxygen Demand, COD mg-D' 2,480 — 7,040 4,357 + 692
Biological Oxygen Demand, BOQD mg O-L" 230 — 1,025 810 + 278
Total Organic Carbon, TOC mg C'L 1,509 — 2,420 1,946 + 457
Inorganic Carbon, IC mg CL 1,336 — 1,904 1,571 + 296
Conductivity, EC uS-cm' 60,600 — 70,500 68,065 + 1,863
pH - 7.48 — 8.56 8.11+£0.20

5.3.4 Pilot-plant operation methodology

The SBR was inoculated with a mixture of nitrifyistudge from the Sils-Vidreres municipal
WWTP (41° 47' 58" N, 2° 45' 7" E; Catalonia, Spaar)d the Oris urban landfill leachate
treatment plant (42° 03' 28" N, 2° 14' 15" E; Cadgd, Spain). After a brief start-up, the PN-
SBR was operated under a DN/PN strategy (Figure 5.5

Influent and effluent periodic samples (2-3 per kyewere taken for Ni, NQ,, TKN,
alkalinity, COD, TOC, IC and EC determination. Witkigards to suspended solids, influent,
effluent and reactor TSS and VSS were also analsgdimes per week. BOD analyses were
usually performed twice a month.

OUR and OC were calculated from on-line data, atingrto the methodology described in 3.4
and 3.5.
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5.3.5 Molecular analyses

Different molecular techniques to characterisemtiigrobial community were used in this study.
All these techniques, except for the FISH analysese carried out with the help of the
Laboratory of Molecular Microbial Ecology of the WWarsity of Girona.

5.3.5.1 FISH analyses
Periodically, sludge samples were taken from thaectar for further fluorescenin situ

hibridization (FISH) analysis. This technique wasfprmed following the procedure described
in Amann (1995). Samples were fixed and stored poidthe analysis. £y5labelled EUBMIX
probe was used to target the entire bacterial camtgyuwhile specific probes labelled with
Fluos andCy3 were used to target ammonium and nitrite oxididiagteria (AOB and NOB)
respectively. The probed sludge was self-examingidgua Leica confocal laser scanning
microscope from the Autonomous University of Baoogl. The area containing specific
labelled probe cellsQy3 and Fluog was quantified as a percentage of the total hacte
corresponding to the area labelled with EUBMIRyE). The probes used in this study are
summarised in Table 5.2.

Table 5.20ligonucleotide probes used in this thesis

%

Probe name Sequence (5'-3) Specificity Formamide Reference
EUB338 GCTGCCTCCCGTAGGAGT Eubacteria 0-80 Amahal. (1990)
:§: EUB338II GCAGCCACCCGTAGGTGT  Planctomyce$ranch 0-80 Daimet al. (1999)
@ EUB338IlI GCTGCCACCCGTAGGTGT Verrucomicrobia 0-80 Daimset al. (1999)

Ammonia oxidising
NSO190 TCCCCGCCTAAAGGGCTT ) 40 Mobarryet al. (1996)
B-proteobacteria

OB

< Ammonia oxidising

NS0O1225 CGCCATTGTATTACGTGTGA ) 35 Mobarryet al. (1996)
B-proteobacteria
NIT3 CCTGTGCTCCATGCTCCG Nitrobacter 40 Wagneet al. (1996)
Nitrospira-like .
Ntspa662 GGAATTCCGCGCTCCTCT ) 35 Daimset al. (2001)
organisms
o) To be used with
z compNIT3 CCTGTGCTCCAGGCTCCG NIT3 - Wagneret al. (1996)
To be used with .
compNtspa663 GGAATTCCGCTCTCCTCT - Daimset al. (2001)
Ntspa662

5.3.5.2 Community assessment by molecular techniques
Sludge samples from the reactor were screenedgéssashe composition and evolution of AOB

and NOB populations. Different molecular techniguese needed to reach this goal, and the
complete procedure is briefly described next.
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DNA isolation
DNA was isolated from the samples using a DNea®p®I& Tissue commercial kit (Qiagen,

Venlo, The Netherlands) in accordance with the rfasturer’s instructions for gram-negative
microorganisms. The DNA isolation efficiency wasified in a 0.8% (w/v) electrophoresis gel.

Polymerase Chain Reaction (PCR)
Different combinations of primer sets were usedobdain DNA amplification from all the

organisms tagged in the aims of the study. AOB [d@dB populations were searched through
the amplification of the 16S rDNA operon with sgecprimer sets, gathered in Table 5.3.

Table 5.3Forward and reverse primers used to amplify thenrbacterial groups in the PN-SBR.

Primer Specificity Sequence (5’-3’) Reference
CTO 189F A/B AOB GGAGRAAAGCAGGGGATCG
CTO 189F C AOB GGAGGAAAGTAGGGGATCG Kowalchuket al. (1997)
CTO 654R AOB CTAGCYTTGTAGTTTCAAACGC
FGPS 872F  Nitrobacter = CTAAAACTCAAAGGAATTGA

) Degrange and Bardin (1995)
FGPS 1269R  Nitrobacter TTTTTTGAGATTTGCTAG

NSR 1113F Nitrospira CCTGCTTTCAGTTGCTACCG
NSR 1264R Nitrospira GTTTGCAGCGCTTTGTACCG

Dionisi et al. (2002)

1 CTO189F is a 2:1 mixture of CTO189F A/B and CTO189F C

All the PCR analyses were carried out with the R&8grams described in their respective
references. 16S rDNA sequences were amplifiedGereAmp PCR system 2700 thermocycler
(Applied Biosystems, Perkin-Emer, CA, USA). Theaté&n volumes were 50 L, and each
reaction contained 0.8 mM premixed dNTPs (GeneAmpplied Biosystems, Warrington,
UK), 1.5 mM MgCl, 1 U Taq polymerase (Applied Biosystems, WarringtoK) and 5X
buffer, plus the respective primers at 0.5 pM.

Cloning, sequencing and identification
The cloning procedure was performed when diffel2NA sequences were amplified in the

same PCR product, making necessary to separate fbensuccessful sequencing and
identification. To this end, the different PCR puots were ligated to pGEM Teasy vectors
(Promega) and transformed into TopE@cherichia colicells following the manufacturer’s
instructions. The vectors were then isolated fi&ntoli colonies growing in LB + Ampicillin
medium using the Ultraclean 6 minute Mini Plasmigé@PKit (MoBio). This procedure was
only necessary for DNA amplifications performedhw€TO primers. PCR products obtained
with Nitrobacter and Nitrospira primer sets were sequenced directly, since onlsingle
phylotype was detected from their respective PARS rDNA fragments were sequenced by
Macrogen (Seoul Korea), and the partial sequenegs wsompared with the National Center for
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Biotechnology Information (NCBI) database using BI&ASTn algorithm tool (Altschuét al,
1990) to identify their closest relatives. The pree of chimeras was checked using the
Bellerophon tool from the Greengenes website (wweeggenes.lbl.gov).

5.3.6 Batch experiments

Batch experiments were performed to complement rtlierobial characterisation of the
bacterial populations and acquire more in-depthMedge of the impact of different factors on
them. Prior to each experiment, a mixed liquor wdigfrom the sludge was taken and pre-
conditioned by washing it three times with tap watkereby acclimating it to the temperature
and oxygen conditions of the experiment.

5.3.6.1 Bicarbonate substrate limitation
The aim of these experiments was to determinedleeaf bicarbonate in process performance,

specially focusing on possible substrate limitatibhe studies were conducted with a 5L batch
reactor at 35°C, using sludge from the PN-SBR qulant. Dissolved oxygen was kept above 3
mg-L* by a PID controller to avoid oxygen limitation,capH was controlled at a set-point of
7.2 by the addition of NaOH or HCI (1M).

Once the sludge had been acclimated to the batoditmms, a pulse of ammonium and
bicarbonate was dosed to achieve initial conceatratof 200 mgN-Ng-L™* and 120 mgC-t
respectively. A micronutrient solution and phosghhtffer were also provided to avoid any
growth limitation. The evolution of the main chealicompounds was assessed by intensive
sampling and monitoring of the concentrations of,NIO,, NO; and IC. The concentration
of bicarbonate was calculated based on the carocla¢mical equilibrium, according to
Section 3.3. The speciation curves at 35°C arectibin Figure 5.6.

1.0

0.8

0.6

= H,CO, (CO,)
0.4 —— HCO;

Speciation

0.2

0.0 -

pH

Figure 5.6 Carbonate chemical equilibrium speciation
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5.3.6.2 Temperature and free ammonia
These experiments focused on assessing the imp&aieoammonia, and temperature on the

AOB population of PN-SBR sludge. The studies wearadticted on a 5L batch reactor using
sludge from the industrial PN-SBR, at different paratures and initial ammonium
concentrations. In addition, experiments were glsdormed for sludge from a conventional
WWTP (non-acclimated sludge) in order to compare thsults. In all the experiments,
dissolved oxygen was kept above 3 mgth avoid oxygen limitation, and pH was controlkd
7.2 by means of NaHGr HCI (1M). The complete set of experiments isimarised in Table
5.4.

Table 5.4Summary of batch experiments

Sludge Temperature Initial NH 4" concentration Initial FA concentration

(°C) (mg N-L?) (mg N-L™)

35 200 3.53
35 2,000 35.31

: 25 200 1.78
Acclimated 25 2,000 17.85
15 200 0.86

15 2,000 8.56

35 200 3.53
35 2,000 35.31

: 25 200 1.78
Non-acclimated >c 2.000 17 85
15 200 0.86

15 2,000 8.56

The amount of ammonium needed to achieve the desiittal concentration was spiked at the
beginning of each experiment, together with bicagte (an initial concentration equal to 100
mgC-L"), a micronutrient solution and phosphate buffécaBbonate substrate limitation was
avoided by the NaHC{dosage by pH control. The evolution of the maiaroltal compounds
was assessed by a sampling campaign, monitoringaheentration of N, NO,, NO;” and
IC.

5.4 Results and discussion

A suitable nitrite-to-ammonium ratio in the influeof around 1.32 is crucial for the proper
operation of an anammox reactor. Experiments wergucted in an industrial-scale PN-SBR
to achieve the desired conversion, and to highltgbt keys to this proper operation. In the
previous chapter, the step-feed strategy was préwdre a good cycle design for achieving
stable partial nitritation, as well as for allowiagccessful organic matter removal under aerobic
conditions. Nevertheless, because of the high gétmoconcentrations and the biodegradable
organic matter present in the influent, anoxic psawere included during feeding events to
promote heterotrophic denitrification. The dimireshtotal nitrogen inside the reactor could
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then reduce the nitrogen load applied to the anammactor and inhibition over AOB, thus
improving process performance and stability. ltiddde noted, moreover, that organic matter
removal under anoxic conditions may lead to a reédadén energy consumption by aeration.

5.4.1 PN-SBR operation

The pilot-scale PN-SBR reactor was inoculated witidge from the Sils-Vidreres WWTP and
the Oris urban landfill leachate treatment planids directly fed with landfill leachate and was
successfully operated for 450 days, according t@reoxic-aerobic step-feed strategy (Figure
5.5), treating this wastewater. Figure 5.7 showes itifluent ammonium concentration and
nitrogen loading rate (NLR; Figure 5.7a), the etiolu of effluent nitrogen compounds (Figure
5.7b) and the bicarbonate supplied in the inflummd effluent of the reactor (Figure 5.7c).
Furthermore, the theoretical stoichiometric bicawdite requirements to produce 1.32 moles of
nitrite per mole of ammonium, calculated based e nitritation stoichiometry (Eq. 1.5) and
the influent ammonium concentration, are also degdién Figure 5.7c. It should be noted that
the graph has been divided into three sectionsegsponding to the different operational stages,
based on the bicarbonate dosage.

As depicted in Figure 5.7a, for the first 23 dalye teactor was initially fed with a leachate
containing about 5,000 mgN-NHL™, and was operated at a NLR of between 0.6 and 0.8
kgN-m*-d*. Nitrite build-up started to take place in theteps, and reached concentrations
around 1,200 mgN-NOL™" in the effluent. Significant ammonium accumulationcurred
during these first few days, with ammonium concatiitns of up to 3,800 mgN-NH The low
nitrite conversion was a consequence of a shom@gdkalinity in the influent. From Figure
5.7c it can be seen that the bicarbonate suppligtia system by the influent (about 11,000
mgHCOQO;-L™") was much lower than the theoretical stoichioroagtuirements.

On day 24 the influent ammonium concentration distied to 4,000 mgN-NF-L? due to a
change in the leachate supplied. However, procedermance was not significantly enhanced.
The elevated ammonium levels coupled with the lgh(around 8) led to process inhibition
caused by free ammonia (concentrations up to 350-Migs-L™), and feeding had to be
stopped on day 34. Because of these severe corgitibwas decided to dilute the reactor
content with tap water in order to facilitate presegerformance recovery. Ammonium and
nitrite concentrations were decreased to 850 afidr2gN-L*, respectively. Feeding was re-
started on day 48 with a NLR of 0.3 kgN%m', but the NH" concentration started to rise
sharply again.

To reduce ammonium accumulation and bring the é@x@etal nitrite-to-ammonium effluent

molar ratio to the desired 1.32, it was decideddag 59 to enhance the conversion by the
addition of external alkalinity (Period Il). To thend, a bicarbonate dosage (NaH@®M)
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was implemented, based on a pH control. This additias made when the pH decreased below
a set-point value of 7.2.
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Figure 5.7 Evolution of the PN-SBR. a) Influent ammonium camication and NLR; b) Effluent nitrogen
compounds

This control led to an increase in the HC8upplied, but with a fluctuating behaviour pattern
(Figure 5.7¢). As a consequence, nitrite buildugréased substantially, resulting in an effluent
with 1,789 mgN-NG@-L™ and 1,599 mg N-Ni-L™* on day 73. Under these conditions, the
system’s performance was still fairly unstable. @ay 110 the influent ammonium
concentration fell to 2,500 mgN-NHL" due to a change in the leachate supplied. On
subsequent days, the nitrite concentration remaandmtween 1,200 and 1,600 mgN-ND",
while ammonium concentration was from 1,000 to @,8@yN-NH,"-L™. Nevertheless, on day
195, ammonium concentration in the influent inceehagain to 5,000 mgN-NHL™ (NLR of
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1.5 kgN-n?-d?), and ammonium started to accumulate becausetiieot system was unable to
supply enough bicarbonate (Figure 4.7c), finallgcléng ammonium concentrations of over
3,000 mgN-NH"-L™.

To overcome this situation, solid bicarbonate sthrto be added to the pre-treatment tank
(Period Ill). The amount of bicarbonate added walsutated on the basis of the stoichiometric
requirements for achieving a suitable effluentéed an anammox reactor. During Period I,
the minimum pH was also controlled by the bicarltersolution dosage, and as a result, the
bicarbonate supplied to the system got very closke stoichiometric. Thus, during the last 200
days of the period, the production of an influenitable to feed an anammox reactor was
reached, despite the variations on the influent.m®mium and nitrite concentrations in the
effluent were about 1,800 mgN-NHL? and 2,600 mgN-N© L™ respectively, and with the
NO, to NH," ratio approaching the desired value of 1.32. Qyuthis period, the system was
operated at NLR higher than 0.75 kgN-d, reaching a maximum of 1.25 kgN®mu™*.

Finally, it is important to note that no signific¢amitrate production was detected during the
whole 450-day period, except for at the beginnifithe start-up. N@ concentration throughout
the study was always below 25 mgN-NO™. It should also be pointed out that all the
bicarbonate supplied was eliminated from the systertne three periods, since the very low
effluent concentrations.

All biodegradable organic matter needs to be remhdrethe partial nitritation step to avoid
operational problems in an anammox reactor. FiguBeshows the organic matter evolution of
both influent and effluent in terms of TOC valuesl aemoval percentage.
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Figure 5.8 Evolution of influent and effluent TOC, and thergentage of TOC removed
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The raw leachate had influent TOC concentrationsaafund 1,500-3,000 mgC*L The
biodegradable fraction of this organic matter wamaved in the PN-SBR process (either
aerobically or anoxically). Except for the periodsith operational problems, TOC
concentrations in the effluent were higher than016@C-L* throughout the study. This means
that less than 50% of the TOC was removed in tlsgegy, which shows the high inert organic
matter fraction of the raw leachate. This was caméd by a mean BQ[o COD ratio of 0.32

in the raw leachate and a soluble B@iDzero in the effluent.

