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SUMMARY

Nowadays, population and economic growth, changebfastyles and consumption
patterns result in an increasing demand of water emergy. This leads to a huge
wastewater production that needs to be treatedrddt® discharge. Therefore, urban
wastewater treatment plants (WWTPs) are widely @mm@nted in industrialized
countries and they must incorporate processesutients removal (nitrogen (N) and
phosphorus (P)). In this sense, biological process® the most economical and

sustainable processes for nutrients removal togmtethe eutrophication of water bodies.

Enhanced biological phosphorus removal (EBPR) e thighly studied at lab scale
but, in the most cases, using simple substratesri®n source, i.e. volatile fatty acids
(acetic, propionic and butyric). As a result, a mimgal population enriched in
polyphosphate accumulating organisms (PAO) is dpesl, being Candidatus
Accumulibacter phosphatis the species of PAO mieguiently found. However, the new
microbial identification technologies have demoaistd the presence of other PAO
different thanAccumulibacterin WWTPs. Since real wastewater is a complex matri
mainly composed of lipids, proteins and carbohyelrathe need to study EBPR process
using complex substrates has arisen. Furtherminidies on a larger scale than lab-scale

should be also performed.

In this thesis, the operation of a pilot plant (146 with A%O configuration for
simultaneous removal of organic matter, N and Rguglutamate as carbon and nitrogen
source was proposed. As a result, a microbial conimenriched inThiothrix (37%),
Comamonadaceaf 5.6%) andAccumulibacten(7.7%) was developed. This microbial
community performed anaerobic P-release with onBr29% of the observed
polyhydroxyalkanoate (PHA) storageAtcumulibacteenriched sludge. Moreover, the
denitrifying capabilities of this population wergatuated using nitrite and nitrate as
electron acceptors. It was concluded that fre@nstracid was indeed the true inhibitor,
instead of nitrite, and at concentrations of 2 pBINO2 - L%, the complete inhibition of
P-uptake for this microbial community occured. Hinaa sequencing batch reactor
(SBR) enriched inTetrasphaerausing casein hydrolysate as sole carbon source was
operatedTetrasphaergresent important differences in comparisotocumulibacter
since they are able to ferment complex organic @amgs and they can take up some

amino acids. However, they do not synthesize PHRBe Tegradation capacities of
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different amino acids and the polymers stored wadied here, usingdetrasphaera

enriched biomass.

Conventional activated sludge process presents Rigétrgy consumption, mainly
associated to aeration and sludge treatment. lti@adorganic matter is mineralized or
used for denitrification instead of being utilized biogas production. For these reasons,
WWTPs are energy consuming facilities. Nowadays ttansformation of conventional
WWTPs into energy self-sufficient facilities is ookthe main challenges to be faced by
the wastewater treatment. A feasible approach toewe this challenge is the A/B
process, which consist of a first step, A-stageicivlaims at maximizing the carbon
capture into the sludge for being treated throughareerobic digestion system for biogas
production; and a second step, B-stage, where ithegen is removed through an

autotrophic process. However, this process doeslide biological P removal.

Therefore, this thesis aims to investigate the iptssitegration of the EBPR in the A-
stage of the A/B process. To reach this objectiw®, systems (a high-rate activated
sludge (HRAS) and an SBR) were compared to act-atage treating real wastewater
from the primary settler and operating at SRT odrd 2 days. The HRAS system
provided better organic matter removal efficiencteswever, higher mineralization of
the organic matter was achieved (55.2%) comparetiddSBR (13.2%). In addition,
higher biogas production was obtained with the gdudf SBR (308 NL CHkgVS).
Finally, the possible integration of EBPR in thestfistep of the A/B process was studied,
by incorporating an anaerobic zone in order tovaBRAO growth. But, PAO bacteria are
washed from the system when the SRT is lower thday4, so it was needed to work at
higher SRTs than those typically used in high-stetems (SRT<2 days). In addition,
real influent was also used in this study, but siemal contribution of organic matter

was required for the development of the PAO agtivit
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RESUMEN

Hoy en dia, el aumento de la poblacion, el creaitoiele la economia, los cambios en
los estilos de vida y los patrones de consumo tievana creciente demanda de agua y
energia. Lo que se traduce en una enorme produdei@ggua residual que necesita ser
tratada antes de su vertido. Por ello, las Estasi@epuradoras de Aguas Residuales
(EDARSs) urbanas estan ampliamente implantadassepdises industrializados y deben
incorporar procesos que permitan la eliminaciomdgica de nutrientes (nitrégeno (N) y
fésforo (P)) ya que es la manera mas econémicatgsible de prevenir la eutrofizacion

de las aguas.

A escala laboratorio, la eliminacién biolégica ded®a altamente estudiada pero, en la
mayoria de los casos, se ha utilizado como fuemteadbono sustratos sencillos tales
como acidos grasos volatiles (acético, propionitmtyrico). Esto da lugar al desarrollo
de una poblaciéon microbiana en la que predominas bacterias acumuladoras de P
(Polyphosphate Accumulating Organisms, PAO) catdag coma@d\ccumulibacterSin
embargo, el impulso de las nuevas técnicas de ifidanton microbiologicas ha
demostrado la presencia de otras PAO diferentes Accumulibateren las EDARSs.
Debido a que el agua residual real es una matrich;mumas compleja, compuesta
principalmente por lipidos, proteinas y carbohmsanace la necesidad de estudiar este

proceso bioldgico utilizando sustratos mas complgja una mayor escala.

En esta tesis se propuso operar una planta gilé®L) con configuracion #O para la
eliminacién bioldgica simultdnea de materia organi y P utilizando glutamato como
fuente de carbono y nitrégeno. Como resultado $evobuna poblacion microbiana
enriguecida e hiothrix (37%) yComamonadacead 5.6%) ademas de la presencia de
Accumulibacter(7.7%). La peculiaridad de esta poblacion es |laciaad de liberar P
almacenando solo un 18-29% del polihidroxialcangBteA) que se acumularia en una
biomasa enriquecida elxccumulibacter Posteriormente se evaluaron las capacidades
desnitrificantes de esta poblacion utilizando careptores de electrones nitrito y nitrato.
Se concluyo que el verdadero inhibidor es el anittoso libre en lugar del nitrito y que
a concentraciones de 2 pg N-HN@* se produce la completa inhibicion de la captacion
de P para esta comunidad microbiana. Finalmenba sgerado un reactor discontinuo
enriguecido enTetrasphaeray utilizando caseina hidrolizada como Unica fuette
carbono. Lag etrasphaeraienen rasgos diferenciadores deAasumulibacterya que

las primeras son capaces de fermentar compuesgdsicos complejos y de captar



aminoacidos, sin embargo no son capaces de sartd®i#A. Se han estudiado las
capacidades de degradacion de distintos aminoagidiaando esta biomasa enriquecida
enTetrasphaeraademas de los polimeros de almacenamiento (P¢icpgeno).

Por otra parte, los tratamientos convencionalegodes activos presentan un gran
consumo energético asociado principalmente adaeiidn y al tratamiento de los lodos.
Ademas, la materia organica es mineralizada ordgatsia la desnitrificacion en lugar de
ser utilizada para la produccién de biogas. Poo &sto, las EDARSs son instalaciones
consumidoras de energia. Sin embargo, el retoeetéshoy en dia es transformarlas en
instalaciones autosuficientes energéticamente niareera de conseguirlo es mediante la
implantacion del proceso A/B, que consta de urmagma etapa A en la cual trabajando a
bajos tiempos de residencia celular (TRC) e hidtaylTRH), se pretende minimizar la
mineralizacion de la materia organica y que éstadserba en el lodo para incrementar
la produccion de biogas. A continuacion, en la sdguetapa B se eliminara
autotréficamente el N. Sin embargo, este procesgpaao contempla la eliminacion
bioldgica de P.

Por tanto, esta tesis pretende investigar la pogibeégracion de la eliminacion biologica
de P en la etapa A del proceso A/B. Para ello sgaocaron dos sistemas (uno continuo
y otro discontinuo) para actuar como etapa A tddaagua residual real procedente del
sedimentador primario y operando a TRC de 1 y & dibsistema continuo proporcioné
mejores eficacias de eliminacion de materia orgarstn embargo, se mineralizé un
55.2% de la materia organica inicial frente a urR%3 mineralizado en discontinuo.
Ademas, se observaron mayores producciones de shiogd el lodo del sistema
discontinuo (308 NL CHkg'VS). Finalmente se estudio la posibilidad de irdeda
eliminacion biologica de P en este primer paso pielceso A/B, mediante la
incorporacion de una zona anaerobia que permiteregimiento de las PAO. Sin
embargo, se ha estudiado que estas bacteriasasedalsistema cuando el TRC baja de
los 4 dias, por tanto, se hace necesario trabdjRCamayores de los usados tipicamente
en los sistemas de alta carga (TRC<2 dias). Adeeh@sfluente real utilizado en este
estudio tenia un bajo contenido en materia orgapardo que ha sido necesario aportarla

externamente para desarrollar la actividad PAO.



RESUMO

Hoxe en dia, o aumento da poboacion, o crecemantoahomia, os cambios nos estilos
de vida e os patrons de consumo levan a unha tesdemanda de auga e enerxia. O que
se traduce nunha enorme produccién de auga resjdeairecisa de tratamento antes da
slUa descarga. Por iso, as estacions depuradasagaeresiduais (EDARS) urbanas estan
amplamente implantadas nos paises industrializaddsben incorporar procesos que
permitan a eliminacion bioloxica de nutrintes @no (N) e fésforo (P)) xa que € a

maneira mais econdmica e sostible de evitar afmaoion das augas.

A escala laboratorio, a eliminacion bioléxica dsfédo esta altamente estudiada, pero na
maioria dos casos, empregando substratos sinxamk$ graxos volatiles) como fonte
de carbono. Isto da como resultado o desenvolvententha poboacién microbiana na
que predominan unhas bacterias acumuladoras dedd$folyphosphate Accumulating
Organisms, PAO) clasificadas corAocumulibacterNon obstante, o impulso das novas
técnicas de identificacion microbioloxicas demastaopresenza doutros PAO distintos
dos Accumulibacter nas EDARSs. Polo tanto, dadoagaega residual real é unha matriz
complexa composta principalmente por lipidos, pnaie e carbohidratos, xorde a
necesidade de estudiar este proceso biol6xico gaupde substratos mais complexos e

a unha maior escala.

Nesta tese propuxose operar unha planta piloto I(146nha configuracion #O para

a eliminacion bioloxica simultanea de materia org@nN e P empregando glutamato
como fonte de carbono e nitrdxeno. Como resultaloihyose unha poboacion microbiana
enriquecida e hiothrix (37%) eComamonadaceagl5.6%) ademais da presenza de
Accumulibacter(7.7%). A peculiaridade de esta poboacion é acidpde de liberar P
almacenando soamente un 18-29% do polihidroxiaktanPHA) que se acumularia
nunha biomasa enriquecida eAccumulibacter Posteriormente avaliaronse as
capacidades desnitrificantes desta poboacion empdegcomo aceptores de electrons
nitrito e nitrato. Conclueuse que o verdadeirobidor é o acido nitroso libre en lugar do
nitrito, e que a concentracions de 2 pug N-HNIO! prodicese a completa inhibicion da
captacion de P para esta comunidade microbianalnkémte, operouse un reactor
discontinuo enriquecido ehetrasphaerae empregando caseina hidrolizada como Unica
fonte de carbono. ABetrasphaergosuen trazos diferenciadores édasumulibacterxa
que as primeiras son capaces de fermentar compargf@sicos complexos e de captar

aminodacidos, no entanto non son capaces de santetiA. Estudiaronse as capacidades
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de degradacion de distintos aminoacidos emprega&st® biomasa enriquecida en

Tetrasphaeraademais dos polimeros de almacenamento.

Por outra banda, os tratamentos convencionais des lactivos presentan un alto
consumo enerxético asociado principalmente a afmeag ao tratamento dos lodos.
Ademais, a materia organica mineralizase ou desgtiaaesnitrificacion en lugar de ser
usada para a produccion de biogéas. Por isto, adRs[3an instalacions consumidoras de
enerxia. Emporiso, o reto existente hoxe en diaagsformalas en instalacions

autosuficientes enerxéticamente. Un xeito de logéalmediante a implantacion do
proceso A/B, que consta dunha primeira etapa Ague se pretende minimizar a
mineralizacion da materia organica e que ésta serlaa no lodo para posteriormente
destinar eses lodos a produccion de biogas, teadull a baixos tempos de residencia
celular (TRC) e hidraulico (TRH); e unha etapa Bapa eliminacion autotrofica de

nitroxeno. No entanto, este proceso non contemelarenacion bioloxica de fésforo.

Por iso, esta tese pretende investigar a posibdgriaccion da eliminacién bioléxica de
fésforo na etapa A do proceso A/B. Para isto, caarpase dous sistemas (un continuo
e outro discontinuo) para actuar como etapa Artdataauga residual real procedente do
sedimentador primario e operando a TRC de 1 ex2 @igistema continuo proporcionou
mellores eficacias de eliminacion de materia omg@rion todo, mineralizouse un 55.2%
da materia organica inicial frente a un 13.2% nalizada no reactor discontinuo.
Ademais, observaronse maiores produccions de biom&sdo do sistema discontinuo
(308 NL CHy-kg'VS). Finalmente estudiouse a posibilidade de iate@geliminacion
bioldxica de P neste primeiro paso do proceso A&Jiante a incorporacion dunha zona
anaerobia que permita o crecemento de PAO. Noamtestas bacterias PAO lavanse do
sistema cando o TRC é menor de 4 dias, polo diaersecesario traballar a TRC maiores
dos empregados tipicamente nos sistemas de aja ¢ARC<2 dias). Ademais, 0
influente real empregado neste estudio tifia undbadntido en materia organica, polo
gue se fixo necesario un aporte externo para dasemractividade PAO.
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RESUM

Avui en dia, 'augment de la poblacié, el creixetndaml’economia, els canvis en els estils
de vida i els patrons de consum porten a una eredemanda d’aigua i energia. El que
es tradueix en una enorme produccié d’aigua rekglieanecessita ser tractada abans del
seu abocament. Per aixo, les estacions depuradfaigées residuals (EDARS) urbanes
estan ampliament implantades en els paisos indlitzists i han d’incorporar processos
que permetin I'eliminacio biologica de nutrientsti@gen (N) i fosfor (P)), ja que és la

manera més economica i sostenible de prevenirdtiziacio de les aigues.

A escala laboratori, I'eliminacié biologica de fosfesta altament estudiada pero, en la
majoria dels casos, utilitzant substrats senzdtsds grassos volatils) com a font de
carboni. Aixdo dona lloc al desenvolupament d’'undl@cid microbiana en la qual
predominen uns bacteris acumuladors de fosfor f(fPolyphate Accumulating
Organisms, PAO) catalogats cérncumulibacterNo obstant aix0, I'impuls de les noves
tecniques d’identificacié microbiologiques ha detratsla preséncia d'altres PAO,
diferents alsAccumulibactera les estacions depuradores d’aigies residual&RED
Per tant, ja que l'aigua residual real és una matmplexa composta principalment per
lipids, proteines i carbohidrats, neix la necesditastudiar aquest procés biologic

utilitzant substrats més complexos i a una majoalas

En aquesta tesi es va proposar operar una pldotg6 L) amb configuracio 20 per

a I'’eliminacié biologica simultania de matéria angza, N i P usant glutamat com a font
de carboni i nitrogen. Com a resultat es va obtemér poblacié microbiana enriquida en
Thiothrix (37%) i Comamonadaceafl5.6%) a més de la presenci@ctumulibacter
(7.7%). La peculiaritat d’aquesta poblacio és lpac#tat d’alliberar P emmagatzemant
sols un 18-29% del polihidroxialcanoat (PHA) quecsimularia en una biomassa
enriquida ePAccumulibacter Posteriorment es van avaluar las capacitats tdésants
d’aquesta poblacié utilitzant com a acceptors dtetms nitrit i nitrat. Es va concloure
que el veritable inhibidor és l'acid nitros lliuren comptes del nitrit, i que a
concentracions de 2 pg N-HNEQ ! es produeix la completa inhibici6 de la captacio de
fosfor per aquesta comunitat microbiana. Finalmesnva operar un reactor discontinu
enriquit enTetrasphaera utilitzant caseina hidrolitzada com a Unica foatcarboni. Els
Tetrasphaeratenen trets diferenciadors dedccumulibacter ja que els primers sén
capacos de fermentar compostos organics complalsaptar aminoacids, pero no sén

capacgos de sintetitzar PHA. S’han estudiat les ditgte de degradacié de diferents
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aminoacids utilitzant aquesta biomassa enriquiddetrasphaeraa més dels polimers

d’enmagatzematge.

D’altra banda, els tractaments convencionals dgsfattius presenten un gran consum
energetic associat principalment a I'aeracio irattament dels llots. A més a més, la
materia organica es mineralitza o es destina aesittificacio, en comptes de ser
utilitzada per la producciéo de biogas. Per tot ailds EDARs son instal-lacions

consumidores d’energia. Aixi doncs, el repte eristwui dia és transformar les EDARs
en instal-lacions autosuficients energeticamenta Unanera d’aconseguir-ho és
mitjancant la implantacio del procés A/B, que cardstina primera etapa, etapa A, en la
qual treballant a temps de residencia cel- lular@IFhidraulic (TRH) baixos, es pretén

minimitzar la mineralitzacié de la matéria organice aquesta s’adsorbeixi al fang per
posteriorment destinar aquests llots a la produdgobiogas; i una etapa B per
I'eliminacio autotrofica del nitrogen. Malgrat aix@quest procés no contempla

I'eliminacio biologica de fosfor.

Per tant, aquesta tesi pretén investigar la passibtgracio de I'eliminacié biologica de
fosfor en I'etapa A del procés A/B. Per aixo es gamparar dos sistemes (un continu i
un altre discontinu) per actuar com etapa A tracéégua residual real procedent del
sedimentador primari i operant a TRC de 1 i 2 di#sistema continu va proporcionar
millors eficacies d’eliminacié de matéria organiparo es va mineralitzar el 55.2% de la
materia organica inicial enfront d'un 13.2% mingralda en el sistema discontinu.
Tanmateix, es van observar majors produccions dgabi amb el fang del sistema
discontinu (308 NL Chtkg'VS). Finalment, es va estudiar la possibilitat @grar
I'eliminacié biologica de P en aquest primer pad pgecés A/B, mitjancant la
incorporacio d’una zona anaerobia que permetieekement de PAO. No obstant aixo,
s’ha d’estudiat que aquest bacteris es rentenistehsa quan el TRC baixa dels 4 dies,
per tant es fa necessari treballar a TRC majoss td@cament utilitzats en els sistemes
d’alta carrega (TRC<2 dies). Per una altra banidiuent real utilitzat en aquest estudi
tenia un baix contingut en materia organica, pet tpa estat necessari aportar-la

externament per desenvolupar l'activitat PAO.
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LIST OF ACRONYMS AND ABBREVIATIONS

A/O

A?/O

AOB
A/O-HRAS
AS

BMP

BNR

CAS
Cas aa
CLSM
COD
CODc
CODr
CODep
CODs
CODrt
CRR
DNA
DO
DPAO
EBPR
EPS
FISH
GAO
GC
Gly
HPLC

Anaerobic/Oxic

Anaerobic/Anoxic/Oxic

Ammonium Oxidizing Bacteria
Anaerobic/Oxic High-Rate Activated Sludge
Activated Sludge

Biochemical Methane Potential

Biological Nitrogen Removal

Carbon

Conventional Activated Sludge

Sodium casein hydrolysate

Confocal Laser Scanning Microscopy
Chemical Oxygen Demand

Colloidal COD

Filtered COD

Particulate COD

Soluble COD

Total COD

Carbon Recovery Ratio

Deoxyribonucleic Acid

Dissolved Oxygen

Denitrifying Polyphosphate Accumulating Organisms
Enhanced Biological Phosphorus Removal
Extracellular Polymeric Substances
Fluorescencen situ hybridization

Glycogen Accumulating Organisms

Gas Chromatography

Glycogen

High-Performance Liquid Chromatography
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HRAS High-Rate Activated Sludge

HRT Hydraulic Retention Time

HRSBR High-Rate Sequencing Batch Reactor
Mix_aa Mixture of arginine, lysine, cysteine, proline aydosine
N Nitrogen

NOB Nitrite Oxidizing Bacteria

OHO Ordinary Heterotrophic Organisms
PAO Polyphosphate Accumulating Organisms
PCR Polymerase Chain Reaction

P Phosphorus

PHA Polyhydroxyalkanoates

Poly-P Poly-Phosphate

PSE Primary Settler Effluent

PSI Primary Settler Influent

rRNA Ribosomal Ribonucleic Acid

SBR Sequencing Batch Reactor

SNA Simultaneous Nitritation and Anammox
SRT Sludge Retention Time

SVI Sludge Volume Index

TOC Total Organic Carbon

TCA Tricarboxylic Acid Cycle

TSS Total Suspended Solids

VFA Volatile Fatty Acids

VSS Volatile Suspended Solids

WWTP Wastewater Treatment Plant

Yoss Observed biomass growth yield
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Chapter 1

1.1. The importance of wastewater treatment

The increasing populations, growing economies, giman lifestyles and evolving
consumption patterns led to a globally increasiegndand for freshwater and energy
(UNESCO, 2014). This can turn into a huge wastemateduction, which is discharged
into watercourses together with hazardous chemaradsmaterials. Therefore, an urgent
need to control water quality in the wastewateenang bodies has emerged (UNEP,
2015), which brought up the necessity of a wastemtatatment before their discharge
into the environment (UNESCO, 2014).

The main pollutants of wastewater are pathogengamc matter, nutrients (mostly
nitrogen (N) and phosphorus (P)), salts, acidsyyheaetals, toxic organic compounds
and inorganic suspended particles. N and P arebk&ients that must be removed from
wastewater to avoid eutrophication in aquatic watgstems, since they are usually
limiting the growth of algae and other photosyntheticroorganisms such as
cyanobacteria and hence their presence stimulategfowth. In turn, the proliferation

of these microorganisms in the water may resudt $hift in the composition of the flora
and fauna and the depletion of oxygen, causinghdeétfish and other species

(Ménesguen and Lacroix, 2018).

The conventional activated sludge (CAS) systemioaas being the most commonly
used technology for urban wastewater treatment daysa (Van Loosdrecht and
Brdjanovic, 2014). This system allows the conversid roughly half of the chemical
oxygen demand (COD) to sludge and half tood@wever, it have developed significant
improvements during the last decades, incorpordtiolpgical nutrient removal through
nitrification/denitrification and enhanced biologic phosphorus removal (EBPR)
(Verstraete and Vlaeminck, 2011). The classicaifizsiation/denitrification process is the
most common way to remove N from wastewater, nbetats, there are more efficient

and latest processes which are described below.
1.2. Biological nitrogen removal (BNR)

The removal of nitrogen by biological nitrificati@®enitrification is a two-step process.
Nitrification is the first step, in which ammoniuisiconverted aerobically to nitrite (Eq.
1.1) and then to nitrate (Eq. 1.2) by ammonium zkid) bacteria (AOB) and nitrite

oxidizing bacteria (NOB) respectively.

NHf + 1.50, - NO; + 2H* + H,0 (1.1)
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NO; +0.50, - NO3 (1.2)
Therefore, the nitrification process has the folloyvstoichiometry (Eq. 1.3):
NHf +20, - NO3 + 2H* + H,0 (1.3)

The overall nitrification process with cell syntieebased on observed yield is described
by means of the Eq. 1.4 (Asano et al., 2007).

NHJ + 1.92 0, + 0.08 CO, —
0.98 NO; + 0.016 C:H,0,N + 1.98 H* + 0.95H,0  (1.4)

In the second step (denitrification), nitrate isveerted to nitrogen gas under anoxic
conditions by facultative heterotrophic bacteridhwdrganic carbon as electron donor
(George Tchobanoglous et al., 2003). Similarly ftrification, the denitrification

involves several reduction steps:
NO3 —» NO; - NO - N,0 - N, (1.5)

The stoichiometric equation for denitrification rfinonitrate considering methanol as

carbon source and the synthesis of new bacteffsano et al., 2007):
NO3z + 1.08 CH;0H + 0.073 H,CO; —
0.47 N, + 0.056 CsH,0,N + 0.83 CO, + OH™ (1.6)

Although this conventional treatment guarantees@gffluent quality, is not the most
cost-effective solution for common wastewater tresit plants (WWTPs), mainly due
to the high energy consumption. In fact, about 6@6f the total energy consumption
of an urban WWTP is allocated to aeration, whickumm is associated with nitrification
and organic matter removal (Zessner et al., 2Cd@);up to 40% of the operational costs
are associated to the sludge treatment and disposedtraete and Vlaeminck, 2011). In
recent years, more cost effective alternatives Haen developed such as nitritation
coupled with denitritation or anaerobic ammoniundakon (Anammox), which lead to
minimize carbon and oxygen requirements compared ¢onventional

nitrification/denitrification.
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1.3. Innovative nitrogen removal processes
1.3.1. Nitritation/denitritation

Nitritation/denitritation is the conversion of ammom to nitrite followed by nitrite
reduction. The main advantages of N-removal vianitrge pathway when compared to
conventional nitrification and denitrification pregses are (Turk and Mavinic, 1989;
Winkler and Straka, 2019):

 25% lower oxygen consumption in the aerobic stageN oxidation, thus

reducing aeration costs.

* Upto 40% lower COD requirement in the anoxic stafjewing N-removal from
wastewater with low COD/N ratio and reducing casturred by the need of

external carbon sources.
» Faster denitrification rate (1.5 to 2 times), tiheiguiring smaller anoxic basin.
1.3.2.Partial nitritation/Anammox

In more recent years, a cost-effective N-removalcess dedicated to ammonia-rich
effluents, called the simultaneous nitritation Zrhmmox (SNA) process has also been
proposed (Sliekers et al., 2002). This process aweslpartial nitrification to nitrite with
the Anammox reaction to achieve autotrophic N-reahowhich represents an energy-
saving improvement compared to nitritation/deratidn. Anammox bacteria oxidize
ammonium directly to nitrogen gas using nitriteoghwced by AOB during nitritation) as

electron acceptor and without the addition of orgaarbon (Winkler and Straka, 2019).
The Anammox process is given by the following reac{Asano et al., 2007):
NH; 4+ NO; = N, 4+ 2 H,0 (1.7)

Strous et al. (1998) determined the elemental caitipo of the biomass and calculated
the stoichiometry of the Anammox process showeBdn1.8. In this process a small
amount of nitrate is also produced in the anabob$#inammox bacteria.

NH} + 1.32NO; + 0.066 HCO3 + 0.13H* —

1.02 N, + 0.26 NO3 + 0.066 CH,00:Ny 15 + 2.03H,0 (1.8)



General Introduction

The global stoichiometry of the total process cammy partial nitrification and

Anammox is represented in Eqg. 1.9 (Vazquez, 2009).
NH; + 0.850, + 1.11 HCO3 - 0.44 N, + 0.11 NO3 + 1.11 CO, + 2.56 H,0  (1.9)

1.4. Biological phosphorus removal
1.4.1. Enhanced biological phosphorus removal (EBfBcess

As mentioned above, the demand for achieving Idlueit P concentration without the
addition of chemical precipitants is increasingoasrthe world, so an alternative to
chemical precipitation is needed to remove P. EBRRess is considered one of the most
efficient, economical and sustainable ways to rezr®@¥rom the wastewater (Oehmen et
al., 2007). EBPR is based on the ability of polygpttate accumulating organisms (PAO)
to take up phosphorus and accumulate it intraceliubs polyphosphate (Poly-P) when

exposed to alternating anaerobic and aerobic dondi{Figure 1.1).

VFA 0,/NO,/NO-

éT Pﬂé G @ ATP

@ -~
D~

Figure 1.1.Schematic representation of PAO metabolism.

PAO take up volatile fatty acids (VFA) under andmcoconditions and store them as
polyhydroxyalkanoates (PHA), using the energy piedi by the hydrolysis of the
accumulated Poly-P and the reductive power andggnerovided by glycogen
consumption. In the aerobic stage, PHA is usedad®oa and energy source for growth
and for the replenishment of internal glycogen paly-P pools. The wasting of sludge
after the aerobic step ensures net P removal bedaosiass contains the highest level
of poly-P (Mino et al., 1998).
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When the electron acceptor is nitrate or nitritgead of oxygen (i.e. anoxic conditions),
a fraction of PAO called denitrifying PAO (DPAQO) wademonstrated to uptake
effectively P linked to denitrification (Carvalha &l., 2007). Ahn et al. (2001a) stated
that the ability to use nitrite or nitrate in deification differs according to the type of
PAO clade. However, the findings about the demtition capabilities of PAO are
contradictory (more details about this topic asedssed in Chapter 5). Most research on
DPAO metabolism has been conducted using nitrasmadectron acceptor (Guisasola
et al., 2009), but nitrite can also be used adeartren acceptor (Taya et al., 2013a). Other
studies have reported nitrite inhibition for anoRiwptake (Ahn et al., 2001b; Saito et al.,
2004), but free nitrous acid (FNA), the protonaspecies of nitrite, has been identified
as the true inhibitor (Zhou et al., 2010).

1.4.2. Putative PAO depending on the carbon source

Among the many parameters governing EBPR vialdlitgl stability, the type of carbon
source is key. Moreover, it is also one of the nufiferences between lab-scale and full-
scale systems (Qiu et al., 2019; Rubio-Rincon.e28ll9). To date, short-chain VFA are
the most commonly used carbon substrates in lde-4EBPR systems. However,
municipal wastewater is not only composed of VFAL lalso contains a complex
combination of organic compounds (Marques et &172. The main components in
wastewater are typically proteins (25-35%), lipi@5-35%) and carbohydrates (15-25%)
all of them measured as COD (Nielsen et al., 20b0dact, processing industries such as
abattoir, whey, cheese, casein, fish and certagetables processing also typically
produce wastewater containing significant amounfs pooteins (Ramsay and
Pullammanappallil, 2001).

Hesselmann et al. (1999) found that bacteria pleylegjcally related to thehodocyclus
group were the dominant bacteria in an anaerobigbaesequencing batch reactor (SBR)
using acetate as carbon source. They proposedatine @andidatusAccumulibacter
phosphatis Accumulibactethereatfter) for this new genus and specdesumulibacter
has long been assumed to be the most importarteokmown PAO. This genus is
commonly found in full-scale plants and is relalyveasy to enrich in VFA fed lab-scale
reactors (Nielsen et al., 2019). Neverthelessienrécent years, other species have been
also reported to be involved in EBPR in full-scgants, such adetrasphaera
Dechloromonasand Tessaracoccuseing Tetrasphaerathe most abundantgenus

(Nielsen et al., 2019). In fact, Nguyen et al. (0keported thaTetrasphaeraonstituted



General Introduction

18-30% of the total biomass present in six wellkimg EBPR plants with nitrogen
removal. (Lanham et al., 2013a) observed signifiehnndances dfccumulibacte(3.5-
6%) andTetrasphaerg17-28%) in full-scale EBPR systems in Portugal &enmark.
Finally, Stokholm-Bjerregaard et al. (2017) assdsbe abundance and diversity of all
proposed PAO and glycogen accumulating organism)Gn 18 Danish EBPR plants
over 9 years, obtaining that members of the gemeteasphaeraAccumulibacterand
Dechloromonasvere the most abundant known PAO. However, Zhdangl.g2017)
observed a different microbial distribution in twiaunicipal WWTPs in China. They
found thatNitrosomonasThaueraand Dechloromonasvere the most abundant genera
present. Therefore, it is evident that wastewataracteristics, operational parameters,
and geographic locations affect the bacterial comtpu(Cydzik-Kwiatkowska and
Zielinska, 2016; Wang et al., 2012).

At lab-scale, the carbon source and the operatiomadlitions influence the microbial
community developed. Several studies investigdiedEBPR performance with carbon
sources more complex than VFA and the proliferabbrother putative PAO besides
Accumulibactetook place. However, it should be noted that émenentation of complex
substrates by other microorganisms cannot be as@ddAccumulibactercan live on
those fermentation products, such as VFA. Hencedlifficult to obtain a highly enriched
sludge in other putative PAO without a minimuxocumulibacterpresence. In fact, a
recent study (Nielsen et al., 2018yhlighted the importance of fermentative orgarssm
such asTetrasphaera The authors reported thdtetraspaherapossess a different
physiology from the conventional PAO moddistrasphaeraan grow anaerobically by
fermenting amino acids and sugars without cyclirtAB. Instead, they are able to store
high concentrations of amino acids and possiblyétation products intracellularly in
the anaerobic phase for subsequent use under aearditions. Marques et al. (2017)
obtained a good EBPR performance withedrasphaeraenriched culture working in an
SBR using casein hydrolysate as carbon sodmasphahergpresent some differences
in comparison té\ccumulibacteri) they cannot uptake VFA under anaerobic condsj

i) they do not store PHA and iii) the can takesgme amino acids and glucose (Nguyen
et al.,, 2011). In a recent workKhiothrix caldifontis proliferated in a lab-scale EBPR
system containing 100 mg St bf sulphide in the influent and the authors shiat this
species could behave like PAO with a mixotrophit¢ahelism.Thiothrix caldifontiswas

able to store carbon anaerobically as PHA and timesyubsequent aerobic conditions,
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PHA was used for growth and for the replenishmdnpalyphosphate and glycogen
(Rubio-Rincén et al., 2017b). Finally, members bt tComamonadaceadamily
proliferated in an EBPR system with short sludgenton time (SRT) when treating

protein-rich wastewater (Ge et al., 2015).
1.5. Interactions during simultaneous N and P biolgical removal

The individual fundamentals of biological N remogaEBPR are nowadays well known.
However, achieving simultaneous carbon, N and Poyvammplies an aerobic zone for
nitrification, an anoxic zone for denitrificatiomé an extra anaerobic zone before the
anoxic reactor to favour PAO growth, which can b&med in conventional continuous

systems, such as?#© (Figure 1.2), UCT or in SBR configurations.

Many studies have reported that the transfer o&tator dissolved oxygen (DO) into the
anaerobic zone (through the external recycle) tegultilization of some of the influent
organic matter by ordinary heterotrophic organi$®dOs), which reduces the substrates
available to PAO and hence the biological P-rem{@ameau et al., 1987; Henze et al.,
2008; Kuba et al., 1994). Patel and Nakhla, (2G@&ded that concentrations of nitrate
below 0.8 mg N-1* are essential for P-release, except if the sulstised is acetic acid,

which supported simultaneous denitrification anclRase.

Internal recycle

Influent Effluent
_ 5

Anaerobic Anoxic Aerobic Settler
reactor reactor reactor
External recycle Sludge for disposal

Figure 1.2.Scheme of the O process.

The problem of competition for the limited orgasidstrate can be addressed by DPAO,
which can combine phosphorus removal and denétifio into one process using the
same amount of organic substrate (Yuan and Olesikie 2010). In fact, Taya et al.
(2013a) operated an SBR enriched in GAO, underrabaxanoxic configuration using
nitrite as electron acceptor and fed with propienahese operational conditions led to a
PAO-enriched sludge where GAO were washed out ®fsgstem, demonstrating that

nitrite is a key selection factor in the PAO/GAOnquetition. Moreover, this novel
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strategy (the nitrite pathway) also allow lowerat®m and COD requirements. Guerrero
et al. (2011) also showed that the nature of thkorasource (fermentable versus non-
fermentable substrate) is the key factor, whicleneines if PAO activity will be lost

when nitrate is present.

1.6. New configuration for COD and nutrients remové& Energy self-sufficient
WWTP

Nowadays, WWTPs are energy-demanding facilitiescesiall major procedures
associated with them and sludge disposal techredagiquire energy, mostly electricity.
The energy demand of a WWTP depends on the plaatibm, plant size, type of
treatment process and aeration system, effluentregents, age of plant and knowledge
of the operators (Gu et al., 2017). Hence, as pusly mentioned, most of the WWTPs
are based on the CAS process, where aeration beas 20-60% of the total electricity
consumption while sludge treatment consumes 15-28%he energy. Moreover,
secondary sedimentation, including recirculatiomps, consumes 15% (Sancho et al.,
2019). Conventional BNR processes result in thdation of a large fraction of organic
carbon contained in wastewater, because long SRTeaded for the growth of nitrifiers
and organic matter is necessary for denitrificati@e et al., 2017). The energy
consumption associated to aeration increased fr@@BKWh-n? to 0.405 kWh-ni in
plants where the nitrification was implemented (etual., 2018). However, the current
goals of WWTPs are energy and nutrient recoverydeego accomplish the discharge
limits. Namely, the transformation of conventioNdIWTPs into energy self-sufficient
facilities is the main challenge to face by the twaster treatment (Batstone et al., 2015).
This cannot be achieved if the CAS process consiriaebe employed. Therefore, the
research for alternative technologies towards tleegy neutral or even positive operation

is an urgent necessity.

The Adsorption/Bio-oxidation (A/B) process is addde approach for making an energy
self-sufficient biological process. In fact, Liu @&t (2018) stated that the A/B process
allows a larger energy recovery potential thanitipait energy consumption, since the
process is based on maximize the energy recovarnyagturing of COD from wastewater

(A-stage), while minimizing energy consumption ({Bge to remove nitrogen). The

general configuration of A/B process is shown igufe 1.3.

10
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B-stage Effluent
ey (Nutrients removal [EEEE———

and recovery)

Wastewater X A stage
(Capture of COD)

i COD-methane

Energy

production

Figure 1.3.General scheme of an A/B process (Wan et al., 2016

In the 1970s, a high-rate activated sludge (HRAB83gss was reported by Béhnke (1977)
that maximized energy recovery in the form of bmgdaut, the interest in this process
ceased because of the need for organic carbon (dasdrecht and Brdjanovic, 2014).
Originally, A/B process was not developed for rgga and phosphorus removal, since
the biological removal of nitrogen and phosphoreguire the alternate of anaerobic,
anoxic and aerobic conditions and the supply ofigaht carbon source. Thus, to
accomplish the stringent effluent limits, many notechnologies and processes have
been developed, such as the creation of anaerobiaraoxic zones in the B-stage, which
allow this stage to be operated in A/O, AAO and UQdde. However, to solve the
problem of the insufficient carbon reaching B-stageveral WWTP in Germany and
China had to cut the COD removal in the A-stager{yVet al., 2006).

Therefore, to becoming feasible the sustainable W¥/Tthe use of anammox for
nitrogen removal from sewage treatment has beepopeal by Kartal et al. (2010). In
this new WWTP configuration, the effluent from thestage would be treated using the
partial nitritation-anammox process. Autotrophic BNan be implemented as a one-
stage system, where partial nitritation and anampraxesses take place in the same
reactor, or as a two-stage system, when these ggesare separated in two different
reactors. Two-stage systems present higher capisés than one-stage systems but make
possible a more stable performance and contradthition, one-stage systems showed
the failure of nitritation in the long-term operatiat low temperature and low-strength
wastewaters. Whereas, stable partial nitritatidi®eh °C and 10 °C with a granular sludge
reactor was reported by Isanta et al. (2015) arain@Ret al., 2016) respectively and a
stable long-term operation of an anammox reactoraastream conditions was reported
by (Reino et al., 2018). These studies demonsttaefeasibility of application of
autotrophic BNR to mainstream conditions, so adgstwith this two-stage configuration

11
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seems to be a good option for the energy-neutraven energy-positive WWTP (Figure
1.4).

A-stage B-stage

! Influent
T T

| Treated
wastewater

Activated sludge ' Settler

aeration tank

Returned sludge k

Sludge AL}

Anaerobic digestion

Figure 1.4.Scheme of the A/B process with partial nitritatemammox process in two-

stages.

Normally the biological phosphorus removal in th&Arocess takes place in the B-stage
(Xu et al., 2017). However, the B-stage configunashowed in Figure 1.4 does not allow
phosphorus removal in the B-stage, causing thanfdval has to be included in the A-
stage. Chan et al. (2017) studied the potentidbsnen of EBPR in the A-stage phase
working with three different A/O SBR enriched Atcumulibacterat low SRT. The
authors reported that EBPR can be sustained witlinamal SRT of 3.6 d and lower
values, SRT = 3 d, led to the PAO washout. Congdtyy¢o achieve successful EBPR
performance in the A-stage phase, it is necessarly at SRT of 4 d instead of the short
SRTs used when only COD removal occurs. Wett et2813) reported a successfully
integration of HRAS and anammox process in thesStY&#W TP, but it should be pointed
out that this success is due to the return of an@ambacteria (harvested from the
sidestream deammonification unit) to the B-stagevétheless, biological phosphorus
removal is not considered in this case, so furtlesearch is needed to achieve a
sustainable WWTP including EBPR in the A-stage.

1.7. Research motivations and thesis overview
1.7.1. Research motivations

Phosphate is a key nutrient that has to be remivgadwastewater because is one of the
main sources of eutrophication in water bodies. dldays, EBPR is the most economical,
efficient and sustainable process to remove P fkastewater. At lab-scale, VFA are the

12
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most common carbon source used for the operati®@B®&R systems. This has led to a
very wide knowledge of the PAO that are favouredhwtis carbon source, i.e.
Accumulibacter since its metabolism has been thoroughly studieder different
operational conditions. However, the recent devaleqmis on advanced microbiological
techniques has shown the presence of other PAO Atanmulibactersince real
wastewater is a complex matrix composed of protesagbohydrates, lipids and other
complex substances. These novel PAO (such Tagasphaera Thiothrix and
Comamonadacea&an coexist wittAccumulibactein real environments depending on
the complexity of the influent carbon sourdecumulibactecan only consume a limited
range of readily biodegradable carbon sources,tlege novel PAO can use more
complex carbon sources and can also release featimmproducts than can be consumed

by Accumulibacter

Thus, the first research motivation of this théms been gaining understanding on this
novel PAO and its coexistence witltcumulibacterTo this aim, a pilot plant has been
operated to achieve stable carbon, nitrogen andgttoous removal performance using a
complex carbon source. Then, the microbial commyuthtveloped has been studied in
order to gain knowledge of the behaviour of thesgeh PAO and to unravel their

potential role in full-scale systems.

On the other hand, the increasing demand for fragdnand energy to meet the needs of
growing population and economy, changing lifest@ed evolving consumption patterns
is forcing to transform the urban WWTPs from netvpoconsumers into energy neutral
or even energy positive facilities. The A/B procesa potential configuration to meet
energy self-sufficient WWTPs: organic matter is osed in the first step (A-stage) and
derived to biogas production whereas autrotrophrogen removal is implemented in a
second step (B-stage). However, phosphorus renwal included in the initial design
of the A/B process. Therefore, the second reseaativation of this thesis has been to
compare two high-rate systems that can be useduild bBn A-stage with EBPR

integration.
1.7.2. Thesis overview

This document is divided into nine chapters. Chaptpresents a brief introduction of
the topic, focused on the putative PAO other thacumulibactethat can proliferate in

an EBPR system when complex carbon sources are Mecbover, the possible
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integration of EBPR into the A-stage of the A/B gess is investigated. Chapter 1 ends
with the motivations and this thesis overview. (tiea2 presents the main objectives of
the thesis. Chapter 3 describes the chemical aommal analyses performed as well as
a general description of the different systems usetis work. Chapters 4 to 7 contain
the results obtained during the development othksis. Chapters 4 and 5 comprise the
results obtained during the long-term operatiothefA?/O pilot plant fed with glutamate
as complex carbon source. Chapter 4 describesetredapment of the mixed microbial
culture with high EBPR activity, mostly enriched patative PAO bacteria other than
AccumulibacterChapter 5 is focused on the denitrification calgads of this microbial
community, which is more similar to that observedull-scale WWTPs. Chapter 6 deals
with aTetrasphaereenriched sludge performing EBPR and its capahidityse different
amino acids. Chapter 7 compares the performantveoofeactor configurations acting as
an A-stage system fed with real urban wastewaterebVer, this chapter, describes the
possible integration of EBPR process in the A-stalggse working with a continuous
high-rate system. Chapter 8 outlines main conchssiextracted from this thesis and,

finally, Chapter 9 presents all references used.
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The two main objectives of this thesis are to inverthe knowledge about EBPR process
by studying the microbial population developed witemplex substrates are used as
carbon sources and to investigate the possiblgratien of EBPR in the A-stage of an

A/B process.

Following these objectives, the specific goalshid thesis are:

> To demonstrate the long-term stability of the ERR&cess in an #O pilot plant

fed with glutamate as sole carbon and nitrogencssur

» To study the development of the putative new PA@euthese conditions.

» To investigate the denitrification capabilitiestbé bio-P sludge developed using
glutamate as carbon source with a microbial comtgigimilar to that obtained

in conventional WWTPs.

» To investigate the degradation of different compiaxbon sources (i.e. arginine,
lysine, cysteine, proline and tyrosine) by etrasphaeraenriched sludge and to
study the possible additive, synergic or antaganeffect of a mixture of these

different complex substances.

» To correlate the abilities of a bio-P sludge fogi@deling different complex carbon

sources with the bacterial community present.

» To compare the performance of a continuous anddh lkanfiguration operating
under high-rate conditions in order to a betterausthnd of this process before to
study the possible integration of EBPR in thistfatep.
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3.1. Description of the reactors and experimentales-up
3.1.1. &/O Pilot plant

The anaerobic/anoxic/oxic ¢20) pilot plant consisted of three continuous stirtank
reactors with a total volume of 146 L and a 50 ttlee(Figure 3.1). The first reactor (R1,
28L) was anaerobic, the second reactor (R2, 28ls) av@xic and the third reactor (R3,

90 L) worked under aerated conditions.

Monitoring
\ T \ ‘ I and control
B L o o PC
Influent v _, > » uen
o
o o o
° g o Settler
Anaerobic Anoxic ° 00 ° oo 50L
reactor, 28 L. reactor, 28 L. °%5 0 o
I
Air supplyJ Aerobic
reactor, 90 L

External recycle

Figure 3.1.A%/O pilot plant (A) and scheme and instrumentatised.for monitoring (B).

The SRT was maintained between 10-15 days witly dhitige wastage from the aerobic
reactor. The influent flow rate was 240 t*gksulting in a HRT of 14.6 h. The pH was
controlled at 7.5 using an on-off controller withdsum carbonate (1M) dosage in the
aerobic reactor. Dissolved oxygen (DO) (HACH CRIBP%vas also controlled in the
aerobic chamber at 1 + 0.1 mgWith a proportional-integral controller manipulagin
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the aeration flow-rate with a mass flowmeter F-201Bronckhorst, The Netherlands).
On-line data were acquired with a data acquisitent (Advantech PCI-1711) connected
to a PC, with the Addcontrol software for processitoring and control developed by

the research group using NI LabWindows CVI 2017.
3.1.2. Lab-scale SBR

An anaerobic/oxic (A/O) SBR with a working volumgéi® L and a volume exchange
ratio of 50% was used (Figure 3.2). The hydrawdgidence time (HRT) was fixed at 12
h. It was inoculated with sludge from an EBPR-destyWWTP (Igualada, Barcelona).
The reactor was monitored for oxygen, pH and teatpee and controlled with a PLC
(Siemens S7-226). The SBR was operated at a claatri@mperature of 25 + 1°C. HCI
(1M) and NaOH (1M) were added automatically to colrthe pH at 7.50 + 0.05. Nitrogen
was sparged during the anaerobic phase to maistidih anaerobic conditions. DO was
controlled between 2.5 to 3.5 mg-lin the aerobic phase by manipulating an on/off
aeration valve. The reactor was stirred at 120dprng the reaction phases. Daily sludge
wastage was performed to maintain a SRT betweelbldays.

Influent

Air supply

Figure 3.2.Lab-scale SBR (A) and schematic diagram of theipeiB).
3.1.3 High-rate activated sludge (HRAS) reactor

The HRAS system consisted of a continuously stjraedobic reactor (19 L) and a settler
(27 L) (Figure 3.3). It was operated at room terapee (18-22°C) with an average
influent flowrate of 165 L-d (HRT = 2.8 h). Daily sludge wastage was perforrted
maintain a SRT between 1-2 days. The external ledyam the bottom of the settler to
the reactor was 200 Lidwhich results in an external recirculation rgex) of 1.2. The
HRAS system was inoculated with sludge collectesnfra municipal WWTP (Rubi,
Barcelona). The HRAS reactor was managed with atinensystem based on an
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Advantech PCI-1711 I/O card and an industrial P@ug the Addcontrol software. DO
was measured with a HACH-CRI6050 DO probe and otlatt around 1 mg-L by
manipulating an on/off aeration valve. pH and terapge were monitored with a pH
probe (HACH CRI5335) and a thermoresistance (Axiierfat1000), respectively.

—» Effluent

Lé

i i 00 o

A Inﬂuent—»@—» S o >
v L= ooo o °

A
Air supply. Aerobic

reactor 19 L

y
Settler

—9

Figure 3.3.HRAS (A) and schematic diagram of the set-up (B).

3.1.4. Lab-scale High Rate Sequencing Batch RedktiR6EBR)

The HRSBR used was a stirred and aerobic reactbramvorking volume of 3.5 L and
a volume exchange of 2.5 L (Fig. 3.4). It was irated with sludge collected from a
WWTP (Rubi, Barcelona) and the HRT was fixed at2.Daily sludge wastage was
performed to maintain a SRT between 1 and 2 ddys.réactor was monitored for DO,
pH and temperature and controlled with a prograniendbgic controller. The
temperature was controlled at 25 + 1°C. The pH mascontrolled, and its value was in
the range 7.5-8.6 during the operation. DO wasrotatl during the aerobic phases by
manipulating an on/off aeration valve. The DO sehpwas 5 mg-1* during the start-up

period and 3 mg-L afterwards.
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00 o0|0o0 o —————» Effluent

Purge

Electric
heater

Aerobic
reactor 3.5 L

Air supply —-

Figure 3.4.HRSBR (A) and schematic diagram of the set-up (B).
3.2. Chemical analysis
Samples were filtered with 0.2&n Hydrophilic PES filters (Millipore).

Ortophosphate phosphorus (P@P) concentration was measured by a phosphate
analyser (PHOSPHAXsc, Hach Lange) which is basethervanadomolybdate yellow
method.

Ammonia nitrogen concentration was analysed off-lby means of an ammonium
analyser (AMTAXsc, Hach Lange, Germany), basechembtentiometric determination
of ammonia. Analyses of nitrite and nitrate werefgrened with ionic chromatography
using an ICS-2000 Integrated Reagent-Free IC syd@NEX Corporation, USA).

Chemical oxygen demand (COD) was analysed by usahgyimetric Hach Lange Kkits
(LCK314 and LCK714) and the DR2800 Hach Lange sppbibtometer. Total COD was
directly measured by using the kits, while soluBl@eD was analysed after filtering by

0.22 um. Samples were analysed in triplicate.

Acetic, propionic and butyric acids were measursidgian Agilent Technologies 7820
A gas chromatograph equipped with a DB-FFAP col§8thm x 0.25 mm x 0.25 pum)

and a flame ionization detector (FID). A volumeOo2 mL of hexanoic acid solution as
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internal standard was added to 0.8 mL of filterathgle. 1 uL sample was injected at
275 °C using helium as carrier gas with a spliioraf 10:1 at 2.9 mL-mih The
temperature of the column was initially set at 85during one minute, followed by a
temperature ramp of 3 °C-rrio reach 130 °C. Then, a second ramp of 35 °C* mias
maintained until 220 °C was reached. The run time around 18 min per sample and
the FID temperature was 275 °C.

Total suspended solids (TSS) and volatile susperstdids (VSS) were analysed
according to Standard Methods (APHA, 2005). Sampkre analysed in triplicate. First,
samples were filtered through previously weightd)(standard glass microfiber filters
of 0.7 um (GF/F grade, Whatman, USA) and dried0&t °C until constant weight (¥
(c.a. 2.5 hours). The relation between the diffeedmetween Wand W and the sample
volume was the concentration of TSS. Then, the &amias ignited at 550 °C for about
45 min and weighted (W3). The difference betweena®d W3 per volume of the sample
filtrated represented the concentration of VSSallstlids (TS) and volatile solids (VS)
concentrations were calculated following the samoegdure without the filtering step.

In this case, samples were weighted using metdibices.

SVl was analysed in duplicate according to Stand&thods (APHA, 2005). An Imhoff
cone was filled with 1 L of sludge sample and tlo&ume occupied by the suspension
after 30 min was measured to determine V30. SVlIea#sulated as V30 divided by TSS.

3.3. Microbial analysis

Two molecular biology techniques were used to ifieahd quantify the microorganisms
present in sludge samples: fluorescenctesitu hybridization (FISH) and 16S-rRNA

amplicon sequencing through lllumina platform.
3.3.1. Fluorescence in situ hybridization (FISH)

Sample fixation

For Gram-negative microorganisms, biomass was fixeddding three volumes of 4%
(v/v) paraformaldehyde solution to one volume afbass suspension and held at 4 °C
for 1 to 3 hours. For Gram-positive microorganishiemass was fixed by adding equal

volumes of sludge and 96% ethanol and held atf©°& hours.

Afterwards, biomass suspension was washed twick Wid1M Phosphate Buffered
Saline (PBS) solution (1:30 dilution of a solutior8BM PBS which was prepared with

25



General materials and methods

77.4 g of NaHPQy- 12H0, 13.1 g of NakPQy- 2H0 and 226.2 g of NaCl) and it was
re-suspended in one volume of 0.01M PBS per onenwelof ice-cold ethanol 98%.
Fixed biomass could be spotted onto glass slidesatid the hybridization protocol or

stored at -20 °C for several months.

Hybridization

The hybridization protocol was adapted from Hugéizhet al. (2002) and Manz et al.
(1992). Suspended fixed biomass was spotted ogltsa slide and dehydrated in ethanol
series of 50, 80 and 98% (v/v) (3 min each). A&tehydration with ethanol and when
glass slide was dry, 10 pL of hybridization buffezre added plus 1 pL of (each) probe
working solution (probe concentration of 50 ng#iLSolution was mixed without
scratching the slide and cell layer. Hybridizatmuffer contained: 360 pL of 5M NaCL
(autoclaved), 40 pL of 1M Tris/HCI (autoclaved)iR of 10% SDS, 898 uL of Milli-Q-
grade water and the corresponding amount of formerar each molecular probe. The
slide was placed in a 50 mL falcon tube contairangoistened tissue and the tube was
closed and put in the hybridization oven at 46 8CZ hours. After hybridization, the
slides were quickly transferred to the washing @uffibe by immersing the whole slide
in the pre-warmed washing buffer at 48 °C for 18.riVashing buffer contained 80 pL
of NaCl 5M (autoclaved), 500 uL EDTA 0.5M, 1 mL 3#Cl 1M (autoclaved), 43.8
mL Milli-Q-water (autoclaved) and 50 pL 10% SDSié&fwashing, the slide was rinsed
with cold Milli-Q-grade water. Afterwards, all drigts of water were removed from the
slide by directly applying compressed air to thidesl To finish, a mounting medium
(specificallyFluoprep was applied for the subsequent microscope obsenva

Hybridizations were carried out using at the saime the general bacteria probe and the
probes for the specific microorganisms to be identi The general bacteria probe was
an equal mixture of probes EUB338I, EUB338Il andB338lIII for all Bacteria. All the
probes used in this thesis are summarized in Talkle
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Table 3.1.FISH probes used in this thesis.

Probe Target Reference

Cy5-labelled EUBMIX Most bacteria (Daims et al. 999

Cy3-labelled PAOMIX, _ )
o CandidatusAccumulibacter )
comprising PAO462, (Crocetti et al., 2000)

phosphatis,
PAO651 and PAO846

Cy3-labelled GAOMIX, _ _
o CandidatusCompetibacter )
comprising GAOQ431 and (Crocetti R. et al., 2002)

phosphatis
GAOQ989 probes

Cy3-labelled DFIMIX, )
o Cluster | ofDefluviicoccus
comprising TFO_DF218 (Wong et al., 2004)

vanusGAO
and TFO_DF618 probes

Cy3-labelled DFIIMIX,
comprising DF988 and Cluster Il ofDefluviicoccus

(Nguyen et al., 2011)
DF1020 probes plus helpervanusGAO

probes H966 and H1038

Cy3-labelled Tet1-266 Clade | dktrasphaera (Nguyen et al., 2011)
Cy3-labelled Tet2-892 Clade 2A oktrasphaera (Nguyen et al., 2011)
Cy3-labelled Tet2-174 Clade 2B oétrasphaera (Nguyen et al., 2011)
Cy3-labelled Tet3-654 Clade 3 ©étrasphaera (Nguyen et al., 2011)

Microscope observation and quantification

A Leica TCS-SP5 confocal laser scanning microsdbpeea Microsystem Heidelberg
GmbH; Mannheim, Germany) using a Plan-Apochron&gicobjective (NA 1.4 oil) was
used for biomass quantification. The quantificatiotas performed following an
automated image analysis procedure described @mnyust al. (2009), where at least 30
microscopic fields were analysed and a single-atiposwas selected on the highest
intensity for each sample.
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3.3.2. Next-generation sequencing analysis

16S-rRNA amplicon sequencing analysis was usestémlying the diversity and relative

abundance of different microorganisms in the sluafghe reactors.

First, DNA was extracted from biomass samples Iphapg the manufacturer protocol
of MoBio PowerSoilM DNA extraction kit (MoBio Laboratories, USA). Ondbe
extraction was performed, NanoDrop 1000 Spectrapheter (Thermo Fisher Scientific,
USA) was used to measure the quantity and qudlitiyeoextracted DNA. A 260/280 nm
ratio of 1.8 was used as quality cut-off and a mimin of 25 ng-pt of extracted DNA

was guaranteed to perform sequencing.

AllGenetics & Biology SL (A Coruia, Spain) (Chap&rand Servei Central de Suport a
la Investigacié Experimental — SCSIE (UV, Valencgpain) (Chapter 6), performed
paired-end sequencing of the extracted DNA on lamlha MiSeq platform using the
bacterial primer pair 515F-806R. The data analygisline (denoising and chimera), the
microbial diversity analysis, the OUT selectionstkrs sequences and the taxonomic

identification were performed by the external seesi
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ABSTRACT

Enhanced Biological Phosphorus Removal (EBPR) seth@n the enrichment of sludge
in polyphosphate accumulating organisms (PACandidatusAccumulibacter is the
bacterial community member most commonly identiBsdPAO in EBPR systems when
volatile fatty acids (VFA) are the carbon sourcewsver, it is necessary to understand
the role of nonAccumulibacteiPAO in the case of wastewater with low VFA content
This work shows the first successful long-term afien of an EBPR system with
glutamate as sole carbon and nitrogen source tirggui the enrichment of sludge in the
genus Thiothrix (37%), the familyComamonadacea€l5.6%) and Accumulibacter
(7.7%). The enrichment was performed in an anaefamdxic/oxic (£/O) continuous
pilot plant, obtaining stable biological N and Anmmval. This microbial community
performed anaerobic P-release with only 18-29%nefabserved polyhydroxyalkanoate
(PHA) storage inAccumulibacterenriched sludge and with slight glycogen storage
instead of consumption, indicating the involvemehbther carbon storage routes not
related to PHA and glycogeimhiothrix could be clearly involved in P-removal because
it is able of accumulating Poly-P, probably with&HA synthesis, but with glutamate
involvement. On the other han@pmamonadaceaeould participate in degradation of
glutamate and denitrification, but its involvement P-uptake cannot be reliably

concluded.
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4.1. Introduction

CandidatusAccumulibacter phosphatis (referred tofasumulibactehereafter) are the
species of PAO most frequently found in many lablesstudies (Crocetti et al., 2000)
when using VFA-rich synthetic wastewaters or otsily fermentable carbon sources
such as glucose (Fukushima et al., 2007), eth&uwg (et al., 2008) or glycerol (Guerrero
et al.,, 2012), among others. However, the conceotraof these easily fermentable
carbon sources in real wastewater is quite lowadh, the organic substances found in
wastewater are mostly proteins (50%), carbohydrét8%0) and fats and oils (10%)
(Shon et al., 2007). Since the proportion of proiaireal wastewater is very high, the
amino acids could be potential carbon sources BRPRE (Zengin et al., 2011). Indeed,
several studies have tested a wide range of antius as carbon source. Chua et al.
(2006) and Zengin et al. (2011) worked with aspgaad glutamate, Nguyen et al. (2011)
used casamino and glutamic acids and Marques @Cdl7) operated a SBR with casein
hydrolysate and also performed batch tests wittagiate, aspartate and glycine.

Besides these reasons, the recent microbiologitarces and the study of EBPR with
different real wastewaters have shown that PAO rothan Accumulibactercan
proliferate as well. These other putative PAO bgldo the generaletrasphaera
(Fukushima et al., 2007; Nguyen et al., 20IHalomonas(Nguyen et al., 2012),
Thiothrix (Rubio-Rincén et al., 2017b) and to the fanlgmamonadaceae et al.,
2015). For instance, Kong et al. (2005) found Beam-positiveTetrasphaeraelated
organisms can be involved in P-removal and are @minin many full-scale EBPR
plants. Another study, considering 28 Danish myalcWWTPs, revealed that the genus
Tetrasphaeravas very abundant in all of them (Mielczarek et 2013). Despite their
ability to accumulate phosphorud,etrasphaerapresent important differences in
comparison tcAccumulibacteri) they cannot uptake VFA under anaerobic coondgi

i) they do not store PHA and iii) they can takesgone amino acids and glucose (Nguyen
et al., 2011).