Next, Figure 5.9 shows the evolution of TSS and ¢88centrations in the reactor and in the
effluent of the PN-SBR.
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Figure 5.9Evolution of TSS and VSS concentrations. a) ReabipEffluent

During Period I, the amount of TSS and VSS in theeoh liquor decreased sharply due to low
process conversion and the dilution to avoid irtohi problems. In contrast, effluent SS
(Figure 5.9b) remained quite stable and at very hglues (around 375 mgTSS-land 250
mgVSS-L* respectively). However, the addition of bicarbenat the system, which enhanced
process performance, supposed a stabilisatioreadntiount of TSS in the reactor at around 800
mgTSS-L, with peaks up to 1,100 mgTSS:LThe ratio between VSS and TSS in the reactor
was around 75% and the effluent remained at itsaédel values, reaching peaks of 700
mgTSS:[* (450 mgVSS-L).
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From these results it can be clearly concludedttitmamount of biomass retained in the reactor
was enough to achieve the desired conversion, téetbg elevated concentrations of suspended
solids drawn by the outflow. This loss of solidsynt#e linked to deficient settling, probably
associated with the high conductivity of leachafevéys higher than 60,00(-cm") as pointed
out by Wuet al. (2008). An increase in settling characteristicy mappose an increase in the
MLSS, which could allow the treatment of higher NaRd/or a reduction in the cycle duration.

Due to significant variations in the raw leachatex@nium concentration, the inflow of the PN-
SBR had to be adjusted to keep the nitrogen loadag (NLR) close to -but below- the
maximum nitrifying capacity of the system to avdichding shocks. This caused significant
hydraulic retention time (HRT) fluctuations, rangifrom 3 to 6 days. Under these conditions
the sludge retention time (SRT) was not a controdigstem parameter, but could be calculated
based on reactor MLSS and effluent suspended smitsentrations, according to Equation 4.1.
The evolution of reactor SRT is depicted in FighrE0.

[l I [ m ]
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SRT (d)
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Time (days)
Figure 5.10Sludge age evolution during the experiment

As can be seen from the plot, the SRT of the redtiotuated throughout the study, in the
range 3.1 to 12 days. The average SRT value wdsi6234 days. Finally, it is important to
note that only 82.6% of this SRT was under aerggaction conditions.

5.4.2 Assessment of the process performance

Various tools for the assessment of process pediocewere proposed in the previous chapter.
In this section their utility is verified by thedpplication at pilot scale and, due to changes on
the operational mode (alternation of aerobic andxi@nphases), new aspects have been

evaluated.
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5.4.2.1 Influent bicarbonate to ammonium molar ratio
As previously observed, process performance isettoelated to the alkalinity/bicarbonate

availability. Accordingly, the monitoring of the HIG:NH," influent molar ratio may allow the
process conversion to be predicted, and the outocmintbe system could be controlled by

adjusting this ratio.

Figure 5.11 shows the evolution of the HCBH," influent molar ratio (Figure 5.11a) and the
NO,:NH," effluent molar ratio (Figure 5.11b). It should heted that the bicarbonate supplied
by the pH control has also been taken up in theutation. The required HGONH," influent
and desired NQNH," effluent molar ratios have been depicted in dofttedzontal lines.
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Figure 5.11a) Evolution of the HC@:NH," influent molar ratio; b) Evolution of the NONH," effluent
molar ratio

During Period |, the influent had HGONH," molar ratios around 0.6, which led to effluent
molar ratios between 0.18 and 0.41, a long way ftbenstoichiometric requirements of the
further anammox process (a N®IH,” molar ratio of 1.32). The external NaHEC@osage
during Period Il resulted in an increase in the H@®," influent molar ratio, which
manifested in an increased nitrite to ammoniumuefit molar ratio. However, the dosage
strategy also induced significant fluctuations, hwivalues ranging from 0.3 to 3.7.
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Preconditioning the influent with solid NaHG@ddition (Period IIl) provided a more stable
HCO;:NH," influent molar ratio; this kept the effluent molatio within a suitable range over
the 200 days, at between 1 and 1.5 moles of & mole of NH', with peaks of up to 2. It
should be mentioned that the denitrification precesght have slightly affected the NQo
NH," effluent molar ratio.

With the aim of further evaluating reactor perfornoe, a data subset was selected whereby the
reactor operated under stable conditions. Figud Shows the experimental nitrite to
ammonium effluent molar ratio versus the influeittabbonate to ammonium molar ratio. The
theoretical effluent NQ.NH," molar ratio was calculated based on the AOB sioibtry
(Equation 1.5), and is shown in a dashed red Tihe.ideal effluent molar ratio (1.32), together
with the stoichiometric bicarbonate to ammoniuniuent molar ratio (1.14) are also depicted,

in grey lines.
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As can be seen in the figure, the experimentallted quite well with the stoichiometric
curve, which validates bicarbonate as the key tatrotling the conversion of ammonium to
nitrite. Deviations from theoretical behaviour lretexperiment provided information about the
process performance and the ongoing phenomena. Waegifluent molar ratio was lower than
the theoretical, this can be attributed to a bideed to the heterotrophic denitrification process
and/or bicarbonate loss by €6tripping. On the other hand, a higher than thewdeeffluent
molar ratio could be related to ammonium removahfrthe system due to NHbtripping.
Additional inorganic carbon coming from the elimiloa of organic matter may also allow a
higher conversion. Nevertheless, this depends @theh IC is produced as GOr HCGy.
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5.4.2.2 Heterotrophic denitritation
The nitrogen balance and organic matter removalr @veeriod of stable operation were

assessed to estimate the amount of nitrogen rentbgvdenitritation (Figure 5.13). Based on
this stability requirement, the assessment was ttetwween days 145 and 335 (Periods Il and
), ignoring all data biased due to influent comsfiion changes. The theoretical amount of
COD necessary for denitrification was calculated atotted, based on Tchobanoglatsal.
(2003), obtaining a theoretical ratio of 1.97 gCP& gN-NQ'. Results are depicted in Figure
5.13b.

The average amount of nitrogen eliminated in thetesy was about 200-250 mg N:LAs can
be observed in Figure 5.13a, 15 to 20% of the amtwnitrogen was removed by heterotrophic
denitritation between days 145 and 225 (Perioddéglining to 5% over the next 110 days
(Period I11).
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Figure 5.13Denitrification assessment. a) Evolution of thecpatage of nitrogen denitrified; b)
Evolution of the percentage of COD removed fromrdeector, along with the theoretical amount of COD
necessary to achieve the denitritation

Figure 5.13b presents the amount of COD eliminatedspect to the total organic matter in the
influent. The COD removed from the system over #899-day period was about 25 to 30%.
During Period II, more than half of the biodegrdealmrganic matter was used for
denitrification purposes; this value fell sharplyléss than 10% in Period Ill. It is important to
point out that denitrification performance declinglden solid bicarbonate began to be dosed in
the influent (day 220). This external bicarbonatsate conducted to a higher conversion,
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which meant that nitrite concentration in the systbecame more elevated. Inhibition of
heterotrophic bacteria by FNA has been reporteddoye authors (Abeling and Seyfried, 1992;
Glasset al, 1997). Accordingly, the denitrification efficieptias been plotted together with the
evolution of the maximum FNA in the cycle, and thesults are shown in Figure 5.14.
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Figure 5.14Assessment of denitrification efficiency, togetheth the evolution of FNA levels

As can be observed, there is a high correlatiowdrt efficiency and the FNA levels. The
increase in the FNA may have led to a higher inloibiof the heterotrophic bacteria, resulting
in a decrease in organic matter removal. Neversgelrirther targeted experiments would be
needed to validate this hypothesis and quantifyrthibitory effects.

5.4.2.3 Cycle analysis: on-line parameters
In order to clearly understand the behaviour of ghstem, it is necessary to monitor on-line

parameters over the course of a cycle. To illustthis, Figure 5.15 shows the pH and DO
profiles over the anoxic-aerobic step-feed cycldaf 392 (DN/PN; Figure 5.5) in Period lll, as
well as the specific OUR.

The pH fluctuated from 7.2 to 7.9, increasing dgramoxic phases due to the high pH of the
influent leachate (around 8.2), coupled with ‘Qirbduction linked to a possible heterotrophic
denitritation process. The pH decrease was caugettheb proton production of ammonium
oxidation during the aerobic phases. Figure 5.1avs the DO profile. Oxygen levels were
always over 2 mg-Lexcept during anoxic phases, when they plummetedlties close to zero
due to the cessation of aeration. Oxygen consumptgs mainly due to the nitritation process,
as part of the organic matter was removed undexiaranditions. The specific OUR plot
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(Figure 5.15b) also shows an increase/decreasermpagimilar to the pH, with specific OUR
values ranging between 60 and 310 mg®@SS"-h'.
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Figure 5.15a) Evolution of pH and DO throughout the cyclealculated specific OURs

To further study the dynamics of these three patarsea specific aerobic-anoxic sub-cycle
(100 minutes out of the whole 1440 minute cyclesiewn in Figure 5.16. The graph is divided
into three sections: aerobic reaction (beige-dadred of the bar), anoxic reaction (green area of
the bar) and feeding in anoxic conditions (whitégsid area of the bar).

At the beginning of the reaction phase, pH valuesewaround 7.7-7.8. During the aerobic
reaction phase they declined to 7.2 due to protodyztion linked to AOB activity. At minute
305, pH increased sharply during the feeding epartly because of the high pH of the influent
(about 8.2), but also due to the Oebntribution of the denitritation process. Conaegnthe
specific OUR, this was initially about 260 mg@vSS"-h*, increasing to 300 mg@yVSSs'-h*
after only 20 minutes of aeration. From this paint it decreased slightly up to the end of the
aerobic phase. At the beginning of the anoxic pl{agaute 300), the DO concentration was
still around 5 mg@L™, which meant that aerobic reactions could contiiteminute 304 the
feeding event started, with raw leachate being leeghgo the PN-SBR. This contribution
induced an initial increase in specific OUR valuesl the DO declined to values near zero. By
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minute 312 the oxygen had been completely depletedthe strict anoxic conditions necessary
for denitrification process had been reached. Nbedrss, the presence of available oxygen
during part of the anoxic feeding period enabletblaie consumption of the biodegradable
organic matter supplied in the influent, which neeqplain the poor denitrification performance.
Denitritation could be then enhanced by extendimg @anoxic periods before and after the
feeding events. The optimisation of the DO contnaly also help to improve the denitrification
process. Nevertheless, the inhibition of denitrifybacteria by FNA cannot be discarded as a
possible cause for such an underperformance, amdime as an open issue for further
investigations.
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Figure 5.16 Specific oxygen uptake rates (OURSs), dissolvedyery(DO) and pH, from minutes 215 to
315 of a 1440 minute cycle

Finally, it is important to point out the closeagbnship between pH and specific OURs, since
both parameters declined following exactly the sameed. It could be thought that pH directly
governs AOB activity. The relationship between tlie parameters could be also explained by
the progressive inhibition of AOB by FNA (Vadivett al, 2007; Van Hulleet al, 2007),
because of the increase in its concentration du¢ghé¢opH decline. The low bicarbonate
concentrations in the mixed liquor may also conted to this reduction in activity. On the one
hand, such low concentrations might allow a fagemrease in pH. On the other, they could also
have caused a reduction in growth due to a subdiraitation (as reported in Guisas@aal.,
2007 or Wett and Rauch, 2003). Further studieneeeled to clarify this issue.
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5.4.2.4 Oxygen consumption
In the previous chapter the close relationship betwthe nitrite production rate (NPR) and the

oxygen consumed (OC) was experimentally demonstrdteis relationship was validated by

the pilot-scale PN-SBR, and was used for the assagsof process performance. Figure 5.17
depicts the evolution of OC and NPR during the wtidbte that data from day 415 to 450 is
missing due to a problem with the data acquisition.
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Figure 5.170xygen consumption (OC) and nitrite production (MER)

As shown in Figure 5.17, a very good fitting wasafeed for the majority of the data set,
although OC values from days 300 to 360 are shghijher than should theoretically be the
case. Taking into account the poor denitrificatpmrformance during this period (see Figure
5.13b), such deviation could be attributed to aierolganic matter degradation.

On a theoretical basis, about 3.43 mg of oxygercansumed per mg of ammonium oxidised to
nitrite. Higher ratios may be linked to other oxggeonsumption processes (i.e. heterotrophic
organic matter oxidation, aerobic endogenous rapir processes etc). Accordingly, OC was
plotted against the NPR in order to assess thishétmnetric relationship (see Figure 5.18).

As can be seen from the graph, there is good agmeebetween the experimental data and the
stoichiometry. In general, oxygen consumptions gightly higher than the stoichiometry,
reassuring the aerobic heterotrophic organic mat@moval. There exist also a few
experimental points which are under the stoichioimetonsumption. Such behaviour may be
attributed to biases on the NPR and OC calculations
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Figure 5.18 0xygen consumption (OC) versus nitrite productiate (NPR)

These results validate OC as a tool for on-line@ss performance assessment, being specially
suited for systems treating wastewater with lonwdbgradable organic matter content.

5.4.3 Characterisation of AOB and NOB populations

Another important issue in view of further applioatof this technology is the acquisition of a
better understanding of the bacterial community poesible for the biochemical
transformations. To this end, efforts were madeidentify and evaluate the bacterial
community, as well as their kinetic characterigatio

5.4.3.1 Bacterial community characterisation by molecular echnigues
One of the aims of this study was to identify thigial AOB and NOB populations and analyse

their evolution over the course of a long-term agien. Given the high ammonium and nitrite
concentrations in the bulk media (both higher th&®0 mgN-[%), the elevated salinity (always
above 60,00QS-cm') and high temperature (36°C), identifying the A@&pable of resisting
such extreme conditions would represent an impbaorobiological feature with potential
environmental implications. Given the low level mifrate production during the study, the
microbial community analysis was also intended étednine whether or not NOB organisms
were present in the community after long-term opena With these purposes, five samples
were collected and their genomic DNA was isolated processed. RO was an aliquot from the
initial sample from the mixture of nitrifying sludg used to inoculate the reactor, while R192,
R288, R415 and R450 were obtained from the PN-SB& 492, 288, 415 and 450 days
respectively.
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All DNA isolations were screened by PCR using défg combinations of primers, each of
them specific to a bacterial group. Positive PCRoliioations with the CTO primer sets
confirmed the presence of AOB throughout the emtioeking period. Based on these results,
only RO and R450 were cloned since no changes eeteeted between days 192 and 450 (data
not shown). 16S rDNA sequences obtained from treniny procedure showed a high
homology with known uncultured bacteria phylotypal$of them related tdlitrosomonasdike
species. Phylotypes detected in RO were groupedfive organism taxonomic units (OTUS),
while all R450 sequences clustered together in@he (OTU 5), which arose as dominant in
the reactor (Table 5.5). This OTU showed a highilanity (98-99%) with Nitrosomonassp.
IWT514, which was therefore positively selectedtbg severe operational conditions in the
reactor.

Table 5.5Summary of NCBI closest relatives of the OTUs dietgérom CTO primer set amplification

OoTU Closest BLASTn phylotype NCBI accession number % phylotypes
oTU 1 Uncul'ﬁ‘gZ‘i_lr’s_%eZ”r‘:iT clone gil161367780|gb|EU267435.1] 27
OTU 2 Nitrosomonas sp. 1s32 0i|40994846|emb|AJ621027.1| 27
RO OTU 3 Uncultured bacterium clone S_1 0i[121592404|gb|EF175894.1| 20
oTuU 4 Uncultured bacterium clone 58 0i|89348071|gh|DQ413117.1| 10
OTU 5 Nitrosomonasp. IWT514 0i|13958147|gb|AF363293.1|AF363293 10
R450 OTUS5 Nitrosomonasp. IWT514 0i|13958147|gb|AF363293.1|AF363293 100

Despite the stable nitrite build-up over the loegmt, positive PCR amplifications were also
obtained for NOB in all the DNA isolations using F& (Nitrobacte) and NSR Nitrospira)
primer sets, which were chosen to search for the N®B groups in wastewater treatment
plants. Sequences faXitrobacter showed high homology witiNitrobacter winogradskyi
(99%), while Nitrospira sequences matched perfectly (100% homology) W#ndidatus
Nitrospira defluvii. All the sequences from eachpdifitation belonged to the same phylotype,
and no changes were detected between the inocutdntha reactor samples. It was initially
expected that such extreme conditions would comelyletemove NOB from the reactor.
However, results proved that baHitrobacter and Nitrospira were still present in the system
and coexisted after 450 days of operation, whighlaems the very low nitrate production level
(below 20 mgN-N@-L?) throughout the study (Figure 5.7). Finally itiisportant to note that
despite being strongly inhibited, changes in emnmental conditions may lead to the
development of NOB populations and the expressianitdte oxidation activity.