RegardingComamonadacea&han et al. (2002) found that they are primaryiuliers
able to degrade 3-(hydroxybutyrate-co-3-hydroxyradks). Willems (2014) reported that
many members of theomamonadacedamily are capable of accumulating PHA in the
cell based on phylogenetic analysis of the polybygalkanoate synthase gene. In
addition, these bacteria have been identified iPEBystems with short sludge retention
time (SRT) when treating protein-rich (abattoir)stewater (Ge et al., 2015).
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Finally, regardingrhiothrix,VVaiopoulou et al. (2007) reported the growth tfrfientous
bacteriaEikelboomtype 021N and hiothrix for the first time in a multistage pilot-scale
WWTP designed for EBPR occurrence, which causedadet sludge bulking. In a
recent work Thiothrix caldifontisproliferated in a lab-scale EBPR system contaidiog
mg S-* of sulphide in the influent and the authors shotted this species could behave
like PAO with a mixotrophic metabolisrithiothrix caldifontiswas able to store carbon
anaerobically as PHA and then, in subsequent aemnditions, PHA was used for
growth and for the replenishment of polyphosphaid glycogen (Rubio-Rincon et al.,
2017Db). Bacteria belonging to the gefiimsothrix have been reported to: i) grow in media
with low organic carbon concentration and reducem®pounds (Rubio-Rincén et al.,
2017Db), ii) deteriorate settling properties of @ated sludge and iii) store polyphosphate
(Wanner et al., 1987).

Therefore, there is a range of genera, other Amumulibacterthat can be related to
full-scale EBPR WWTPs but their role and significarare still to be defined since most
of the fundamental research conducted so far loa® leioreactors withccumulibacter
enriched microbial communities. Hence, our work sagth obtaining a mixed microbial
culture with high EBPR activity, mostly enriched patative PAO bacteria other than
Accumulibacterby using a different carbon source. This is wieyhave used the amino
acid glutamate to i) explore the possibility ofngseamino acids as EBPR carbon source
and ii) obtain a consortium with high EBPR activitygain more understanding of the

behaviour of these “novel” PAO and to unravel tipeitential role in full-scale systems.
4.2. Materials and methods
4.2.1. Lab-scale Sequencing Batch Reactor (SBR)

The first experimental system used was an anadoxic(A/O) SBR with a working
volume of 10 L and a volume exchange ratio of 50%e detailed diagram of the reactor
and set-up details are described in Section 3flChapter 3. The SBR was operated at
a controlled temperature of 25 + 1°C. The pH wastradled at 7.50 + 0.05 by adding
HCI (1M) and NaOH (1M). Nitrogen was sparged dutimg anaerobic phase to maintain
strict anaerobic conditions. Dissolved oxygen (D@ controlled between 2.5 to 3.5

mg- L1 in the aerobic phase by manipulating an on/ofétien valve.

The reactor was fed with a mixture of aspartate ginthmate as carbon source for 68
days. The proportion of aspartate and glutamatedanroughout the operation, as well
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as cycle and phase duration, but a concentratid4-dfl3 mg COD-t was maintained
in the influent. The phosphate concentration atitiet was 10 mg P-L The carbon
source was added separately at minute 15 afteednljicomplete anaerobic conditions
in the reactor. Allylthiourea was used to prevatrifitation activity. The SBR operation
was divided into four operational periods accordimghe carbon source load (Table 4.1
and 4.2). Operating conditions were modified acewytb SBR performance and changes
in the microbial community. Daily sludge wastagesweerformed to maintain a SRT
between 10-15 days (Table 4.1).

4.2.2. Continuous pilot plant

The anaerobic/anoxic/oxic @) pilot plant consisted of three continuous etirtank
reactors with a total volume of 146 L and a 50 ttlee The scheme of the reactor and
the instrumentation used for monitoring it are dethin section 3.1.1 of Chapter 3. The
SRT was maintained around 10 days with daily sludlgstage from the aerobic reactor.
The pH was controlled at 7.5 using an on-off cdfgrowith sodium carbonate (1M)
dosage in the aerobic reactor. DO was also coattatl the aerobic chamber at 1.0 £ 0.1

mg- L.

This pilot plant operated at room temperature 8f days treating a synthetic wastewater
containing 10 mg P£¥-P- L%, 50 mg NH*-N-L? and 400 mg COD-t with glutamate
as a sole carbon source. The glutamate used wdsgfade (AJINOMOTO) except in
period Il, when another supplier provided glutamakéth different physical
characteristics, which caused the system to fails iew glutamate had a less compact
texture, so some additive may have been used wik&esh and prevent moisture.

On day 250 of the operation, ammonium was remoxad the synthetic wastewater to
reduce the nitrogen concentration in the influang glutamate was used as both carbon
and nitrogen source. The synthetic influent wapared from a concentrated feed (Table
4.3) that was diluted with tap water resulting inwastewater with the above

concentrations.
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Table 4.1.0perational conditions for the A/O SBR.

Cycle  Anaerobic phaseAerobic phase Settling phaseCarbon source
Period Day(d) SRT(d) VSS (gi)
length (h) length (h) length (h) length (h) (G: glutamate and A: aspartate)

| 0-6 13+3 0.99+£0.13 8 4 3 1 50% G + 50% Andg COD- [

6-11 13+3 0.99 +0.13 8 4 3 1 50% G + 50% A, 4L@OD- !
I 11-15 15+4 0.65+0.11 6 2.5 2.5 1 50% G + 58%71 mg COD-[*

15-32 15+4 0.65+0.11 6 2 3 1 50% G + 50% AnLCOD- I
11 32-49 12+1 1.08 +0.11 6 2 3 1 G, 113 mg COD-
v 49-68 13+1 1.17 £ 0.06 6 2 3 1 50% G + 50%/A mg COD-
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Table 4.2.Operation of the A/O SBR: EBPR ratios and rateseoked for the different

periods.

Period Anaerobic phase

Aerobic phase

P/C Preleaserate Puptakerate Puptakd Prelease
(mol P-mott C) (mg P-¢'VSS-h')  (mg P-¢tVSS-h) (mol P-mott P)
| 0.07 £0.03 1.0+05 1.3+0.8 1.2+0.1
[l 0.26 £ 0.06 9.6 +4.6 11.0+£5.2 1.2+0.1
1 0.17+0.11 6.4+3.6 8.0 4. 1.4+0.3
v 0.09 £ 0.06 1.2+0.6 1.6+0.6 14+04

Table 4.3.Composition of the concentrated synthetic wastemwétwas diluted 18 times

with tap water.

Composition

g-L*

Macronutrients

Sodium glutamate (#E1sNOsNa)
Ammonium chloride (NHECI)
Dipotassium phosphate {KPQy)
Potassium phosphate (KPICQy)

15.60
4.58
0.44
1.11

Micronutients*

Ferric chloride (FeGl6H0)

Potassium iodide (KI)
Boric acid (HBOs)

Cobalt chloride (CoGl6H0)

Manganese chloride (MnE&UHO)

Zinc sulphate (ZnS©7H0)

Sodium molybdate (N1004- 2H0)

Copper sulphate (Cus®H0)

EDTA (C10H16N20s)

1.50
0.18
0.15

0.15
0.12
0.12
0.06
0.03
10.00

*Trace solution: 1 mL per L of concentrated inflten

4.2.3. Batch tests

Batch tests were conducted to investigate the wamwént of PHA and glycogen in

internal metabolites. Batch tests were conducteth WOL of mixed liquor from the

aerobic reactor of the%0 pilot plant. These were transferred to a baszctor where

the sludge was subjected to anaerobic/aerobic tonsliat controlled pH (7.5) and
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temperature (20°C). Samples were taken every B® tmin and filtered with 0.2@m
Millipore filters for analysis of COD and phosphatencentration in the supernatant.
Samples were also collected for the analysis offRH& and glycogen content in the

biomass.
4.2.4. Chemical analyses

The concentration of phosphorus, ammonium, nitnieate and COD were measured in
0.22 um filtered samples according to Section 3.2 of @af. Total organic carbon
(TOC) was quantified using an Ol Analytical TOC Ayrer (Model 1020A, Shimadzu).
Glycogen and PHA were measured in duplicate. PH& mvaasured with a GC (Agilent
Technologies 7820A) according to the methodologcdbed by Oehmen et al. (2005a).
Lyophilised sludge samples were digested and meiylwith 4 mL of acidulated
methanol (10% bEB5Qy) and 4 mL of chloroform during 20 h at 100°C. Bainzacid was
used as internal standard. Calibration of the ntetinas performed using a copolymer of
3-hydroxybutyric acid and 3-hydroxyvaleric acid3)as standard for PHB and PHV
(Fluka, Buchs SG, Switzerland) and 2-hydroxycapraiad as standard for PH2MV
(Aldrich). Glycogen was determined as detailed et al. (2017) . Total suspended
solids (TSS) and volatile suspended solids (VSSevamalysed according to APHA
(1995).

4.2.5. Microbiological analyses

The biomass was characterized using the fluorescémsitu hybridization (FISH)
technique coupled with confocal laser scanning esicopy (CLSM) as described in
Section 3.3.1 of Chapter 3. The nine probes usegiamtify the amount of PAO, GAO
and Tetrasphaera(EUBMIX, PAOMIX, GAOMIX, DFIMIX, DFIIMIX, Tetl-266,
Tet2-892, Tet2-174 and Tet3-654) are detailed ttiSe 3.3.1 of Chapter 3.

The identification of the bacterial population wpsrformed using next-generation
sequencing. Deoxyribonucleic Acid (DNA) extractiogoyrosequencing settings and

bioinformatics applied are described in SectionZd@ Chapter 3.
4.3. Results and discussion
4.3.1. Enrichment with non-Accumulibacter PAO i8BR

The A/O SBR for the sludge enrichment with MdecumulibactePAO was operated for
68 days under different conditions (Table 4.1). Thacentration of phosphate in the
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influent was maintained at 10 mg P-IHowever, the carbon concentration was increased
in some periods to obtain a higher PAO activitygufe 4.1 shows the evolution of
phosphorus concentration at the start of the csold at the end of the anaerobic and
aerobic phases, while Table 4.2 summarises thenaasd?/C ratio (i.e. phosphorus
released over carbon taken up in molar basis)l@@4irelease and P-uptake rates for the

different periods.
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Figure 4.1. Operation of the A/O SBR with different carbon smms (G: glutamate and
A: aspartate). Phosphorus concentration at thé stahe cycle ¢) and at the end of

anaerobic A) and aerobicH) phases.

The system was initially operated with a 1:1 migtaf glutamate and aspartate as carbon
source. This choice was based on previous studiat reported a good EBPR
performance using this mixture of amino acids (Chkual., 2006; Kristiansen et al.,
2013b; Satoh et al., 1998; Zengin et al., 2011jath, Zengin et al. (2011) stated that the
highest EBPR activity was observed with aspartateglutamate in the study developed
by Satoh et al. (1998). The first period (11 dagt®)wed a progressive increase in P-
release activity but with a scarce net-P removal Ground 1 mg-t), probably limited

by a low organic matter concentration. It is wamlentioning that this SBR operation
showed that the system was much more sensitivetgem presence in the anaerobic
phase than our previous research with conventwarélon sources (i.e. propionic, acetic,
glycerol) and Accumulibacterenriched sludge. Compared to our previous
Accumulibacterenriched operation, the nitrogen flow under anlaeroonditions had to

be drastically increased to ensure complete anaecohditions.

The carbon influent concentration was raised fréno471 mg COD-1 in period Il and
a gradual increase in P-release and P-uptake wsesvaal. The P-release rate, the P-
uptake rate and the P/C ratio reached the higladisés of the entire operation (9.6 + 4.6
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mg P-g VS$-h!'11.0 + 5.2 mg P-g VSSh'and0.26 + 0.06 mol P-mdLC). The ratio
P-uptake/P-release (i.e. phosphorus taken up w@edlebic conditions over P released in
anaerobic conditions) remained around 1.2-1.4 titiout the operation (Table 4.2). This

EBPR activity resulted in a P-removal around 342mg P- L.

Glutamate plays a central role in the metabolismneiino acids (Dionisi et al., 2004) and
has three different potential metabolic routegndering to the tricarboxylic acid cycle
(TCA), ii) forming putrescine or iii) directly glamine. We decided to focus on glutamate
as sole carbon source from day 32 of the operdperiod IIl). At the same time, the
COD concentration was increased from 71 to 113 rhgUnexpectedly, P-release
progressively decreased despite the COD increaading to the system failure on day
48. The conditions used in period Il were re-essaled in period IV with the objective
of recovering the maximum observed activity, bud ®BR became unstable and its

recovery was not possible.

The deterioration in EBPR activity could be relatedGAO growth as subsequently
confirmed by FISH analyses (discussed below). Begtnic matter consumption was
observed despite the poor P-release, a clear todicd growth of microorganisms
without EBPR phenotype but capable to consume argaratter under anaerobic
conditions. Figure 4.2 shows two complete SBR abme with successful P removal
(day 46 in period Ill) and one with EBPR deteriaat(day 68 in period IV)Similar
stability problems for lab-scale EBPR systems fath \aspartate and glutamate were
reported by Zengin et al. (2011) who, after 4 merh operation, had an unexpected
EBPR deterioration and could not relate it to apgrational condition.
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Figure 4.2. Monitoring of two A/O SBR cycles: day 46 duringripel Il (left) and day
68 during period IV (right). Phosphorus concentraije) and TOC concentratiom).
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4.3.2. Long-term %O continuous operation

The experimental period under batch conditionsrahtl provide the desired results in

terms of stability of P-removal and it was decidedswitch to continuous mode. The

A2?/0 plant was chosen so that the EBPR would occamiore realistic environment, i.e.

coexisting with biological nitrogen removal. Glutate was selected as sole carbon
source to follow the SBR operation and to faciittte interpretation of the results. The
experimental profiles related to N- and P-removalrdy the 487 days of operation of the

A2?/0 pilot plant are shown in Figure 4.3.
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Figure 4.3.Continuous operation of the?® plant. A) Ammonium concentration in the
influent () and in the effluentd), nitrate concentration in the effluem)(and N-removal
efficiency (A). B) Phosphorus concentration in the anaerobientiea @) and in the

effluent (©) and P-removal efficiencyj.

The pilot plant operation was divided into five ipels. The first period, the start-up,
showed good P removal until EBPR activity and fidaition capacity were lost due to a
batch of deteriorated glutamate that was usednogd (detailed in section 4.2.2 of this

Chapter). The biomass concentration in the reatgoreased drastically in this period
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(Figure 4.4) and, consequently, P-release and &keptlecreased (Figure 4.3). The
phosphate concentration (up to 22 mgs20-L1) was even higher than that in the

influent indicating depletion of intracellular pglyosphate or PAO decay.
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Figure 4.4.Volatile suspended solids concentration in tR&pilot plant.

In period lll, the batch of deteriorated feed waplaced and high N and P removal
efficiencies were reached again after a few dayspafration. Nitrification improved
progressively during this period, resulting in cdet@ ammonium oxidation to nitrate
and, consequently, an increase in nitrate condemiran the effluent. The high nitrate
input to the anaerobic reactor (0.24 + 0.04 g NsN®@) finally caused a failure in EBPR
activity between days 217 and 256. Nitrate entettingugh the external recycle is one of
the most common causes of EBPR deterioration insyeems. Taking into account a
reported average COD/N ratio for denitrification6(8 COD- ¢ N-NOs) (Henze et al.,
2008), an average of 2.05 + 0.35 g COBd1 the initial COD were consumed due to
denitrification during this period, which is the 3a5 % of the initial COD input. Again,
we observed that the effect of nitrate was muchent@trimental than in our previous
works with the same pilot plant withccumulibacterenriched sludge (Guerrero et al.,
2011). It was therefore decided to remove the anmmorchloride from the synthetic
influent and use glutamate as both carbon and gdtrosource (period 1V), since
glutamate contains an important amount of orgaritcogen (0.083 mg N-my
glutamate). The influent nitrogen was the reduce®®6 + 0.3%. In fact, ammonium
was still detected in the influent (an average 052+ 9.9 mg N-1}) due to some
fermentation of glutamate in the storage tank, Wihilso led to VFA production (mainly

acetic acid, and less amounts of propionic andrlwuacids, Table 4.4). The amount of
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VFA measured in the storage tank after two days ezasvalent to 8.9% of the initial
COD and up to 63.4% after five days. Thus, ferm@maof glutamate occurs but at a
low rate and, hence, the contribution of glutanf@tmentation was minor at least during
the first days. It could be considered that modiefcarbon source in our system was
glutamate.

Table 4.4.VFAs concentration for the synthetic feed in theage tank (initial COD
concentration of 13.3 gCOD).

Dayl Day2 Dayb5
Acetic acid (mg-[2) nd.  785.8 4521.1
Propionic acid (mg-£) n.d. 5.6 70.4

Butyric acid (mg- [%) nd. 187.1 1933.0
n.d: not detected

Finally, in period V, the internal recycle was ieased to Rt = 4 and the external recycle
was decreased toeR- = 0.5 to further reduce the input of nitrate te #maerobic reactor,
which was still deleterious for the plant perforrmanThe A/O plant operated for more
than seven months (Period V) with a very stabléoperance for the simultaneous C, N
and P removal with high efficiencies (97 + 3%, 8% and 97 + 10% respectively) (Table
4.5), showing the first successful report of glutéenas sole carbon source for EBPR.
The ratios P-uptake/P-release (1.1 + 0.1) and @82 & 0.14 mol P-mdIC) were in the
range of those obtained in the A/O SBR with sudoégserformance at the end of its
Period Il. The P/C ratio was lower than that oladiwith propionate or acetate (Carvalho
et al., 2007; Oehmen et al., 2005b; Zeng et al.32h Accumulibacterenriched systems
but correlated well with P/C ratios obtained wither less common carbon sources. In
most of these cases, a prior step of degradatiorqgsired such as acetogenesis for
methanol (Taya et al., 2013b) or fermentation fiycerol (Guerrero et al., 2012) and
glucose (Nielsen et al., 2012).

Despite the low P/C ratio observed, P removal veassptete during the entire period V
(207 days). Table 4.6 shows different ratios inghaerobic, anoxic and aerobic phases

during each experimental period.

43



4%

Table 4.5.0peration of the AO pilot plant: Nitrogen, phosphorus and organidteraemoval efficiencies during each

experimental period

Period Day (d) N removal (%) P removal (%)COD removal (%)
I 0-98 Start-up no data 86 £ 26 no data

Il 98-135 Deteriorated glutamate 71+16 40 + 35 8

It 135-249 Nitrate input to the anaerobic reactor 67 +9 7B+ 91+7

v 249-280 Glutamate as C and N source 89+3 a9 + 87+9

Vv 280-487 Stable operation with highhdand low Ry 87 +5 97 £ 10 97+3

Table 4.6.Operation of the AO pilot plant: EBPR ratios and rates obtainedmiythe different periods.

[eaowal snioydsoyd paouequa I0J 99IN0S UOQIED UOGIED J[0S S djee)n|o)

Period Anaerobic phase Anoxic phase Aerobic phase
P/IC P-release rate P-uptake rate P-uptake rate P-uptake/P-release
(mol P-moft C) (mgP-gVvSS-h) (mgP-¢vSS-ht) (mgP-g'VSS-hh) (mol P-mot P)

I no data no data no data no data no data

I 0.03+£0.05 3.3+45 45+5.2 13+14 1.4+£0.7

1] 0.14 £ 0.08 10.6 +5.8 3.9+29 3.0+£20 1.2+0.2

v 0.28 +0.27 16.0 £ 10.5 11.2+9.2 34+19 1.1+£0.1

Vv 0.32+0.14 23.9+7.3 12.1+6.8 41+1.3 1.1+£0.1
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The two periods with longer stability were perididaind period V. In period 1, 32% of
the total phosphorus removed was taken up unded@oonditions while the remaining
68% was removed in the aerobic reactor. Howevepeimod V, when the external and
internal recirculation were modified to minimiseetbntry of nitrate into the anaerobic
reactor, up to 46% of the total phosphorus remavasitaken up under anoxic conditions
and 54% under aerobic conditions. These ratiosatese important denitrifying PAO
activity in the plant in spite of not being higldgiriched ilMAccumulibacterbut in bacteria
belonging to the genushiothrix and the familyCommamonadaceagsee discussion
below). In addition, anoxic phosphorus uptake nases higher than under aerobic
conditions for all the entire operation (Table 4 &)owing this high denitrifying PAO
capability. This is especially significant in pediv: 12.1 + 6.8 and 4.1 + 1.3 mg P-g VSS

L nlwere obtained for anoxic and aerobic uptake rassactively.
4.3.3. Process stoichiometry. The role of intradall polymers

The role of intracellular storage polymers (PHA agigicogen) is essential in the
Accumulibactemmetabolism. Batch experiments were conducted glitkamate as the
sole carbon source to study the role of intracatlstorage polymers in this case. Figure
4.5 shows two batch experiments under sequentadrabic and aerobic conditions in
which the internal storage polymers were measunee with A/O SBR biomass (day 26)
and one with A/O biomass (day 308).

The first key observation is the low relevance &fAPin the experimental profiles,
especially with the sludge from the/® pilot plant. The carbon source was completely
taken up during the anaerobic phase linked to €asel but very low PHA increase was
observed: only 0.2 mol C-mtC (0.69 mmol C-g VSS) and 0.07 mol C-méC (0.62
mmol C-g* VSS) for SBR and AO pilot plant, respectively. In fact, the PHA
concentration throughout the experiment was mueretahan in conventional EBPR
studies with VFA as the sole carbon source Andumulibactefenriched sludgeThe
average PHA concentration at the end of the anaepitase was 0.53 mol C-moC
(1.83 + 0.09 mmol C-§VSS) (A/O SBR) and 0.17 mol C-moC (1.27 + 0.04 mmol
C-gtVSS) (#/0), while in the case of a conventioAaicumulibactefenriched SBR this
concentration was 1.55 mol C-mi@ (4.59 mmol C-§ VSS) (Oehmen et al., 2005d). It
should be noted that our sludge contained a higlouam of Thiotrix and
Comamonadaceakut also a certain amount Atcumulibacter(see discussion below)
which uses PHA and, thus, it could be hypothesthatlthe nomAccumulibacteAO
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scarcely uses PHA. This observation of low PHA Imement is in agreement with
several reports on EBPR with alternative PAO andy maggest a minor role of
Accumulibacterin our system. For instance, a study wiitrasphaeraindicated the
inability of these microorganisms to store PHA @iansen et al., 2013a; Nguyen et al.,
2011). On the other hand, Willems (2014) reporthdt tmany members of the
Comamonadaceagroup are able to accumulate PHA in the cell. Buial. (2016)
obtained a PHA concentration of 1 mmol €\SS at the end of the anaerobic phase in
a SBR performing EBPR at a high temperature withiged microbial cultured with
AccumulibacteendComamonadaceaekinally, Rubio-Rincén et al. (2017b) found that
Thiothrix caldifontiscould behave like a PAO with a mixotrophic metadal for P-
removal. In that case, the anaerobic PHA convensi@s0.75 mol C-mdLC (4.37 mmol
C-g' VSS), but only 0.41 mol C-méC (1.61 mmol C-¢ VSS) were attributed to
Thiothrix. This value was higher than those obtained invaark: 0.2 mol C-motC and
0.07 mol C-mol & for A/O SBR and A/O pilot plant respectively.

Regarding glycogen, most reports on EBPR (Witbumulibacterenriched sludge) show
that glycogen is degraded under anaerobic conditi@mn provide reducing power.
However, in our experiments we observed that glgoagas slightly accumulated during
the anaerobic phase (an increase of 0.14 mol Cah@D.47 mmol C-g VSS) for the
A/O SBR). This observed low glycogen utilisationrretates with the low PHA
involvement and casts doubts on the rolA@fumulibactein our system. Marques et al.
(2017) also observed glycogen production underrabéeconditions in the batch tests
performed with glutamate, aspartate and glucossdson sources. On the other hand,
glycogen accumulation with the sludge of th&Q@\ plant was negligible (0.007 mol
C-mol Ct, 0.06 mmol C-g VSS). However, the glycogen concentration at titead the
anaerobic phase in the A/O SBR cycle was 1.34 moldf!C (4.6 + 0.2 mmol C-§
VSS), very similar to the concentration around I8 C- mof'C (4.25 mmol C-gVSS)

for the Accumulibactefenriched sludge (Oehmen et al.,, 2005d). The glenog
concentration at the end of the anaerobic phatei#?/O test was only 0.2 mol C-mol
IC (1.8 + 0.3 mmol C-§VSS), which is lower than the accumulation obtdiimethe A/O
SBR. The difference in glycogen levels betweenSB®& and the AO operation could
be related to the GAO proliferation: both the GAf@gence and glycogen levels were
drastically reduced in the?© operation compared to the A/O SBR operation.
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Figure 4.5.Monitoring of anaerobic/aerobic batch cycles. ADAZBR cycle at day 26
of operation and B) cycle performed with sludgarfrthe A/O pilot plant obtained at
day 308 of operation. Phosphorus concentratmyy TOC concentrationo), PHB

concentration«), PHV concentration{) and glycogen concentration)(

Finally, the anaerobic yields and the carbon repovatio (CRR) for batch assays are
summarized in Table 4.7 for both configurations anthpared to related reports from

the literature.
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Table 4.7.Anaerobic yields for batch assays and comparistmather PAO-enriched systems in the literature.

PreI/ Cupt

PHAprod/Cupt

GIyCdeQ/Cupt CRRl

Study Carbon source (mol P-molC)  (mol C-mol*C)  (mol C-mol*C) (%)
SBR Glutamate & aspartate0.27 0.20 -0.14 (production) 34
This study Glutamate (Batch) 0.21 0.07 -0.01 (production) 8
A%O i
Glutamate (Continuot 0.32 0.41 23.16 o8
mode)
Kapagiannidis et al.
(2013) Acetate 0.64 1.10 0.41 77
Enriched
Accumulibacter Pijuan et al. (2009) Propionic acid 0.27 0.64 0.45 44
Lu et al. (2006) Propionic acid 0.45 1.22 0.29 90
Accumulibacter Marques et al. (2017) Casein hydrolysate 0.35 0.15 0.38 -
Tetrasphaera
Rhodocyclus Zengin etal. (2011)  Glutamate 0.39 0.24 0.45 10-37
Actinobacteria
Accumulibacte  Rubio-Rincon etal.  Sodium acetate &
Thiothrix (2017) Propionic acid 0.64-0.75 0.76-1.00 0.12-0.20 47-81
Accumulibacter + Hui et al. (2016) Acetate, yeast extract 0.83 i 0.69 i

Comamonadaceae

& Peptone
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The carbon recovery ratio determines which parthefinlet carbon taken up and the
glycogen consumed during the anaerobic phasensftianed to PHA. The low PHA and
glycogen involvement in the cycle led to a low C&dnpared to the results obtained for
Accumulibacterenriched cultures. This suggests that anotherquamtified carbon
storage process is probably occurring. Since glgnatpes not seem to be involved, our
results indicate that other storage routes shauktuied to identify the fate of the carbon
stored under anaerobic conditions. Satoh et a@8Jl@vestigated the mechanisms of the
anaerobic uptake of glutamate by EBPR activatedgglland stated that glutamate was
accumulated as a polymer consisting-aiminobutyric acid and an unknown amino acid.
This is in agreement with the fact that, in our kyd?HA accumulation does not fully
explain the fate of glutamate (i.e. CRR ratios @40for the A/O SBR and 0.08 and 0.28
for the A/O plant). Zengin et al. (2011) also found CRR ealin the range of 10-37 %
in their glutamate batch tests. In contrast, RuRiieeon et al. (2017b) obtained with VFA
a higher COD balance of 47-81%. Regarding the aeraktios, the Br7/PHADEG ratios
obtained in this work (1.3 and 2.2 mol P-th@ for the A/O SBR and #0O plant
respectively) were significantly higher than theodsec PAO model prediction developed
by Smolders et al. (1994a) (0.41 mol P-t@). These higher ratios suggest that there is
a contribution of other putative PAO to EBPR adjivi

4.3.4. Non-Accumulibacter PAO contribution to tH&FR process

The role of noPAccumulibactelPAO was investigated through the comparison of our
experimental data with the values that can be prediusing the reported theoretical
Accumulibactestoichiometric ratios. Two different approachesenagpplied: i) based on
the polyphosphate stored during the daily operadiuhii) based on the anaerobic ratios

obtained during batch tests.

On the one hand, the amount of VSS concentratiquined to achieve the overall P
removal was estimated considering tAecumulibactermaximum Poly-P storage
capacity (0.38 mg P-mySS, Wentzel et al. (1989)). The ratio between thiguired
VSS concentration and the amount of solids remdnsd the system (through the purge
and the effluent) was used to calculate the thmalepercentage oAccumulibacter
needed to achieve the overall P removal. This #tea value was compared to the

biovolume quantification cAccumulibacteobtained through FISH analysis (Table 4.8).
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Table 4.8.Estimation of the percentage A&Ecumulibacterequired to perform the overall P-removal

taking into account their maximum storage capa@t$8 mg P-mgVvSS) for the A/O SBR and for

the A2/O pilot plant.

System Period P-removal Required VSS Solids purged Accumulibactel Accumulibacter

(mgP-d) (mgVSS-d) (mgVSS-d) required (%) obtained by FISH (%)

A0 | 24 62 1033 6
SBR 1l 52 138 498 28 36

1 79 209 1040 20

AV 22 57 1197 5
A%O 2336 6147 19757 31
S:I;)r:t 1 860 2263 7666 30 26

1 1434 3774 10005 38

v 1332 3506 13213 27

V 2469 6496 13396 48 49
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The overall P-removal can be explained with the@etage oAccumulibacteobtained
through FISH analysis for both systems. Thus, it approach, it cannot be evidenced
the involvement of the noAecumulibactePAO. Nevertheless, this estimation considers
that Accumulibacteiare storing phosphate at their theoretical maxinsapacity, which

is only possible under well-controlled culture ciimshs with excess of phosphorus
available. In addition, the calculations dependhenFISH percentages, which have also
a degree of uncertainty (see discussion in se&amterial community assessment).

On the other hand, the contribution of ndceumulibacteAO was assessed through

the anaerobic conversions obtained in the batdh (Eables 4.9 and 4.10) considering:

a) AccumulibactePAO were capable to store up to 77% (A/O SBR)45% (A%/O
pilot plant) of the inlet COD. These calculatiodetailed in Annex I.1) are based
on the percentage of PAO according to FISH andhberetical observed growth
yield reported by Chan et al.(2017)

b) the experimental anaerobic yields (Table 4.7)

c) the stoichiometry foAccumulibactereported by Welles et al. (2015) with acetic
acid, Oehmen et al. (2005c) with propionic acid &idan et al. (2004) with
butyric acid

d) the theoretical ratios of acetate, propionate artgirbte produced per glutamate
degraded: 0.57, 0.16 and 0.10 mol C- mdlglutamate, respectively (Annex 1.2).

e) A theoretical anaerobic yield per mole of glutantkulated based on data in c)

and d) as detailed in Annex I.3.

Regarding phosphorus conversion for A/O SBR (Tal9¢, the measured P-release (0.73
mmol P-L1) was lower than the value theoretically estimatedsidering the amount of
Accumulibactepbtained with FISH and the theoretical P/C ratiinested for glutamate
(0.93 mmol P-1}). As a result, all of the P-release could belaited toAccumulibacter
On the contrary, the value of P-release measunethéoA/O pilot plant (Table 4.10),
was higher than the theoretically estimatedfocumulibacte2.83 mmol P- ! vs 2.28
mmol P-L1). This observation suggests that some organishes thanAccumulibacter
contributed to the biological P removal; thesen-AccumulibactePAO would be
responsible of a P-release of 0.55 mmolP(Table 4.10). Hence, using a theoretical P/C
ratio for glutamate (Table A.1.3), only an 80.6%tlo¢ net phosphorus release can be
attributed toAccumulibacter
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Table 4.9.Anaerobic conversions estimated for the WatumulibactelPAO organisms in the batch experiment
conducted with sludge from the A/O SBR at day 26dration.