Once the different species involved in the prodess been identified, efforts were focused on
assessing their abundance. For this purpose, 8id tdchnique was used. A sample from day
450 was hybridised using different probes and amalywith a confocal laser scanning
microscope. Figure 5.19 shows two FISH images,esponding to a sample from day 450.
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Figure 5.19a depicts an image hybridised with eegdreubacteria probe (EUBMIX), a probe
labelling all AOB (NS0190) and a specific probe Mitrobacter (NIT3), while Figure 5.19b
shows the results of hybridisation with a genetdlaeteria probe (EUBMIX), a probe labelling
all AOB (NS0O1225) and a specific probe Nitrospira (Ntspa662).

Figure 5.19In situ hybridisation of PN-SBR sludge samples frday 450. a) probes EUBMIX (Cy5; in
blue), NSO190 (FLUOS; in red) and NIT3 (Cy3; ingng b) probes EUBMIX (Cy5; in blue), NSO1225
(FLUQS; in red) and Ntspa662 (Cy3; in green)

As can be seen in the pictures, the two AOB farpiigbes (NSO190 and NSO1225) yielded
similar results, pointing to an elevated enrichneAOB in the PN-SBR sludge. On the other
hand, any presence Nitrobacteror Nitrospira was visually undetectable.

In order to obtain an estimated quantification @B\enrichment, FISH images quantification
was performed from four different photos. The ressubxpressed as a percentage of the total
bacteria (EUBMIX), are summarised in Table 5.6. N@RBre considered as the sum of
NitrobacterandNitrospira.

Table 5.6Summary of FISH quantification on day 450
Range Average  Units
AOB 55.48-74.50 65.4+7.8 %
NOB 0.07-0.11 0.09+0.02 %

The results shown in the table corroborate théiniisual judgement. Thus, almost two out of

three bacteria present in the reactor correspotaléd®B, whereas NOB were present in very

low numbers (below 0.5%). The remaining bactemation, about 33%, was assumed to consist
of heterotrophic organisms growing on organic nmaftem the leachate and death products
from the decay processes.
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5.4.3.2 Kinetic characterisation of the bacterial community
Molecular techniques revealed the enrichment of libeterial community with one AOB

phylotype, although NOB organisms were still présenthe system, despite the severe
inhibitory conditions. Accordingly, batch experintenvere carried out to gain insight, mainly,
on the AOB kinetics. Studies were first focusedtmmassessment of possible AOB bicarbonate
limitation. Then, the short-term impact of temparatand free ammonia concentration on the
kinetics of not only AOB, but also NOB, were studlie

Bicarbonate substrate limitation

Batch experiments were performed to assess bicamosubstrate limitation on AOB,
according to the methodology previously describ8éction 5.3.6.1). Two replicas of the
experiment were carried out on different days. F@gh.20 depicts the evolution of nitrogen
compounds, as well as bicarbonate concentratianglthie batch experiments.
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Figure 5.20Bicarbonate limitation batch profiles at 35°C. &pkca 1; b) Replica 2
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As can be observed, in both batch experiments anummomas progressively converted to
nitrite, while no nitrate production was detectBdth graphs in Figure 5.20 depict a progressive
decline in nitrite production, together with bicanate depletion. Finally, the difference
between the reaction rates of the two replicas lshba noted; this may be attributed to the
much higher biomass concentration in Replica 2 thathe first batch. In addition, the AOB
enrichment of the sludge may also have led to tranain the results.

Under batch conditions, AOB activity may only bmiied by bicarbonate substrate limitation.
Therefore, the NPR observed (linked to bicarbor@tacentrations) may be related to the
maximum NPR by substrate limiting kinetic expreasim the previous chapter, a Monod-type
equation yielded a better fit with the experimertata than a Sigmoidal kinetic (proposed by
Wett and Rauch, 2003, and Guisaselaal, 2007). However, it is also important to keep in
mind the important uncertainty associated to tititd since FNA inhibition also contributed to
the reduction in activity.

In order to study bicarbonate substrate limitatioore deeply, the experimental data was fitted
to two kinetic expressions (Equations 5.1 and 5.2).

HCO;
NPR,;, = NPREY =a-0
kHco; + HCQO,
e((Hco;—kHCO_ )/a)
- . Eq. 5.2
NPR,, = NPRj ((HCO3 k. ,-)/2) ( i )
e B

The experimental data, as well as the adjustmethteofwo kinetic expressions to these data, are
depicted in Figure 5.21. The results of the adjesinare gathered in Table 5.7.
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Figure 5.21Experimental data and kinetic fitting
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Table 5.7Results of the adjustment of the two kinetic egpiens
Kinetic expression ¢ Kicos. [MgC-HCQy L]
Sigmoidal 0.9138 28.49+1.49

Monod 0.8517 134.28+53.21

From a visual point of view, as well as from thguatinent results, the Sigmoidal kinetic
yielded a much better fitting than the Monod expi@s. In this experiment, a bicarbonate half-
saturation constant of 28.5 mgC-H&@Q™ for AOB organisms was found, which is a long way
from the value determined in the previous chapber is more trustworthy, since it was
obtained from specifically targeted experiments.ohder to widen the perspective of the
analysis, this result is compared with that obtaibg other authors (see Table 5.8).

Table 5.8Comparison of different half-saturation constantshiicarbonate

Source Constant value Units
This study 28.5 mgC-HCQOL™
Wett and Rauch (2003) 50 mgC-HE@"
Guisasolat al. (2007) 13.32 mgC-HCOL™

As can be seen from the table, the bicarbonatesh#lfration constant obtained in this study is
lower than the one found by Wett and Rauch (2068)sdightly higher than the one determined
by Guisasolat al. (2007). Nevertheless, all three constants aresangar order of magnitude
and point to a significant growth-reduction efféoked to bicarbonate substrate limitation. It
must be emphasised that different AOB phylotypeg prasent different kinetic characteristics,
which could explain the differences between thestamits determined in each study.

Determination of the bicarbonate substrate linotattonstant may allow the results obtained in
the analysis of the inhibitory effect of FA, FNAYGHCQ limitation on AOB (Section 4.4.2)
to be reassessed. Once IC substrate limitatiomastiied, inhibition of FA and FNA may be
evaluated more properly. Nevertheless, it is algooirtant to take into account that this exercise
might be biased since the two experiments wereopedd for two different bacterial
communities, which could be composed by differdmflgtypes, and present different degrees
of AOB enrichment.

Therefore, results were recalculated to take intmant the findings of the specifically targeted
experiment for the assessment of bicarbonate suestimitation. The kinetic fitting was
redone, using the Sigmoidal kinetic and the haifhsdion constant value, and the results for
both adjustments are shown in Table 5.9.
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Table 5.9Results of the kinetic fitting obtained in Sectibd.2 and the new proposal

2 OUR max KiFa Ki Fna Krcos-

Kinetic model r mgOy Lt mgN-L? mgN-L*  mgC-L*

OUR,, =OUR k,_Z'iAFAk‘FNk;‘T‘}NAkHC:Sa;co; 09571 112.97+4.14 605.48+87.18  0.49+0.09 0.01%0.16

MO0 H 1)

OUR,, = OURy:- 2 e 0.9593 230.83+8.27 435.00+135.20 0.49+0.05 28.481.

Kien + FA K oy + FNA (590 e

As can be observed, results obtained using the @dghkinetic to model bicarbonate limitation
(setting the bicarbonate half-saturation constar8es mgC-HC@-L™?) are slightly different;
the maximum activity predicted is twice as hightlzat previously obtained (113 mgQ" vs.
231 mgQ-L™"). A lower value for the FA inhibition constant wastained, while the FNA
inhibition constant presented the same value. Btrbe mentioned that tlaevalue obtained for
this fitting was much higher (475.26) than thatadiéd in the specifically targeted experiment
(9.1849). Finally it is important to emphasise thesults are not comparable, since were
obtained for different kinetic expressions.

Temperature and free ammonia
Batch experiments were performed in the fermerdaetbree temperatures - 15, 25 and 35°C -

with the aim of evaluating the short-term impact tefnperature on the AOB and NOB
populations of the reactor, However, these stutas$ a double aim since also pretended to
assess the effects of free ammonia on the two t@cp®pulations, and its role as a substrate
and inhibitor. The experiments were carried ouhgital concentration of 200 and 2,000 mgN-
NH," L™ The batch studies mainly focused on sludge aettich to high ammonium
concentrations and temperature (acclimated sludg®; but non-acclimated sludge (NAC)
from a conventional WWTP was also used in the assHye experiments with non-acclimated
sludge were used to assess the behaviour of a NAlEferent characteristics, and examine its
differential response in comparison with PN-SBRlgki (acclimated sludge).

The experiments were conducted in accordance wighnethodology described in Section
5.3.6.2. Each batch was performed twice to getdata set replicas. As an example of the batch
results, the evolutions of ammonium, nitrite andlaté for the first replica are shown in Figure
5.22 as percentages. Figure 5.22a and Figure $@2éspond to acclimated sludge at the two
influent ammonium concentrations (200 mgN-KH™ and 2,000 mgN-NK-L™), while Figure
5.22c and Figure 5.22d relate to non-acclimatedgguFinally, the graphs distinguish between
temperatures (15, 25 and 35°C).
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Figure 5.22First batch replica. Evolution of the nitrogen caupds as percentages for temperatures of
15°C, 25°C and 35°C. a) 200mgN-NH* and AC sludge; b) 2,000mgN-NHL™* and AC sludge; c)
200mgN-NH"-L™* and NAC sludge; d) 2,000mgN-NHL™ and NAC sludge

From Figure 5.22 it can be clearly observed th@bgen conversions were apparently higher in
the acclimated sludge experiments, and that reacéites were higher for higher temperatures.
In addition, it can be also seen that no nitratedpction was detected at any concentration or
temperature for the acclimated sludge. Regardin@ SAdge, very few changes in the nitrogen
compounds were detected. In this way, almost neigcivas observed at 15°C and 200 mgN-
NH,"-L™* (Figure 5.22c). However, at this concentratiogtgliamounts of nitrite were produced
at 25°C, which increased at 35°C. In contrast écsttuation with acclimated sludge, significant
nitrate production was observed for non-acclimaiedge at different temperatures. Regarding
the behaviour of NAC sludge at 2,000 mgN-{HH™ (Figure 5.22d), insignificant nitrite and
nitrate production was detected at all temperafunelscation that AOB and NOB activity were
severely inhibited.

The changes in the nitrogen profiles depicted igufé 5.22 are barely noticeable due to the
scale of the graphs, but in any case the interfiwataf these profiles it is not straightforward,

because biological conversion rates are subjedhéoamount of biomass in each batch.
Accordingly, in order to summarise all this infortioa in a clear and understandable way, the
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ammonium and nitrite oxidation rates (AOR and N®RYye been calculated for each batch, and
averaged for the two replicas. Results for acckddqAC) sludge are represented as a function
of temperature, distinguishing between 200 and @y@®N-L* as the initial ammonium
concentration (Figure 5.23a). Figure 5.23b alsoiaieghe initial free ammonia levels as a
function of temperature and initial ammonium corcaion.

1000
iy 19)
3 ] ™ AOR200 E
: 0 NOR 200
3 1 o NOR 2000
> 600 1
@ -
£ _
L 400 -
2 ]
C -
IS _
S 200
cc -
& 1 E )
1 e .
0l i | 3 I G
-b)
~ | =200 _
E [ 2000
1 30 -
Z -
[@)]
£
(]
‘= 20 -
o
£
£
(U -
© 10 -
o ]
LL lH
O T T T T T T T T T T T T T T T T T . : I I I I | | | | | |
10 15 - " - 35 |

Temperature (°C)

Figure 5.23 Acclimated sludge. a) AOR and NOR as a functionteofiperature and initial ammonium
concentration; b) Initial free ammonia as a funciid temperature and initial ammonium concentration

Figure 5.23a shows that the AOR and NOR were vany dt a temperature of 15°C for both
initial ammonium concentrations. With an increaséemperature it can be seen how the AOR
increased slightly, while the NOR evolved to valwbsse to zero. However, the figure also
shows differential behaviour between the batcheial ammonium concentrations of 200
and 2,000 mgN-L Thus, experiments at 2,000 mgN-jielded a higher AOR (between 100
and 150 mgN-gVS5d") than that obtained at 200 mgN-around 50 mgN-gVSSdY). The
same behaviour can be observed at 35°C if AORS@t&RAd 2,000 mgN:-tare compared. In
this case, the disparity is visually clearer. Ogpdthesis for this differential behaviour is AOB
activity reduction due to free ammonia substratstéition. Lochtman (1995) reported as of
0.468 mgN-NH-L*, and Wiesmann (1994) and Van Hu#ieal. (2007) found higher constant
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values of 0.71 mgN-NkL™ and 0.75 mgN-NKIL™" respectively. When these constant values
and the FA measurements are taken into accouriteabte activity reduction may take place

under batch conditions. The magnitude of the agtiMiss is dependent on the constant, but
could reach 20% and 30% of activity reduction &C3&nd 25°C respectively.

These findings are in agreement with the bacte@hmunity characterisation. Molecular
techniques identifiedllitrosomonasas the dominant AOB species in the acclimatedggudhis
AOB group is known to be an r-strategist, with laffinity for the substrate, but high reaction
rates (Sundbergt al, 2007; Yuaret al, 2008).

Results of the experiments with the non-acclimgteédC) sludge are summarised in Figure
5.24.
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Figure 5.24 Non-acclimated sludge. a) AOR and NOR as a functd temperature and initial
ammonium concentration; b) Initial free ammoniaaaunction of temperature and initial ammonium
concentration

As depicted in Figure 5.24a, the AOR and NOR fer iatch at 200 mgN-Lwere quite low,
about 10 mgN-(gVSS-d) although unlike acclimated sludge, the NOR wese The batch
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experiments yielded significantly higher ratestfoth AOR and NOR at a temperature of 25°C.
Regarding the results with an initial concentratdr200 mgN-[* at 35°C, the AOR measured
in the batch were slightly higher (about 40 mgN-§u8) than those measured at 25°C.
Nevertheless, the rise in the ammonium oxidatidasravas less significant than the obtained
when the temperature was increased from 15° to.25¢Cthe other hand, the NOR at 35°C
were slightly lower than those measured at 25°GetoWith regards to the batch at an initial
ammonium concentration of 2,000 mgN;lboth AOR and NOR measured at 15°C were lower
than for the low concentration batch, yielding eswaround 2 mgN-gVSS-dThese low AOR
and NOR rates declined with an increase in temperat

From these results, one can conclude a differehtbeur of the non-acclimated sludge, in
contrast to the sludge from the PN-SBR. Reactidesravere more elevated at lower FA
concentration, indicating that FA substrate limdatmust be less important than the inhibitory
effects of free ammonia. Non-acclimated sludge lsyzresents a higher affinity for the
substrate, but is more sensitive to the low comaéohs of this compound and may be inhibited
at very low FA levels. This is consistent with tiedings of these experiments. Furthermore,
NOB are more susceptible to inhibitions than AOBfonisenet al, 1976; Vadiveluet al,
2007), explaining why AOR are always higher thanRN@hese results confirm the importance
of free ammonia as a mechanism for out-competind® N@yanisms, but also as a threat to
AOB development, due to the potential it has takition to their activity.

As a final remark, it should be noted that the expents with acclimated and non-acclimated
sludge were performed very close to each otheimm,tso that no significant changes in the
bacterial community could take place. Therefore, tlorrection to the reaction rates by the
amount of active biomass is enough to make thdtsesomparable, since one can assume the
same proportion of AOB in the sludge. However,rditen should be paid when comparing AC
and NAC results, since the reactor rate correchgnVSS does not take into account the
enrichment of sludge in AOB and NOB. Acclimateddgle may present higher amounts of
AOB organisms per gram of VSS (and probably lowerdities of NOB) than non-acclimated
sludge coming from the Sils-Vidreres WWTP, and ¢fieme non-acclimated sludge could not
yield similar specific rates than acclimated sludgeen under optimal operational conditions.
This may explain the wide differences between tl@RAof acclimated and non-acclimated
sludge.

5.5 Conclusions

This chapter has proven the feasibility of longrtestable nitrite build-up in a PN-SBR treating
raw urban landfill leachate with extremely high aomium concentrations (up to 5,000 mgN-—
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NH,"-L™"). During the period under study a suitable influenfeed an anammox reactor (about
1.32 moles of nitrite per mole of ammonium) wasdoced.

The operational strategy, based on an anoxic—aemsibp-feed cycle, helped to reduce the
amount of total nitrogen in the reactor and dintinise inhibition of FA and FNA over AOB.
However, the denitritation process still requirgmyrading, since an optimal cycle design may
lead to a higher organic matter removal under anosinditions.

The control of the HCQNH," molar ratio in the influent was confirmed as they Kor
achieving a suitable nitrite to ammonium effluenolan ratio. On-line parameter analyses
enabled the different phenomena taking place inréaetor to be identified. Finally, oxygen
consumption was verified as a useful tool for thecpss assessment, and could be used in view
of an on-line control of the system.

Molecular technigues enabled the identificatiorNdfosomonas spWT514 as the only AOB
phylotype present in the reactor at the end of shely. Nitrobacter winogradskyiand
CandidatusNitrospira defluvii were also detected, revealthgt NOB were not completely
removed from the system. In addition, FISH analydksved a relative quantification of AOB
enrichment in the sludge, with percentages of 66%QB, in respect to the tot&Blubacteria In
contrast, the percentages for NOB were below 1%.

Kinetic characterisation allowed the boundariebio&rbonate substrate limitation in this AOB
population to be identified. Batch experiments alsghlighted the important temperature
dependency of AOB activity. Finally these experitsemllowed characterising the AOB
population in the acclimated sludge, presentindy hilerance to FA inhibitory effects and low
substrate affinity.
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Chapter 6. MODELLING PARTIAL NITRITATION




6.1 Motivation

The previous chapters demonstrated the feasilfitpchieving successful partial nitritation
using sequencing batch reactor (SBR) technologytHertreatment of highly-loaded nitrogen
streams. However, despite the experience acquinedreactor’'s response to changes in the
operational conditions and influent characteristies not always easy to understand or predict,
given the complexity of the system in terms of rnat#ions between oxygen supply, £O
stripping, alkalinity, pH, inhibition effects andtnfication kinetics, among others factors.

Mathematical models can be useful tools for indrepthe process knowledge and helping to
acquire a better understanding of the biologicatesses and physical phenomena taking place
in a partial nitritation-sequencing batch reac®N{SBR). Traditional modelling has assumed
nitrification and denitrification as single-stepopesses (Henzet al, 2000), but when
modelling a partial nitritation system it is necaysto consider nitrite as an intermediary step in
nitrification and denitrification. There are, novegd, several biological models describing
nitrite build-up, as reviewed by Set al. (2008). Some of these models focus on the tredatmen
of highly-loaded streams (Hellingat al, 1999; Volckeet al, 2002; Wett and Rauch, 2003;
among others) and can be used as a basis whenlimpdglecific processes. Nevertheless, it is
clear that existing models may need to be modifieextended to include all physical-chemical
processes and biochemical transformations releeaatgiven application. Besides, the model
needs to be calibrated for specific influent andcpss parameters. This is illustrated in this
study for partial nitrification of landfill leachatin an SBR, aimed at increasing process
knowledge (e.g. quantifying interactions betweemat@n, CQ stripping, alkalinity, pH,
nitrification kinetics) and focusing on the shatsh dynamics (based on the cycle). The work
also deals with the usefulness of a systematibredion guideline and its refinement.

6.2 Objectives

The main aim of this chapter is develop, calibeatd validate a mathematical model of a partial
nitritation-sequencing batch reactor (PN-SBR) fur treatment of urban landfill leachate. The
model will focus on increasing process understapdburing the calibration procedure, the
calibration guideline will be refined by adding alentifiability analysis step and statistics for
the quality check at the evaluation stage. Finalhge the tool has been developed, it will be
applied to a specific problem, the assessment tatenbuild-up under different influent and
operational conditions.
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6.3 Model development

The partial nitritation SBR model was based onSHARON model developed by Volcle al.
(2002). The model mainly consists of a liquid phasghich the biological reactions and the
physical-chemical phenomena take place. This liguhidse is in equilibrium with a gas phase,
both assumed to be perfectly mixed. Transport pimema between these phases are taken up,
and the model also considers pH calculation.

6.3.1 Liquid phase mass balance

The liquid phase volume and the concentration dividual compounds were calculated from
mass balances. The mathematical development of thalances is briefly described next. A
deeper insight can be found in Volcke (2006a).

6.3.1.1 General liguid phase mass balance
In general terms, the liquid volume in an SBR reais determined by the influent and effluent

mass flow rates, the waste flow, and the volumesddcom external sources (pH control, and
carbon source addition among others). Evaporatimenpmena can sometimes significantly
affect the liquid balances when dealing with smedictors. However, this balance only holds
true if a constant density for all the streamsssuaned. Equation 6.1 shows the general mass
balance.

d ou was e
(VL) = Q amd + Qbase + QC source Q ‘- t Qevap (Eq 6-1)

WhereV,_ is the reactor volume (LQ." is the inflow (L-d), Quq is the amount of acid dosed (I)d
QuaselS the amount of base dosed (E)-,dQCSOU,ceis the amount of carbon source added to the sy@dtein
Y, Q.°"is the outflow (L-d), Q ****is the waste flow (L4 andQeyep.is the volumetric reactor liquid
loss due to evaporation (I*d

Depending on the phases, some of these terms vbeulhjual to zero (i.e. during the filling
events, leachate is supplied from the inflow, the teactor is not drawn). In addition, the
volumetric overall mass balance for the PN-SBR d@dad simplified, since no base and carbon
source were added, and no purge was carried oot Experimental data the contribution of
evaporation effects was determined as negligible 3implified overall liquid phase balance
could be expressed as:

d )
(C\l/tL) - I|_n +Qac|d out — an ,net __ out (Eq 62)

whereQ, ™"'is the net inflow (L-@)
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Finally, it is important to mention the fact thdtetreactor draw was performed by gravity
discharge, meaning that reactor volume could nbéeesome lower than the minimum water
volume (Mnin).

6.3.1.2 Individual mass balances
The model aims to predict the biochemical transtdroms of nitrogen and organic matter by

different bacterial groups. The growth of theseaorgms is also dependent on other substrates,
such as oxygen, inorganic carbon, phosphorusvetich must also be taken up. Accordingly, a
total of 21 components were considered in thediguiiase: N, NH;, NO,, HNO,, NO5, Ny,
COs”, HCO;, CO,, HPOy, HPQ, Xaos, Xnoss Xus Ss, S, Xs, X1, Oz, H' (pH) and Z (which

is an artificial variable accounting for the amowftnet positive charges of ionised species
originating from acids or bases). Note that thstfd@issociation for the phosphate equilibrium
has not been taken up since occurs at a pH of drduwhere biological reactions may not take
place.

The concentration of some of these compounds isrged by chemical equilibriums subject to
pH and temperature variations. These equilibriuresshown in Equations 6.3 to 6.7, while the
equilibrium constants as a function of temperasueelisted in Table 6.1.

NH; < NH,+H" (Eq. 6.3)
HNO, = NO;, +H" (Eq. 6.4)
CO,+H,0 = HCO; +H" = CQ}” +2H" (Eg. 6.5)
H,PO; = HPO} +H" (Eq. 6.6)
H,O < OH +H" (Eq. 6.7)

Table 6.1Chemical equilibrium constants as a function ofgierature

Constant Expression Units Source
Ke kg ex;{—%ﬂj mmole-n?  Anthoniseret al.(1976)
2300 .
Ke,HNoZ eXF{-?J mmole-ni’ Anthoniseret al. (1976)
2183437 168491
Ke,COZ 0(—3563094—0.060919641?7_'_ +1268339I0910T—72 5] mm0|e_m3 Stumm and Morgan (1996)
515179 5637139
Ke,HCO§ 10(_107'8871_0'032528491—+f+3g'92561|091°1—_-|-72j mmole-m3 Stumm and Morgan (1996)
Ke,HZPo; - 19_7_95 +5.3541-0.01984T mmole-n® Helgeson (1967)
Kw 0[—283971+$23—0.05069842r+10224447I0910T—@9J mmolé-m®  Stumm and Morgan (1996)
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Changes in equilibrium compounds affect the comeéinh of each individual chemical
component involved in the equilibrium. To solvestholcke (2006a) suggested grouping the
equilibrium compounds in lumped components accogrfr the sum of the total concentration
of each active component. In the model, therefbnmped components were taken up in the
individual mass balances, instead of equilibriutmponents. Equations 6.8 - 6.11 summarise

these lumped compounds, and their composition.

NH = NH; + NH, (Eq. 6.8)
NO2 = NQ; +HNO, (Eq. 6.9)
IC =CO> +HCQ; +COQ, (Eg. 6.10)
IP = HPO? + H,PO; (Eg. 6.11)

Next step was the definition of the different statgiables considered in the model. These
variables were defined in the classical activatadge models (ASM) nomenclature (Herete
al., 2000) and expressed in the same units, in cdntoathe model developed by Volcke
(2006a), which included state variables on a miodesis.

Table 6.2 gathers together the state variablesitagen the liquid phase.

Table 6.2State variables in the liquid phase

Variable Description Units
S\H Total ammonium and ammonia nitrogen gN'm
Svo2 Total nitrite and nitrous acid nitrogen gN:'fm
S\os Total nitrate nitrogen gN-'Fn
S\ Total nitrogen gas gN-th
Sc Total inorganic carbon gC??‘n
Soo Dissolved oxygen gom”®
Sp Total inorganic Phosphorus gP’m
Xaos Ammonium oxidising bacteria biomass gCOlﬁ-m
XNoB Nitrite oxidising bacteria biomass gCODs-m
Xy Heterotrophic biomass gCOD"m
Ss Readily biodegradable organic matter gCOD-m
S Inert soluble organic matter gCOD’m
Xs Slowly biodegradable substrates gCODB-m
X Inert particulate organic matter gCOD’m
z" Net positive charges molézn’®

It is important to note that 'Hconcentration was not included as a state variaiee it was
calculated from a charge balance. The pH calculatimcedure is further discussed phi

calculation(Section 6.3.3.1).

106



Once the different state variables in the liquichgih had been identified, the next step was to
define the individual mass balance. Equation 6d@als the general mass balance for a certain
compound,, with a concentration of;. It is important to highlight that this mass balaris
only valid for SBR operational phases with a con®glmixture (feeding, aerobic reaction,
anoxic reaction etc.).

d(VL 'CL,i) —
dt

whereC_; is the concentration of the componein the liquid phase (mg), C_, " is the concentration

|i_n 'Cli.n,i - fm'CL,i + kLai '(Cl,i _CL,i)'VL + ri,L'Vl_ (Eq. 6.12)

of the componenit in the influent (mg-L!), k_a is the volumetric mass transfer coefficient)dC, ;" is
the saturation concentration of the compondnig-L?*), andr;, is the volumetric conversion rate of the
component (mg-Lt-d?).

This general expression quantifies the accumulaifam certain component in the liquid phase,
and takes into account the influe@, (-G /") and effluent Q.°"C_;) fluxes, the transference
between the liquid and the gas phalse{(C_ -C.)), and the biological transformations, (

L)

Assuming that:

d(VL'CL,i) Y d(CL|) +C. . d(VL)
dt Lot S dt

(Eq. 6.13)
Then the general equation can be expressed asi@6at4.

VECBRRKIA

Lodt Li [Q Cli.n,i_ I(.)Ut'CL,i +k|_a1"(Ci| CLi)V, +r, V. (Eq.6.14)

Nevertheless, given the overall liquid mass balgiiae 6.2), the previous expression can be
converted to Equation 6.15.

d(C i
Vi— ( LI) [Q Cll_n,i_ I(_JUtCLI]+kLa| (CL| CLl)V +r|LV CL| (anet I(.)Ut) (Eq. 6.15)

Finally, the individual mass balance of a comporamt be written as follows:

d(CL|) |_Q C||_n| _ In netC
dt Vv,

Li ] + kLa'I (Czl - CL,i) + ri,L (Eq 616)
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This general expression is valid for state varislddéfected by biological conversion, and
involved in transport phenomena between the liquid the gas phase, such as, S, Sc and
So2. However, it must be adapted for each specificamumd. For variables with no liquid-air
transference (@2, Svoz Sk, Ss, Xaos: Xnoe: Xu, Xs and X), it could be simplified to Equation
6.17:

d(c"'i) = I.QII.n 'Cli.n,i _Qli.n'net'CL,i
dt V,

+1 . (Eq. 6.17)

The differential equation for,andZ" can be simplified in the same way, since thes@ablas
are not involved in any biological conversion amdfansferences to the gas phase. Thus, the
specific expression for them is:

d(C.) = I.QII.n 'Cli.n,i _Qli_nynet'CL,i
dt V,

(Eqg. 6.18)

Finally, SHARON reactors are operated on a contisutashion. Therefore, no separation
between solid and liquid was considered in the rhatleveloped by Volcke (2006a).
Nevertheless, SBR are operated discontinuously sétl-liquid separation, and settling and
draw phases were modelled considering the PN-SBR @snt settler without reaction, with a
fraction of suspended solids being removed by thi#law (which is further described in the
definition of the settler model). The reactor vokumecreased until it reached the minimum
volume, while the concentration of soluble compauremained unaltered during these phases.
Conversely, the concentration of particulate steaeiables (Xos, Xnos Xu, Xs and X)
diminished due to the loss of suspended solidshieydraw. This is represented by the
fraction of non-settable suspended solids. The @mnation of particulate state variables on the
reactor and outflow was calculated at the end efdraw phase by algebraic equations. The
concentration of effluent particulate compounds lsaexpressed as:

o _ Cu Vi Tos (Eq. 6.19)
- _Vmax _Vmin L

wheref,s is the non-settable fraction of the particulatenpounds, and/,. is the reactor volume at the
end of the cycle (L), which should be equalto

Based on this balance, the concentration of thécpdate state variables {&g, Xnos, Xu, Xs
and X) in the reactor at the end of the draw phase eataltulated as:

C .-0-fnoV
greeeer = Cu (V IV, (Eq. 6.20)

min
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6.3.2 Biological conversion reactions

The biological model was adapted from the SHARONehalefined by Volcke (2006a) -on its
turn based on the one from Hellinga (1999)- anére&d on the basis of the specificities of the
process under study. Thus, ammonium and nitritdatiin kinetics were modified by including
growth limitation terms, and organic matter proessaere also adapted. The system modelled
by Volcke presented low concentrations of organatten, and heterotrophic bacteria activity
was only considered to take place under metharsihdoln contrast, the leachate treated in the
PN-SBR presented high amounts of organic mattetty wariable biodegradable fractions.
Accordingly, the biological model included aerohitd anoxic organic matter consumption, as
well as the hydrolysis of the slowly biodegradafiséetion. These processes were adopted from
different sources (basically from ASM models). tiddion, the endogenous respiration of each
biomass under aerobic and anoxic conditions wasiatsuded.

Next, the 15 processes considered in the biologialel, as well as their kinetics are described
in detail. With regards to the model stoichiomeisypresented afterwards in Table 6.6.