Estimated for

Estimated for the

Ratio Unit Measured Accumulibacter non-AccumulibactePAO

PHA/Cyppt  mol C-moi*’C  0.20 0.91 <0
PHB/Cypt mol C-moi*’C  0.04 0.79 <0

Anaerobic ratios  PHV/Cy,x  mol C-mof'C  0.16 0.12 0.31
Prel/Cupt mol P-mot'C  0.27 0.44 <0

GlydedCupt Mol C-moi’C  -0.14 0.28 -0.33
PHA mmol C- L' 0.55 1.91 <0
PHB mmol C- L' 0.11 1.66 <0

Anaerobic net  pHV mmol C- L 0.44 0.25 0.19
conversion P mmol P- 0.73 0.93 <0

Cupt mmol C- L 2.71 2.10 0.61

Glydeg mmol C- L -0.38 0.58 -0.96
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Table 4.10.Anaerobic conversions estimated for the AatcumulibactePAO organisms in the batch

experiment conducted with sludge from th&@pilot plant at day 308 of operation.

Estimated for

Estimated for the

Ratio Unit Measured _ .
Accumulibacter non-AccumulibactePAO

PHA/C,pt  mol C-mof!'C  0.07 0.91 <0

PHB/Cyp:  mol C-moi'C  0.05 0.79 <0

Anaerobic ratios PHV/Cyr  mol C-mof'C  0.02 0.12 <0
Prel/Cupt mol P-mof'C  0.23 0.44 0.06
GlydgedCupt  mol C-mof'C  -0.01 0.28 -0.21

PHA mmol C-L! 0.85 471 <0

PHB mmol C-L*! 0.56 4.09 <0

Anaerobic net PHV mmol C-L! 0.29 0.62 <0
conversions  p mmol P- ! 2.83 2.28 0.55
Cupt mmol C- 11.49 5.17 6.32
Glydeg mmol C- L' -0.09 1.45 -1.54
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Glutamate as sole carbon carbon source for enhatesphorus removal

Regarding the carbonaceous compounds, the amotiAfproduced under anaerobic
conditions (0.55 and 0.85 mmol Ctifor A/O SBR and A/O pilot plant, respectively)
was only 29% and 18% of the theoretical amount ebgok for Accumulibacter
considering C-uptake (1.91 and 4.71 mmol ) [Thus, there seems to be a population

able to release P under anaerobic conditions witimar storage of PHA.

Finally, glycogen production was observed in botbtems (Glyeg = -0.38 and -0.09
mmol C-LY) compared to the predicted degradation of 0.581a#8 mmol C- . This
result shows the low involvement of glycogen insthiicrobial community as already

observed in the section “Process stoichiometry. roleof intracellular polymers”.
4.3.5. Bacterial community assessment

lllumina and FISH-CSLM techniques were used to eat the enrichment of the
biomass in other putative PAQO different fréxacumulibactersuch ag etrasphaerand
Thiothrix genus an€omamonadaceaamily, as well as the presence of “conventional”
PAO and GAO in the sludge of both systems.

In the A/O SBR sludge (day 47), FISH quantificatotetected 36 + 1% of bacteria that
hybridize with PAOMIX and 21 + 1% with GAOMIX prob@igure 4.6). This was in
agreement with the phosphorus activity failure obse later in the reactor. Neither any
of the four probes used for the detectionTeftrasphaeranor DFIMix or DFIIMix
hybridizations were detected in the sludge.

lllumina was used, then, to examine the microbahmunity of the A/O SBR on the
same sample of day 47 (Figure 4.7-up). With thadysis,Accumulibacteraccounted for
only 1.45% of total bacteria, although some undiass bacteria belonging to the
Rhodocyclaceaéamily, which is closely related tAccumulibacte(Zhou et al., 2015),
were also detected (5.22%). The existing discrepametween FISH analyses and the
values obtained by lllumina, could be partly expéal by a lack of probe specificity for
the commonly applied PAOMIX probe. In fact, Albemset al. (2016) found that the
FISH probe sets for theCandidatus Accumulibacter’ (PAOMIX) also target the
Propionivibrio GAO.
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.

Figure 4.6.CLSM micrographs of FISH for the biomass of th©/ABR after 47 days

of operation. A and B: blue, all bacteria; mageAtumulibacterC and D: blue, all

bacteria; magent&ompetibacter

This overestimation by FISH analyses was also teddry Stokholm-Bjerregaard et al.
(2017). Nonetheless, DNA extraction, primer chowajous PCR settings and the DNA
from dead cells have also a large effect on themiesl community structure (Albertsen
et al., 2015). Furthermore, the 16S rRNA copy nusbary largely (1 to 15 copies per
genome), whereadccumulibactelgenome has only two copies (He et al., 2007), whic
can lead to its underrepresentation when usingniia in comparison to FISH. As a
conclusion, if possible both techniques should Beduto complement each other
(Albertsen et al., 2012).
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Figure 4.7.Microbial diversity in the A/O SBR (UP) and in tA&/O pilot plant (DOWN)
at genus level. Relative abundance was calculatlgttonsidering those microorganisms
in which the number of 16S copies was higher th&fe0of the total copies.

In fact, Propionivibrio and Dokdonellawere the most abundant genera, representing
11.57% and 11.74% of the total bacteria, respdgti&opionivibrio are fermentative
bacteria of thé&khodocyclaceatamily. Hence, certain species®fopionivibrio could be
postulated as putative PAO (Coats et al., 201 yeNReless, it is worth mentioning that
Albertsen et al. (2016) recently reported the discy of GAO belonging as well to the
genusPropionivibrio. DechloromonasndZoogloeawere also significant in this sludge,
being 1.7% and 8.58% of the total bacteria, respagt They are assigned to the order
Rhodocyclus which is also related téAccumulibactergenus. Bacteria from the

Comamonadaceadamily represented up to 21.8% from the A/O SBRidgk.
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Variovorax Acidovorax PelomonasandHydrogenophagaenera, which belong to the
Comamonadaceatamily, have been identified in short SRT-EBPRtegss treating
protein-rich (abattoir) wastewater (Ge et al., 20861.4% ofSphingobacterialesrder
was also observed. This order belongs to the phyBacteroidetes and is capable of
hydrolysis and utilization of complex carbon sowrddcliroy and Nielsen, 2014).
Summarizing, taking into accountDechloromonas Zoogloea Candidatus
Accumulibacter, Propionivibrio and unclassified bacteria from tlighodocyclaceae
family, a 25% of the total population in the A/O BBystem could be microorganisms

capable of accumulating phosphate.

Regarding the AO biomass, hybridization in FISH analysis of PAOMprobe (26 +
4%) was still observed on day 106, while hybridaabf GAOMIX was very weak (less
than 1 = 1% of total bacteria) (Figure 4.8 A and B day 351, a 49 + 10% of PAOMIX
and a 14 = 6% of GAOMIX were observed (Figure 4.8r@ D). Neither DFIMix nor
DFIIMix hybridizations were detected in the sludiye. hybridization was observed with
probes targeting etrasphaerain the A/O biomass. The relatively high presence of
bacteria belonging to th&ccumulibactegenus in both reactors highlights the difficulties
in obtaining a highly-enriched sludge in other pwg& PAO with minimum
Accumulibactepresence. It is not a straightforward issue sihedermentation of amino
acids (in this case, glutamate) by other microolgyaa cannot be avoided and

Accumulibactercan live on those fermentation products, such&.V

The data obtained by lllumina from the sample$efA?/O pilot plant at day 277 showed
only 7.7% ofAccumulibacterand other close related bacterZodgloeagenus (3.7%)
and Rhodocyclaceagamily (2%)). In fact, bacterial community devesmbin the &/O
continuous reactor differed considerably from tbbserved in the A/O SBR reactor.
Indeed, Thiothrix (37%) was the most abundant genus in the continueastor,
suggesting that they could be involved in the EBRBle as also stated by Valverde-
Pérez et al. (2016) and Rubio-Rincén et al. (201Tbis observation is very significant
since we achieved high EBPR activity with low abamcke ofAccumulibacterEnriching
the system iThiothrix without the presence of any sulphur species \asy relevant
and an interesting outcome of this work, since joey reports off hiothrix enrichment
(Rubio-Rincon et al., 2017b) reported sulphidehasdriving factor for this enrichment.
In this work, low VFA/COD ratio of our wastewatendathe high glutamate content

clearly favoured the presence Tiiothrix. To our knowledge, this observation has not
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been reported before in the literature. Additionathe sludge volume index (SVI) along

the operation was 374 + 61 mL-g V&$dicating the presence of filamentous bacteria.
.

Figure 4.8. CLSM micrographs of FISH for the biomass of th#Q\pilot plant after 8

days (A and C) and after 351 days of operation(® ). A and B: blue, all bacteria;

magentaAccumulibacterC and D: blue, all bacteria; mage@ampetibacter

The Comamonadacedamily, with members recognised as important diigts in
activated sludge Systems (Khan et al., 2002), semted around 15.6% of the microbial
community of the A/O sludge. Bacteria belonging to the geMliisospira were present
in the biomass at 6.3%. They are nitrite-oxidizbagteria (NOB) and can exploit low
amounts of nitrite because they are k-strategi§ta @nd Kim, 2006). Bacteria from the
Rhodobacteraceatamily were detected in the pilot plant with aruablance of 3.4%.
These bacteria have been reported to accumulateppbus during denitrification
(Zheng et al., 2016). Moreover, bacteria from thaenifies Rhodobacteraceaand
Rhodocyclacegewnhich has also been detected at 2%, usually gaiynportant role in

organic matter degradation(Zheng et al., 2016).yMpmera belonging to thhizobiales
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order (accounting. for 3.5% of total bacteria ie tleactor), are considered anaerobic
fermentative bacteria, which have the ability afnfenting complex organics through
producing extracellular polymeric substances (ER®B)yeover, most of them are related
to nitrate reduction (Feng et al., 2017). Bactéoan thePirellulaceaefamily (3.9%) and
Chloroflexiorder (1.9%), have been also identified in maané freshwater nitrification
filters (Rud et al., 2017). In additioRjrellulaceaefamily, have the ability of utilizing
ammonia (Zhao et al., 201 Himbriimonadacea¢amily (2.5%) was previously detected
in an anammox consortia (Qin et al., 20 3.4% ofSaprospiraceaégamily, which has
the ability for the hydrolysis and utilization obmplex carbon sources (Mcllroy and
Nielsen, 2014) was also observed in tiféAsludge.

To sum up, a higher variety of genus and families wbtained in the 20 pilot plant,
which can be attributed to the many biological psses that took place in this system.
Thus, the EBPR occurred in thé/@ pilot plant in a more realistic environment thha
sample in the A/O SBR. A stable EBPR system withixed microbial culture enriched

in genera other thaAccumulibacteiwas obtained with glutamate as sole carbon and

nitrogen source in an%0 with high N and P removal efficiencies.
4.3.6. Enzymes reported for the main genus detected

The enzymes reported fAccumulibacterThiothrixandComamonadaceagristiansen

et al., 2013a; Schomburg, 2015) were studied taddie the potential role of these genus
in carbon storage and P-removal processes. Thes gdrapecial interest are shown in
Table A.1.4. All three possess enzymes relatedytoodysis, which is a required process
to supply the reducing power for the anaerobic eosien of VFA to PHA according to
Zhou et al. (2009). However, the enzymes requicedjliycogen synthesis have not been
reported fofThiothrix. This fact, coupled with the highhiothrix fraction observed in the

A2?/0 sludge, could explain the low involvement ofagigen in this system.

As for the use of Poly-PAccumulibacterand Thiothrix possess polyphosphate kinase,

which is an enzyme that catalyses the intracelkyathesis of Poly-P (Zeng et al., 2018),

and it would indicate a role of these specieséubtake of phosphate. On the other hand,
the presence of polyphosphate kinase has not epemted forComamonadaceadut

the absence of this enzyme in current databasesrdieguarantee the absence of this

enzyme in all genus @omamonadaceae
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With respect to PHA synthesis, the presence of(Behydroxybutyrate) depolymerase
has been reported férccumulibactemndComamonadacea®&egarding PHA synthesis
for Thiothrix, this enzyme is not reported in the Brenda dawl§@shomburg, 2015),
although (Rubio-Rincon et al., 2017b) reported P$térage byThiothrix caldifontis
Finally, Comamonadaceaand Thiothrix have some enzymes related to amino acid
metabolism. In particular, the presence of glutanasthydrogenase would indicate their
involvement in glutamate degradation. In summatyipthrix could be clearly involved
in P-removal in the AO pilot plant because it is able to accumulateyfRglprobably
without PHA synthesis, but with glutamate involvethe On the other hand,
Comamonadaceaamily has some PAO characteristics, such as sgiglof PHA and
glycogen, but to date no Poly-P storage has bgertesl. Therefore, it could participate
in glutamate degradation and denitrification, which important processes in th&@
system, but its involvement in P-uptake cannottialsly concluded, and hence it should
be studied further.

The contribution of nomccumulibacter genus such ashiothrix to the EBPR
performance can be additionally supported by treeeobic net conversions achieved in
this study (showed in Tables 4.9 and 4.10, and aax@dl in the section “Non-
AccumulibacteiPAO contribution to the EBPR process”). This olsagon widens the
spectra of EBPR-related genera but a complete stadeling of the individual role of
Thiothrixand bacteria belonging to ti®@mmamonadacedamily in this consortium and

in the EBPR process needs further research.

4.4. Conclusions

This work shows for the first time the successfpémtion of an EBPR system using
glutamate as both C and N source in a continudos$ liant with successful results of
simultaneous biological N and P removal, and highittifying PAO activity. Two
systems were operated: i) an A/O SBR with glutaraateaspartate as C sources resulted
in a microbial community enriched @omamonadacea@1.8%) andAccumulibacter
(1.45%), and ii) an AO pilot plant with glutamate as sole C and N seuresulted in
enrichment ofComamonadaceagl5.6%), Thiothrix (37%) and a smaller fraction of
Accumulibactel(7.7%) living on glutamate fermentation produdise increase in PHA
during the anaerobic phase was only 18-29% ofabserved ilAccumulibacterenriched
sludge, indicating that other storage routes niated to PHA and glycogen should be
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studied to identify the fate of the carbon sourtteesl under anaerobic conditions. The
contribution to P-removal from microorganisms ottlean Accumulibactemwas needed
to explain the low production of PHA and the ladkgtycogen degradation during the
anaerobic phas&hiothrix is the main candidate to be involved in P-remoaaljt can
accumulate Poly-P, consume glutamate and probahbithouwt involving PHA

metabolism.
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ABSTRACT

Enhanced biological phosphorus removal (EBPR) isefficient and sustainable
technology to remove phosphorus from wastewatewdyer, the accumulation of nitrite
or the excessive amount of oxygen recycled intaatieerobic reactor has been reported
as factors that may deteriorate the efficiency BPR in wastewater treatment plants
(WWTPs). Nevertheless, most of the existing studes the investigation of
denitrification capabilities, free nitrous acid (AN inhibition and P-release under
permanent aerobic conditions are focusedocumulibacteandTetrasphaeraenriched
biomass. Therefore, it is necessary to examineetlesditions on a more diverse
microbial community similar to the one observed fll-scale WWTP. This work shows
for the first time, the study of the denitrificaticapabilities of a biomass developed using
glutamate as sole carbon and nitrogen source irarserobic/anoxic/oxic (#O)
configuration. The microbial community was moreeatse, mimicking that of a WWTP,
and was able to use nitrite and nitrate as elecdooeptors for P-uptake. Moreover, net
P-removal was observed under permanent aerobiatmored However, this microbial
culture resulted more sensitive to FNA and to pemna aerobic conditions when

compared tdAccumulibactetfenriched sludge.
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5.1. Introduction

Anoxic conditions (nitrite or nitrate as electrorcaptors) also allow P-uptake, which is
advantageous because i) both nitrogen and phosphoeuremoved in the same process,
i) organic matter is used for both nitrogen andgghorus removal and aeration costs
can be reduced and iii) less biomass is producediiKlespersen and Henze, 1993; Kuba
et al., 1993). The organisms with the anaerobickenB-removal phenotype i.e., the
microorganisms able to conduct simultaneous nitioged P-removal are known as
denitrifying PAO or DPAO (Patel and Nakhla, 200éng et al., 2003). Ahn et al. (2001a)
stated that the ability to use nitrite or nitratelenitrification differs according to the type
of PAO clade. However, some reported findings alo@tdenitrification capabilities of
PAO are contradictory. On one hand, many authonsidered that clade PAO | is able
to use nitrite and nitrate as electron acceptodsRRO Il is only capable of use nitrite
(Carvalho et al., 2007; Flowers et al., 2009; Ganéa et al., 2009; Taya et al., 2013a).
On the other hand, Kim et al. (2013), Saad et28116¢) and Rubio-Rincén et al. (2017a)
stated that PAO | was not capable of using nitrate.

However, despite nitrite-based P-uptake is feasthke presence of nitrite under aerobic
conditions is one of the most reported causes d?REERilure. Several works reported
that high concentration of nitrite in the mixeduay resulted inhibitory for anoxic P-
uptake (Kuba et al., 1996; Meinhold et al., 1998it&et al., 2004). Zhou et al. (2007)
reported that the protonated species of nitriteg initrous acid (FNA i.e. HNpis the
true inhibitor of P-uptake and FNA concentratiomghe range of 0.002-0.2 mg HNO
N-L? resulted in a decrease in the anoxic P-uptakeebi@r, nitrite can inhibit both
anoxic and aerobic P-uptake by PAO (Zhou et all220

Nitrite is an intermediate of both nitrification cdulenitrification processes and, thus, it
can be accumulated under aerobic or anoxic comgitiBhilips et al., 2002). For example,
in the aerobic phase, conditions of low sludgedeste time (SRT), high temperature
(above 30°C) and low dissolved oxygen (DO) can €dhs wash-out nitrite oxidizing

bacteria (NOB) (Jia et al., 2018; Rongsayamanontlgt 2014) and, thus, nitrite

accumulation. Under anoxic conditions, nitrite analation can also occur under low
pH, high temperature and low carbon to nitrogeisatvhich can lead to an imbalance

between nitrate and nitrite reduction rates (Zhioal.e2011).
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Another potential cause of EBPR deterioration iihguale WWTPs is an increment of

the oxygen amount entering to the anaerobic redbtough the external recycle (for

example, due to excessive aeration or heavy rén@riods). These situations can be
simulated at lab-scale when the electron donorstsate) and the electron acceptor
(nitrite, nitrate or oxygen) are present simultarsgy (Pijuan et al., 2006; Vargas et al.,
2009).

The abovementioned causes of EBPR failure (i.eitefititrate inhibition and oxygen
presence under anaerobic conditions) have beernywstedied in the literature at lab-
scale with bio-P sludge maintained under conditdifferent from those found in a real
environment (particularly the carbon source). Cqaosetly, the microbial community
developed in these lab-scale systems was mdstgumulibacteror Tetrasphaera
enriched sludge, which may be different from thed bacterial communities abundant in
WWTPs. It has been demonstrated that the micrawaimunities involved in EBPR
systems can be very diverse depending on the catborce supplied. When simple
carbon sources are used such as propionate, lutyratetate, the microbial community
is enriched inAccumulibacterPAO (Oehmen et al., 2005; Maite Pijuan et al.,£200
Welles et al.,, 2015). Nevertheless, with more caxptarbon sources not only of
Accumulibacter but also other microorganisms proliferate such Tagrasphaera
(casamino acid, Marques et al., 20XZpmamonadacea@battoir wastewater, Ge et al.,
2015),Thiothrix (glutamate, Chapter 4) and fermentative bacteqable of hydrolyzing
complex substrates. Therefore, there is a nichenwestigating the extent of FNA

inhibition on the bio-P microbial communities abantin WWTPs.

We have analyzed the toxic effects of FNA, nitiate oxygen in a glutamate-fed EBPR
community with a diverse microbial community sturet, similar to the bacterial
population observed in a full-scale WWTP. Anaeredmoxic/aerobic batch tests with
different carbon sources, with nitrite and nitratel under permanent aerobic conditions
were conducted to evaluate the denitrifying ca#sl and contribution towards anoxic
P-uptake.
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5.2. Materials and methods
5.2.1. Continuous pilot plant description

The A?/O pilot plant consisted of three continuous stirtank reactors with a total
volume of 146 L and a 50 L settler. The detaileahdam of the reactor and set-up details
are described in Section 3.1.1 of Chapter 3. Tits¢ feactor (R1, 28L) was anaerobic so
that PAO were selected against other ordinary btghic organisms (OHO). Nitrate
entering to the second reactor (R2, 28L) with titernal recycling was denitrified by
either OHO or DPAO. The third reactor (R3, 90L) kext under aerated conditions:
organic matter was completely removed, phosphoasstaken up and nitrification took
place. The SRT was maintained around 15 days wvatly dludge wastage from the
aerobic reactor. The pH was controlled at 7.5 usingon-off controller with sodium
carbonate (1M) dosage in the aerobic reactor. D® also controlled in the aerobic

chamber at 1.0 + 0.1 mg*LThe pilot plant operated at room temperature.

The starting point of this work is aréi® system fed with glutamate as sole carbon and
nitrogen source aiming at simultaneous phosphardsi@rogen removal. This plant was
previously run for more than 480 days under difiéaperational conditions as described
in Chapter 4. Hence, the biomass was adaptedsméw carbon source. The glutamate
was fed from an individual storage tank and a pbef#érmentation to VFA was detected,
which resulted in a gradual increase of the VFAtennin the storage tank: from 0% just
after preparation to 8.9% of the initial COD afteio days and up to 63.4% after five
days.

The results reported in this work show 261 daysp&fration after a change in the feeding
strategy to limit the amount of VFA entering thestgyn. To avoid this fermentation to
VFA, fresh feed was prepared three times per week. result of this new strategy, VFAs
were not detected in the storage tank and glutamasethe only carbon source entering

the anaerobic reactor.

The synthetic influent was prepared from a conegedr feed that was diluted with tap
water as described in Chapter 4, with a final conté 10 mg P@3-P- L't and 400 mg

COD- L't and using glutamate as sole carbon and nitrogerceso
5.2.2. Batch experiments

Several batch tests were conducted in a magngtstaited vessel (2 L) inoculated with
biomass withdrawn from the aerobic reactor of tR&pilot plant. Three sets of batch
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experiments were performed to investigate the hehawf the biomass in terms of: i)
carbon consumption under different electron doacstate, propionate and glutamate),
i) simultaneous denitrification and P-removal widifferent electron acceptors (nitrite,
nitrate and oxygen) and iii) P-release under peentaerobic conditions by means of
different DO. All batch tests mimicked the piloapt configuration and consisted of an
anaerobic phase by sparging nitrogen until thearadource had been fully consumed (2
h) followed by an aerobic or anoxic phase dependimghe set. The aerobic phase was
obtained with air sparging. An initial pulse of centrated feed resulted in the initial
desired conditions inside the reactor. pH (WTW EeBit) and DO (WTW CellOx 352)
probes were connected to a multiparametric ternfWwalwW INOLAB 3), which was in
turn connected to a PC with a specific softwarevatg for data monitoring and
manipulation of a high precision microdispenseig@r Multiburette 2 S) for pH control
with acid/base addition (HCI and NaOH at 1 M, respely).

Three sets of batch tests were conducted:

)] The first set of experiments consisted on the noonity of anaerobic-aerobic
carbon and phosphorus profiles using differentted@cacceptors. Acetic acid,
propionic acid and glutamate were the substrates] usith an initial
concentration in the reactor of 195 mg acetic a4ctd208 mg COD- 1Y), 125
mg propionic acid-1 (189 mg COD-I}) and 270 mg COD-t as glutamate.

i) The second set of experiments consisted of anaeatuixic assays by dosing
a concentrated solution of nitrite (14.75 - 92.14 M L'? in the reactor) or
nitrate (15 - 82.93 mg N-lin the reactor). The batch experiments usingtaitri
as electron acceptor were performed at differenvaldes (7.5, 8 and 8.5) in
order to evaluate the effect of different FNA camications in the biomass.
Some of the nitrite and nitrate batch tests wellei@d by an aerobic phase.

1)) Aerobic P-release was studied under different eeréiowrates. Compressed

air was sparged during the entire experiment.

The batch tests were sampled every 15 or 30 minfgteshemical analysis of the
supernatant. Samples were filtered by 0.22 um iaite) for the analysis of phosphate,
nitrite, nitrate, ammonia, acetate, propionate @D. The specific process rates were
calculated as the slope of a linear regressiomdneg the first points of consumption or
production, standardized against the biomass coratzm.
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The FNA concentration was calculated using the #gua and with K value determined

using the equation 2 for a given temperature (Z8py et al., 2007).

__ SN-NO,

[FNA] = P (1)
_ 2300

Ka = e (73+7) (2)

5.2.3 Chemical and microbiological analyses

The concentration of phosphorus, ammonium, nitnittate and COD were measured in
0.22um filtered samples according to Section 3.2 of @rap. Total suspended solids
(TSS) and volatile suspended solids (VSS) wereyagrdl according to Section 3.2 of
Chapter 3.

Biomass was characterized using fluorescence unkgibridization (FISH) technique
coupled with confocal laser scanning microscopy@®Il) as described in Section 3.3.1
of Chapter 3. The nine probes used to quantiffatheunt of PAO and GAO (EUBMIX,
PAOMIX, GAOMIX) are detailed in Section 3.3.1 of &fter 3.

Identification of bacterial population was perfoangsing next-generation sequencing.
DNA extraction, pyrosequencing settings and biaimfatics applied are described in
Section 3.3.2 of Chapter 3. Paired-end sequendititgecextracted DNA was performed
on an lllumina MiSeq platform by an external seeviScsie UV, Valencia, Spain) using
the bacterial primer pair 515F-806R.

5.3. Results and discussion
5.3.1. Pilot plant performance and microbial commtyisomposition

The experimental profiles related to N- and P-reahaluring the 261 days of operation
of the A/O pilot plant under the new feeding strategy with@FA are shown in Figure
5.1. High N- and P-removal efficiencies (85% and®Bespectively) were obtained
during the entire operation. The solids concerdratvas maintained around 1.85 + 0.29
g VSS- L (Figure 5.2).
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Figure 5.1. Experimental profiles during the 261 d of operatadrthe A/O plant. A)
Ammonium concentration in the influent)(and effluent ), nitrate concentration in the
effluent (@) and N-removal efficiencyX). B) Phosphorus concentration in the anaerobic
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Between days 208 and 215, technical problems \wihekternal recirculation pump led
to an increase in its flowrate, which in turn, ecadig high nitrate input to the anaerobic
reactor by means of external recirculation. Thdtttea decrease of the anaerobic PAO
activity (i.e. lower P-release) but it did not affehe P-removal efficiency, being the
concentration of phosphorus in the effluent 0.1608 mg P-I* (Figure 5.1). Moreover,
the nitrate present in the anaerobic reactor redguih low COD available for
denitrification in the anoxic reactor, which in nurcaused an increase of nitrate

concentration in the effluent (15 + 4 mg M- LY.

No nitrite was ever observed, so complete nitrifaawas achieved during the pilot plant
operation. The P/C ratio was very low (0.15 * 093 P-mol C) particularly when
compared to P/C ratio for conventional PAO electdomors such as acetate (0.5 mol
P-mol C!, Smolders et al., 1994b) or propionate (0.42 mohd C!, Oehmen et al.,
2005d).

The P/C ratio (0.15 + 0.07 mol P-mott)Cwas also much lower than in the previous
operational period (0.32 + 0.14 mol P-mol,Table 5.1). Lower P/C ratios are obtained
whenAccumulibacteiPAO are the dominating PAO and fermentable sulesti@e used
instead of VFA, such as the case of glycerol (02 Pamol C') as obtained by Lv et al.
(2014) and Guerrero et al. (2012). Some COD is dseohg the fermentation process,
resulting in less COD available for PAO. Glutamiatalso a complex substrate that has
to be firstly hydrolysed by fermentative bacteriaidg the anaerobic phase to produce
VFA. In fact, the new feeding strategy led to aegevincrease of fermentative bacteria in
the reactor as will be shown below. Then, the Rt® iand the P-release rate were lower
to the values obtained in the previous work (Tdhle. This decrease was due to the
lower amount ofAccumulibacteiin the system, being the FISH percentages 21%en t
current operation and 49% during the last periodhef previous operation. This fact
would indicate that other noAccumulibacterPAO were also part of the microbial
community. In any case, P-removal was completenduhe entire operation.
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Table 5.1.EBPR ratio and rates obtained and comparisontivélprevious work.

Study  Anaerobic Anoxic phase Aerobic phase

P/C P-release rate P-uptake rate P-uptake rate
(mol P-mof C) (mg P-¢tvSS-h) (mg P-¢'VSS-ht) (mg P-g'VSS-hh)

ffhaptero.sz +0.14 239+7.3 12.1+6.8 41+13
This

0.15 + 0.07 9.84 + 4.63 6.49 + 3.14 2.91+1.98
study

Regarding the P-uptake activity, Figure 5.1 shdved the most of the phosphorus was
taken up under anoxic conditions. 56% of the tptadsphorus removed was taken up
under anoxic conditions while the 44% remaining weraoved aerobically, in spite of
the volume of the aerobic reactor being three timgbker (90L) than the anoxic reactor
(28L). The average amount of phosphorus that eshterthe aerobic reactor was 5+2 mg
P-L! in contrast with the higher amounts entering ®ahoxic reactor (38+13 mg P-L
1. The specific anoxic and aerobic P-uptake rateie also lower than those found in
the previous operational period. However, the an&xuptake rate was again higher than
that under aerobic conditions (Table 5.1), confirgiihe high denitrifying activity of this

culture.

The lllumina technique was used to examine theabiat community developed in the
A2/0 pilot plant on day 158. As shown in Figure 5@-UProteobacteria and
Bacteroidetesvere clearly the most abundant phyla, accountongd?.2% and 37.9%
respectively. The next major phyla wekematimonadete$3.3%), Nitrospirae (2.8%)
and Verrucomicrobia (2.1%). Finally, PlanctomycetesFirmicutes Chloroflexi and
Acidobacteriawere in abundance below 2%. This microbial distidou is similar, in
terms of the predominant phyla, to the communitycttre observed in WWTPs
(Cydzik-Kwiatkowska and Zielinska, 2016; Hu et a2012; Wang et al., 2012).
Nevertheless, this is a comparison at phylum ossclevel, because the microbial
composition at family or genus level varies witfluent organic matter fractionation and

dissolved oxygen concentration in the reactor (ghetral., 2017).