1. Aerobic ammonium oxidatiorThis process describes the oxidation of ,;Ntd NO,,

carried out by ammonium oxidising bacteria (AOB)den aerobic conditions. The
kinetic equation, adapted from Hellinga al. (1999), has been modified to take into
account possible AOB inhibition due to MNHKN accordance with the results obtained in
Chapter 4). An inorganic carbon growth limitati@mh has also been included to take
into account possible growth reduction due to & tafacarbon source. In addition, a pH
dependency term has been considered using thenslaip from Henzest al. (1995).
The same term is applied for all the microbial giowates (tmaxAOB; umaXNOB, umaxH)
assuming they all have the same pH dependencyK&oR906). It is important to keep
in mind that this assumption is not strictly cotrfom a biological point of view, since
each bacterial group (s, Xnos, Xu) has a different optimal pH and suitable pH
operating range. Nevertheless, such a simplifinatitay not lead to significantly
different results, and is a good first approacimtmdelling the pH effect on biological

activity.
0, = 1'% SNH3 So2 Kléﬁli Kﬁgr?loz SHco; Kon (Eq 621)
1 = Hmax - AOB
RIS RS, K, S0, Kl S Ko+ Sy Ky 1107

2. Aerobic nitrite oxidationThis process describes the oxidation of,NO® NG;, carried

out by nitrite oxidising bacteria (NOB) under agmbonditions. The equation, adapted
from Haoet al. (2002), has been modified to take into accounsiptes NOB inhibition
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due to NH and HNQ. An inorganic carbon growth limitation term hasalbeen
included to take into account possible growth réidncdue to a lack of carbon source,
and a pH dependency term has also been considered.

NOB NOB
NOB SHNO2 So KI ,HNO, K, ,NH, SHCO{ K

P2 = Hax ~nos NOB NOB “on| /vNoOB
KHNo2 +S’HNoZ K +So K| JHNO, +S—<N02 K, NH, +SNH3 KHCO{ +SHCO{ KpH —l+ld Pon=H|

(Eq. 6.22)

pH

3. Aerobic organic matter oxidatiokieterotrophic biomass oxidises readily biodegréaab
organic matter substratessSinder aerobic conditions. Accordingly, the equathas
been adapted from ASM1 (Heneeal, 2000), but including a pH dependency term.

S S Ko (Eq. 6.23)
K +So, K& +Ss K | 1e10" o X

Ps = /ur:ax

4. Denitrification via nitrite Heterotrophic biomass oxidises readily biodegpbéelarganic
matter () under anoxic conditions, using nitrite as an tetecacceptor. The equation,
adapted from van Hullet al. (2005), includes a pH dependency growth term ke ta
into account the effect of pH on biomass growth.

SNo2 Sq SNo2 K|,o2 KpH (Eq 624)
KdNOZ "'SNCL2 K:s +Ss SN03+SNOZ K|,o2 +Soz K 1+ldpH o pH‘

Ps ,U max 77

5. Denitrification via nitrate Heterotrophic biomass oxidises readily biodegbéala
organic matter (§ under anoxic conditions using nitrate as an sdacacceptor. The
equation, adapted from van Hub¢ al. (2005), also includes a pH dependency growth
term to take into account the effect of pH on biesngrowth.

So S Se K Ko (Eq. 6.25)
K,ﬁ“g?s +SN03 KSS *+Ss SNOa + SNO2 K|,o2 +So2 Kopn 1+1de ot pH‘

Ps = lu:axﬂ

6. Aerobic hydrolysis of X This process makes slowly biodegradable substiatgs
contained in the influent available to an activaséatige system (Henz al., 2000).
To model this process the approach proposed in ABAddeen used.

X/ (Eq. 6.26)

Xs
K+A

7, 10, 13. Aerobic endogenous respiration ofg¥, Xnog and X,: This process describes
all the forms of biomass loss and energy requirésnant associated with growth by
considering related respiration under aerobic d@mmi: decay (maintenance),

Ps =K,
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endogenous respiration, lysis, predation, motildgath etc. (Henzet al., 2000). To
model this process the ASM3 approach has been used.

So, . 6.
o :bAOB'm'XAOB (Eq 6 27)

S (Eq. 6.28)

= — 2 X
NOB "}, NOB NOB
KOz + SOZ

plO

S (Eq. 6.29)

Pz :bH m' H

8, 11, 14. Anoxic endogenous respiration ofgt, Xnog and X, on nitrateThis process is

similar to the aerobic endogenous respiration chdaomass, but occurs under anoxic
conditions. The equation has been adapted fromatiab (2002), but considering only
NO;. In addition, an extra term has been added tethmtion to avoid the possibility
of the denitrification rate in the presence of bbi®; and NQ being greater than if
only one of the two were present.

_ K, Sy Sy (Eg. 6.30)
P _bA g7/ L% c - XA B q
’ ° Kl,oZ + 332 KNo3 +S\103 3\103 + Suoz °
Pu= bNos"7 al = SN03 SNQ Xnos (Eq 631)
Kl,o2 +Soz KNQ; +SN03 SNO3 + SNoZ
p14:bH"7 K|,o2 Suq Suq X (Eq 632)

Kio, +Sb, Kno, +Svo, Shoa* Swo,

9,12, 15. Anoxic endogenous respiration ofgk, Xnog and X, on nitrite: This process is
similar to the aerobic endogenous respiration ohdaomass, but occurs under anoxic

conditions. The equation has been adapted fromatiab (2002), but considering only
NO,. In addition, an extra term has been added tetuuation to avoid the possibility
of the denitrification rate of both NOand NQ' being greater than if only one of the
two were present.

—n . Ko Sho, Swo, (Eq. 6.33)
Po =baoe? Kio, * S5, Kno, * Suo, Sos * S X aos
_ K, s, s, (Eq. 6.34)
1 _bN B’ o o o 'XN B q
P o o + S5, K, + i, Suos+ Sy
Kl,o2 SNo2 SNO2 X (Eq 635)

H

Pis=byn
P K o, S, Kyo, +Sug, Swos* Sio,
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Tables 6.3 and 6.4 show the default stoichiometnd kinetic parameters used in the model.
Table 6.5 gathers together thdactors used for the temperature correction. Bindlable 6.6
summarises the stoichiometric matrix of the model.

Table 6.3Stoichiometric parameters

Symbol Definition Value Units Reference
Y aos Yield of ammonia oxidation 0.15 gCoD-(gN) Wiesmann (1994)
Y nos Yield of nitrite oxidation 0.041 gCOD-(gN) Wiesmann (1994)
Yu Yield of aerobic organic matter oxidation 0.67 doC@COD)* Henzeet al. (2000); ASM1
Y uno2 Yield of denitrification via nitrite 0.53 gCOD-(giD)* adapted from Mulleet al. (2003)
Y Hnos Yield of denitrification via nitrate 0.53 gCoOD-(GD)* Muller et al. (2003)
iNBM Nitrogen content of the biomass 0.070 gN-(gCObD) Henzeet al. (2000); ASM3
ipam Phosphorus content of the biomass 0.021 gP-(g¢0oD) Volcke (2006b)
icem Carbon content of the biomass 0.36 gC-(gCHbD) Volcke (2006b)
inxs Nitrogen content of X 0.04 gN-(gCOD} Henzeet al. (2000); ASM3
ipxs Phosphorus content ofsX 0.0089 gP-(gCOD) Volcke (2006b)
icxs Carbon content of X 0.3 gC-(gCOD} Volcke (2006b)
inss Nitrogen content of § 0.03 gN-(gCOD) Henzeet al. (2000); ASM3
ipss Phosphorus content 0§ S 0.0089 gC-(gCOoD) Volcke (2006b)
icss Carbon content of S 0.3 gC-(gCOD} Volcke (2006b)
X, Production of Xin endogenous respiration 0.08 gCOD-(gCOD) Henzeet al. (2000); ASM1
inxi Nitrogen fraction in X 0.02 gN-(gCODj Henzeet al. (2000); ASM3
ipxi Phosphorus fraction in; X 0.00064 gP-(gCOD) Volcke (2006b)
icxi Carbon fraction in X 0.36 gC-(gCOD) Volcke (2006b)
Table 6.4Kinetic parameters
Symbol Characterisation (T\glgfc) Units Reference
Lmar 20 Maximum growth rate AOB 2.1 e Lochtman (1995)
[ Aerobic endogenous respiration rate for AOB 0.1944 d’ Wiesmann (1994)
[ Ammonia substrate saturation for AOB 0.75 gN'm Van Hulleet al. (2007)
Ko 8 Oxygen substrate saturation for AOB 0.3 o Wiesmann (1994)
Kinng 2 Free ammonia inhibition constant for AOB 605.48 gl This study (Chapter 4)
Koz 22 Nitrous acid inhibition constant for AOB 0.49 gN°m This study (Chapter 4)
Kicos- Inorganic carbon substrate saturation 0.01 gC-m This study (Chapter 4)
Kph Saturation constant for pH 8.21 - Van Hudteal. (2007)
pH'%%, Optimum pH 7.23 - Van Hullet al. (2007)
Umac 02 Maximum growth rate NOB 1.05 d Lochtman (1995)
pVoB Aerobic endogenous respiration rate for NOB 0.0795 d’ Wiesmann (1994)
Koz 0° Nitrite substrate saturation for NOB 3.2°10 gN-ni Wiesmann (1994)
KoZ "8 Oxygen substrate saturation for NOB 1.1 o Wiesmann (1994)
K tnoz 02 Nitrous acid inhibition constant for NOB 0.26 gNem Wiesmann (1994)
Kinnz oo Free ammonia inhibition constant for NOB 14.8 gN‘m Magriet al. (2007)
Wmax Maximum growth rate for heterotrophic biomass 16.97 d? Henzeet al. (2000); ASM1
b Aerobic endogenous respiration rate for heterdimpiomass 3.18 H Henzeet al. (2000); ASM1
Koz Oxygen saturation for heterotrophic biomass 0.2 g Henzeet al. (2000); ASM1
Kss Substrate saturation for heterotrophic biomass 20 Ccom@m Henzeet al. (2000); ASM1
Ko V02 Nitrite substrate saturation for nitrite denitifs 0.119 gN-m Wiesmann (1994)
Knoa o3 Nitrate substrate saturation for nitrate denitrifie 0.14 gN-nd Wiesmann (1994)
Knoz Saturation constant of SNO2 for endogenous respira 0.5 gN-n? Henzeet al. (2000); ASM1
Knos Saturation constant of SNO3 for endogenous respira 0.5 gN-n? Henzeet al. (2000); ASM1
K02 Oxygen inhibition constant for denitrifiers 0.20 Ogmd Henzeet al. (2000); ASM1
n Anoxic reduction factor 0.6 - Henze al. (2000); ASM3
Ky Maximum specific hydrolysis rate 15.59 gCOD-(gCap- Henzeet al. (2000); ASM1
Kx Saturation constant for slowly biodegradable gabst 0.1559 gCOD-gCOb Henzeet al. (2000); ASM1

Table 6.5Temperature correction factors

Symbol Characterisation Value (°CY)
[ Theta value for AOB 0.086
[ Theta value for NOB 0.056

o Theta value for heterotrophic organisms 0.104
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Table 6.6Stoichiometric matrix

Process Swh Swoz Swos Sw2 Sc Soz Sp Xnos Xnos Xui S Xs X
g N-m°> g N-m° g N-m g N-m° gC-m gO-m’ g P-n? gCOD-n? gCOD-nf gCOD-nf gCOD-n? gCOD-nf g COD-n?
! . o 1 1 . _ 343-Y,e .
Aerobic ammonium oxidation v Ingm v - - —lcgm B ~ipgm 1 - - - - -
AOB AOB AOB
o e . 1 1 . _114-Yoe » 1
Aerobic nitrite oxidation Ingm Y v - icam —~ ipam - - - - -
NOB NOB NOB
Aerobic organic matter R ) i A _1-v A ) ) 1 _1 . )
oxidation Yy NSS  TNBM Y, css” 'ceMm Y, Y., pss ~ Ipem v,
o 1Yy no, 1Y o, 1. o 1
Denitrification of nitrite Inss~! - - —_— 1ess ™! - S 1pss~Ipem - - 1 - - R
YH,NOZ NsS~ 'NBM 1-71'YH,NQZ 1-71'YH,NOZ YH,NQ css” 'cam YH,NQ YH,NOZ
o 1Yy no, 1Yy o, o o 1
itrificati i inss—1 : - : - ——gg i - ipgg =i R R 1 - - R
Denitrification of nitrate Yo nss ~ Inem 114Y, 114Y, Yiro, css~ leam Yiro, pss ~ Ipam Yoo,
Hydrolysis of % inxs ~inss - - - icxs ~less - ipxs ~Ipss - - - 1 -1 -
Aerobic endogenous respiration . . . . .
of ?(ADB P inem ~ X - - - icem = X ey —(1-1fx) Tpan ~ X, o -1 - - - - fx,
Anoxic endogenous respiration . _ ¢ 1- X, _1-1x i N i L e 1 ) ) ) ) i«
of Xa0s 0N NQ Tuem = X 114 17.14 CBM 1 lexi Tpam = X py |
Anoxic endogenous respiration . _ ¢ _1-1x . 1-1x i i b 1 ) ) ) ) i«
Of XAOB on NQ INBM fXI IN)(I 171 171 CBM 1 7CXI IF'BM XI IF')(I 1
Cend rai - - A - . .
Aerobic eno?gir;:us respiration Inem ~ fxl Tnxi - - - lcam ~ fxl lexi -@-fx) Tpan = X o - -1 - - - fx,
Anoxic endogenous respiration : 1-1x 1-fx B . . .
of XNO?B on NQ P inem ~ X T‘]I _74' - icem = ™ ey - Tpan ~ X 1o - -1 - - - fx,
Anoxic endogenous respiration ;¢ _1-1x } 1-fx, TR A S e ) 1 . . ) fx
Of XNOB on NQ INBM fx‘I IN)(I 171 171 ICBM 1 TCXI IF'BM fXI IF')(I |
Aerobic endgfg)e(:ous respiration inen = X N - - icom = P ey -@-fx) Toem — X, oy - - -1 - - fx,
Anoxic endogenous respiration : 1- 1 1-fx, L e e
[ A -1 -—1 - i X, - i fx, i - - -1 - - fx
Of XH on NQ NBM 1 "NXI 114 114 CBM 1 Cx1 PBM 1 TPXI 1
Anoxic endogenous respiration ! 1-1x 1-fx, - . )
of XHgon NG P! inew — X —71.71' _ 1.71| icam = T oy R Toam = X, o R B 1 . ) fx,

113



6.3.3 Physical-chemical phenomena

6.3.3.1 pH calculation
Nitrification of wastewater streams with high ammon concentrations combined with €O

stripping causes high pH variations. In turn, pieef the chemical equilibrium of substrates
and inhibitory compounds. It is therefore essemtighke up pH as a model variable.

In the PN-SBR model, pH calculation was carried andording to Volcke (2006a), based on a
charge balance. In this approach, pH and concengtof equilibrium components are
calculated by means of a charge balance (an eleetrtvality equation) in the reactor. This
balance takes into account the equilibrium spegiegiously defined (see Section 6.3.1.2), the
nitrate concentration, and the concentration ofitttiéicial variable, Z, representing the amount
of net positive charges coming from strong acid dades. The balance is defined by an
algebraic equation, computed at each time steps,ThH is not a state variable, since its
concentration is not calculated from a mass balgmdgch would result in a differential
equation). Equation 6.36 presents the charge balawer the reactor, expressing the fact that
the sum of all charges must be zero.

Ay, =[H*1-[OH]+[NH,']-[NO, ]-[NO, ] -[HCO, ] - 2[CO,* ] -[H,PO, ]-2[HPO,*]+[z]  (EQ. 6.36)

A detailed description and development of the pldudation is given in Volcke (2006a).

6.3.3.2 Transport between gas and liquid phase
The model assumes a perfect mixture between lignil gas phases. Under these conditions,

the liquid-gas transfer phenomena may take platedes the two phases. The transport of
oxygen, carbon dioxide and nitrogen were takennuiiné model by exchange terms (Equation
6.37). In addition, liquid-gas transport of ammonias included to the model. As previously
shown, the transport of these compounds may infle¢he individual mass balances of some
components.

TR=ka-(C,-C.,) (Eq. 6.37)

These transfer terms are dependent on the contientcd each component in the liquid phase
and the saturation concentration in the gas phasieh is governed by the Henry's law. The
temperature dependent expressions of the Henryardesare listed in Table 6.7. The transport
rate is reliant on the volumetric mass transfeffaent, k a;.
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Table 6.7 Temperature dependent Henry coefficients

Constant Expression Source
me, -403+2.52:T-3.56-10°-T?- Lochtman, (1995)
Meo, 2.8-3.87-10°-T+1.12-10°-T? Lochtman, (1995)
my, -7.47+4.74-T-6.77-10°- T? Lochtman (1995)
1
Myy, 11 D Sander, R. (1999)

(4100[?—%
149¢.1810

6.3.4 Model implementation

The development of the model was carried out usM@TLAB/Simulink software
(MathWorks, Natick, Massachusetts, USA). This gehqurpose simulation environment
provided enormous flexibility in terms of model struction. In addition, it allowed advanced
mathematical calculation, easy matrix manipulatighotting of functions and data, and
implementation of algorithms, among other features.