At family level (Figure 5.3-down), withirProteobacteriaphylum, Rhodocyclaceae
(23.4%) was the most dominant family, which is elggelated tAccumulibacte(Zhou
et al.,, 2015). Three genera were identified witfithodocyclaceadamily, 13.6%
correspond t&€CandidatusAccumulibacter phosphatis, 2.4%Roopionivibrio and 1.5%
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to DechloromonasAccumulibacteis broadly recognized as the model PAO (Oehmen et
al., 2007) and, although it has not been formadiiegorized, their reference sequences
are classified as belongingRhodocyclaceatamily (Coats et al., 2017Rropionivibrio

are fermentative bacteria and certain species dmifubstulated as putative PAO (Coats
et al., 2017), but also Albertsen et al. (2016pregal the discovery of GAO belonging to
this genus. FinallyDechloromonasare a genus frequently reported as PAO in EBPR
reactors (Liu et al., 2005).

Proteobacteria
Bacteroidetes
Armatimonadetes
Nitrospirae
Verrucomicrobia
Other phyla
Unclassified

LELLUT

o
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Relative abundance at phyla level (%)

Rhodocyclaceae
Chitinophagaceae
Saprospiraceae
Cytophagaceae
Comamonadaceae
Fimbriimonadacea
Thiotrichaceae
Nitrospiraceae
Methylocystaceae
Hyphomonadaceae
Myxococcalesrder
Rhizobialesorder
Unclassified

Other family
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Figure 5.3.Microbial community distribution in the biomassiindhe /O pilot plant at
phyla level (UP) and family level (DOWN).

Within Bacteroidetegphylum, ChitinophagaceaeSaprospiraceaend Cytophagaceae

families accounted for 14.7%, 10.1% and 9.8% of tihtal bacteria. These families
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exhibit the ability to hydrolyse complex carbon smas, like proteins and polysaccharides
(Rosenberg et al., 2014), and hence, they couidvadved in the glutamate degradation.
The Comamonadaceamily, 4.5% of the microbial community, has beeentified in
short SRT-EBPR systems treating protein-rich waatenw(Ge et al., 2015Moreover,
some members have been recognised as importatfiensiin activated sludge Systems
(Khan et al., 2002)Thiothrichaceagfamily had an abundance of 2.9% and the genus
associated to this family wabhiothrix. In the previous operation of the pilot plant,
Thiothrix represented 38% of the total bacteria; hence, ¢éxpgrienced a sharp decline
in the new operation. In fact, this decrease wasoborated by the lower sludge volume
index (SVI): 158 + 55 mL-¢VSS, which was almost half of that obtained inghevious
operation (around 300 mL-1gvSS). Nitrospiraceae family accounted for 2.7%
corresponding totally tdNitrospira genus which are nitrite-oxidizing bacteria (NOB),
generally adapted to low substrate concentratiodscan exploit a low amount of nitrite
(Kim and Kim, 2006).

This complex microbial distribution of the bio-Ridbe obtained in this study is closer to
that found in a conventional WWTP. To the bestwf knowledge, most of the reported
studies on PAO inhibition and the DPAO denitrifioatcapabilities were performed with

Accumulibacteror Tetrasphaeraenriched cultures. Therefore, the importance af ou
work lays on the comparison of our experiments whthse already reported for less

complex microbial communities.
5.3.2 Denitrification capabilities of the culture

Batch tests with different electron acceptors waegformed to study the denitrifying
capacities of the mixed microbial culture. The gl acceptors, i.e. nitrite and nitrate,

were dosed at different concentrations of both aoumgs.
5.3.2.1 Nitrite as electron acceptor

The objective of these batch tests was to undeatdta denitrifying capabilities of our
bio-P sludge and to compare the inhibition thredtiat FNA and nitrite with the reported
values forAcccumulibacteenriched sludge. FNA has been reported as théntahiting
agent (Zhou et al., 2007). For that reason, seveatth tests with different nitrite
concentrations and at different pH values (7.5n8 8.5) were performed. It has been
reported that FNA-adapted and non FNA-adapted Pa¥® ldifferent response to FNA
inhibition, being the non FNA-adapted PAO more gdasto the FNA presence
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(Meinhold et al., 1999; Saito et al., 2004; Zhowalet2012). It is worth mentioning that
the sludge used in the current study was obtaired &n A/O plant where simultaneous
P and N removal was achieved. Hence, this sludge adapted to nitrate but not
necessarily to high concentrations of nitrite, sindrification was complete and no nitrite
accumulation was observed in the reactor duringetitee operation. On the other hand,
Zhou et al. (2007) suggests that adaptation taeifiNA does not necessarily increases
the tolerance aAccumulibacteiPAO to FNA, so there is not a consensus in thesl rogé

acclimatization to FNA.

Figure 5.4 displays the experimental profiles ob typical batch tests. In Figure 5.4A,
90% of initial glutamate was consumed in the f8@tmin of the anaerobic phase linked
to P-release. In the anoxic phase, nitrite (init@hcentration of 23 mg NON L) was
supplied and simultaneous P-uptake and nitrite wopsion was observed. When nitrite
was depleted, a slight P-release occurred. Finafiger aerobic conditions, P-uptake took
place again leading to complete P-removal. Thehbtst presented in Figure 5.4A was
performed at pH of 7.5 resulting in an initial centration of FNA of 1.63 pg HNEN
L-1. Zhou et al. (2007) found that FNA inhibition onoxic P-uptake starts at these low
levels (1-2 pg HN@N LY). Total inhibition occurred at 20 pg HN® L. In contrast,
Figure 5.4B shows a batch test where the initiaitaiconcentration (34.5 mg NGN L-

1y resulted in FNA concentration of 2.45 pg HN® L that completely inhibited the
uptake process. A low nitrite consumption rate @ NQ-N glVSS-h!t compared to
the 10.9 mg N@N g'VSS-h! obtained for the batch test of Figure 5.4A waseobed.
Moreover, P-release instead of P-uptake was detestethe beginning of the aerobic
phase, nitrite concentration was 20 mg 2N L™ (1.34 ug HNG-N L.

This FNA concentration was even lower than thaigtire 5.4A (1.63 ug HNON L),
where no inhibition was observed for the anoxigiRake. Surprisingly, no P-uptake was
observed despite nitrite and oxygen were presest) though it has been reported that
some DPAO can use both electron acceptors simultasheleading to a higher metabolic
rate (Zhou et al., 2012). In any case, Lanham.€R@lL1) also never observed aerobic P-
uptake after a nitrite spike for concentrationggiag 25-65 mg N@--N L, which were
equivalent to 1.1-5.4 pg HNEN L. Our results show that when the biomass was
subjected to an inhibitory FNA concentration, Palget was affected even after
recovering aerobic conditions. On the other hartderopossible explanation for this

phenomenon could be that the aerobic P-uptake vams sensitive to FNA inhibition
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than the anoxic P-uptake. This is in agreement thighreport of Saito et al. (2004), who
working at a pH of 7.47+0.10 observed that lesa thd mg N@-N g'VSS and around
2 mg NQ--N g'VSS were observed as threshold for aerobic andiar®xptake,
respectively. In our case, the anoxic phase tadrap to 13 mg N©&N glVSS at a pH
of 7.5. In the case of the aerobic phase, we nebserved P-uptake if nitrite
concentration resulted inhibitory in the previousodic phase. This observation is
somehow controversial since other studies statatlttte anoxic P-uptake was more
sensitive to nitrite/FNA inhibition (Meinhold et.all999; Zhou et al., 2012).
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Figure 5.4.Monitoring of anaerobic/anoxic/aerobic batch expemts with nitrite as sole
electron acceptor at pH 7.5 A) With a spike ofitgtof 23 mg N@-N L and FNA
concentration of 1.63 pug HNEN L B) With a spike of nitrite of 34.5 mg NON L
and FNA concentration of 2.45 pg HXM¥® L. Phosphorus concentration){ COD

concentration€) and nitrite concentration&().

The threshold of FNA inhibition depends on the wigal population, its FNA adaptation
and on the type of microbial culture (suspendedatimched biomass) (Jabari et al., 2016;
Zhou et al., 2011). Zhou et al. (2012) observet @haxic P-uptake was 100% inhibited

78



Chapter 5

at FNA concentration of 5 ug HNEN L with a FNA-adapted sludge with 45% of
Accumulibacter In another study, Zhou et al. (2007) stated #raixic P-uptake was
totally inhibited when the FNA concentration wasager than 20 pg HNEN L with

anAccumulibactefenriched sludge (85%).

Several batch tests were performed at different FidAcentrations to determine the
maximum FNA at which anoxic P-uptake could occuffddent nitrite concentrations at
different pHs were used to reach different FNA amsu Figure 5.5 shows the

phosphorus (A) and nitrite (B) uptake rates forreBNA concentration tested.
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Figure 5.5. Correlation between P-uptake (A) and N-uptake (&es with FNA
concentration at different pH values: 7¢5,(8 () and 8.5 4).

A decrease in both rates was observed with theaserin FNA concentration, resulting
in 2 pg HNQ-N L™ the concentration that completely stopped P-uptékeen our bio-

P sludge was subjected to an inhibitory FNA conegiun, P-release instead of P-uptake
was observed during anoxic phase, indicating the& Eoncentration directly affects P-
uptake mechanisms rather than P-release. Threé bedts performed with different
inhibitory FNA concentrations are shown in Figuré.%A P-release of 15.7, 13.1 and
16.6 mgP-I! was observed during the anoxic phase in figuré4,55.6B and 5.6C
respectively. Moreover, nitrite denitrification YPAO was also inhibited by FNA.
However, the inhibitory effect was weaker than thraP-uptake, since nitrite uptake rates
around 2 mg N-§VSS-h! were obtained for FNA concentrations between 2435
HNO2-N L. This represents 76.5% of inhibition in the néritptake rate when the FNA
concentration increased from 1.05 to 2.11 ug BNCL™. This FNA values led to a
complete P-uptake inhibition.
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Figure 5.6.Different batch tests with inhibitory FNA concerntoms showing P-release
during the anoxic phase. A) With a spike of nitdfe3.5 mg N@-N L (FNA= 2.38 ug
HNO.-N L) at a pH of 7.5. B) With a spike of nitrite of 85ng NQ-N L (FNA= 2.02
g N-HNG:- LY at a pH of 8.0. C) With a spike of nitrite of @2ng NQ™-N L (FNA=
2.61 pg HNG-N LY. Phosphorus concentration)( COD concentratione{) and nitrate

concentration 4).
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A summary of the FNA and nitrite concentrationsdus@d the nitrite, nitrate and P-
uptake rates and P/N ratios obtained for each hasthis presented in Table 5.2. The
anoxic P-uptake rates were in the range 6.8-12.0 Rng'VSS-h' under FNA
concentrations around 1.80-0.25 pug HNO L™ respectively. The maximum FNA
concentration that the biomass could tolerate wimgntaining P-uptake was 1.80 ug
HNO2-N L?, as P-release instead of P-uptake was observéigioer FNA values. This
threshold is lower than in other works with bioiBdge, where P-uptake was observed
with higher FNA concentrations (2.45 and 2.88 pgd4Ml L) (Guisasola et al., 2009;
Saito et al., 2004). However, the P-uptake rateaioéd in our work in the range of no
FNA inhibition were higher than some values repbitethe literature (Table 5.3). Zhou
et al. (2007) obtained anoxic P-uptake rates arolinthg P-g VSS-h! for an
Accumulibacterenriched sludge and for FNA concentrations rangn@b-38.8 |g
HNO2-N L%. Moreover, Jabari et al. (2016) obtained anoxipRke rates of 7.6-8.7 mg
P.-g* VSS-ht with 0.2-1.8 pg HN@N L respectively in an integrated fixed-film
activated sludge system. Guisasola et al. (200@jrmdd an anoxic P-uptake rate of 3.42
mg P-¢' VSS-h! when the FNA concentration was 2.45 ug HNOL™ with sludge
adapted to nitrite and enriched in PAOMIX (42%ndlly, Saito et al. (2004) obtained
anoxic P-uptake rates between 11.5-7 mg'®S$-h for FNA concentrations ranging
0.72-2.88 pg HN@N L1 From these results, our bio-P sludge posseskmsea FNA
inhibition threshold; nevertheless, the P-uptakesabtained were together with the
presented by Saito et al. (2004), the higher an®daptake rates reported in the
literature., only comparable with those obtainedshyto et al. (2004).
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Table 5.2.Summary of batch tests results with nitrite aricate as electron acceptors

Electron NOx dosed FNA concentration NOx uptake rate Anoxic P-uptake rate P/N ratio
acceptor  pH (MgNO-NLYH  (MgHNO-NL?1)  (mgNO-N gtVvSS-hY) (mgP-gVSS-h) (mol P-mot* N)
14.8 1.05 13.3 11.5 0.39
23.0 1.63 10.9 10.3 0.43
75 25.2 1.79 9.8 7.8 0.36
29.8 2.12 3.1 -1.7 -0.55
33.5 2.38 1.2 -2.4 -2.00
NO, 34.5 2.45 1.9 -1.9 -1.00
50.5 1.80 7.7 6.8 0.40
8 65.0 2.02 2.0 -2.7 -1.35
77.6 2.20 1.7 2.2 -1.29
92.1 2.61 1.9 -1.9 -1.00
85 24.1 0.17 9.2 8.4 0.41
34.8 0.25 8.5 12.0 0.64
15.0 5.0 9.8 0.89
23.6 3.4 5.3 0.71
27.7 4.0 6.7 0.75
NOs 7.5 41.6 3.2 5.6 0.79
61.9 2.6 4.7 0.83
70.4 2.7 3.0 0.49
82.9 2.5 2.7 0.49
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Table 5.3.Comparison of the P-uptake rates with nitrite foumdhis work with some

values reported in the literature

FNA : P-uptake rate FNA-adaptation
concentration
Study pH (Mg HNQ-NL?1) (mgP-¢tVSS-h') biomass
Saito et al. (2004) 7 0.24 0.5
0.48 3.0
0.72 11.5
1.68 10.5
2.88 7.0
Zhou et al. (2007) 8 0.86 1.06
Guisasola et al.
(2009) 75 245 3.42 Adapted
Jabari et al. (2016) 7.8 0.2 7.6 Adapted
0.4 7.7
1.2 8.3
1.8 8.7
0.55 6.0 Non-adapted
1.35 3.89
This work 85 0.25 12.0 Non-adapted
8 1.80 6.8
75 1.79 7.8
1.63 10.3
1.05 11.5

The ratio of phosphorus removed to nitrogen ddigttiduring anoxic conditions (P/N
ratio) describes the whether the energy obtairnad fritrite denitrification is used for P-
uptake. The average P/N ratio was 0.4 mol P*holor all the batch tests except for the
inhibited batch tests (Table 5.2). However, a deswan the P/N ratios and even negative
values were obtained for inhibitory FNA concentrat, therefore, it seems that FNA had
a negative impact on P/N ratio, in accordance withresults obtained in other studies
(Jabari et al., 2016).
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5.3.2.2 Nitrate as electron acceptor

Different nitrate concentrations were used to stiislgffect on the biomass (Table 5.2,
Figure 5.7). Simultaneous P-removal and nitratetdcation were observed in all batch
tests. The experimental profiles of carbon, phogphand nitrate monitored in a

conventional cycle are presented in Figure 5.7A.
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Figure 5.7.Batch experiments with nitrate as sole electroepior. A) Monitoring of an
anaerobic/anoxic batch test: concentrations of pihasis ¢©), COD (e) and nitrite @&).
B) Effect of the initial concentration of nitratethe different batch experiments on nitrate

uptake rateq) and P-uptake rate].

Glutamate was completely taken up during the arméephase linked to P-release. Then,
in the subsequent anoxic phase, an initial amoftinitate (23.6 mg N@-N L) was
supplied and simultaneous phosphorus and nitraékepvere observed. P-uptake ceased
when nitrate was fully reduced and no nitrite acalation was observed during the
experiment. Nitrite was never accumulated wheratgtivas dosed in any of the batch

tests performed in this work. This lack of nitrliaild-up could suggest that complete
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nitrate reduction was conducted by a single pomrigiCarvalho et al., 2007) or it could
be hypothesized the coexistence of bacteria capalbjdo reduce nitrate to nitrite, while
DPAO could denitrify from nitrite onwards (Guisaa@l al., 2009). The absence of nitrite
was also observed by Lanham et al. (2011) and @ered al. (2007) in propionate-fed
systems. However, Carvalho et al. (2007), obsemiteite accumulation when the carbon
source was acetate. In the same way, Zhou et @LOJ2observed a low nitrite
accumulation in all experiments with high initi@nzentrations of nitrate (30, 60 and 120
mg-L?Y). On the other hand, Flowers et al. (2009) did aluzgerve nitrite accumulation

during the batch tests with a sludge that had eehlexposed to nitrate.

Figure 5.7B shows the phosphorus and nitrate upttes for each of the initial nitrate
concentrations tested. The higher the initial cotreg¢ion of nitrate, the lower both rates
were. Nevertheless, contrarily to the case of teitmitrate caused a decrease in the
consumption rates but not complete inhibition. &etf P-uptake occurred even at the
highest concentration tested (82.9 mgsN® L), which was also observed by Zhou et
al. (2010). P-uptake rate experimented a reductib2% when the initial nitrate
concentration increase from 15 to 82.9 mgsN® L whereas the nitrate uptake rate
decreased a 50% (Figure 5.7B). The lowest nitrabeentration tested was 15 mg NO
-N L, which led to the highest P-uptake and nitrat@keptates. In the case of Zhou et
al. (2010), both uptake rates were higher withatéticoncentration in a range of 5-30 mg
N-NOs- L. Then, higher concentrations such as 60 and 120N@®gN L? caused a
decrease in the uptake rates. It is worth to betioved that the P-uptake rate was an
average of 30% faster when nitrite was used adreteacceptor than with nitrate. The
same trend was observed by Lee et al. (2001) whate rconcentrations up to 10 mg
NO2-N L (2.57 ug HNG-N L) were supplied. A comparison of the P-uptake rates
using nitrate obtained in this work with some valueported in literature are shown in
Table 5.4. The values obtained by Flowers et 21092 were lower than the values
observed in this study even for higher nitrate emti@ations. Nevertheless, other authors
reported higher values (Zeng et al., 2003; Zhal.e2010). The low P-uptake rates could
be explained by the microbial community developsih@ complex substrates, since in
both, our work and the study developed by Floweed.€2009), the carbon source were
glutamate and a mixture of acetate and casamin®aegpectively. In the other studies,
simple carbon sources such as acetate or propiomate used. Nevertheless, the

concentrations of nitrate used in this work werg/\vegh in comparison with the typical
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values observed in real WWTPs. For example in trenfdsa WWTP, the average
influent for nitrate was 3.5 and 2 mg N L in winter and summer respectively
(Machado et al., 2014). In the work developed bgin et al. (2019), the maximum

nitrate concentration (13 mg N&N L) was obtained in the aeration tank of a

conventional activated sludge in the WWTP of Lisbon

Table 5.4.Comparison of the P-uptake rates with nitrate foumthis work with other

values reported in the literature.

Initial nitrate

X P-uptake rate NOs Acclimatization

concentration
Study (mgNQ&-N L1 (mgP-gVSS-ht)  (carbon source)
Zeng et al. (2003) 53.2 16.90 Yes (Acetate)
Carvalho et al. (2007) 10 8.36 Yes (Acetate)

50 19.51 Yes (Propionate)
Flowers et al. (2009) 25 1.42 No (Acetate +

25 2.94 Yes casaminoacids)
Zhou et al. (2010) 20 14.61 No (Acetate)

30 18.29

60 8.44

120 2.67
This work 15 9.79 Yes (Glutamate)

23.6 5.29

61.9 4.73

82.9 2.69

Concerning the P/N ratio (Table 5.2), it was in thege 0.71-0.89 mol P-moliNor
initial nitrate concentrations ranging 15.0-61.9 M@s-N L. For the higher nitrate
concentrations tested (70.7 and 82.9 mgMOL™?) the P/N ratio decreased down to 0.49
mol P-mol Nt Lv et al. (2014) conducted a study consistingfwee SBRs using acetate,
propionate and glycerol as sole carbon sources.r&its of 0.75, 0.76 and 0.57 mol
P-mol* N were obtained for acetate, propionate and gbfcegspectively, with an initial
nitrate concentration of 20 mg N*LThe P/N ratio obtained for acetate and propionate
are in the range of the average P/N ratio (0.789 ol P-motN) observed in this study
for initial nitrate concentrations between 15-27Ad NO;-N L. Finally, Carvalho et al.
(2007) obtained a P/N value of 0.82 mol P-fhbin a PAOI-enriched sludge, which is

in agreement with the values obtained in this sfodyitrate concentrations ranging 15-
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61.9 mg NG-N L. Different P/N ratios for nitrite and nitrate weogtained in the
present study when the inhibition was not presehis difference can be explained by
the different oxygen equivalence in both speciesd 1.67 times higher for the nitrate
than for the nitrite therefore, lower nitrogen éxjuired per unit of phosphorus uptake.
The average P/N ratio for nitrate was 0.79 + 0.@¥ B mof*™N which was 1.67 times
higher than the average P/N ratio for nitrite (4@ 10 mol P-motN).

The maximum P-uptake rate in our work (9.8 mg'®@S-h') was obtained with an
initial nitrate concentration of 15 mg NeN L% However, lower concentrations were
not tested. On the other hand, Zhou et al. (20di88erved an increase in the P-uptake
rate with the increase in the initial nitrate camcation until 30 mg N@-N L, which

was considered as the optimal concentration i gtady.
5.3.3. Different electron donors

Textbook knowledge states that a high VFA/COD ritia key factor to achieve efficient
phosphorus removal (Guerrero et al., 2012; Lv et2014; Merzouki et al., 2005).
However, in a glutamate-fed system, the effect BAMs not clear a priori, as some
microorganisms may be able to use glutamate witadatmentation step, while others
asAccumulibactelPAO need the previous fermentation of glutamatéRé for a good
EBPR performance. Considering that acetic and propiacids are the two most
common VFA present in domestic wastewaters (Pigtaal., 2004b), batch experiments
with acetic acid, propionic acid and glutamate@s sarbon sources were conducted to
study the behavior of our glutamate-fed bio-P studggure 5.8 shows the experimental
profiles for three batch experiments under seqakatiaerobic and aerobic conditions.
Similar trends were observed in all batch tests: ¢arbon source was anaerobically
consumed linked to P-release and phosphorus was ta in the subsequent aerobic

phase.
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Figure 5.8. Batch tests performed with different carbon souré@gsAcetic acid. B)

Propionic acid. C) Glutamate. Carbon soureg phosphorusq).

The carbon uptake rate for glutamate (57.8 mg'G/§S- h') was higher in comparison
to that found with acetic and propionic (27.4 aridodmg C-¢ VSS-h! respectively)
(Table 5.5), since the biomass was acclimatizethit carbon source. The P/C ratio
observed for acetic acid (0.55 mol P-th@l) was in accordance with the literature values
for AccumulibacteiPAO: 0.32 to 0.66, being 0.5 the most acceptedev@Dehmen et al.
(2004), Zeng et al., 2003 and Mcmahon et al., 20028 P/C ratio obtained for propionic
acid was 0.45, which was similar to the value otgdiby Pijuan et al. (2004b). Finally,
the P/C ratio observed for glutamate in the batshst(0.21 mol P-méIC) was slightly
higher than that obtained in the continuous opemai.15 + 0.07 mol P-mol . It is a
low value in the range of similar ratios obtainesihg complex carbon sources such as
glycerol (0.2 mol P-mol € Guerrero et al. (2012)) or casein hydrolysat850mol
P-mof! C, Marques et al. (2017)). Regarding P, the higRe®lease rate was obtained
for propionic acid; however, the P-uptake rate teshighest for acetic acid. This is in
contrast with the results obtained by Patel andnNak2006) , where the P-release and
P-uptake rates were higher in the case of acetitthan for propionic acid and other
carbon sources such as butyric acid and primanyesff. For propionic acid and

glutamate, the P-uptake rates were similar. Inctme of the batch test with glutamate,
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no VFA were detected during the anaerobic phasechwimdicated that the VFA
consumption rate was probably limited by the VFAnfation rate. The fast glutamate
consumption could indicate that some microorganiarasable to use glutamate directly
without a fermentation step. However, unavoidalBlyme glutamate is fermented to
VFA, which explain the high P-release with acetate propionate (Figures 5.8A and
5.8B).

Table 5.5.0bserved uptake and release rates for differebbossources

Carbon sourci Specific P release ral Carbon uptake rat Specific P-uptake ratt P/C ratio
(mg P-¢ VSS-hY) (mg C-¢' VSS-h) (mg P-¢ VSS-hY) (mol P-mol &)

Acetic acid 24.3 27.4 31.5 0.55
Propionic acic 36.1 41.0 21.3 0.45
Glutamate 30.6 57.8 21.4 0.21

5.3.4 Phosphorus removal under permanent aeromditions

Four batch experiments were performed using diffeaeration flowrates to assess the
behavior of the mixed culture when the electronatofglutamate) and the electron
acceptor (nitrate and oxygen) were present simedtasly. Glutamate contains nitrogen,
which is degraded to ammonia, and this ammonixidized to nitrate when oxygen is
present. P-release under aerobic conditions isoddén Figure 5.9 and the presence of
nitrate is due to the carbon source used. As obdervprevious studies (Guisasola et al.,
2004; Pijuan et al., 2005), two different phaseagt and famine) could be distinguished,
despite the aeration conditions were not changetahe experiment. In the feast phase,
glutamate was consumed linked to P-release andeoxggnsumption. Moreover, nitrate
concentration at the end of the feast phase wasm§NQ-N L. When glutamate was

depleted, oxygen concentration started to incraadeP-uptake took place.
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Figure 5.9.Batch experiment performed with sludge withdravamfrthe aerobic chamber
under permanent aerobic conditions. (A) Experimigntafiles of different compounds:

Phosphoruss(), COD (0) and nitrate A). (B) DO profile obtained for an oxygen flowrate
of 500 mL mint.

The different phosphate profiles obtained in théchvaests using different aeration
flowrates are shown in Figure 5.10. The maximunueachieved for P-release (44.5 mg
P L'} was obtained under strong oxygen limited condit{@® concentration in the bulk
liquid was near zero during the experiment), wheration flowrate was 50 mL miin
However, when the aeration flowrate was increaged@ mL mint (with a DO
concentration between 4 and 1.5 m{,Lthe P-release resulted in 21.3 mgP(Eigure
5.9). In this sense, Pijuan et al. (2005) obtaihigther values (ca. 49 mg PLin the
feast phase, at 2 mglof oxygen concentration. Therefore, the mixedweltused in
this study was able to release phosphorus whertdah#on source and oxygen were
present simultaneously, moreover, net P-removaloliasrved in the whole range of DO
applied. The lower the aeration flowrate, the higitesphorus release was (Figure 5.10).
Nevertheless, some oxygen limitation when the amrdlowrate were 50, 150 and 250
mL min? could allow such P-release. In fact, DO conceiunateached zero values

during the feast phase when the metioned aeratowrdtes were used and this could
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difficult oxygen penetration in the biomass, cregtianaerobic conditions inside the
floccules. Contrarily, the minimum DO concentratamhieved during the feast phase was
1.35 mg ! when the aeration flowrate was 500 mL rhilnother explanation to the
behavior observed in Figure 5.10 can be the gluafeamentation degree, i.e. the higher
the oxygen presence during the feast phase, therlglutamate fermentation was.
Therefore Accumulibactewhich live on fermentation products, can not cdnite to the

P-release.

50

40 -

30 A

Phosphate (mg P1)

OI T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Time (min)

Figure 5.10.Phosphate concentration profiles of different bdt&sts under permanent
aerobic conditions using different aeration flos8: mL-min* (m), 150 mL-mint (),
250 mL-mint (e) and 500 mL-min (o).

Vargas et al. (2009) indicated that it is possitlemaintain EBPR activity under
permanent aerobic conditions in a long term witbhppgnate as sole carbon source.
Nittami et al. (2011) operated an SBR under syraérobic conditions for one cycle every
three or four days alternating with anaerobic-aeraperation with acetate as carbon
source. Another studies reporting that the simelbais presence of electron donor and
acceptor does not affect the long-term operatiain®EBPR were Ahn et al. (2007) and
Yadav et al. (2016). Nevertheless Pijuan et al0620observed that net phosphorus
removal was achieved under permanent aerobic c¢onslionly during the first 4 days of
operation when acetate was used as carbon souardke Isame line, Zafiriadis et al.
(2017) reported that the simultaneous presencdegafren donor and acceptor in the
mixed liquor inhibited phosphorus uptake. Theserdigancies may be attributed to
differences in the biomass community structurefandtionality, which was affected by
the carbon source used, indicating the necessitfufther experimentation (Nittami et
al., 2017).
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5.4. Conclusions

This is the first report that studies the denitrify capabilities of a bio-P sludge with a
microbial community as diverse as bio-sludge freeal WWTPs. The biomass was
enriched in Rhodocyclaceag23.36%), Chitinophagaceae(14.7%), Saprospiraceae
(10.05%) andCytophagacea€9.84%).Comamonadaca@t.49%) andThiothrichaceae
(2.93%) were also detected. This microbial comnyuwias capable to use both nitrite
and nitrate as electron acceptors for P-uptakept®ke was affected by the FNA
concentration and the process completely stopp&iNat values of 2 ug HN®N L7,
This value is lower than the inhibitory concenwas reported forAccumulibacter
enriched cultures. In the case of nitrate, a deeré@a the consumption rates instead of
complete inhibition was observed. A reduction d#/@n the P-uptake rate was observed

when the initial nitrate concentration increaseohfrl5 to 82.9 mg N-NOL™.

The amount of phosphorus uptake using nitrate wva&9@higher than when the electron
acceptor is nitrite for the same initial concentnaiof both electron donors. However, the
P-uptake rates were an average of 30% higher ngiriiz.

The microbial culture developed in this work wakeab perform EBPR under permanent
aerobic conditions however, the concentrations ofl@ased obtained were lower than
the observed by Pijuan et al. (2006). Further rebess needed because there is no
agreement in the effect of the simultaneous presehelectron donor and acceptor on
EBPR activity.

Finally, it seems that our biomass is more seresttwnitrite and to oxygen presence than

other cultures highly enriched in different typéshacumulibacter
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ABSTRACT

Tetrasphaera and Candidatus Accumulibacter are two abundant polyphosphate
accumulating organisms (PAOSs) in full-scale enhdngielogical phosphorus removal
(EBPR) systems. Although real wastewater is conghdsea combination of lipids,
carbohydrates and proteins, only volatile fattydadiVFAs) are typically used as carbon
source in lab-scale EBPR studies. Thus, it is itgmdrto study EBPR performance with
other complex carbon sources that can be foundllisdale wastewater treatment plants
(WWTPSs). Specifically, this work shows the perfomoa of a mixed culture composed
by mostlyTetrasphaerand withAccumulibactepresence that was developed in an SBR
using casein hydrolysate as sole carbon sourcehBests were conducted to study the
utilization capabilities of different amino acidarginine, lysine, cysteine, proline and
tyrosine) by this mixed culture. TRetrasphaereenriched culture was able to use all the
amino acids as carbon source for EBPR except fetegye. Moreover, the fermentation
products of the different amino acids were involwedpolyhydroxyalkanoates (PHA)
and glycogen as storage polymers. Moreover, foditiadal batch tests were conducted
with other types of sludge (two withdrawn from Istale SBRs and two from WWTPSs)
to investigate the relation between the microb@hmunity and the capability to use

different complex carbon sources.
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6.1. Introduction

The type of carbon source is a key parameter fd?EEBiability and stability (Shen and
Zhou, 2016). In fact, it is one of the main diffeces between lab-scale and full-scale
systems. Simple carbon sources such as volatiledeids (VFAS) are normally supplied
at lab scale, resulting in the proliferation @andidatusAccumulibacter phosphatis
(Crocetti et al., 2000). Nevertheless, it is kndivat Tetrasphaeraelated organisms are
present in a higher abundance (up to 30% of tled batcteria) thakccumulibacteiin
full-scale EBPR systems in Denmark and Portugahfilaan et al., 2013a; Stokholm-
Bjerregaard et al., 2017). In contras#ccumulibacterTetrasphaeraare more versatile
in substrate uptake capabilities, as they canuakamino acids and glucose (Nguyen et
al., 2015, 2011), and are capable of fermentingptexnorganics (Marques et al., 2017).
Other distinguishing trait betwed&ccumulibactemandTetrasphaeras the capability to
store PHA. Kong et al. (Kong et al., 2005) repotteat Tetrasphaeras not able to store
PHA, while Mckenzie et al. (Mckenzie et al., 2086hcluded that only three filamentous
speciesT. veronensisT. jenkinsiiandT. vanveenjiare able to synthesize PHA. Hence,
the utilization of other storage polymerTietrasphaeras rather plausible, although they
can synthesize glycogen. In fact, Nguyen et al1%20using amino acids as carbon
sources, showed that during the anaerobic phas#ddlglycine was consumed and the
majority was store intracellularly as free glycinad fermentation products. In the
subsequent aerobic phase, the stored glycine wesiged. In addition, Marques et al.
(2017) identified amino acids, amines, sugars arabas intracellular metabolites during
a cycle study performed in an SBR witi etrasphaeraenriched culture using sodium
casein hydrolysate (hereafter refer as Cas_aagrhsit source.

All current metabolic models for EBPR were develbpased on acetate (Garcia Martin
et al., 2006) or glucose (Kristiansen et al., 2018ad hence do not cover the use of
amino acids. This fact, together with wastewatendp@ complex matrix composed by
proteins (25-35%), lipids (25-35%) and carbohyddtes-25%) (Nielsen et al., 2010)
highlights the importance of understanding the wil&etrasphaeran EBPR systems
when amino acids are used as carbon source. Te#t®f our knowledge, only Marques
et al. (2017) and Nguyen et al. (2015) studied sterage products and metabolic
pathways in aTetrasphaersenriched sludge with amino acids as carbon source.
Likewise, investigations at full-scale level ardl dew, and the existing studies are

performed with acetate (Lanham et al., 2013a) @f@used in describing the microbial
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diversity in WWTPs (Cydzik-Kwiatkowska and Zielirsk2016; Wang et al., 2012).
Therefore, is also essential to study the metabpécormance of the microbial

communities in WWTPs with amino acids as carborraau

In this study, anaerobic/aerobic bath tests witfedint amino acids were conducted to
investigate the preferred carbon source biyetrasphaeraenriched culture, besides to
study the EBPR performance. Another set of anaefadriobic batch tests with different
types of sludge were performed using two complekaa sources: casein hydrolysate
(Cas_aa) and a mixture of five amino acids (argnilysine, cysteine, proline and
tyrosine) (Mix_aa). Four sludge samples were used, withdrawn from lab-scale
reactors Tetrasphaereenriched and Accumulibacterenriched sludge) and two
withdrawn from WWTPs (one of them with EBPR and ttker only with biological
nitrogen removal (BNR)). The aim of this set ofdbettests was to explore the associations
between the utilisation of the two complex carboarses and the PAO-GAO bacterial
community of each sludge, characterised using éswencen situ hybridization (FISH).
We hypothesised that differential utilisation oftman sources is related to a distinct PAO
community. Furthermore, the involvement of storpglymers (PHA and glycogen) may
also be associated to the microbial community &ed tapabilities to uptake different

complex substrates.
6.2. Materials and methods
6.2.1. SBR operation

A sequencing batch reactor (SBR) of 2 L was enddh& etrasphaeraand operated for
several months. The inoculum was obtained fromstdi@e set-up as in the work of
Marques et al. (2017). The SBR was operated withesyof 8 h, including an anaerobic
phase (4 h), a settling/extraction/idle phase (l1ah)l an aerobic phase (3 h). A
settling/extraction/idle phase was introduced betwthe anaerobic and aerobic phases
to minimise the organic carbon entering to the bierphase. 1 L of supernatant was
extracted before the start of the aerobic phase.r&actor was continuously fed during
the first 3 h of the anaerobic phase with a flote @f 133.3 mL-#with Cas_aa (Fluka,
USA) as sole carbon source and mineral media (400 Rhosphate medium (600 mL)
was fed at the start of the aerobic phase duringr2which implied a concentration of
1.8 mmol P-t! inside the reactor besides the P concentratioringpfrom the release in
the anaerobic phase. The SBR was operated witlli@atlc retention time (HRT) and
sludge retention time (SRT) of 16 h and 20 daygeetvely. Anaerobic/aerobic
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conditions were obtained by bubbling either argoain respectively. pH was controlled
at 7.1 £ 0.1 by automatic addition of 0.1 M HCI aedhperature was also controlled at
20 £ 1 °C. The stirring rate was kept constanOatfm during the anaerobic and aerobic
phases. The reactor performance was assessed wbeklgh routine biological and

chemical analyses.
6.2.2. Culture media

The composition of the SBR culture media was sintitathat used in Marques et al.
(2017), briefly: the mineral medium with carbon smicontained per litre 0.77 g Cas_aa,
0.37 g NHCI, 0.59 g MgS@ 7H0, 0.28 g CaGl2H0, 0.01 g N-Allythiourea (ATU),
0.02 g ethylene-diaminetetraacetic (EDTA) and Iri8of micronutrient solution. The
micronutrient solution was prepared based on Smelde al. (1994a) and contained
(g/L): 1.5 FeC4- 6H0, 0.15 HBOs3, 0.03 CuS®@ 5H:0, 0.18 KI, 0.12 MnCt 4H0, 0.06
NaMoO4- 2H0, 0.12 ZnS@ 7HO0 and 0.15 CoGI6H0O. The phosphate medium
contained (g/L) 0.47 HPOQw and 0.29 KHPQ:. The mineral medium and the
micronutrient solution were autoclaved, but prioithis, pH was set to 7.4 £ 0.1 in the
Cas_aa and the mineral medium. In the batch tbstsnineral and phosphate media had
the same composition as that described for the $BRthe batch tests with only one
carbon source, it was selected an initial concéotraf 5 C-mM for each of the carbon
sources (Cas_aa, Arginine, Lysine, Cysteine, Peoind Tyrosine). For the test with
combination of carbon sources, it was selecteahigialiconcentration in the reactor of 1
C-mM for each carbon source (Arginine, Lysine, @yst, Proline and Tyrosine, 5aa). In

all carbon source media, the pH was set to 7. b@.the addition of 2 M NaOH.
6.2.3. Batch tests

Anaerobic/aerobic batch tests were performed witferént amino acids in order to
investigate the preferred carbon source by theemfft cultures. Moreover, the
experimental phosphorus, TOC, PHA and glycogenilpsoivere measured for each of

the cultures. Four sets of batch tests were caougd

A) Tests performed with the enrich@dtrasphaeraludge obtained in this study
with A1) Five individual amino acids (Arginine, Liye, Cysteine, Proline and Tyrosine),
A2) Cas_aa, A3) a balanced mixture of the aforerapatl amino acids and A4) a blank

test without any carbon source.
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B) Tests performed with sludge withdrawn from BEsOWWTP (SIMTEJO,
Lisbon, Portugal) which includes EBPR process vidtt) Cas_aa, B2) the balanced
mixture of amino acids and B3) a blank test withay carbon source.

C) Tests performed with sludge withdrawn from CheM/WTP (Lisbon,
Portugal) which has BNR process and chemical phasigshremoval with C1) Cas_aa,

C2) the balanced mixture of amino acids and C3aakitest without any carbon source.

D) Tests performed with an enrich@édcumulibacterculture with D1) Cas_aa,

D2) the balanced mixture of amino acids and D3pakotest without any carbon source.
The whole protocol for the batch tests was:

Pre-tests400 mL of sludge was left to settle, the supemtateas removed and the sludge
was washed twice with mineral media M1 (Table 6The sludge was suspended in 250
mL of solution M2 (Table 6.1). If the settling pleawas not efficient enough, the sludge
was centrifuged at 6000 rpm for 10 min and resusgen 250 mL of M2.

Anaerobic phaseThe SBR for the batch tests (500 mL) was inocdlatgh 250 mL of
the sludge resuspended in mineral medium M2 anavil56f phosphorus medium (Table
6.2). Argon was bubbled to ensure that no oxyges prasent before adding the carbon
source (100 mL) (or water in the case of blank ygsargon was also bubbled in the

carbon sources (or water) before their additiothéinoculated sludge.

Settle/extraction phas&his phase was introduced between the anaerobi@aratbic
phases to avoid the organic carbon entering t@énebic phase. Therefore, the sludge
was left to settle, the supernatant was removedtlamdludge was washed twice with
mineral media M1. The sludge was suspended in 250frsolution M2. If the settling
phase was not efficient enough, the sludge wasifteged at 6000 rpm for 10 min and
resuspended in 250 mL of M2.

Aerobic phase250 mL of the sludge resuspended in mineral medin 150 mL of
phosphorus medium and 100 mL of water were addedet®SBR. The sludge was the
last to be added. The aerobic phase started witlndss addition and the sparging of

compressed air.

Samples were withdrawn for total organic carbon CY)OPHA, glycogen, phosphate,

ammonia, poly-P concentration, as well as for FISlAmples were also taken at the
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beginning and end of each phase for the deterromatithe total suspended solids (TSS)

and the volatile suspended solids (VSS).

Finally, the carbon recovery ratio (CRR) was caltilfor all batch tests. The carbon
recovery ratio determines which part of the inlatbon taken up and the glycogen

consumed during the anaerobic phase is transforoneelA.
6.2.4. Chemical analyses

Inorganic phosphate and ammonia were analysed doyesgted flow analysis (Skalar

5100, Skalar Analytical, The Netherlands). Totatdhcentration was determined as
described by Carvalheira et al. (2014). The VFAcemtration in the supernatant was
determined by high-performance liquid chromatogyaffPLC) using a Metacarb 87 H

(Varian) column and a refractive index detector{R) Merk) as described in Carvalheira
et al. (2014). Glycogen was determined as descrimgdLanham et al. (2013a)

(conditions: 2 mg biomass, HCI 0.9 M and 3 h ofegigpn time). PHA was determined
by gas chromatography (GC) using the method desthly Lanham et al. (2013b), using
a Bruker 430-GC gas chromatograph equipped witHDadetector and a BR-SWax

column (60m, 0.53 mm internal diameter, 1 mm filnickness, Bruker, USA). The

carbon source uptake was assessed through thesiaralyotal organic carbon (TOC) by
a Shimadzu TOC-VCSH (Shimadzu, Japan). Total sugzksolids (TSS) and volatile

suspended solids (VSS) were analysed accordindPtesd (1995).

Table 6.1. Composition of the mineral media M1 and M2 usedhi@ batch tests for

washing the sludge (pH adjusted to 7.0 and autedlav

Compound M1 (g-&) M2(g-LY
NH4CI 0.074 0.148
MgSQy- 7TH0O 0.098 0.196
CaCb-2H0 0.055 0.110
ATU 0.001 0.003
EDTA 0.004 0.008
Micronutients 0.396 0.792

“(Smolders et al., 1994b)

Table 6.2.Phosphorus media used in batch tests (pH adjusted).

Compound g-1
KoHPOy 0.316
KH2POy 0.193
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6.2.5. Microbial characterisation

FISH was performed at the end of the anaerobicghsiag the following oligonucleotide
probes: EUBMIX (equimolar concentrations of EUB3¥8/)B338Il and EUB338lll)
(Amann et al., 1990; Daims et al., 1999), whicly¢arall bacteria; PAOMIX (PAO651,
PAO462 and PAOB846 (Crocetti et al.,, 2000)), whiahgéts most members of the
Accumulibacter cluster; and Tet1-266, Tet2-8922TE14 and Tet3-654, which target
most Tetrasphaeraelated PAOs (Nguyen et al.,, 2011). GAOMIX (GAOQ43
GAOQ989 and GB_G2) targetir@ompetibacteiGAOs (Crocetti et al., 2000; Kong et
al., 2002). FISH samples were observed using am@lg BX51 epifluorescence

microscope.
6.3. Results and discussion
6.3.1. SBR performance and microbial composition

The SBR was operated during more than 14 weeks @ath aa as sole carbon source.
During this period, periodic monitoring and sevetgtle studies were conducted to
evaluate the reactor performance and to ensuratpaeudo steady state operation was
achieved. Figure 6.1 shows the monitoring of a eotienal SBR cycle obtained after 4

weeks of operation.
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Figure 6.1. Conventional batch experiment conducted duringSB& operation with
continuous feed during the first three hours. Phosgs @), TOC (©), PHA (A) and

glycogen @).
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Cas_aa was taken up during the anaerobic phakedlin P-release, glycogen hydrolysis
and PHA production. TOC (i.e. the sole organic seuCas_aa) increased during the
anaerobic phase because Cas_aa was continuously dosng the first three hours of
anaerobic phase up to a total addition of 17 mmalt@s strategy was adopted to elude
substrate inhibition problems under anaerobic dors. The deleterious effect of the
carbon source being present in the aerobic phaseawaided by settling the sludge
between the anaerobic and aerobic phases andirgptae reactor supernatant by a fresh
P-rich medium without TOC. In the subsequent aergihase, PAO were able to

replenish their poly-P and glycogen pools.

High PAO activity was clearly detected and the Rake was 1.54 mmol P3,_similar

to the valued obtained by Marques et al. (2017hwvat 0.5 L SBR enriched in
Tetrasphaerg1.5 mmol P-Y). However in the later study, a complete P-removas
observed and no P was detected in the efflueripmirast to concentrations about 1.82
mmol P-L! observed in the effluent of the current reseaBihce PHA are scarcely
involved in theTetrasphaerametabolism (i.e. mosketrasphaeraelated organisms are
not able to produce or oxidize PHA (Kristiansenakt 2013a)), the lower the PHA
involvement in an EBPR system, the higherTe&asphaeranrichment. We detected a
higher PHA involvement (PH#w/Cupt = 0.23 mol C-molC and aerobic PHA
consumption of 3.56 mmol C*) compared to the work of Marques et al. (2017)50.
mol C-mof'C and 0.75 mmol C-1, respectively). Nevertheless, the PHA contribution
this study was significantly lower than the typizalues observed fokccumulibacter
enriched systems (1.33 mol C-m@l (Smolders et al., 1994b) and 7.60 mmol €-L
(Oehmen et al., 2005c), respectively). Regardiegther storage polymer implied in the
PAOs metabolism, glycogen, the GlyCup: ratio was 0.12 mol C-méC, lower than the
0.38 mol C-motC obtained by Marques et al. (2017) and also Idhen typical values
observed foAccumulibacterenriched systems with values between 0.3-0.5 (@ehen
al., 2005c; Smolders et al., 1994b). However, unaermbic conditions, glycogen
consumption was higher (2.01 mmol &)lwhen compared to the work of Marques et
al. (2017) (1.38 mmol C-1). These anaerobic and aerobic ratios are sumnariZgable
6.3, together with the P/C ratio (0.14 mol P-%®@), which was lower than the values
obtained in the previous work (0.35 mol P-HA@).
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Table 6.3.Anaerobic/aerobic ratios from typical cycle stisdikiring SBR operation and

comparison with previous results

Accumulibacter TetrasphaerdCas_aa) Accumulibacter

This study (Marques et al., 2017) Acetate

Anaerobic results
P/C ratio (mol P-mdiC) 0.14 0.35 0.48
PHAprod Cupt (Mol C-mof'C) 0.23 0.15 1.33
GlygedCupt (Mol C-mot'C) 0.12 0.38 0.50

Aerobic results

Puptake(Mmol P- 1) 1.54 1.76 2.50
PHA consumption (mmol C-1) 3.56 0.75 7.60
Gly production (mmol C-1t) 2.01 1.38 3.62

2(Smolders et al., 1994b)
b (Oehmen et al., 2005c¢)
¢(Smolders et al., 1994a)

FISH analyses were conducted to evaluate the presdAccumulibactein our system.
The amount oAccumulibactepbserved in this work (Figures 6.2A and 6.2B) waarty
higher than the abundance of 20% reported by Marguel. (2017). This fact, could
explain the higher role of PHA in the system. ldliidn, the lower P/C ratio obtained in
this work could be attributed to a higher presemic€EompetibactelFigures 6.2C and
6.2D) when compared with the previous work wheralaumndance for GAOMIX below
1% was reported. A higher presencé&oimpetibacteshould be an indicator of a higher
involvement of glycogen, in fact, glycogen prodantiunder aerobic conditions was
higher (2.01 mmol C-£) than the obtained for Marques et al. (2017) witfalue of 1.38
mmol C-L* However, unexpectedly, the GdyCup: ratio was lower (0.12 mol C-miol
I1C) than the obtained for Marques et al. (2017) witralue of 0.38 mol C-niéC.

104



Chapter 6

Figure 6.2.CLSM micrographs of FISH for the biomass of SBRarl B: green, all

bacteria; orangéjccumulibacterC and D: green, all bacteria; oranGempetibacter
6.3.2. Tetrasphaera-enriched sludge batch tests antino acids as carbon source

Tetrasphaerahave been found to take up different carbon seursaech as glucose,
casamino acids, glutamic acid (Nguyen et al., 2044 also acetate, propionate,
glutamate and aspartate (Kristiansen et al., 20IRB&Vviously, Marques et al. (2017)
identified intracellular metabolites such as amagals, amines, sugars an acids during a
cycle study using Cas_aa ifmatrasphaereenriched sludge. These compounds could be
used as potential electron donors. Therefore, aragids were tested as sole carbon
source to examine the preferred amino acid in tere®nsumption rate and to evaluate

the influence of the carbon source in the phosphoelease and uptake.
6.3.2.1. Individual amino acids as sole carbon seur

The following carbon sources were tested: Arginmysteine, lysine, proline, tyrosine
and Cas_aa. Figure 6.3 displays the experimentéilgs of TOC (Figure 6.3A) and P
(Figure 6.3B) for the batch experiments for eaclinanacid tested. The carbon source
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was consumed during the anaerobic phase linked-releBse, while P-uptake was

observed under aerobic conditions.
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Figure 6.3. Anaerobic/aerobic batch experiments with a singlena acid as carbon
source. A) TOC and B) phosphorus. Argining, (lysine ©), cysteine &), proline @),
tyrosine @) and Cas_aak).

All the amino acids exhibited a similar behavioartérms of carbon consumption rate
except of cysteine (grey squares), which was slparet Cas_aa (black triangles), which
was the highest by far. The EBPR ratios, ratesthadinaerobic and aerobic yields for

the six batch tests are shown in Table 6.4.

Different carbon uptake values were obtained faheamino acid despite the initial
carbon concentration was the same for all bat¢b.tAsound 41 + 7% of the initial carbon
was consumed except for Cas_aa (78%) and cystE986)( Regarding the P/C ratio, an
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average of 0.42 + 0.04 mol P-m@l can be calculated if the two extreme ratios (E€lyst
and Cas_aa) are excluded. This P/C is higher tharotained for Cas_aa (0.29) but
similar to the P/C ratios observed for other carbouarces such as propionate (Lu et al.,
2006; Oehmen et al., 2005b; Pijuan et al., 2004lgludamate (Zengin et al., 2011). To
the best of our knowledge, only Marques et al. @0Ested different amino acids
(glutamate, aspartate and glycine) as carbon sowitte an enrichedretrasphaera
sludge. However, they observed lower P-release@juhg a P/C ratio of 0.04 mol P-mol
IC for glutamate. There are some other studies wsimgo acids (Nguyen et al., 2015;
Qiu et al., 2019) and VFAs (Lanham et al., 2013agarbon sources, but with sludge
withdrawn from full-scale WWTPs, as will be discedsn the next section.

Cysteine was not significantly consumed during dhaerobic phase, detecting only a
total consumption of 1.05 mmol C*l(Table 6.4). However, cysteine was surprisingly
the carbon source with the highest P-release (hg®-LY). The P/C value obtained for
cysteine (1.38 mol P-mé&C) was highly influenced by the low consumptiontiis
carbon source during the batch test. Moreoverrdtie glycogen consumed per carbon
uptake was higher (0.59 mmol C-mn@) than the ratios obtained for the other amino
acids (0.21-0.37 mmol C-mmi) (Table 6.4 and Figure 6.3B). This fact wouldidade
that cysteine uptake and storage requires additemexgy, leading to higher P-release
and glycogen degradation as observed. Neverthé&ehs involvement in this batch test
was negligible and the CRR was very low (1.6%) gasting that cysteine may have been
converted into other intracellular storage compa®ungrobably amino acids.

Unfortunately, internal amino acids could not beamged during the batch tests.

Regarding the Cas_aa, 78% of this substrate wasuowed during the anaerobic phase
and the carbon and P-uptake rates obtained wetgghest (13.37 mg C-gvSait and
6.87 mg P- gvS&h?') compared with the individual amino acids test&dble 6.5).
These high rates could be attributed to the faait @as_aa is the usual carbon source in
the SBR and hence, tiAetrasphaeraenriched sludge is acclimatized to this substrate.
Regarding the P-release rate, this value was dightly lower than that of cysteine (7.73
mg P-gVSS-hlvs 6.87 mg P-gvS5h? obtained with Cas_aa).

The results obtained for the different amino acids probably dependent on their
fermentation pathways. However, predicting the reatf the fermentation products of
each single amino acid is not straightforward. Témege of the different fermentation

products depends on the microbial community presedton the operational conditions.

107



Amino acids as complex carbon sources for EBPR

Besides that, the nature of fermentation produstsessential to understand the
performance of the posterior EBPR process. Indéisse, to the best of our knowledge,
there is no previous report detailing the metaboled Tetrasphaeraising amino acids
and, thusthe different fermentation products obtained irs ttase with detrasphaera
enriched sludge. Therefore, we have to draw upberaexisting works with different
bacteria (e.gClostridia) to understand the possible metabolic pathwayaroog in our

system.

Tyrosine is an aromatic amino acid and, therefitsestructure is more complex than the
rest of amino acids tested. Barker (1981) repdtiatithe fermentation products derived
from the anaerobic degradation of tyrosine by wai€lostridia were aromatic
compounds: hydroxyphenylacetic acid, hydroxyphdagtic acid,
hydroxyphenylpropionic acid, phenol and p-cres@cduse the aromatic rings are
apparently not modified b@lostridia. Only some groups @lostridiaare able to use the
aromatic amino acids and ferment them to VFAs (Bgrk981). Moreover, Cai et al.
(2017) reported that the phyla Firmicutes, Actincibaa and Proteobacteria can degrade
the tyrosine present in extracellular polymericsahces. Cai et al. (2017) showed that
tyrosine was directly metabolized into tyramine gigknol and, in addition, through
indirect reactions, tyrosine could be converted salidroside, succinate, fumarate and
acetoacetate. Thus, given tAatrasphaerds a genus belonging to Actinobacteria, the
tyrosine fermentation products could be aromatic cmmplex compounds that
Accumulibactecannot use. This fact could explain that both R glycogen were not
involved during the anaerobic fermentation of tymesand in consequence would result
in the low CRR value observed (1%). Despite theilovolvement of PHA and glycogen
during the anaerobic phase, some PHA consumptidr (@mol C-[) and glycogen
production (0.24 mmol C-1) were observed under aerobic conditions. Howehese
values are obtained from a single cycle with tlea/carbon source, and are probably due
to the residual activity of the polymers storedpirevious cycles and could not be

maintained under long-term feeding with this carbouarce.

Likewise, proline is reduced teaminovaleric acid by amino acid-degradi@fpstridia
(Barker, 1981). Although the fermentation prodwgcan amino acid, there was no PHA
involvement in the proline batch test. On the othand, lysine and arginine produced
PHA in the anaerobic phase and glycogen under mecobhditions, with similar values

to those obtained with Cas_aa. The fermentatiodyms of these amino acids reported
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in the literature are: i) lysine is converted toetate, butyrate and ammonia by
Fusobacterium nucleatuind lysine-fermentin@lostridia (Barker et al., 1982) and ii)
arginine can be fermented to ornithine, acetatefamdate or to methane and propionate
depending on the culture used (Baena et al., 1@39¢n that some fermentation products
of these two amino acids are VFAs;cumulibacteican use them as carbon source and
store PHA and utilize glycogen. Moreover, the CRRthese two amino acids arginine
and lysine, were higher (19 and 24%) than the obthfor the rest of individual amino
acids. As a conclusion, amino acid fermentatiordpots are very diverse and difficult to
predict, but they are essential to understandnb@vement of PHA and glycogen in the

batch tests.

Finally, it is worth to mention that the##PHAoxid ratios obtained in this study are higher
than the model predictions féxccumulibacterenriched cultures (0.41 mol P-mal),
and in some cases values of up to 8.76 mol P‘@olearly indicate that PAOs other
thanAccumulibacterare also key actors in P-removal. Moreover, thiseoh culture also
showed a high intracellular P content, accountiegwken 6 and 8% of the TSS
concentration (Table 6.4). Nevertheless, the iethalar P values obtained in this study
are lower than those observed by Marques et alL72@ith a range between 8-19% and
also lower than the range reportedAacumulibacterenriched cultures which values are
around 7-17% (Oehmen et al., 2007).
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Table 6.4.EBPR ratios, rates and anaerobic and aerobicsyadderved for the different

batch tests

Anaerobic Arginine Lysine Cysteine Proline Tyrosine Cas_aaMix_aa
Prel/Cupt(mol P-mofC) 0.37 0.42 1.38 0.46 0.41 0.29 0.37
Prel (mmol P- %) 0.95 0.78 1.45 0.81 0.77 0.78 1.14
Cupt (mmol C- L) 2.58 1.86 1.05 1.75 1.90 2.67  3.08
Glyded Cupt (Mol C-mof'C) 0.11 0.35 0.59 0.21 0.06 043 0.34
PHAprod Cupt (Mol C-mof'C) 0.21 0.32 0.03 - 0.01 0.31 0.37
CRR (%) 19 24 1.6 - 1 21 28
Aerobic

Pupt (Mmol P- 1) 0.29 0.23 0.50 0.30 0.60 0.52 0.60
% P in TSS 8.1 6.5 6.4 8.0 7.6 6.1 6.9
Gly production (mmol C-t) 0.46 0.21 0.49 0.24 0.24 0.49 1.05
PHA consumption (mmol C1)  0.80 0.48 0.06 - 0.12 0.84 1.16
Gly/PHA (mol C-mofC) 0.58 0.44 8.59 - 2.00 0.58 0.91
Pup/PHAoxia (Mol P-mofC) 0.36 0.47 8.76 - 5.01 0.62 0.52

Table 6.5.Anaerobic/aerobic carbon and phosphorus rates

Anaerobic phase

Aerobic phase

Amino P-release rate C-uptake rate P-uptake rate

acid (mg P-gvS$&hl) (mgC-gvss-hl) (mgP-gvSSs-h?)
Arginine 4.93 8.78 5.55
Lysine 4.38 5.79 3.96
Cysteine 7.73 3.98 4.83
Proline 3.72 5.81 2.36
Tyrosine 3.48 5.67 4.55
Cas_aa 6.87 13.37 7.51
Mix_aa 6.54 14.57 8.03

6.3.2.2. Mixture of amino acids as carbon source

Besides the individual tests, a batch test was wtted with a proportionate mix of all

the amino acids (1 mM C each). The objective wasrdening the effect of the mixture

on the P-removal performance: additive (i.e. thégomance of the mixture is similar to

that calculated from the addition of the individe#fects), synergic (i.e. the performance

of the mixture is higher than the addition of thdividual effects) or antagonistic (i.e. the
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performance of the mixture is lower than the additof the individual effects). The
typical EBPR rates and ratios and anaerobic armbaeyields for this mixture of amino
acids are also detailed in Tables 6.4 and 6.5.nfik&ure provided the highest anaerobic
P-release (1.14 mmol P1), carbon uptake (3.08 mmol C*), PHApodCupt ratio (0.37
mol C-moi'C) and CRR (28%), thanks to the synergic effethefive amino acids. This
mixture also obtained the highest values for soerelac parameters: P-uptake (0.60
mmol P- %), glycogen production (1.05 mmol CtLand PHA consumption (1.16 mmol
C-LY). On the other hand, the theoretical P-releaseéPanptake (mmol P-gVS'$ of the
mixture was calculated by considering the concéptreof each amino acid and their
individual values. The experimental P-releaselfiermix of amino acids was 0.56 mmol
P-gVS$, which was 12% higher than the theoretical (0.50ainP-gVSS). In the case
of P-uptake, it was 30 % higher for the experimiewnsa the theoretical (0.30 vs. 0.21
mmol P-gVSS). Overall, the contribution of the mix allows thetivation of several
types of microorganisms with different metabolismvbjch appears to have a synergic
effect in the case of P removal.

6.3.3. Comparison of the use of amino acids witteint sludge

This section compares the performance of seveudigsl samples with different PAO

populations. For this aim, four different sludgengées were chosen:

1) Sludge from the Beirolas WWTP (Lisbon, Portugathich includes EBPR
process and, therefore, the sludge was expectaglg¢ariched in PAORACcumulibacter

Tetrasphaerar whatever PAO is more favoured in this full gcahvironment).

2) Sludge from the Chelas WWTP (Lisbon, Portugabiclv has only BNR

process and, thus, a low presence of PAO is exghecte
3) Tetrasphaeraenriched sludge (tests performed in section 6.3.2)

4) Accumulibactetrenriched sludge obtained from a SBR operating upgeudo
steady state conditions and treating a mixturecetia acid (75%) and propionic acid
(25%).

All the batch tests were conducted with Cas_aavétidthe mixture of the five amino

acids (in the same proportion) as carbon sourceseder, a batch test without carbon
source (blank) was conducted for each case torolitai cell maintenance. The TOC,
phosphorus, PHA and glycogen profiles for the atch tests are shown in Figure 6.4.
The anaerobic and aerobic stoichiometric data nbtafor these tests are compared in
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Table 6.6 with the values obtained with the sluligen the Beirolas WWTP using acetate
(Lanham et al., 2013a) and the sludge from WWTPSingapore, where glutamate and
aspartate were used as carbon source (Qiu eD&b) 2

The complete profiles for the batch tests with Treérasphaeraenriched culture using
Cas_aa and Mix_aa are shown in Figure 6.4. Thiggslwas able to use Cas_aa and
Mix_aa as carbon sources with good P-removal. Tdleeg of P-release and P-uptake
were higher for Mix_aa than for Cas_aa, probablsteel to the higher carbon uptake
with Mix_aa (3.08 vs 2.67 mmol CY_Table 6.6). Nevertheless, the carbon uptake rate
was higher in the case of Cas_aa (14.65 vs 8.9€ggvSS-ht, Table 6.7). The ratio
GlydedCupt Was also higher for Cas_aa, however the ratio f2ddB8upt was slightly higher

for Mix_aa. CRR values of 21 and 28% were obtanwbdn Cas_aa and Mix_aa were
used as carbon source respectively, indicating ithportance of non-identified
fermentation products and other intracellular ggerpolymers different from PHA that

were not quantified.