The model structure was built in Simulink, and thiierent parts of the model (liquid phase,
gas phase, pH calculation algorithm etc.) were é@manted by blocks. In addition, DO and pH
on-off controls were included in the model. A gettecheme of the implementation is depicted
in Figure 6.1.

Scope
influent to file
In1
c_Lin > 1
> L :

-log [H+]

resultsSBR.mat

To File

N y—

Selectof2

acid, base and Csource flows

Selectorl

dift liquid

Ul
e
cLle—¢
ke

F cotofie  pugi 4 outin

Gasphax 552 Gain2  ON-OFF

Figure 6.1 Simulink implementation of the PN-SBR model
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Finally, it should be mentioned that the ode23weolwas selected to compute differential
equations. This method, based on an implementaifothe trapezoidal rule using “free”
interpolation, is specially suited for stiff models

6.4 Calibration of the PN-SBR model

Prior to their utilisation, mathematical models sldo be calibrated to ensure a proper
representation of the system under study. In otdguerform the calibration procedure in a
systematic and organised way, the guideline predeint Corominas (2006) for SBR systems,
based on the BIOMATH protocol (Vanrolleghaal, 2003), was followed. Nevertheless, due
to the specific features of the PN-SBR system, mmodifications had to be introduced to this
guideline. These changes included: (i) the adaptadf the influent wastewater characterisation
to the available historical data, (ii) the inclusiof an identifiability analysis to find an
identifiable parameter subset for model fine-tun{Ryanoet al, 2007) and (iii) the use of
additional statistical tests for the evaluatiornth&® model fits to data.

The calibration procedure was divided into fivegsts and nine steps. The structure of the
procedure is summarised in Figure 6.2.

|

Target definition
STAGE |
Decision about information needed
-~

STAGE Il

Plant survey/Data analysis

Model definition

>~ STAGE IlI

Process characterization

J\

Identifiability analysis
Calibration of the biokinetic model > STAGE IV

Validation of the biokinetic model

_/
BT |- sice v

Figure 6.2 Scheme of the calibration procedure

HHHH
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6.4.1 STAGE 1: Defining the target

6.4.1.1 Step 1: Target definition
The main aim of this work was to develop a math@abmodel of a partial nitritation-SBR for

the treatment of raw urban landfill leachate, @#sah to increase the knowledge of the process.
To this end, the model had to be able to accuratedgribe the main process involving nitrogen
and organic conversion under aerobic and anoxiditons, as well as the behaviour of the pH.

The calibration of the model focused on short-teather than long-term evolutions, taking into

account the important dynamics of this system.

6.4.1.2 Step 2: Decision about the information needed
This step looks at everything related to plannheydalibration procedure. On the one hand, the

logistic aspects such as the equipment and matesal, the timing and software are
considered, while there is the planning on therinfition needed about the plant, and especially
the decision about monitoring intensity (CoromirG06).

Since the model was calibrated and validated uBisiprical data, no measurement campaign

was needed. Concerning the simulation environmigat, MATLAB/Simulink software was
chosen due to its high flexibility.

6.4.2 STAGE 2: Plant survey

6.4.2.1 Step 3: Plant survey/Data analysis
This step comprises a complete process descrigtiencollection of the data needed (design,

operational, measurements) ...

The calibration and validation of the model wasf@ened using historical data. Two data sets
were available, with one being used for calibra@oad the other for validation. In each period

the PN-SBR was operated under a different strat&f data set used for calibration was

obtained when the reactor was operated in a fethtsitategy (one long feeding phase), while
in the set of data used for the validation, thectmawas operated on a step-feed strategy
(multiple feeding phases). A scheme of the SBRecgdfinition in each period is presented in

Figure 6.3.
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a) Fed-batch (CALIBRATION) I:'

0 60 120 180 240 300 360 420 480
Time (min)
b) Step-feed (VALIDATION) e T R \I:J
0 6’0 120 1’80 240 3(’)0 360 4é0 480

Time (min)

Feeding + Reaction[l] ~ Reaction Settling [l  Draw [L]
Figure 6.3SBR cycle definition in both periods. a) Fed-badcid b) Step-feed

The main operational features of the reactor dutirggcalibration and validation periods are

presented in Table 6.8.

Table 6.8Main operational characteristics of the set-up

Description Units Calibration Validation

Influent flow (Q) L.~ 10.5 8.3

Total cycle length h 8 8
Volume exchange ratio £ - 0.26 0.22
Minimum volume (Min) L 9.8 9.8
Hydraulic Retention Time (HRT) d 1.27 1.5
Sludge Retention Time (SRT) d 3-5 3-5
Temperature (T) °C 36 36

Focusing on the data available, the calibration\aidiation data sets were composed of single
cycle profiles, including physical-chemical anatyand on-line measurements. The information

available for each set is given in Table 6.9.

Table 6.9Available data for the Calibration and Validatideps

Cycle profile
Measurements Calibration Validation
TKN Total Total
NH," Total Total
NGO, Soluble Soluble
NG5 Soluble Soluble
COD Filtrated (1.2um)  Filtrated (1.2pm)
BODy - -
TOC Soluble Soluble
TC Soluble Soluble
IC Soluble Soluble
TSS Yes Yes
Alkalinity* Total Total
VSS Yes Yes
On-line oH, DO, ORP, T  pH, DO, ORP, T
measurements

" Due to the high volume needed for this analysig @aonly available at the influent and effluent.
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Additional data concerning the evolution of the BRR prior to the cycle analysis were also
available, and used for organic matter fractiomatio

Before starting the calibration procedure, the dgiality has to be checked. The nitrogen
balance was verified over the calibration and \aiah cycles. Assuming that no denitrification
processes had taken place, total nitrogen at tihegeimt should have been equal to the total
nitrogen at the effluent, plus the nitrogen assiteil through bacterial growth. Accordingly, the
nitrogen mass balance was defined as:

TKN,; + NO, int + NO; int =TKN4 + NO, et + NO; et + (AMLSSi;,,)  (Eq. 6.38)
whereAMLSSrepresents the increase in the concentration xédriquor suspended solids due to growth
processes, aniggy accounts for the nitrogen content of the biomass..

From this balance, a difference between the inflaen effluent total nitrogen lower than 10%
was observed, which could be attributed to anay/gcror if the high nitrogen concentrations in
the wastewater (higher than 1,000 mgNNH") are taken into account. Hence, the nitrogen
mass balance was considered as closed.

6.4.3 STAGE 3: Model structure and process characte risation

6.4.3.1 Step 4: Model definition
4a. Mass transfer

In terms of mass transfer, two main aspects havébeotaken into account: hydraulic
characterisation and volumetric mass transfer ieffy (ka). Since ideal mixing can be
assumed when dealing with a lab-scale SBR, this@tdy focused on the determination of the
volumetric mass transfer coefficients for the digf@ components.

The calculation of this term is critical, sinceydverns the liquid-gas transport phenomenon. As
in Volcke (2006a), the calculation &fas, was performed on the basis of the superficial gas
velocity, vgs, Which can be calculated by dividing the air fland the reactor cross section. This
relationship (Eqg. 6.39) was obtained from van dand (2000) and is only valid for low flow
rates {s<0.1m-8) and coarse bubbles (about 6 mm in diameter).

k ao, = 06V, (Eq. 6.39)
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Once thek ag, value is obtained, the volumetric mass transfeffaaent for CQ, N, and NH
can be calculated by the following expression, osdiid for low water soluble components in
turbulent motion (De Heydet al.,1997)

D.
kia =k ag - D—' (Eq. 6.40)
0,

whereD; is the diffusivity of a compounid(m-s?), andDo, is the diffusivity of Q.
Finally, Table 6.10 lists the diffusivity valuesrsidered in this study.

Table 6.10Diffusivity constants

Constant Expression Units Source
Do, 2.16-1¢ m?-d? Perry (1994)
Deo, 1.69-1¢" m?-d’ Perry (1994)
Dy, 1.64-1¢ m?d* Perry (1994)
Dy, 1.73-1¢ m?d* Perry (1994)

4.b Settler
The settling model was selected according to asdetitree presented in Vanrolleghenal.

(2003) (Figure 6.4).

Settling experiments;
SVI; Sludge Blanket
Height, VS,

Detailed settling
characterization
needed?

Yes

Yes ) .
Reactions in the settl

y

Settling model +

Settlir _ Settling model Point settler model Ideal settler (constant with
Biological reactions

volume) + reactions

Figure 6.4 Decision tree for selecting the settling model (kdieghemet al, 2003)

There was no available data concerning settlinggntaes, except for the concentration of TSS
and VSS in the reactor and effluent. Thereforesth®lest option, namely the point settler, was
adopted, in which no reactions take place durimgsiittling and draw phases. As an important
amount of suspended solids were removed from teegydue to inefficient settling, it was
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considered that a fraction of the solids in thetea(f,) was removed from the system during
the draw phases.

4.c Biological model
The guideline proposed the choice of the biologimabel by using a decision tree defined by

Vanrolleghemet al. (2003). However, this decision tree only considies activated sludge
models (ASMs) proposed by the IWA task group onhmatatical modelling for the design and
operation of biological wastewater treatments (laztzal, 2000). Due to the special features
of the system to be modelled, a different approaah considered and a tailor-made biokinetic
model was used (previously described in Sectior2h.2

6.4.3.2 Step 5: Process characterisation
5.a Estimation of ASM parameters

The calibration procedure was carried out usindohisal data, so it was not possible to
estimate any ASM parameter in this study. Howetleee model parameterk d, kena and
kucos) had been estimated in previous experiments (seeod 4.4.2), and were taken up in the
model. The rest of parameters were taken fromittiature (see Tables 6.3 to 6.5).

5.b Influent characterisation

The next step was to achieve a proper charactensat the influent wastewater. Corominas
(2006) performed the influent fractionation follogi a procedure similar to the STOWA
protocol (Roeleveld and Van Loosdrecht, 2002), 8ase physical-chemical and BOD
measurements. Nevertheless, there was some informatissing from the data sets under
study, and so the characterisation had to be adlépthe data that was available.

Four state variables involving nitrogen fractionativere considered in Corominas (2006y; S
(linked to ammonium), & (equivalent to the sum of nitrites and nitrates)d Sp and X
(which account for the soluble and particulate agign fractions of soluble and particulate
organic matter respectively). In contrast, in ttetipl nitrification model, nitrite and nitrate
were considered separately, ang &nd X,p were not taken up, since organic nitrogen was
considered as a fraction of the organic matter$SXs and X).

With regards to the organic matter, Figure 6.5 gmeésa scheme of the fractionation proposed
by Corominas (2006).

The available historical data sets did not contotuble chemical oxygen demand (C§D

measurements, essential for organic matter fraatiiom. Nevertheless, dissolved organic carbon
(DOC) measurements were available at the influedtedfluent, so COPwere calculated from
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the DOC values, applying empirical ratios. Thed@sawere experimentally found to be 1.86
mg COD; per mg DOC at the influent, and 2.3 mg C{der mg DOC at the effluent.

CODg oy CODy e BCOD,¢ CODy

o
J

negligible

> N
,@ s ~
CET-T

Figure 6.50rganic matter fractionation (Corominas, 2006).

Biodegradable COD (BCOD) at the influent was alseded for this procedure, but only BOD
measurements were available. However, the BCODbeaestimated from these according to
Roeleveld and Van Loosdrecht (2002) (Equations 6rl6.42).

1

BOD, =WBOQ (Eq. 6.41)

BCOD=— BOD,,, (Eq. 6.42)

- f
BOD
in which ksop (d™) is a first order constant of BOD versus time, B&Da biochemical oxygen demand
measurement at time t, afigp is a correction factor. In this specific case khgy of this organic matter

was experimentally determined to be 0.13 (fromadhnisal data, not shown) and thgp was assumed to
be 0.15.

From this procedure, influent organic matter wagtionated. The concentration for each state

variable and the percentage of each fraction vasipect to the total influent COD are given in
Table 6.11.

Table 6.110rganic matter fractionation for both data sets

CALIBRATION VALIDATION
State Concentration %)° Concentration %)°
variables (mgCOD-L%) 0 (mgCOD-L?) 0
Sq 1052.63 25.01 649.94 20.19
S 3066.57 72.88 2078.28 64.55
Xs 59.07 1.40 247.42 7.68
X 29.51 0.70 244.03 7.58

" This percentage is calculated with respect tddtad influent COD.
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As can be observed, in both cases the majorith@f@OD was due to the soluble fractions,
with the inert (9 being the most important and representing 60-80%e total influent COD.
The readily biodegradable fractionsg{®nly constituted about 20-25% of the total CODeT
particulate fractions (Xand X) were negligible in the calibration, while theinportance in the
validation data set was more significant. Sincedhe no physical-chemical explanation for
such different behaviour, this variation might bigilauted to biases linked to the fractionation.

The above organic matter fractionation was beligedoke sufficiently accurate for this study. It
should be noted that most assumptions relate ta€CthB fractions, which were expected to

have little impact in comparison with the high agen concentrations.

The main influent characteristics for the calibwatiand validation cycles are summarized in
Table 6.12.

Table 6.12Input state variables

Influent State variables Units CALIBRATION  VALIDATION
S mgN-L? 1761.0 2009.3
Svo2 mgN-L* 5.7 0.26
Svo3 mgN-L* 4.0 3.47
Sc mgC-L! 1768.0 1863.2
X aoB mgCOD.- " 0.01 0.01
Xnos mgCOD.- " 0.01 0.01
Xu mgCOD-L"* 0.01 0.01

Ss mgCOD.- " 1052.63 649.94

S mgCOD.- " 3066.57 2078.28
Xs mgCOD.- " 59.07 247 .42

X, mgCOD.- " 29.51 244.03

pH - 8.67 8.84

6.4.4 STAGE 4: Calibration and validation

Model calibration is understood as the estimatibthe model parameters to fit a certain set of
data obtained from the WWTP under study (Gerretesl, 2004). To carry out the calibration,
modellers usually follow a calibration protocol. Wever, independently of the protocol, the
calibration step is usually achieved through & trad error approach, in which a number of
parameters are changed one at a time to fit theemdte selection of the parameter subset to
be tuned is a key point, since an unsuitable sulsst lead to poor fitting. Identifiability
analysis is a good tool for finding an adequateupeter subset to fine-tune with.

6.4.4.1 Step 6: Identifiability analysis
Prior to the calibration step, an identifiabilitpadysis of the model was performed, using the

methodology defined in Bruet al. (2002) and based on a local sensitivity analydig aim of
this analysis was to find an identifiable subsepafameters to calibrate the PN-SBR model. To
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be identifiable, a parameter subkehas to fulfil two conditions. First, a model outy®) has

to be sufficiently sensitive to individual changeseach parameter id. This is addressed by
the sensitivity measu@™®. Secondly, variations in the model output duehanges in single
parameters may not be approximately cancelled Ipyogpiate changes in other parameters.
This analysis of parameter interdependences iseaddd by the collinearity indey,. The
determinant valueyy, takes into account both identifiability condit®simultaneously and is,
therefore, particularly suited for the assessmétitaidentifiability of parameter subsets.

The first step of the identifiability analysis wie identification of the model parameters to be
calibrated. For this purpose, 30 parameters (aletic parameters plus the temperature
correction coefficients; listed in Tables 6.4 anfl)@vere selected. The identifiability analysis
considered five different outputs: NHINO,, NO;, IC and pH.

As a starting point, the relative sensitivity ofckaparametej (30 in total) to each of the
available measurements (henceforth called modedutsity (five in total) and at each time
instanti (S;), was calculated as:

- 9
T

a0, vy,

wheredyi/d 6; is defined as the absolute sensitivity of the nhodéputy; to the parametes; at each time

(Eqg. 6.43)

instanti.

The absolute sensitivity function was approximatethg a finite difference method, which is
only valid for a small change in the parameterssi®red, i.e. a small perturbation factap).
Finding proper perturbation factors is a challegdiask (De Pauw and Vanrolleghem, 2003).
After several trials with a wide range of perturbatfactors, ranging from 0.0001% to 50%, a
perturbation factor of 10% was found suitable fbthee model parameters.