The Accumulibactefenriched culture was able to use Cas_aa as caborce and
perform complete P-removal, but no TOC degradatias measured when Mix_aa was
supplied. Accumulibacterrarely use complex carbon sources and, thus, thal sm
consumption of 1.13 mmol C Yof Cas_aa (compared to 2.67 and 3.08 mmol'C-L
obtained for theletrasphaereaculture, and 2.12 mmol Cobtained with the Beirolas
WWTP sludge, Table 6.6) could be attributed to stenmentation of Cas_aa but also to
the presence of 10% dktrasphaeraas measured by FISH. The reason for the different
behaviour of the sludge is clearly related to therabial community in each case, as for
example the presence of differehétrasphaeraclades in each sample. In fact, we
observed much more abundance of clade 3 (targeyegrdbe Tet3-654) in the
Tetrasphaeraenriched sludge, whereas Beirolas WWTP sludgeahsidher abundance
of clade 2 (targeted by probe Tet2-892). The diiféiclades of etrasphaeraan possess
different affinities for different substrates (Nguyet al., 2011). Nevertheless, this was
only an approximation because the use of techniqthes than FISH (e.g. quantitative

polymerase chain reaction, gPCR) is necessarydntify the abundance of each clade.

Despite there was no consumption of Mix_aa byAbeumulibacterenriched sludge, a
P-release of 1.07 mmol Pwas obtained, which was similar to the obtaineithénbatch
test with Cas_aa (1.16 mmol P} Table 6.6). This P-release cannot be attribudetie

cell maintenance, since values around 0.4 mmofl'Rvére achieved in the batch tests
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without carbon addition. Furthermore, there wasimmlvement of both PHA and
glycogen under anaerobic conditions due to theretesef carbon uptake. In the case of
Cas_aa, the ratio PHAJ/Cuptwas similar to the obtained for the same carbomcsgoin
the Tetrasphaereenriched sludge. However, the ratio @lCupt achieved negative
values, indicating a production instead of degriadaHigher CRR was obtained for this
culture (48%) when compared with thetrasphaersenriched sludge. Total P-uptake
was observed during the aerobic phase (0.83 mrhol, Fable 6.6 and Figure 6.4), while

lower P-uptake (0.26 mmol P*_Table 6.6) was obtained for the Mix_aa.

Similar P-release values were obtained for both VIAPWIudge (Beirolas and Chelas),
which was surprising since a higher P-release wpsated at the Beirolas WWTP with
implemented EBPR process. Carbon uptake can bedened negligible for the Chelas
batch test performed with Cas_aa, and slight cadomsumption was observed for the
batch tests performed with Mix_aa and the Chelak Beirolas WWTP sludge. The
highest carbon consumption was achieved with theoBs WWTP sludge when using
Cas_aa as carbon source. This fact could be dadigher abundance dktrasphaera
in the Beirolas sludge comparing to Chelas sludggu¢es 6.5D and 6.5G respectively)
and also due to the more abundance of clade 3 ¢éalm@ntioned). There was no PHA
involvement in any of the batch tests performeduite Chelas WWTP sludge, which
agrees with the sludge composition, which preskmwter abundance ofetrasphaera
and Accumulibacter compared to the sludge from Beirolas WWTP and he t
Tetrasphaeraenriched culture (Figure 6.5). Despite the higltabon uptake in Beirolas
WWTP when Cas_aa was used as substrate, the aitad?blA and glycogen
involvement were negligible. In fact, a CRR of 7% snobtained, increasing up to 27%

when Mix_aa was added as carbon source.

Intracellular P content for the different sludge ahown in Table 6.6 aktcumulibacter
biomass had the higher P content with values betWe®12.2%, which are in the range
of the values obtained by Oehmen et al. (2007).drantracellular P was achieved with
the Tetrasphaerasludge which values were below 7% with the carboarces used.
Finally, a higher P content was observed for thdgt from Beirolas WWTP compared
to the sludge from Chelas WWTP, with values betw8e#+-4.4% and 3.1-3.7%
respectively. In fact, higher P content was expktbe the sludge from Beirolas WWTP

since this plant includes EBPR process.
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Figure 6.4. Anaerobic/aerobic batch tests performed with tierént sludge using
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Table 6.6.Typical EBPR ratios and rates and anaerobic arabaryield s obtained for the different batch sest

Experimental results

Literature values

Tetrasphaera  Accumulibacter I\?;\?\i/(loTI?)s V(\Z/C\?ITaF;s \I?Ve\;\rl(%lgf WWTP® WWTP?P
Anaerobic results Cas aMixaa CasaaMix aa CasaaMixaa CasaaMixaa Acetate Aspartate Glutamate
Prel/Cupt(mol P-mofC) 0.29 0.37 1.02 - 021 232 395 1.34 0.60 0.16 0.20
Prel (mmol P- L) 0.78 1.14 1.16 1.07 0.44 0.40 0.35 0.35 2.26 0.32 0.32
Cupt (mmol C- ) 2.67 3.08 1.13 - 212 0.17 0.09 0.26 1.25 2.05 1.58
Glyded Cupt (Mol C-mot'C) 043 0.34 -0.25 - 0.09 0.47 14.20 2.06 0.20 n.a. n.a.
PHApr0d Cupt (Mol C-mot'C) 0.31 0.37 0.24 - 0.08 0.40 - - 0.80 0.35 0.04
CRR (%) 21 28 48 - 7 27 - - 67 n.a. n.a.
Aerobic results
Pupt (Mmol P- 1) 0.52 0.60 0.83 0.26 0.20 0.07 0.16 0.11 0.97 0.18 0.14
% P in TSS 6.1 6.9 122 9.6 4.4 3.6 3.1 3.7
Gly production (mmol C-1) 0.49 1.05 0.32 0.19 0.18 0.29 -0.08 -0.42 0.42 n.a. n.a.
PHA consumption (mmol C1) 0.84 1.16 1.29 0.39 0.09 0.06 - - 1.33 0.63 0.07
Gly/PHA (mol C-mofC) 058 0.91 0.25 0.49 202 5.02 - - 0.70 n.a. n.a.
Pup?PHAoxid (Mol P-mofC) 0.63 0.52 0.65 0.67 222 1.22 - - 1.30 0.29 2

2(Lanham et al., 2013a)
b(Qiu et al., 2019)
n.a.: not avalilable
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Table 6.7.Anaerobic/aerobic carbon and phosphorus rates

Anaerobic phase Aerobic phase

Sludge Carbon  P-release rate C-uptake rate  P-uptake rate

source  (mg P-gvSsh!) (mg C-gvSS-h!) (mgP-gvSS-h?)

Cas_aa 6.87 14.65 7.51
Tetrasphaera o

Mix_aa 6.54 8.94 7.26

, Cas_aa 6.44 2.96 16.97
Accumulibacter ~
X aa 5.42 - 2.65

Beirolas WWTP Cgs_aa 1.97 7.43 3.02

Mix_aa 1.48 1.34 0.62
Chelas WWTP Cgs_aa 1.89 - 2.10

Mix_aa 1.37 1.41

Lanham et al. (2013a) also performed some expetsneith sludge from the Beirolas
WWTP, but using acetate as carbon source. Singewkeee adding a preferred VFA,
anaerobic ratios were higher than in our experimeétit Cas_aa and Beirolas WWTP
sludge: the P/C ratio was 0.6 vs 0.21 mol P-¥@aind the CRR (67% vs. 7%), indicating
a typical Accumulibacter metabolism with high PHA production and glycogen
degradation. The aerobic phase also showed higlyeogen production and PHA
consumption in the experiments with acetate, #sdartypicalAccumulibactephenotype.
Another work performed by Qiu et al. (2019) repdrseme experiments with the sludge
withdrawn from a WWTP in Singapore with high inesiEBPR activity, high
temperatures 28.7-31.6 °C and with amino acidd¢dgiate and aspartate) among other
carbon sources. The P/C ratios obtained for bdiktsates aspartate and glutamate (0.16
and 0.20 mol P-mdC, Table 6.6) were in the range of those obsereedBtirolas
WWTP andTetrasphaergenriched sludge when the Cas_aa was the carbocesdlhe
negligible PHA detection with glutamate sugges this carbon source may have been
converted into other intracellular storage compauriedw PHA involvement was also
observed in the #O pilot plant using glutamate (Chapter 4). The Bl Cuptin the case

of aspartate was similar to those obtained Tetrasphaereenriched sludge. Under
aerobic conditions, similar P-uptake values weteioled for both amino acids. However,
in the case of glutamate, the P-uptake was allomiitbut the necessity for anaerobic
conversion of this carbon source to PHA. Glycogealysis were not conducted in these
batch tests.
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Finally, the Ro/PHAxid ratios ob tained for all batch tests were highantthe reported
in the metabolic models for acetate (0.41 mol P@o(Smolders et al., 1995)),
indicating thafTetrasphaeravere contributors to the P-uptake besidesumulibacter
The small differences in P-release values for tifferdnt sludge and carbon sources,
underscores the potential role of other compouhds tVFA which could serve as

complementary carbon sources in full-scale WWTP.

Figure 6.5. CLSM micrographs of FISH for the different sludgsted. A, B and C:
Tetrasphaeraenriched sludge. D, E and F: Beirolas WWTP sludgeH and I: Chelas
WWTP sludge. Green, all bacteria. A, D and G: oeafdgtrasphaeraB, E and H:

orange AccumulibacterC, F and I: orangé&;ompetibacter
6.4. Conclusions

This work shows the importance of amino acids Ikdoale EBPR systems, where they
can play a significant role in the performance @ TP. The presence of amino acids

content in the influent of a WWTP will develop aamibial community with EBPR
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activity not related teAccumulibacterand hence with a wider range of carbon sources

able to contribute to biological P-removal.

To show the importance of amino acids in EBPR sysiehe operation of an SBR using
Cas_aa as carbon source was tested. The systenennabked inTetrasphaeraand
Accumulibacteiand this culture was able to perform the uptakeiféérent amino acids
(arginine, lysine, cysteine, proline and tyrosing)der anaerobic conditions. The
preferred carbon source was Cas_aa, since it wasuhstrate used for the reactor
operation. On the other hand, thetrasphaeraculture was not capable to use cysteine,
with a consumption of 19% of the initial carbon smu For the rest of amino acids,
around 41+7% of the initial carbon was consumede batch test conducted with the
mixture of the five amino acids improved the indival addition of amino acids, showing
a synergic effect on the bio-P removal performarnite different involvement of PHA
and glycogen in the batch tests could be connectid fermentation products generated,
which is an essential feature to understand théoimeance of the posterior EBPR

process.

The preliminary results for the batch tests pertmtwith different sludge, allowed us to
infer that the capability to consume Cas_aa and By the different cultures is related
to the abundance of a particular clade within tbeugTetrasphaeraln fact, the sludge

withdrawn from the Beirolas WWTP, with a higher adance of clade 2 (targeted by
TET 2-892 probe), was able to uptake Cas_aa butinotaa, while the sludge from the
Chelas WWTP, with a higher fraction of clade 1d&ed by TET 1-266 probe) was not

able to uptake either Cas_aa or Mix_aa.
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Chapter 7

ABSTRACT

Water-energy nexus has changed the perception aftewater treatment plants
(WWTPs), which should move from power consumers artergy neutral or even energy
positive facilities. The A/B process is a potentiainfiguration to meet energy self-
sufficient WWTPs: organic matter is removed in finst step (A-stage) and derived to
biogas production whereas autotrophic nitrogen rexhig implemented in a second step
(B-stage). This work compares two high-rate systémas can be used as A-stage for
organic matter removal: a continuous high ratevated sludge (HRAS) reactor and for
the first time, a high-rate sequencing batch regétBRSBR). Both systems were operated
with real urban wastewater at a short hydrauliemgon time (2.5 h) and at short sludge
retention time (SRT) of 1-2 d to minimize COD mialkation and to maximise organic
matter diversion to methane production. The HRASwsd higher COD removal
efficiencies and lower effluent solids. On the othand, the HRSBR was better to avoid
undesired nitrification and provided lower COD madezation for all the SRTs tested
(13.2% of mineralised COD in HRSBR vs 55.2% in HRASSRT of 1 day).The
biochemical methane potential (BMP) of the sludgs weasured at different SRT values
(range of 187-308 NL CHkg!VS), obtaining higher BMP for HRSBR sludge. Finally
this study also explores the potential integratafnenhanced biological phosphorus
removal (EBPR) into the A-stage for simultaneousDC&hd P removal, as this is not
included in the design of conventional A/B procassehere chemical precipitation is

normally implemented if required.
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7.1. Introduction

The activated sludge (AS) process is still the nsostmonly used technology for urban
wastewater treatment since its first descriptiodl®14 (Van Loosdrecht et al., 2014).
Although this technology is robust and provideadyeffluent quality, it presents high
operational costs and does not use the potengaggmf the organic compounds present
in sewage (Akanyeti et al., 2010). Moreover, nimogand phosphorus must be also
removed to avoid eutrophication and oxygen deptatiovater bodies. Conventional AS
systems for nitrogen removal through nitrificatideritrification require high sludge
retention times (SRTs), around 10-20 days, to enaitrification (Kartal et al., 2010).
The major costs in these WWTPs are related to tleegy consumption and sludge
treatment: aeration uses about 60% of the totalggneonsumption (Gu et al., 2017),

while sludge treatment and disposal account faiouf0% (Verstraete et al., 2011).

Urban WWTPs are currently energy-demanding faegiand, thus, novel approaches are
needed for achieving a self-sustainable or everggrgositive WWTPs (Gu et al., 2017).
The two-stage A/B process is a configuration tangethis goal (Versprille et al., 1985)
that has recently received more attention (Liulet2®18; Xu et al., 2017). In the first
step (A-stage) the objective is to maximize thelwagpof carbon into the sludge through
mostly physicochemical (adsorption, flocculationdagpagulation) processes and to
divert this sludge towards an anaerobic digestimtesn for biogas production. An A-
stage system operates at very short sludge retetities (SRTs) and short hydraulic
retention times (HRTSs) to minimise biological oxida of COD. The effluent of the first
step is treated in the second step (stage B) thrdlug autotrophic biological nitrogen
removal (BNR): partial nitritation and anaerobic raonium oxidation (anammox)
processes. Autotrophic BNR results in significacdremic and energetic cost savings
when compared to the conventional nitrificationftiéication process. The performance
of the B-stage depends on the COD and solids relnobtiae A-stage. Moreover, the A-
stage acts as a shock absorber of unexpectedltads that could be very detrimental
for the B-stage (Smitshuijzen et al., 2016).

The increasing concern towards the achievementnokermergy-neutral wastewater
treatment makes necessary to maximize the capfweganic matter in A-stage rather
than oxidation processes. The sludge producederAtstage has a high potential for
energy recovery via anaerobic digestion (Meerbtig.e2015).
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The A-stage is usually designed as a continuous $iRAder short SRT and HRT. For
example, Jimenez et al. (2015) studied the effe@RT, HRT and dissolved oxygen
(DO) on a HRAS pilot plant performance. Ge et 201(7) evaluated the impact of sludge
age on nutrient removal using a HRAS pilot plamaHy, a review of new alternatives
for carbon redirection to improve the energy bataoE WWTPs (Sancho et al., 2019),
demonstrated that HRAS is an acceptable techndloegedirect carbon in WWTPs.
However, a batch process in a sequencing batctor§&BR) operated at the same HRT
and SRT could also be a good option because SB&semr some advantages when
compared with continuous systems: i) higher toleeafacing toxic or inhibitory
compounds (Jiang et al., 2016), ii) higher operaflexibility (Tomei et al., 2016), iii)
they retain sludge more effectively than continupeesctors, because the supernatant is
discharged only after the sludge has been setBeHirfe et al., 2018) and iv) they can
have lower installation cost and less space reouang, because the process occurs in

only one tank and in this way the settler is avdi@aramillo et al., 2018).

On the other hand, the fate of phosphorus (P)igtéw A/B configuration has not been
deeply studied yet and, currently, a chemical pitation in the tertiary step is the most
common option. Thus, there is a need to rethin& toinfiguration in order to include
biological P removal. The possible integration &HR into this configuration requires
the modification of the A-stage to include EBPRwv&dl as carbon removal. The inclusion
of an anaerobic phase and to expose the biomaasetoating anaerobic and aerobic
stages is required to obtain a sludge enrichealypposphate accumulating organisms
(PAOs). Then, the content of P in the biomass g#adrwould increase as the purge
would be more enriched in poly-phosphate (poly-Hjis could allow a posterior P
recovery as struvite after the anaerobic digestimwever, the lower growth rate of PAO
compared to ordinary heterotrophic organisms hmtes possibility of working at very
low SRTSs.

The main objective of this work was to comparefgbgormance of a continuous HRAS
and a high-rate SBR (HRSBR) acting as an A-stagieuthe same SRT and HRT
conditions and fed with real urban wastewater. Base the experimental results
obtained, the possible integration of an EBPR sysiad a posterior B-stage was tested
and discussed. Finally, the methanogenic potewnfialhe sludge generated in both

systems was assessed.
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7.2. Materials and methods
7.2.1. Characteristics of the real wastewater

Two different real wastewaters were used in thisknprimary settler influent (PSI) and

primary settler effluent (PSE), both from a munadipVWTP (Rubi, Barcelona). Fresh
wastewater was collected once a week and storaddfrigerated tank at 5 °C. Table 7.1
summarizes the most important parameters of thesstewaters during the entire
operation.

Table 7.1.Summary of wastewater characteristics for pringatyler influent (PSI) and

primary settler effluent (PSE).

Influent average

Parameter PSI PSE

TSS (g/L) 0.18 £0.17 0.08 £ 0.06
VSS (g/L) 0.16 £0.15 0.07 £0.05
Total COD (mg/L) 496 + 214 359 + 128
Particulate COD (mg/L) 239 * 203 124 + 93
Soluble COD (mg/L) 185 + 54 157 + 53
Colloidal COD (mg/L) 72 26 76 + 27
NH4"™-N (mg/L) 76 £ 13 65 +21
PQy3-P (mg/L) 9+4 9+3

pH 7.6+0.2 7.6+0.3

7.2.2. High-rate activated sludge (HRAS) system

The HRAS system consisted of a continuously stjraedobic reactor (19 L) and a settler
(27 L). The detailed diagram of the reactor andajperation conditions are described in
Section 3.1.3 of Chapter 3. The HRAS system wasulated with sludge collected from

the same municipal WWTP (Rubi, Barcelona) and waesaied for 175 days treating

PSE wastewater. The operation characteristicsadf pariod are shown in Table 7.2.

Table 7.2.0Operational conditions for each period of HRAS.

Period Days (d)  Carbon sourcRurge flow (L-d) SRT (d)

| 0-24 PSE 5 25+0.2
Il 26-87 PSE 3.5 21+0.6
1] 89-175 PSE 2.5 1.2+0.6
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7.2.3. High Rate Sequencing Batch Reactor (HRSBR)

The HRSRB was a stirred aerobic system with a wgrkiolume of 3.5 L and an
exchange volume of 2.5 L. The operation (253 daas divided into different periods
according to the operational conditions and thdecgonfiguration for each period is
reported in Table 7.3. It was inoculated with skeidgllected from the same WWTP. The
HRSBR was fed with PSI during periods | and Il avith PSE for the rest of periods.
DO was controlled during the aerobic phases by pudaiing an on/off aeration valve.
The DO set point was 5 mgtlduring the start-up period and 3 mg-afterwards. The
detailed diagram of the reactor and the operationlitions are described in Section 3.1.4
of Chapter 3.

Table 7.3.0Operational conditions for each period for HRSBR.

Cycle Reaction Settling Discharge
SRT (d) length phase phase phase
(min)  (min) (min)  (min)

Carbon Purge flow

Period Days (d) source (L-d™)

Variable to
0-30 PSI obtain 1.8+0.9 106 75 30 1
constant SRT

Il 58-105 PSI 0.576 1.2+05 116 85 30 1
A 107-191 PSE 0.576 22+1.0 116 85 30 1
B  194-231 PSE 0.576 1.3+08 116 85 30 1

\Y 236-253 PSE 0.993 1.0+0.3 116 85 30 1

7.2.4. Anaerobic/aerobic (A/O) high-rate activasgdddge system (A/O-HRAS)

The anaerobic/aerobic (A/O-HRAS) pilot plant coteisof two continuous stirred tank
reactors with a total volume of 42 L and a 25 ltleetlt was operated at room temperature
(18-22°C) with an average influent flow rate of 102! (HRT = 10.8 h). The SRT was
maintained around 3-4 days with daily sludge wastiigm the aerobic reactor. The
external recycle from the bottom of the settlethte anaerobic reactor was 56.6 t.d
which resulted in an external recirculation rafiex) of 0.51. The plant was fed with

PSE, but propionic acid was also supplied to irsmxethe ratio of readily degradable
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organic matter available (an average concentratio@373 + 154 mg COD-t was
maintained in the influent). The A/O-HRAS systensvoculated with sludge collected
from the same WWTP and was operated for 35 days.r@actor was managed with an
on-line system based on an Advantech PCI-1711 @ and an industrial PC running
the Addcontrol software developed in our researcug Dissolved oxygen (DO) was
measured with a HACH-CRI6050 DO probe and contdolsgound 1 mg-t by
manipulating an on/off aeration valve. pH and terapge were monitored with a pH
probe (HACH CRI5335) and a thermoresistance (Axiierfat1000), respectively.

7.2.5 Anaerobic digestion batch tests

The biochemical methane potential (BMP) of the gighurged in both systems was
studied through anaerobic batch digestion testsP Bigsays were performed in 160 mL
glass bottles (125 mL of working volume) with rubbtoppers and screw caps according
to Angelidaki et al. (2009). The inoculum used Ire ttests was obtained from the
anaerobic digester of the Rubi WWTP and was prebiated at 37°C in order to deplete
the residual biodegradable organic matter. Allstegére performed in triplicate in an
incubator at T = 37°C and manually mixing of thdtles once a day. A substrate to
inoculum (S/I) ratio of 1 (on VS basis) with 2 g\S- of inoculum was used. Negative
control assays with only inoculum and MilliQ wateere conducted in parallel to
measure the background BMP from the inoculum aisdviiue was subtracted from the
test prior to parameter estimation. Additionallypasitive control with cellulose as
substrate was performed to confirm the activitthefinoculum. The liquid phase and the
headspace of the bottles were flushed with nitrageprovide anaerobic conditions. A
pressure transducer was used to measure the méssrgase. The biogas was sampled
regularly and its composition was determined by ga®matography. The moles of

methane were calculated by the ideal gas law (Emua):

Pr-XcH,Vheadspace (1)

CH, moles = R (T4273)

where R is the total pressure measured by the transdou@iHg), XcH4 is the methane
molar fraction, VieadspacéS the headspace volume (mL), R is the ideal gastant (62320
mmHg-mL-mof- K1) and T is the temperature (°C). Then, the corneging volume of
methane was calculated and converted to standamoetature and pressure conditions
(0°C and 1 atm).
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7.2.6. Specific analytical methods and calculations

Phosphorus, ammonium, nitrate and nitrite concgatrat were measured off-line
according to Sections 3.2.1 and 3.2.2 of Chapt&\V3.and TSS and VSS were analysed
according to sections 3.2.5 and 3.2.6 respectokeGhapter 3.

Influent and effluent COD fractions were measurecoading to Jimenez et al. (2015).
Particulate COD (COp) was the difference between total COD (C{Band the COD
filtered through a 1.5 um filter (CGdR The soluble COD (CO¢#) was the flocculated
and filtrated COD (COB) as defined by Mamais et al. (1993). Colloidal C@&xrtion
(CODc) was defined as the difference between G@bd COLR. These COD fractions
were measured using COD kits (Lovibond Vario LR awdrio MR) and a
spectrophotomer (Photometer system MD100 Lovibond).

Biogas composition (CHand CQ) was analysed with a Hewlett Packard gas
chromatograph (HP 5890) equipped with a thermabtlaotwvity detector (TCD) and a

Supelco Porapack Q (250°C) 3 m x 1/8” column. Helivas the carrier gas at 338 kPa,
and the oven, injector and detector temperatures W@ 150 and 180°C respectively. A

total sample volume of 106 was used for chromatography.

The observed yield (069 under different SRT conditions was calculatedngsihe

experimental biomass productiork(Rquation 2).
Py = Qp - Xp + Qe * Xe — Qin * Xin (2)

Where @, Qs and G, are the flowrates of purge, effluent and influgntd®) and X%, Xe
and X, are the VSS concentrations in the purge, in thikeesft and in the influent
(gVSS- LY.

The experimental observed yieldsp¥ gCOD-¢*COD) was calculated with equation 3.

Px-1.416

= 3)

Y,
obs Qin'(CODin_CODout)

where 1.416 is a stoichiometric factor convertirgS/into COD (gCOD-§vSS), Gn is
the influent flowrate (L-d) and CORQ, and COR,: are the COD concentrations in the
influent and effluent respectively (mgCOD)L
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7.3. Results and discussion
7.3.1. Continuous HRAS system performance

The HRAS system was operated for 175 days undediffigrent SRTs and real PSE as
feed. During the start-up (period 1), the avera@ds removal efficiency was 66 + 6 %.
Figure 7.1 shows the average values of influemtiefit COD and the sludge volume

index (SVI) for periods Il and III.
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Figure 7.1.HRAS operation. Average influent and effluent Cdahd SVI in periods Il

and lll.

The COL in the effluent was not affected by the reductidbthe SRT from 2 d (period
II) to 1 d (period lll). In fact, the COPremoval efficiencies were 70 + 16% and 65 *
15% respectively for periods Il and Ill. The sligimcrease in the effluent CGQD
concentration from period Il to period Il couldsalbe due to the 18% increase in the
influent CODr (Figure 7.1).

The settleability of the sludge in the HRAS reaat@s never good as can be deduced
from the high SVI values (Figure 7.1), being 56829 mL-g' VSS the average value
during the entire operation. These settleabilitybems led to an extremely low solids
concentration (Figure 7.2): the VSS reached vadweand 0.13 g-t during period I11.

In fact, from day 140 to 168 of operation, the @uhgd to be turned off because of this
low VSS concentration. Settleability issues areyvetevant when implementing novel
technologies and, in this case, a settler with éighurface would be needed after the
continuous HRAS reactor. In this sense, Rahmanl.ef2@19) performed a parallel
comparison of the A-stage and high-rate contadtiistation technology for carbon and
nutrient redirection. In this case, the settler wase times bigger than the reactor. In
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contrast, Jimenez et al. (2015) did not reportatdesdility problems working with a
biological reactor consisted of 260 L and a sediat#on tank of 280 L.
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Figure 7.2.HRAS operation. Suspended solids concentratidhameactor.€) TSS and
(o) VSS.

7.3.2. HRSBR performance

The HRSBR was operated for 253 days under differentitions (Table 7.3). Period |
corresponds to the start-up of the reactor. Theative of this period was operating with
a constant SRT of 2 days, but this required a dadgification of the purge flow, which
could lead to an unstable operation. Thus, it wesded to maintain a constant purge
flow in the subsequent periods Il and Ill (0.57@tand 0.993 L-d respectively) and,
thus, the SRT fluctuated in a range of 1.2-2.2 dBgsiod Ill was divided into periods
IlIA and IlIB because there was an incident and rieector had to be inoculated again
with biomass from the purges of previous days, tviiad been stored at 4°C. Finally,
the purge flow was increased to 0.993tid period IV and the system operated at a
SRT of 1.0 £ 0.3 day. The evolution of the soliddhe HRSBR is presented in Figure
7.3.
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Figure 7.3. HRSBR operation. Suspended solids concentratidhdareactor.«) TSS
and @) VSS.

It is worth mentioning that biomass attachmenti® walls of the reactor was observed
in periods | and Il. Therefore, the decrease insihiels concentration during period Il
might be unreliable. The walls of the reactor weteatched once a week from period
[lIA onwards in order to detach this biomass. Aliied biomass can distort the total solids
concentration in the reactor and consequentlyghESRT would be higher than desired.
The solids concentration increased during peritAl lecause of the detachment of the
biomass grown on the walls of the reactor, howé@8f and VSS diminished again
during periods 11IB and IV when the SRT was deceelasom 2.2 + 1.0 d (period IlIA)
to 1.3+ 0.8 and 1.0 £ 0.3 d respectively.

Figure 7.4 shows the evolution of the Cdhd the average SVI. The effluent CORlas
below 200 mgCOD-t during periods I, Il and llIA, and it increasedoand 300
mgCOD- L* for periods 11IB and IV. High effluent CODs linked to the poor settleability
of the sludge (SVI reached values of 300-500 m\$S). The fractionation of the
effluent COD (Figure 7.5) shows that during periddB and IV the effluent COP
increased (the fraction related to the sludgeisgttiharacteristics) (Réssle and Pretorius,
2001).
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Figure 7.5.HRSBR operation. Fractionation of COD in the effitt Total @), particulate
(o), colloidal (¢) and soluble /).

7.3.3. Comparison of effluent quality and carbomowal in both systems

The effluent quality of both systems was evaluatetrms of solids concentration and
the different effluent COD fractions (Table 8.4 dndure 8.6 respectively). The average
TSS values in the effluent of each reactor werdainbut the average SVI for the HRAS

sludge (568 + 329 mL-g VS$was much higher than the observed for the HRIB®Rys

(206 + 192 mL-g VSY), indicating that the former had worsen settlégbproperties
(Table 7.4).
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Table 7.4.Total suspended solids concentration in reactdrimeffluent for both high

rate systems.

System TSS reactor (g%). TSS effluent (g-££) SVI (mL-gVSSh)
HRAS

| (startup) 2.5%0.2 0.059 + 0.039 171

I 2.1+0.6 0.060 + 0.068 553 + 198
I 1.2+0.6 0.075 + 0.069 673 + 448
HRSBR

| 1.8+0.9 0.097 +0.048 95 + 3

I 1.2+0.5 0.134 + 0.058 71+8
A 2.2+1.0 0.070 + 0.040 -

B 1.3+0.8 0.081 + 0.038 282

IV 1.0£0.3 0.097 + 0.040 510

Figure 7.6 shows the average values of the diffa2@D fractions as function of the SRT
in both experimental systems. In the case of thASIReactor, the effluent CODCOD:

and COD concentrations increased (23.5, 11.7 and 31.2¢ecéisely) when the SRT
decreased from 2.1 d to 1.5 d. CODbad similar concentrations between 8 and 15
mgCOD- ! in all cases and CQPwas below 50 mgCOD-t for both SRT. Similar
results of the effect of SRT on the effluent COBctrons was also observed by Rahman

et al. (2016) when comparing continuous systenaditrg raw wastewater.

Regarding the HRSBR operation, effluent GOBOD:- and CODR increased when SRT
decreased, except for SRT = 1.2 d (period II). Tée$ could be explained by the attached
biomass on the walls of the reactor, which resuitean effective SRT higher than that
calculated considering only planktonic biomass. fids of the COD fractions were less
affected by the SRT: CQfvas in the range 59.4 - 80.8 mgCODBih all cases whereas
CODc had a minor role due to the low influent concetrdres (14.5-21.2% of influent
CODry) (Table 7.1).

133



Comparing continuous and SBR operation for higb-tegatment of urban wastewater in
view of EBPR integration

4 250
mmm COD, [ COD A
2004 [—1 COD. [/ COD,
COD,

Effluent COD fractions (mg COD"

150
100 - T
V)
0 7 ﬁ = 7z &

2.1d 15d
4T 450
)
g 4001 mmm COD; = COD; B
—— COD. —— COD,
o 350 - F ¢
£ COD,
%, 300 1
cC
S 2501 _
(&)
£ 200
D _ dl
O 100 T T
5 } # s
s 1 I 1 Wk
m 0 1 |I| 1 |I| 1 1 I
2.2¢C 1.8¢ 1.3 ¢ 1.2¢ lc

Figure 7.6.Average COD fractionation in the effluent of A) HRAand B) HRSBR.

COD removal efficiencies for both systems are showhable 7.5. The HRAS system
showed slightly lower COD removal efficiency (frof to 65 % COB removal) when
decreasing the SRT from 2.1 to 1.2 d. Higher vimmagt were observed for the HRSBR.
If the results of periods | and Il are discarded tluthe problems of biomass attached to
the reactor walls, a clear decreasing trend of Q@moval is observed when SRT
decreases. For example, the removal efficiency@bDdecreases from 54 to 15% when
the SRT decreases from 2.2 to 1 d. Thus, the ltheeERT, the higher the total COD in
the effluent. Understanding the behaviour of thaaeal efficiencies of each individual
COD fraction is not straightforward since many rcamirolled interactions happen (from

hydrolysis to aggregation). Moreover, the valueshafse fractions in the reactor are
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dynamic and, thus, some positive or negative actation of these fractions may occur.
Removal efficiencies lower than 50% were achieved €OD> during the entire
operation. In fact, negative C@Bemoval efficiencies were obtained when SVI insesh
and the solids content in the reactor was redupedads IIIB and IV corresponding to
the lower SRT tested of 1 d). That led to a higfiueht COD» value, which was
transitorily higher than the influent CGDA decrease in the CQDremoval efficiency
during the same periods (Table 7.5) was also obdeiherefore, the efficiency removal
of CODr and COLR decreased in parallel to the decrease in the SRTwith limited
impact on the COR Faust et al. (2014) reported that extracellutdyperic substances
were lower at lower SRTs, which negatively affebisflocculation, which is the
mechanism responsible for removing particulate emitbidal COD from wastewater
(Rahman et al., 2014). Jimenez et al. (2015) obthasimilar trend, the efficiencies for
CODr and COL2 removal decreased from 70% to around 40% and G&pectively
when the SRT decreased from 2 to 1 day.

Table 7.5.COD removal efficiencies (%) for both high ratetgyns

, COD

SRT (d) Period COb COD- CODr CODs CODc (0.22 um)
HRAS Startup | - - - - - 66 £ 6

21+0.6 | 70+16 645 7032 60x7 777

1.2+06 I 65+15 63+18 66+23 55%x17 72%

1.8+09 | 60+10 68+5 38+36 58+27 72zx17
HRSBR 1.2+05 1 66+13 72+8 44+39 T73x7 6727

22+10 A 54+17 62+9 25+99 57112 526

1.3+08 1B 27+19 50+x4 - 51+10 42+15

1.0+03 IV 15+27 4315 - 47+10 3318

-: negative removal efficiencies

The presence of either solids or organic matteéhéninfluent of a B-stage can decrease
its performance (Smitshuijzen et al., 2016). This, effluent of the high-rate system
should not represent a significant organic loadht B-stage process. Otherwise, this
organic matter would result in the increase of lie¢erotrophic bacterial population,
which would compete with the autotrophic bacteoiathe electron acceptor (i.e. mostly
nitrite) resulting in a limitation of the autotrapmitrogen removal (Miller et al., 2016;
Mozumder et al., 2014) and an increase of the iaera¢quirements. Considering this

COD removal criterion, the effluent of the HRAS ¢ was more adequate than that
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from the HRSBR, as the CQGDremoval efficiencies were systematically higher.
Moreover, a higher impact of SRT on COD removaicefhcies was observed for the
HRSBR (Table 7.5). The periods with the same SRTb@iih systems, as for example
when SRT was around 2 days (period Il of the HRAS period IlIA of the HRSBR),
have similar COI@ removal efficiency (60 vs. 57%). However, highed@r removal
efficiency was obtained for the HRAS (70 vs. 25%)pwing the higher capacity of

separation of particulate compounds in the contisSUdRAS.
7.3.4. COLQ mass balances

CODr mass balances were performed at different SRTis0fibr systems using the steady-
state operation data, obtaining the average CQOddidras illustrated in Figures 7.7A and
7.7B. In addition, Figures 7.7C and 7.7D show tl@D0Omass balance distribution in a
perfect settling scenario (no solids lost in thigueht) and considering that all of the
effluent biomass could be redirected to the anaerdlgestion. Mineralization was

estimated as in Akanyeti et al. (2010), i.e. theDOEaction required to close the COD

mass-balance.

Figure 7.7A and B show the COD distribution for t@ntinuous HRAS and for the
HRSBR. The data of the mineralization of the COM #re COD distribution was very
dependent on the effluent solids. These variabte@atrations of effluent solids can be
attributed to a settling issue rather than a probkgth the reactor configuration and,

hence, the discussion of figures 7.7 C and D besomech more meaningful.

The COD distribution obtained in the perfect segtlscenario is shown in Figures 7.7C
and 7.7D. These values were estimated assumingi}heffluent CO} was the only
effluent COD fraction and ii) the experimental dslin the effluent were considered as
part of the purge and the COD content in thesedsokas estimated using the same
procedure as in the purge and with the stoichiam&tctor (1.416 gCOD-H/SS).

The extent of mineralization in the HRAS system waportant (Figure 7.7C) where
values around 41-57% were observed. These valaes Hre range obtained by Jimenez
et al. (2015) and Akanyeti et al. (2010) at SRT of Moreover, the fraction of the inlet
COD directed to the purge decreased from 34% to @0%n the SRT decrease from 2
to 1 d. This distribution was not expected becgueegious works (Akanyeti et al., 2010;
Jimenez et al., 2015) reported carbon redirectraprovement at lower SRT. This

observation (i.e. similar COD distribution indepently of the SRT) could be attributed
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to the SRT range tested in this work, always highan 1 day. In fact, Jimenez et al.
(2015) and Rahman et al. (2016) did not observéerdiices between the COD
distribution for 1-2 d SRT, and a clear differemezas only observed at SRT below 0.5 d.
Akanyeti et al. (2010) also worked with SRT belowl {0.25, 0.5 and 1 d), obtaining a

mineralization of 27%, 41% and 54%, respectively.
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Figure 7.7.COD distribution as a fraction of influent COD afferent SRT conditions
for A) HRAS and B) HRSBR. C) and D) correspond ®AS and HRSBR in the perfect
settling scenario. Effluenmmm® ), purgc——1 ) and mihieedion (—1).

Regarding HRSBR, a decrease in the SRT impliecherease of the COD redirected to
the purge, up to 62% when the SRT was 1 d. Consélguéhe COD fraction in the
effluent decreased considerably: the values olddaméhis hypothetical scenario were in
the range of 16-19% whereas the values reachdwirell mass balance were between
42-74%. This is the first report where a HRSBR wssd as an A-stage and, therefore,
there is no available literature to compare theltesHowever, the COD redirected to
purge obtained in this work at a SRT of 1 d (62%}kwigher than the values observed

in other studies with continuous systems operaiingven lower SRTs. In fact, Rahman
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et al. (2019) observed percentages of COD in pargand 43% only at SRT of 0.3 d.
The extent of mineralization was lower in the HRSBR.5%) than in the continuous
HRAS system (58%) when the SRT was 1 d. This miizatéon was also lower than the
obtained by Jimenez et al. (2015) for the same &R%). However, when the authors
worked at shorter SRTs (0.3-0.1 d) the minerakimatecreased until 20%, which is the
value obtained for the HRSBR. As a conclusion,HRRSBR allowed a better control of
the extent of mineralization process, which mehasthere was more COD in the purge

and available for redirection to anaerobic digestio
7.3.5. Observed biomass growth yielddy

The values of ¥gs calculated for each SRT are presented in TableYags seems to be
higher at high SRT conditions for HRAS. The startperiod 1) was the period with the
highest SRT value (2.5 d), and with highesk¥(1.05 + 0.38 gVSS-#OD). Values
higher than one are not possible when accountihgfonbiological processes. However,
higher Yoss values have sense if other non-biological processeh as adsorption occur.
There may be a fraction of COD, which is not degrthdhat is adsorbed in the solids of
the effluent. Therefore, the solids of the effluarg highly overestimated and, thus, the
solids production is overestimated too. Ge et281¥) also observed the same behaviour
operating a lab-scale HRAS system witbg¥ values between 10-13 gVSS@OD for
SRT of 2-3 d and 3-6 gvVSS!GOD for SRT of 0.5-1 d (Table 7.6). In contrastffie
HRSBR, at longer SRTs (2.2 d) theopé (0.58 + 0.34 gVSS-H4OD) was lower
compared to short SRT conditions (1 d) witbg¥ values of 1.35 + 0.54 gVSS*GOD.
This effect of SRT on the s was similar to the observed by Jimenez et al. §2@hd
Rahman et al. (2016) (Table 7.6).
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Table 7.6.0bserved yield as a function of SRT

Ngrowth
: Y obs Y obs —E272 N-removal
System Period SRT (d) (gCOD glCOD) (gVSS g].COD) 1(\1)2;;1uent (%)
HRAS 1 1.2+0.6 0.53+0.35 0.37£0.25 22+1911+4
(This study) Il 2.1+0.6 0.92+0.80 0.65 + 0.56 3216 197
I 25+0.2 1.48+0.54 1.05+0.38 31+4 32+9
HRSBR \Y 1.0+£03 1.91+0.77 1.35+0.54 24+26+2
(This study) Il 1.2+05 0.69+0.37 0.49 £0.26 0 26 20+ 10
1B 1.3+0.8 0.83+0.43 0.59+0.31 13+7 2+
I 1.8+0.9 0.76 £0.54 0.54 +£0.38 21+9 22+6
A 22+10 0.81+0.49 0.58 £ 0.34 18+10 B+
HRAS 0.5 0.47 £0.11
Jimenez et al. (2015) 1.0 0.38 £0.08
2.0 0.33+0.10
CSTR 0.2 0.54 £ 0.06
Rahman et al. (2016) 0.8 0.47 £0.08
2.2 0.45+0.13
HRAS 0.5-1 3-6
Ge et al. (2017) 2-3 10-13

7.3.6. Nutrient removal

Figure 7.8 shows the nitrogen and phosphorus coratems in the influent and effluent
of the continuous HRAS and the HRSBR for the emperation. Some nitrification was
observed in the case of HRAS (Figure 7.8A): ammosmaoval efficiencies of 53 £ 11%
and 47 + 17% were obtained during periods | amddpectively. However, from day 115
until day 145, ammonia removal efficiency decreasdedn to 10 + 5%. This ammonia
removal could be attributed to assimilation for rolmal growth rather than to
nitrification. The amount of nitrogen incorporatedio the biomass during the cellular
synthesis (Table 7.6) was estimated with mass bafarconsidering the COD removal,
the Yoss and the typical stoichiometric factor of 0.086 ggNCOD reported by Henze et
al. (1987) for modelling studies. Results on Tahk® demonstrate that during periods |
and Il, 31% and 23% of the influent nitrogen wamoged by heterotrophs growth. The
assimilative nitrogen uptake was higher in periatlé to the higher dgs. Ammonia
assimilation in this case is also overestimatedesihis considered that all the solids in

the effluent are biomass and, as discussed abdvactaon of adsorbed COD might be
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present. The occurrence of nitrification in perid@sd Il at SRT values of 2.5 days and
T=20 °C was unexpected. However, the proliferabiosome nitrifiers as a biofilm grown
on the reactor walls could explain the detectiosarhe nitrification activity. On the other
hand, nitrification was not detected during perlddSRT = 1 d). The percentage of
nitrogen attributed to growth was higher than thiegen removal efficiency (Table 7.6).
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Figure 7.8. Ammonium concentration in the influent)(and in the effluentq) A) for
HRAS and B) for HRSBR. Nitrites( and nitrate 4) concentrations in the effluent for
HRAS. Phosphate concentration in the influartgnd in the effluentq) C) for HRAS
and D) for HRSBR.

In the case of the HRSBR, the average ammonia raimes 21 + 8% for periods | and
[I, however in the subsequent periods this valuzaebsed down to 7 £ 1% (Figure 7.8B).
In this case, 19% of the nitrogen influent was reewbvia biomass assimilation or
adsorption for the higher SRT tested (2 d) andesponding with the loweroés. A 24%

of the nitrogen influent was removed by heterotsoglhowth when SRT was 1 d and a

higher Yogs was obtained (Table 7.6).

Nitrification is neither expected nor desired inigh rate system, as only COD should be
removed during this step. It was only observeth&HRAS when the growth of a biofilm

in the reactor walls was not avoided. The signifezof the reactor walls is an inherent
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problem only for lab-scale reactors and it is nqtexted to be important at full-scale

systems.

Regarding phosphorus, the slight phosphorus remalvsg¢rved could be attributed to
assimilation during microbial growth for both syste P-removal efficiencies of 9.5-12%
were obtained in HRAS whereas higher values betwe280 were obtained in HRSBR
(Figure 7.8C and 7.8D respectively). The oscillagioin the influent phosphorus

concentration were due to variations of the real.
7.3.7. Biochemical methane potential (BMP)

Anaerobic digestion assays of the sludge genematedth systems and in periods under
different SRTs were performed (Figure 7.9 and tabfd. The highest BMP (307.8 £6.7
L CHa-kg'VS-added) was obtained for the lowest SRT (0.&d)the lowest BMP (187.2
+ 4.2 L CHi-kg'VS-added) was obtained for the sludge generat8&atof 2 days (both
from the HRSBR). This is in accordance with Gele(2013) who observed an increase
in the anaerobic degradability of the sludge witcréasing the SRT. Finally, the sludge
generated in the HRAS had a BMP of 275.6 * 7.4 L,-R#f'VS-added (Table 7.7) when
the SRT of the system was 1.2 d. The BMP valueaitodd in this study were lower than
those obtained by Ge et al. (2017) (335.5 + 8.736W+ 12.8 L Chl kg'VS-added) for
the same SRT interval (2-1 d).
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Figure 7.9. Cumulative methane production from mesophilic apigie digestion batch
tests for different SRTs sludge. HRAS: 1.20.KIRSBR: 2 d ¢), 0.8 d ).
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Table 7.7.Ultimate methane production for the different sledgudied in this work.

System SRT (d) Ultimate methane production
(NL CHy-kg'VS-added)
HRAS 1.2 275.6+7.4
HRSBR 0.8 307.8+6.7
2.0 187.2+4.2

7.3.8 EBPR integration in high-rate systems

According to the results presented above, the iateg of EBPR in A-stage systems
could be a favourable option. Operating at SRTsetmw higher than 1 or 2 days does
not seem to decrease the performance severelgsd gtystems and, besides that, PAOs
could enhance COD removal. The extra anaerobiceplvasild not increase the chances

of nitrification appearance provided the aerobicdl'S&not increased.

The results obtained in this chapter have openeg@adissibility of integrating EBPR in a
high rate system (either a HRSBR or in a HRAS) hBiijectives are very ambitious and,
thus, out of the scope of the present thesis. Tovexethis possibility was finally studied
in a single PhD thesis by another member of thearef group. The case of integrating
EBPR in a HRSBR system was studied in Chan (2018, proved that EBPR could be
integrated in an HRSBR system with a short SRT. é&tect minimum value is highly
dependent on the temperature but a value arounah8.8 days may be suitable at room

temperature.

The integration of EBPR in a HRAS system was priglary studied in this thesis and the
results were promising. This research is currecigtinued in the frame of a new PhD
thesis in the group. The preliminary results wdrtamed in the anaerobic/aerobic pilot
WWTP described in section 7.2.4 of materials anthoas (A/O-HRAS) of the present

chapter. Figure 7.10 shows an example of this EBR&Yyration in the period of SRT

around 2-3 days and a DO value of 1 mg/L.
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Figure 7.10.Concentrations C,N and P during the integratioiEBBR in the HRAS
system: COD (A), Phosphate (B) and Ammonium (Ghainfluent @), in the anaerobic
chamber ¢) and in the effluentq).

In general, the results showed that DO had to bevaas possible in order to prevent the

growth of nitrifiers but high enough to not affeaérobic PAO kinetics or sludge
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settleability. Since DO limitation on kinetics ighly relevant, the effect of temperature
is non-negligible and, thus, this parameter hasbé¢o considered and monitored.
Throughout the experimental period, high COD renhaxas reached (87.4 + 4.5%) with
most of the organic carbon depleted in the anaease (more than 80% of total COD
removed) ensuring an oxygen saving (Figure 7.1@A)emoval efficiencies of 84.9 *
3.8% were obtained until day 26, when P-releaseedsed from values around 19 mg
P-L!to 13 mg P-1X and as a consequence, P concentrations in theeffincreased
from 1 mg P-t! to 4 mg P-t! and P-removal efficiency dropped to values of 58.5
12.6% (Figure 7.10B).

Nitrification appearance is the main barrier tovgardaintaining EBPR at low SRT

conditions. In this case, nitrification could béeefively repressed (Figure 7.6C) during
this period without production of nitrite neitheitrate. Therefore, the decrease in P-
removal efficiency since day 26 cannot be attridutenitrate presence in the anaerobic
phase but to a loss of solids in the reactor (Eguv). The solids in both anaerobic and

aerobic chambers decreased to values below 1 gV'SStér day 16.

1.8
= 16 :..U:)r
7))
; 1.2 7 g
: 10' ~—
o +—
*g 0.8 7 §
O 0.6 1 =
Q
8 0.4 9]
> 02 9
OO T T T T T T 0
0 5 10 15 20 25 30 35
Time (days)

Figure 7.7.Solidsconcentration in: anaerobic pha®¢, (aerobic phases] and effluent
(0).
Therefore, further research is currently being cated to find the optimal conditions to

reach a satisfactory EBPR performance at very IBW @ith very low nitrifying activity
and with a sludge with proper settleability chagastics.
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7.4. Conclusions

The continuous HRAS system yielded higher COD reathefficiencies for all fractions
(>60%) when compared to the HRSBR. In this latystem, the particulate COD fraction
never reached the 50% of removal. Similar solidgeat in the effluent was observed for
both systems. Obtaining low COD content and sgiigsence in the effluent of the A-
stage is an essential feature of an A-stage sysiang they affect the performance of the
B-stage.

Mineralization was calculated for the perfect saftlscenario, obtaining values around
20% for the HRSBR, and 41-57% for the HRAS. Hemlce,COD mineralization in the
HRSBR was lower, which enhances the potential gnexgovery of the system, since
more COD could be diverted to anaerobic digestion.

Nitrification was more easily repressed in the HRSBhis is an important factor to

guarantee a suitable ammonia influent concentrdtiothe subsequent B-stage.

Values of Yogs higher than 1 were obtained for both systemscatdig that other non-
biological processes (such as adsorption) occuAg@ consequence, a fraction of COD

was adsorbed in the solids of the effluent and {hreiduction was overestimated.

A dilemma between the two high-rate systems ar8aghe one hand, better results were
obtained with the HRAS in terms of COD removal aadids presence. On the other
hand, the extent of mineralization and the degfedtofication were lower in the case
of HRSBR. Therefore, the HRSBR seems to be thedpisin, because the solids content
in the effluent was similar for both systems anel @OD removal efficiencies could be
improved by increasing the oxygen transfer witheditdy agitation conditions or by
lengthening the aerobic phase. Nevertheless, ammiaption of the SBR cycle
configuration is recommended to demonstrate thgljéey and reliability of the HRSBR

as an A-stage in an A/B configuration.

Finally, this work explored the possibility of impeating EPBR into A-stage systems.
Promising results were obtained using an A/O-HRA&&n{inuous anaerobic-aerobic)

system at SRT of 2.5 £ 0.2 d, in line with the g&R®PR performance obtained by Chan
(2018) in an SBR working at a SRT of 3.5-4 d. THOAIRAS system is currently being

studied by other PhD students in the research group
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The overall results obtained in this thesis conteld to a deeper understanding of the
behaviour of the microbial populations developedainEBPR system using complex

substrates as carbon source and to evaluate thbibsof integrating the EBPR process

in the A-stage of the A/B configuration.

Hence, two blocks of conclusions can be withdravamsaering both objectives

separately:
EBPR performance using complex carbon sources

> A continuous A/O pilot plant was successfully operated using aghdte as
carbon and nitrogen source with simultaneous bic&dd\N and P removal and

high denitrifying PAO activity.

» A microbial community enriched i@omamonadacead hiothrix and a smaller
fraction of Accumulibacterliving off glutamate fermentation products were
obtained. The contribution to P-removal from miegamisms other than
Accumulibactemwas needed to explain the low production of PHA #e lack of
glycogen degradation during the anaerobic phase.

» The microbial community was capable to use botht@iand nitrate as electron
acceptors for P-uptake. A dependence of P-uptate WNIA concentration was
observed: the higher the FNA concentration the tave P-uptake. The process
completely stops when the FNA reach values of NggNO, - L. The mixed
microbial culture seems to be more sensitive toitaitinhibition than other

cultures highly enriched iAccumulibacter

» Higher P-uptake values were achieved when nitraitthé electron acceptor,
however higher P-uptake rates were obtained ustriten

» An SBR performing carbon and P removal and usisgioehydrolysate as carbon
source was operated resulting in a mixed culturelead inTetrasphaerawith
presence oAccumulibacterThis culture was able to uptake different amicids

(arginine, lysine, cysteine, proline and tyrosinajler anaerobic conditions.

» A mixture with the previous five amino acids hasyaergic effect on the bio-P

removal performance.
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» The fermentation products of the amino acids weareeasential feature to
understand the EBPR performance and they couldbeected to the different
involvement of PHA and glycogen in the batch tests.

» The capability to consume casein hydrolisate andxaure of five amino acids
(arginine, lysine, cysteine, proline and tyrosibg}the different cultures is related

to the abundance of a particular clade within theugTetrasphaera

Integration of EBPR process in the A-stage step

> A continuous system and an SBR were compared,robtpbetter results with
the continuous reactor in terms of COD removal solils presence. However,
the extent of mineralization and nitrification wdosver in the case of HRSBR.
Moreover, the sludge from HRSBR achieved higher BMP

> Promising results were obtained using an A/O-HRpSesn at SRT of 2.5 £ 0.2
d.
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ANNEX |







Annex |.1. Carbon storage

The fraction of the carbon stored consumed onbjbdgumulibactewas estimated based
on the average value of COD load and solids praaiucturing the period Il for the A/O
SBR and period V for the 20 pilot plant.

FISH quantification was used to estimate the bionw@ of Accumulibacterin both
systems @ao,rsn= 36% for the SBR andeforish = 49% for the A/O pilot plant,

corresponding these values to the same periodsraéattioned).

The amount of solids removed from the reactor (WASJ!) was calculated with
Equation 1. @ is the purge flowrate (L%, VSS is the concentration of volatile
suspended solids purged (gVSS)LQn is the feed flow (L-d) and VSSiuent is the

solids concentration in the effluent (g VSS)L

WAS = Qp - VSSp + (Qin - Qp) * VSSeffluent 1)

The observed yield for PAOo¥s (gCODx- g*COD) was calculated with equation 2 (G
Tchobanoglous et al., 2003) using the parameteted by (Chan et al., 2017), where
Y is the biomass growth yield coefficient (0.39 gogCOD), ki is the endogenous
decay coefficient (0.067%, SRT is the average sludge retention time inplgods

aforementioned (d) and is the fraction of biomass that remains as cdiridg0.1).

Y

Yobs = m (1 + fd . kd . SRT) (2)

Equation 3 was used to calculatex¥ao, which is the observed yield coefficient
expressed in gVSS?@OD, by using the typical stoichiometric factor 416
gCODx- g'VSS).

Y
Ysxpao = —2= (3)
1.416

Equation 4 was used to estimate the fraction o€O® in the influent that was consumed
by Accumulibacter(%CODrac), Where #aorisHis the fraction of Accumulibacter
detected by FISH (%), and C@Ds the concentration of soluble COD in the influen
(gCOD- LY.

%CODppo = (WAS'f‘;Ai:FC‘g“D)ii Tsxpac . 100 4)

Considering these equations and the values meadurety the period Il for the A/O
SBR and period V for the 20 pilot plant (Table A.1.1), it was estimated that
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Accumulibactercould be responsible of around 77.5% and 45% efatmilable COD
respectively.

Table A.l.1. Average values for the estimation of the fractafnthe carbon stored

consumed only bAiccumulibacter

System SBR AO
Average SRT (d) 15 10

Qp (L-d?h 04+0.1 50+0.1
VSS (g- LY 0.71 £0.05 1.54 +0.36
Qin (L-d?) 19.7+0.1 239 + 17
VSSefiven(g- L) 0.012+£0.001 0.024 £ 0.008
WAS (g-dh) 0.48 £ 0.08 13.4+3.0
frao, FisH(-) 0.36 0.49

Y obs(gCODx- g*COD) 0.22 0.26
Ysxpro(gVSS-¢'COD)  0.16 0.18

CODi (gCOD- LY 0.072+£0.008 0.32£0.06
CODrao (%) 77+21 45+9
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Annex 1.2. Glutamate fermentation pathways

Glutamate is converted via 3-methylaspartate to ama) acetate and butyrate through
the classical pathway (Buckel and Barker, 1974u&éqn 5), although another variant
of this pathway is also reported (equation 6) (BRlcR001):

5 CsHgNO,™ + 6 H,0 + 2 HY — 5 NH} + 5 CO, + 6 C,H;0,” + 2 C,H,0,” + H, (5)

glutamate acetate butyrate

3 C5H8NO4— + 4 Hzo — 3 NHI + 2 COZ + 5 C2H302_ + C3H502_ (6)
N—————
glutamate acetate propionate

The ratios of mole of acetate, propionate and kbigyper mole of glutamate were
calculated for these two reactions:

; mol C mol C
Reaction 30.48 ——acetate gnj( 33 —Durare
mol Cglytamate mol Cglytamate

Reaction 40,67 —2XCacetate 5 5 I Spropionate

mol Cglytamate mol Cglytamate

Assuming an equal contribution for each of the tieas, the average ratios obtained
are:

057 mol Cycetate

mol Cglutamate

0.16 mol Cbutyrate

mol Cglutamate

0.10 mol Cpropionate

mol Cglutamate
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Annex 1.3. Anaerobic balance and stoichiometry ofccumulibater and non-
Accumulibacter PAO

The bibliographic anaerobic yields when the carbouarces are acetic, propionic and

butyric are shown in Table A.1.2.

Table A.1.2.Anaerobic yields obtained from the literature.

Study/Anaerobic yieldsPre/Cupt  PHB/Gypt  PHV/Cypt  Gly/Cupt Carbon source

Welles et al. (2015) 0.64 1.27 0.09 0.29 Acetidaci
Oehmen et al. (2005d) 0.42 0.04 0.55 0.32 Propiacict
Pijuan et al. (2004) 0.22 0.36 0.08 0.49 Butyriclac

Note: All data expressed in mol C-m@l, apart from
Pre/Cupt, Which is expressed in mol P- i@l

The COD distribution was assumed as describedeiséiction 1.1 of this Annex (carbon
storage), while the theoretical anaerobic yieldab{& A.1.2) were corrected with the
average ratios obtained in the section 1.2 of #imex (Glutamate fermentation

pathways) in order to express them per mole obghate (Table A.1.3).

Table A.1.3.Anaerobic yields expressed on glutamate basis

Anaerobic yields R/Cupt PHB/Cupt PHV/Cypt Gly/Cypt  Carbon source
Welles et al. (2015) 0.37 0.73 0.05 0.17 Acetidaci
Oehmen et al. (2005d) 0.04 0.06 0.01 0.08 Propiacic
Pijuan et al. (2004) 0.03 0.004 0.06 0.03 Butydida

Calculated total
contribution
Note: All data expressed in mol C-m@l, apart from
Pre/Cupt, Which is expressed in mol P- i@l

0.44 0.79 0.12 0.28 Glutamate

The total contribution ratios are compared with tieasured ratios in order to study the
contribution of theAccumulibacteand nonAccumulibacteto the EBPR process (Tables
4.9 and 4.10).
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Annex 1.4

Table A.l.4. Enzymes of special interest reported for the maimug under study. Data
for Accumulibactewas obtained from Kristiansen et al. (2013) ardrést of data from
the BRENDA database (Schomburg, 2015).

EC number Accumulibacter Thiothrix Comamonadaceae

Glycolysis

fructose-bisphosphate aldolase 4.1.2.13 Yes Yes
phosphoglycerate mutase 5421 Yes Yes Yes
glucokinase 2.7.1.2 Yes
phosphoglycerate kinase 2.7.2.3 Yes Yes
phosphopyruvate hydratase 42.1.11 Yes Yes
pyruvate kinase 2.7.1.40 Yes Yes
phosphogluconate dehydratase 4.2.1.12 Yes
2-dehydro-3-deoxy-phosphogluconate aldolase 44.2.1 Yes
Gluconeogenesis

fructose-bisphosphatase 3.1.3.11 Yes Yes
Glycogen synthesis

glucose-1-phosphate adenylyltransferase 2.7.7.27 s Ye Yes
glycogen phosphorylase 24.1.1 Yes Yes
Pyruvate metabolism

Pyruvate synthetase 1.2.71 Yes Yes
phosphoenolpyruvate carboxylase 4.1.1.31 Yes Yes
Polyphosphate metabolism

polyphosphate kinase 2.7.4.1 Yes Yes

TCA cycle

Citrate synthase 2.3.3.1 Yes Yes Yes
Aconitate hydratase 4.2.1.3 Yes Yes Yes
Oxoglutarate dehydrogenase 1.2.4.2 Yes Yes
Isocitrate dehydrogenase 1.1.1.41 Yes Yes
Succinate dehydrogenase 1.35.1 Yes Yes Yes
Malate dehydrogenase 1.1.1.37 Yes Yes Yes
PHA synthesis

poly(3-hydroxybutyrate) depolymerase 3.1.1.75 Yes Yes
Amino acid metabolism

Glutamate dehydrogenase 1.4.1.2 Yes Yes
aspartate kinase 2.7.2.4 Yes

aspartate transaminase 2.6.1.1 Yes
aspartate-semialdehyde dehydrogenase 1.2.1.11 Yes
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aspartate ammonia-lyase 43.1.1 Yes
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