After performing this step it was observed that thsulting plots presented scattering. This
noise is probably attributable to a problem of nrica accuracy of the integrator (ode23t)
versus the complexity of the model. To solve itmare accurate integrator (ode45) was tried.
Nevertheless, the stiffness of the model led ty g&yw simulations which made the use of this
new integrator unviable. Pre-treatment of the datethe removal of this noise was therefore
preferred, and was reached by the use of a onendioreal median filter.

From these sensitivities)) the sensitivity measur@,{"™") was calculated for each parameter
and output:
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msqgr — 1 .
oy = /Eiz:l“sf (Eq. 6.44)

where nis defined as the number of measurements (at diffdime instants)

This equation measures the mean sensitivity of deinoutput ¥) to a change in the parameter
6, (in the mean square sense). A higfi** means that the value of the paramé}dras great
influence on the simulation result; a value of zemeans that the simulation results do not

depend on the parametg(Brunet al, 2002).

The total sensitivity of a parametei"t") was calculated as the sum of the parametgf*s"
over each outputyj, according to Equation 6.45.

msqr 1 3 msqr
oY = EZ(Jyj ")? (Eq. 6.45)
i=1

The total sensitivities of each parameter aredigteTable 6.13, and the ranking distribution is
given in Figure 6.6

Table 6.13Parameter significance ranking

Ranking Parameter o™ Ranking Parameter o™
1 PHopt 1.304 16 Kinbg " 0.024
2 T 0.179 17 K pH 0.023
3 Hinae OF 0.177 18 Koz °° 0.022
4 Kic 0.143 19 Ky 0.019
5 Kimnoz o0 0.102 20 Koz 0.010
6 baoce 0.089 21 Kinng oo 0.003
7 Koz " 0.085 22 Ky 0.003
8 Hemax 0.075 23 08 0.001
9 Kss 0.073 24 Koz 02 0.001
10 b" 0.068 25 Kinoz 07 0.001
11 n 0.059 26 Knos 0.001
12 Kio2 0.057 27 0" 0.000
13 Koz 0° 0.042 28 "8 0.000
14 pNo" 0.038 29 Koz 02 0.000
15 K oo 0.035 30 Knoz 0.000

As can be observed, gliwas by far the most sensitive parameter. Amongothers, values
were lower and more uniform.

On the basis of this ranking, only the more sersitparameters could be considered
identifiable. There is not a clear cut-off value fioe 5;™** (Ruanoet al, 2007). However, based
on experience, a threshold value of 0.05 was chesea cut-off value to select the most
significant parameters, and reduce the computdtitme for further collinearity index and
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determinant measure calculations. As a resultpaediwcontaining the 12 parameters presenting
the highe;™*was selected.
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Figure 6.6 Parameter ranking according to #)& " g

The collinearity indexy), associated with a parameter sulbsef sizek, is defined as:

1
Vi =F7——= (Eq. 6.46)

,/min)Tk

where minf is the smallest eigenvalue of the normalised Substrix §|I §K

yk measures the degree of near-linear dependencedietie sensitivity functions. It equals
unity if the columns are orthogonal and it readnésity if the columns are linearly dependent.
If the columns are nearly linearly dependent, ckanm the model output, due to small
changes in a parametgrcan be compensated to a large extent by apprepie@nges in other
parameters irkK. This is indicated by a high collinearity index. Based on experience, a
collinearity value of 5 was chosen as the cut-affie in this study.

The determinant measupg) is defined as:

b = detst 50" = (7,1, (Eq. 6.47)

I
where detS; S, )"*is the determinant function of tiex K subset matrix o8.

The determinant measure combines the informationighed bys;™** andyx in a useful waypk
becomes large if the parameter sensitiviti#5{) are high and their collinearityy) is low. A
high value ofpk; therefore, indicates a good “conditional ideiatifility” of parameter subse.
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Sincep is substantially dependent on the choice ofAfieit is generally not possible to define
an absolute threshold valugg is rather a relative measure suited for the coisparof
parameter identifiability of different parametebsats.

Subsequently, the collinearity indey) (and the determinant measuresg for each output
variable were calculated for all possible subsetgtaining 2 to 12 of the 12 most significant

parameters. The results are given in Table 6.14.

Table 6.14ldentifiability results §™%)

Size Combinations yrange Y<5(%) Ymin  PYmin) Parameter subset fory,,
2 66 2.90-95.93 19.69 2.90 44.33 A B oz
3 220 4.91-178.26 0.45 491  11.20 a0y B, Kinoz o8
4 495 6.19-363.62 0 6.19 7.93 No identifiable stifmend
5 792 10.14-390.06 0 10.14  22.13 No identifiablesst found
6 924 10.53-397.39 0 10.53 16.88 No identifiablesst found
7 792 12.12-403.13 0 12.12  10.52 No identifiablesst found
8 495 13.58-416.30 0 13.58 11.91 No identifiablesst found

As can be observed in the table, there were matgnpally identifiable parameter subsegs<(

5), the majority of which were composed of two paeters. In order not to lose valuable
information it is important to choose the largestsgible parameter subset. In this particular
case, the maximum subset size accomplishing tHmeality threshold was three. The largest
subset with the lowest collinearity value and tlghbst determinanipf) was compound by

NOB H NOB
Wmax 0" and Kpnoz -

Since the calibration method is usually performadpot by output following step-wise
procedures and experience based protocols (i.el éhsl, 2007 and Corominaat al, 2008),
the identifiability of the parameters subset fockeautput was also studied. The identifiability
measurements for each output were calculated imdigpdly, and the results are summarised in
Tables 6.15 t0 6.19:

Table 6.15Identifiability results §™*" w4+

Size Combinations yrange Y<5(%)  Ymin  PYmin) Parameter subset fory,,
2 66 1.48-141.51 66.66 1.48 0.84 a0, Ksd
3 220 1.91-176.68 28.18 191 814  pmadd, Mmax o Kisnoz oo
4 495 2.34-298.96 6.46 2.34 6.00  mar o 7, Kee, Kipnoz o0

AOB NOB H

5 792 4.77-355.27 0.5 477 350  Hmax '&T:;oz”b%max O
6 924 14.27-365.45 0 14.27 2.82 No identifiablesstifiound
7 792 15.83-371.03 0 15.83 3.15 No identifiablesstifiound
8 495 50.62-375.17 0 50.62 5.47 No identifiablesstifiound
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Table 6.161dentifiability results ™" yo2)

Size Combinations y range Y<5(%)  ymn__ p@mn) Parameter subset forymin

2 66 1.59-161.99 45 .45 159  20.52 Upax -, 008
3 220 4.24-249.86 8.63 4.24 8.57 PO BT Ksd'
4 495 5.98-370.22 0 5.98 2.82  No identifiable stifimend
5 792 7.76-457.32 0 7.76 6.89  No identifiable stifimend
6 924 45.62-472.40 0 45.62 7.44 No identifiablesstitbound
7 792 66.78-480.17 0 66.78 3.54 No identifiablesstithound
8 495 90.63-496.51 0 90.63  3.09 No identifiablesgtiiound
Table 6.17Identifiability results ™" yos)
Size Combinations y range Y<5(%) Ymn plmn) Parameter subset forymin
2 66 63.84-3307.62 0 63.84  0.03 No identifiablessmtiound
3 220 133.80-9230.17 0 133.80 0.04 No identifiailset found
4 495 242.92-17297.22 0 242.92 0.02 No identifisleset found
5 792 543.02-20163.22 0 543.02  0.08 No identifistlleset found
6 924 973.06-21399.88 0 973.06  0.02 No identifistlleset found
7 792 1936.55-22607.05 0 1936.55  0.02 No identdiabbset found
8 495 2609.83-27031.78 0 2609.83  0.03 No identdiabbset found
Table 6.18Identifiability results ™" c)
Size Combinations y range Y<5(%)  Ymin  PWmin) Parameter subset fory,,
2 66 1.00-83.36 84.85 1.00 1875.88 "% Koz
3 220 1.01-94.97 63.64 1.01  133.20 PO BT Koz o°
4 495 1.72-104.51 41.41 1.72  209.18 "“HhBF K on Kinnoz 0
5 792 2.45-128.05 19.94 245  172.65 tmax o, tmax L 7%, BT, Kioo
"HET kaB K K NOB
6 924 3.19-136.12 5.3 3.19  156.73Hmx 71 p’H 102 THHNOZ
opt
NOB HET OB
7 792 4.06-140.94 0.8 406  72.48 Hmax '”ma;( '”'Nfs B Kioz,
1,HNO2
8 495 7.06-145.55 0 706  77.79 No identifiable stifsund
Table 6.191dentifiability results §™ ;)
Size Combinations y range Y<5(%)  Ymin  PYmin) Parameter subset forym,
2 66 1.00-38.14 90.90 1.00 1.39 a7, Mot
3 220 1.18-78.26 75.91 1.18 1.24 7, Kss', Kinnoz o8
4 495 1.79-81.00 56.36 1.79 1.57 A Bse, Koz Koz o0
5 792 2.06-85.76 33.33 206 6.18 "B 10, Kion Kirmoz 22, PHopt
AOB H OB bH K
6 924 2.62-86.06 14.39 2.62 3,02 Mmax ’uEax: o P v Koz
SR
7 792 3.76-86.71 4.17 376 210 Mmoo B, Kic, Kioz,
1,HNO2
NOB H OB ET
8 495 4.70-87.67 0.61 470 129 MHma '“m;‘g’ﬁi':f B K
SS 1 'NL,O2

As can be observed, maximum subset sizes of 5, &)d78 were obtained for ammonium,
nitrite, IC and pH, respectively. With regards ttrate, it should be noted that any combination
of the most sensitive parameters accomplishedutiefEvalue for NQ output.

Once these results were obtained, the next actasntwvdefine the parameter subset in order to
proceed with Step 7 of the calibration guidelineccérdingly, the parameter subset
accomplishing the collinearity threshold and wtile highest determinant value was chosen for
the NH,", NO,, IC and pH. The selected parameter subsets anmatised in Table 6.20.
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Table 6.20Selected parameters

Output Parameter subset y p
NH4+ umaxAOBa HmaxNOBa HmaxHy bHa KI,HNOZNOB 4.77 3.5
NO, b8, b, Ksd" 4.23 8.57

IC tmax s 17, 0798, B, K 02, Koz "0, pH,  4.28  120.50

pH Hmax 00 a5 7, 9%, 0, Kie, Kse', Kioz 4.7 1.29

6.4.4.2 Step 7: Calibration of the biokinetic model
The calibration step was conducted in two stagepreposed in Corominas (2006), following a

step-wise procedure (see Figure 6.7). First, thdahwas simulated with a constant influent,
and the volatile suspended solids (VSS) conceatratiside the reactor was adjusted by tuning
thef,s. Once proper conditions had been achieved, cydkitton calibration was performed for
each of the selected outputs (NHNO,, NOs, IC and pH).

Uncalibrated

model

Stable-state simulation
20 days

Yes In-cycle dynamic Calibrated
calibration model

\4

In-cycle dynamic
validation

Identifiable subsets

Figure 6.7 Step-wise procedure for calibration and validation

The process dynamics were fitted by manually fungirtg the identifiable parameter subsets
previously found in the identifiability analysisegs Table 6.20). A maximum variation of 10%
with respect to its default value, was considereckptable in a parameter, and the model’s
fitting to the respective output was visually assels However, the model turned to be
insensitive to the majority of the parameters, @nlyf tmay ) tmax - and pH, (accounting for
the highesw;™" values) gave a significant response. The initi final values of the tuned
parameters are given in Table 6.21.
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Table 6.21Initial and calibrated values
Parameter Initial Calibrated

Unaw 0 2.1 2.31
Umax 0 1.05 0.945
PHopt 7.23 7.63

Figure 6.8 presents the results of the calibratanthe nitrogen compounds (Figure
6.8a), inorganic carbon (Figure 6.8b) and pH (FegaBc).
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Figure 6.8 Experimental and simulated evolution of the maiggital-chemical outputs during the
calibration step: a) Nitrogen compounds; b) Inofgaarbon; c) pH

Figure 6.8 shows a good model fit with the datahie calibration step. The model accurately
followed the dynamic trends in terms of nitrogempounds (nitrite build-up, without nitrate
production) and inorganic carbon. Figure 6.8c preséhe experimental and simulated pH
profiles. As can be seen, the model was capalieretasting the pH dynamics, despite a slight
bias (about 0.3-0.4 pH units) between the simulatetithe experimental values.

Step 8: Validation of the biokinetic model

After the calibration step was finished, the modak validated using an independent data set
from a cycle profile of the reactor operating undestep-feed strategy. Next are presented the
experimental and simulated profiles for the nitregempounds (Figure 6.9a), inorganic carbon
(Figure 6.9b) and pH (Figure 6.9c).
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Figure 6.9 Experimental and simulated evolution of the maiggital-chemical outputs during the
validation step: a) Nitrogen compounds; b) Inorgamgrbon; c) pH

As can be seen from Figure 6.9, good results wise @btained for the validation step. The
model was able to forecast the evolution of theoggn compounds, and a good prediction was
reached for the inorganic carbon, despite the asmklecrease pattern. Moreover, the model
was also able to forecast pH behaviour, althoughmélar off-set to that in the calibration step
was detected. Taking into account the high seitsitof pH in non-buffered systems, this
deviation is deemed acceptable. One of the maalylikypotheses for the deviation is the effect
of salinity. Raw leachate used in this study hazbaductivity of above 35,00@S-cm', and
elevated ionic strengths may also affect pH catmra With such a high value, the use of
activities instead of concentrations is recommer(@aith and Chen, 2006).

6.4.5 STAGE 5: Evaluation

6.4.5.1 Step 9: Evaluation of the results
This final step evaluates whether the calibratimcedure has accomplished the initial goals. In
case of an unsuccessful calibration, the proceshweald move back to Step 2.

Corominas (2006) performed the evaluation stepisyal judgment and the use of an average
relative deviation test (ARD). In the present cassessment of the calibration of the partial
nitrification model was refined by including diffant statistical tests (Power, 1993) to support
the visual evaluation. These tests are summansédble 6.22.
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Table 6.22Statistical tests

Mean Absolute Root Mean Squared Average Relative Janus coefficient
Error (MAE) Error (RMSE) Deviation (ARD) 39
. - \ _ Z‘ (Vineass = Y)Y
MAE = %Z Voesw =¥) RMSE= |23 (yeas - (1)) ARD= %Z[‘ymm - )‘} ve n_lval e
i=1 ni= i=1 Ymeasi z (ymew _ y(t,))z

n_cal =

n is the total number of observations of the vagablmeas,is thei™ measurement of the variableand
y(t) is the corresponding model output at time_calandn_valare the total number of measurements in
the calibration and validation periods, respecivel

MAE and RMSE are statistical tests directly relateceach output, accounting for the same
units. On the other hand, ARD is a test that inforabout relative deviations. The Janus

coefficient measures the predictive accuracy obdet) and its value should be close to 1.

Next, Table 6.23 shows the quantification of thedelidit for the calibration and validation data
sets on the basis of statistical tests.

Table 6.23Results of the statistical tests evaluation

Output _ _ MAE _ _ _RMSE _ _ _ ARD _ 2
Calibration Validation Calibration Validation Calibration Validation
NH," 45.76 70.87 48.71 72.78 0.08 0.10 2.23
NO, 52.83 64.76 54.43 70.96 0.05 0.06 1.70
NOs’ 1.69 0.7 2.09 0.79 0.29 0.31 0.15
IC 2.80 3.42 3.43 4.15 0.53 0.27 1.47
pH 0.29 0.31 0.31 0.31 0.05 0.05 1.01

As can be seen from the table, ammonium and nhatt MAE and RMSE values higher than
40. This was due to the elevated concentratiorh@$d compounds, and may not imply poor
fittings. In such circumstances, ARD can be uséful assessing the adjustment of highly
concentrated compounds. Thus, average relativati@vs of NH" and NQ were lower than
10%, pointing to a good adjustment of the modehtexperimental data. The higher values of
these statistics for the validation could be reldtethe more elevated nitrogen concentration in
the leachate fed in the validation cycle, which 289 - 300 mgN-Ni-L™* higher. With
regards to nitrate and inorganic carbon, both datpuesented low MAE and RMSE values,
which is in accordance with a good model fit. Néveless, high values for the ARD statistics
were obtained. Such elevated ARDs were due to #wy low concentrations of these
compounds in the reactor, despite the high nitrayehlC concentrations in the influent. In this
sense, ARD statistic may yield a biased interpietatf the results when dealing with very low
concentrations. Finally, the results of the differstatistics for pH revealed a similar fitting in
the calibration and validation steps, with low MABEVISE and ARD values.
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In terms of the Janus coefficient, the values olehifor the PN-SBR model were not so far
from 1, meaning that the model structure remainedhanged during the calibration and
validation periods, thus verifying the predictivecaracy of the model.

6.5 Nitrite build-up in an SBR: A simulation study

The production of an effluent with a proper nittiteammonium ratio (1.32) is essential for the
anammox process. Bicarbonate is a key parameteofdrolling the degree of nitritation (van
Hulle et al, 2005). A lack of bicarbonate can be solved bydbsage of external bicarbonate
into the influent, as demonstrated in Chapter 5tl@nother hand, an excess of bicarbonate can
lead to an over-conversion, which may be overcoybybpassing part of the influent. Streams
with a bicarbonate excess may also imply other eguences, such as a decrease on the
inhibition pressure over NOB, due to the decreaséA concentration, although this situation
may be balanced by increasing the FNA levels.

Leachate composition varies greatly between landiies and over time. Excessively low
ammonium concentrations may not allow inhibiting BIGorganisms, while too high
concentrations could imply the loss of the nitafion process due to inhibition by FA. In light
of this, partial nitritation in an SBR might not lapplicable in all situations. Because of the
huge variability that exists among ammonium andafiionate concentrations, it is crucial to
identify the limits of the system in terms of réribuild-up. Is it possible to achieve successful
nitrite accumulation at any concentration of infflutemmonium and bicarbonate to ammonium
molar ratio? Does the N load play any role in Ni@uild-up? A simulation study was designed
with the aim of answering these questions anajlthese knowledge gaps.

6.5.1 Influent conditions

This study aimed to assess the impact of variatiomsammonium and bicarbonate
concentrations on nitrite build-up. Accordingly,ffdient concentrations of both chemical
species were taken up, being specifically defirmdefach scenario. On the other hand, only
negligible concentrations of nitrite and nitratereveonsidered, and it was also assumed that
AOB, NOB and heterotrophic biomass content in ttiient was insignificant. With regards to
organic matter, an elevated organic matter conatoir in the leachate (4,000 mgCOD)lwas
considered, similar to the levels reported in thisrk. Organic matter fractionation was
assumed to be similar to that obtained in the caiitn step, and a very high soluble inert
fraction (§) was adopted, being 75% of the total COD. The neimg fraction (25%) was
assumed to be biodegradable. A quarter of thigitraevas considered as slowly biodegradable
(Xs), while the remaining was taken to be readily bigrddable substrate SThe influent
characteristics are shown in Table 6.24.
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Table 6.24Influent characteristics

Compound Units Influent
NH," mgN-L*  variable*
NO, mgN-L’ 0.001
NO; mgN-L* 0.001

HCO; mgC-L"  variable*
Ss mgCOD-[! 750
Xs mgCOD- ! 250
S mgCOD- ! 3,000
X mgCOD-[! 0.001

X aoe mgCOD-[! 0.001
X noB mgCOD- ! 0.001
Xu mgCOD- ! 0.001

* Concentrations dependent on each scenario

6.5.2 Definition of the scenarios

The goal of the simulation study was to evaluate ithpact of leachate composition and
operating conditions on nitrite accumulation. Aalingly, scenarios involving different

ammonium concentrations and bicarbonate-to-ammomaiar ratios (input variables), were
screened for different nitrogen loading rates betrollable variable of the system). All these
conditions are summarised in Table 6.25.

Table 6.25Scenario conditions
NH," ins [NgN-NH,*L"]  HCO3:NH," influent molar ratio  NLR [kgN-m .d”]

500 0 0.1
1,000 0.5 0.2
2,000 1 0.3
3,000 1.14 0.4

15 0.5
1.6 1
1.7 15
1.8 2
1.9
2

In this way, all possible combinations of thesee¢hparameters were analysed, resulting in a
total number of 250 scenarios. Unfeasible scenaimowhich the volume fed would be higher
than the reaction volume, had been previously disch

Simulations were carried out for a period of 209sjdo ensure stable state operation under a

step-feed strategy (Figure 6.3b). The temperatutieeosimulations was set at 35°C and the DO
set-point was chosen as 2 mg0O'.
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6.5.3 Simulation results

Each scenario was simulated for the required infl@ad operational conditions, and once all
the simulations had been performed, the results feach scenario were analysed in terms of
nitrite and nitrate production. It was observedt thapending on the combination of this 3
conditions (influent ammonium concentration, HCRH," influent molar ratio and NLR),
either nitrite or nitrate was the end-product & kbing-term operation of the reactor.

Figure 6.10 shows four graphs depicting the infageaf the influent ammonium concentration
on the long-term evolution of ammonium, nitrite arittate in the reactor. For this case it were
chosen scenarios operating the reactor at a NLRSokgN-nT-d* and a HC@:NH," influent
molar ratio of 1.6.
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Figure 6.10Long term evolution of ammonium, nitrite and nigrén the reactor at a NLR of 0.5 kgN-m
3.d' and a HC@:NH," influent molar ratio of 1.6, when applying diffetdnfluent ammonium
concentrations

According to the stoichiometry, the bicarbonatextomonium molar ratio of the influent allows
a conversion of around 80%, and the simulation ltesdepicted in Figure 6.10 are in
accordance with this. Nevertheless, differencesedeipg on the influent ammonium
concentration can be observed in the final outcai¢he system. At the beginning of the
scenarios, ammonium is almost completely oxidiseditrate. But, when high ammonium
concentrations are accumulated in the reactor, fidbition over NOB leads to a progressive
decrease in nitrate concentration and a nitritelbup. This behaviour, taking place more or less
quickly, is clearly observed for influent ammoniuroncentrations of 2,000 mgN-NHor
higher. In these scenarios, the end-product is .NCbnversely, in the scenarios with a lower
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influent ammonium concentration (500 mgN-NHand 1,000 mgN-NH) nitrate builds up,
probably because FA inhibition over NOB is not sewvenough to out-compete them.

The HCQ:NH," influent molar ratio is the factor that govern® tamount of ammonium
oxidised. However, it may also affect nitrite protdan, as depicted in Figure 6.11. These
graphs depict the evolution of the different nigngcompounds in the reactor when applying
different influent HC@:NH," molar ratios. For this case, scenarios with 2,(1)@(])4-NI—|4+-L'1
and a NLR of 1 kgN-d* were chosen.
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Figure 6.11Long term evolution of ammonium, nitrite and nigrén the reactor at an influent ammonium
concentration of 2,000 mgN-NHL™ and a NLR of 1 kgN-md*, when applying different bicarbonate to
ammonium influent molar ratios

The figure clearly shows the increase in ammoniuidaiion alongside the raise in the HEO
:NH," influent molar ratio. When no bicarbonate is sigahl insignificant amounts of
ammonium are oxidised. From this point, each sdéenaflects a decrease in the effluent
ammonium concentration that correlates with the A€d@chiometry (Equation 1.5). In these
specific scenarios, the end up product of the m®eeas nitrite in all the scenarios comprised
where there were between 0.5 and 1.5 moles of Hlmcate per mole of ammonium in the
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influent. However, for the last scenario depictedrigure 6.11, corresponding to a HCRH,"
influent molar ratio of 2, nitrate is the outcomfetlte system in the long term. Despite the fact
that concentrations of nitrite up to 500 - 600 my®,-L™* were initially produced, the
inhibitory effect of FNA over NOB organisms waslifficient to out-compete them in the long-
term. These results indicate that an excessivell bicarbonate concentration in the influent
may lead to undesired nitrate build-up in the gyste

Finally, the nitrogen load applied to the systenyrabso play an important role in the nitrite
build-up process. The NLR is controlled by the voéiric exchange ratio (VER) of the system,
which in turns affects the sludge retention timguFe 6.12 shows the long-term evolution of
ammonium, nitrite and nitrate when different nitadoading rates are applied. The scenarios
depicted concern an ammonium influent concentratain 2,000 mgN-NH"L* and a
bicarbonate to ammonium molar ratio of 1.14.
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Figure 6.12Long term evolution of ammonium, nitrite and niiérén the reactor at an influent ammonium
concentration of 2,000 mgN-NHL™ and a HC@:NH," influent molar ratio of 1.14, when applying
different nitrogen loading rates (NLRs)

As can be clearly seen from the graphs, about 57#tednfluent ammonium was successfully
oxidised, but the end-product of the process diffeslepending on the NLR. Low NLR led to
nitrate production, while higher NLR allowed nigritaccumulation in the system. This
differential behaviour may be related to a reduciio NOB activity and the VER. If applying

low NLR, VER are also low, implying elevated valu#sSRT. In light of this, the SRT of the

system is higher than the minimum sludge age neftedOB growth and, despite the activity
reduction linked to FA inhibition, NOB are sparedoagh time for development. On the
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contrary, higher NLR may lead to an SRT lower ttf@minimum retention time necessary for
NOB development, which in practice means,N&&cumulation.

Taking into account that the interaction of thelseé factors affects the effluent speciation,
leading to nitrite or nitrate build-up depending each case, it can be appreciated that the
independent analysis of these 250 scenarios irdar straight forward. In order to clearly
summarise the information about all the simulatjaghe results have been plotted on a contour
graph (Figure 6.13), grouped by influent ammoniwnaentration. White areas in the graphs
depict operational conditions not feasible for teactor under study (i.e. when the volume fed
would be higher than the reaction volume).
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Figure 6.13Percentage of NONO,+NOs3), NGO, and NQ' at the stable state for different influent
ammonium concentrations (A: 500 mgN-NH.™; B: 1,000 mgN-NH"-L™"; C: 2,000 mgN-NH"-L?; D:
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Figure 6.13 clearly presents the long-term reaptnmformance. The interaction of the three
parameters (influent ammonium concentration, bimaabe to ammonium influent molar ratio
and nitrogen loading rate) govern the final effiuspeciation. In general terms, low influent
ammonium concentrations, low nitrogen loading rated/or high HC@:NH," influent molar
ratios lead to nitrate production. This is becaresctor conditions (low inhibition and high
SRT) are not stringent enough to outcompete NOBftbe system. However, when one or
more of these parameters becomes too severe for ING@Rterm subsistence, nitrite becomes
the end-product of the process. Despite the eldviatébitions also affecting AOB, the system
did not suffer a breakdown, although the stringeahditions may have also negatively
influenced ammonium oxidation rates. It is impott@nmention that bicarbonate to ammonium
molar ratios of 2 or higher always led to nitratedquction at the end of a scenario, because
initial inhibitory conditions were not severe enaug wash NOB out of the system. In light of
this, the PN-SBR configuration may not be suitdbfeachieving complete nitritation.

6.6 Conclusions

A mathematical model of a partial nitritation SBiedting raw urban landfill leachate has been
successfully constructed, calibrated and validat#dg historical data. The development of this
model was carried out following a systematic guitglwhich has been upgraded through the
inclusion of an identifiability analysis step andddional statistical tests for the evaluation of
the model fitting.

The calibrated PN-SBR model is capable of accuratetdicting the behaviour of the main
physical-chemical outputs (NH NO,, NO; and IC). Good results were also obtained for pH,
despite a slight bias in pH forecasting, proballysed by the high salinity of the leachate.

The mathematical model has served as a tool famalation study of the impact of influent
composition and NLR on nitrite accumulation. In geal terms, low ammonium concentration
in the influent, too high bicarbonate to ammoniurmlan ratios and/or too low NLR, result in
nitrate production in the system. On the contrarlgen one of these parameters becomes too
stringent for NOB development, nitrite accumulatitakes place. Therefore, this scenario
analysis enabled an “applicability map” of the PBIRSto be obtained which, given the influent
ammonium concentration, the bicarbonate to ammomwotar ratio and the NLR, allows the
long-term effluent speciation of the system to edted.

Future work will be addressed at evaluating thesradtion of different factors (aeration,
stripping, pH, inhibitions, among others) and thgipact on the process.
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Chapter 7. CONCLUSIONS




7.1 General conclusions

This thesis deals with the treatment of landfilhdbate by a partial nitritation-SBR, as a
preparative step for an anammox reactor. The mesfltthe study have demonstrated the
feasibility of this technology for the treatment lahdfill leachate. The work evolved from
initial lab-scale studies, where the process was tiested, to a successful long-term experiment
at pilot-scale. In addition, the thesis also inelsithe development, calibration and validation of
a mathematical model of the process, aiming aessing process knowledge.

7.2 Lab scale

Experiments at lab scale demonstrated the feagibilithe PN-SBR technology for the partial
nitritation of ammonium present in landfill leackatreating a maximum NLR of 1.75 kgN-m
.d'. During these studies, proper operational conutiof the reactor were obtained. In
addition, two different feeding strategies were Igged in terms of stability and process
performance, with the step-feed strategy yieldingueh better result. Analysis of the in-cycle
dynamics profiles of both feeding strategies allduaentifying the stability of pH as one of the
main reasons for the better performance of thefsteg.

The inhibition of AOB by free ammonia and free oits acid, as well as possible bicarbonate
substrate limitation, were experimentally screeriemin which it was concluded that the AOB
community presented a high tolerance to elevatedcBAcentrations (k. = 605.48+87.18
mgN-NHs-L™). Inhibition and half-saturation constants for FidAd HCQ were also obtained

in these experiments, although these were not agiplreliable because the same data set was
used to determine both effects.

In terms of process assessment, the bicarbonamteonium molar ratio was found to be the
key factor in controlling the nitrite to ammoniurffleent molar ratio. However, taking into

account the low biodegradable organic matter caonténthe leachate, there was a high
correlation between the amount of oxygen consunaddpy and the nitrite production rate,
resulting on a good indicator of process perforreanc

7.3 Pilot scale

Studies at pilot scale allowed obtaining a stalie suitable influent for feeding an anammox
reactor, treating leachate with extremely high amiwmm concentrations (up to 5000 mgN-
NH,"-L™"). These experiments also demonstrated the faasiofl removing organic matter by

heterotrophic denitrification, with a consequerdugion in the total nitrogen inside the reactor.
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The amount of nitrogen denitrified was now veryhiue to the low biodegradable organic
matter content. It was also found that the deigatfon process may be negatively affected by
the elevated amounts of FNA. This being the caseh @ strategy could yield better results
when dealing with lower nitrogen concentrationgj/an leachate with a higher biodegradable
fraction.

The long-term experience (450 days) confirmed tloarbonate to ammonium molar ratio and
the OC as key factors for controlling effluent Spon and assessing process performance,
respectively.

Finally, the microbiological and kinetic study dfet biomass enabled a characterisation of the
bacterial community. The use of molecular techriquevealed AOB enrichment around 60-
70%, with dominance of only one phylotypéditfrosomonassp. IWT514. This phylotype had a
high resistance to FA inhibition but a low affinitp the substrate, characteristics which
correspond to an r-strategist organism. With regaa NOB populationsNitrobacter and
Nitrospira were detected in the system despite the severeatapwl conditions. These
populations were not very active, but a changehim teactor conditions may allow their
development.

7.4 Partial nitritation modelling

A mathematical model of the PN-SBR was successfidlyeloped, calibrated and validated
using historical data. Therefore, a pre-existingkirietic model was modified to include

hydrolysis and endogenous respiration processeshytiraulic model was adapted to an SBR,
and physical processes, such as ammonia strippémg included. As a result, this model was
capable of accurately predicting the main outcoofethe system (ammonium, nitrite, nitrate,

inorganic carbon concentrations and pH).

A systematic modelling guideline was upgraded asfthed by including an identifiability
analysis step to select the kinetic parametersiwiviculd be fine tuned during the calibration.
The evaluation stage was enhanced by the includiadditional statistics for the quantification
of the model fitting.

Finally, the model was used in a scenario analygigch aimed to study the influence of
different factors (influent ammonium concentratidhe bicarbonate to ammonium influent
molar ratio and NLR) on long-term effluent spe@ati An “applicability map” of the PN-SBR
was created, which allowed the operational conaiti@ading to nitrite or nitrate accumulation
to be identified.
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