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VOORWOORD 

Naast het onderzoekprogramma PNs 1992 van de STOWA, waarin ervaring uit de 
praktijk is verkregen op het gebied van biologische fosfaatveiwijdering op rwzi's, is 
binnen het onderzoekprogramma RWZI 2000 aandacht besteed aan de fundamentele 
kennisopbouw bij biologische defosfatering. 
In dit kader is in onderlinge samenwerking tussen de vakgroep Bioprocestechnologie 
van de Technische Universiteit te Delft en de vakgroep Microbiologie van de 
Landbouwuniversiteit te Wageningen een onderzoeksproject uitgevoerd. Doel van dit 
fundamentele onderzoeksproject was enerzijds de nog bestaande leemtes in de 
microbiële kennis in te vullen en anderzijds deze microbiologische, 
bioprocestechnologische en zuiveringstechnologische kennis en ervaring te combineren 
om te komen tot een onderbouwd ontwerpmodel voor biologische defosfatering. 

Het voorliggende rapport beschrijft de ontwikkeling van een biochemisch gestructureerd 
model voor de biologische fosfaatverwijdering, dat is ontwikkeld door dr.ir. G.J.F. 
Smolders op de Technische Universiteit Delft onder dagelijkse leiding van dr.ir. M.C.M. 
van Loosdrecht en prof.dr.ir. J.J. Heijnen. 

Het onderzoek is financieel ondersteund vanuit de "Stichting Technische 
Wetenschappen" (projectnr. 90212) en het RWZI 2000 onderzoekprogramma (projectnr. 
322514). 

Begeleiding van dit onderzoek en afstemming met de meer praktische biologische 
defosfateringsprojecten heeft plaatsgevonden op zogenaamde "fosfaatdagen", waarbij 
vertegenwoordigers van waterkwaliteitsbeheerders, ingenieursburo's, universiteiten en 
de financiërende instanties betrokken waren 

Lelystad, januari 1995 Voor de Stuurgroep RWZI 2000 

prof.dr. J. de Jong 
(voorzitter) 





SAMENVATTING 

Het in dit rapport beschreven onderzoek had tot doel om een model voor de 
biologische defosfatering op te stellen. Daarnaast diende het onderzoek het inzicht 
in het gedrag van biologische defosfaterende systemen te vergroten. Bij het 
onderzoek is gebruik gemaakt van in het laboratorium gekweekt actief slib dat 
vrijwel uitsluitend uit defosfateerders bestaat. Dit is mogelijk door alleen Acetaat- 
CZV aan het systeem te voeden, en ervoor te zorgen dat alle acetaat onder strict 
anaerobe condities wordt opgenomen. 
Bij het modelleren is getracht om uit te gaan van de biologische basis van het 
proces. Hiertoe wordt het metabolisme van de betrokken microorganismen 
gemodelleerd en gekoppeld met en procesmodel. Het aldus verkregen model bleek 
in staat te zijn om met een set parameters het gedrag van een defosfaterende 
"sequencing batch" reactor te beschrijven. Concentraties van alle van belang zijnde 
verbindingen konden juist worden voorspeld, bij een grote variatie aan condities 
(slibleeftijd 5-20 dagen, wisselende invoer van fosfaat, en tijdens de opstart van het 
systeem wanner competitie met normale heterotrofe organismen van belang is). 
Simultaan is door de IAWQ "task group" modellering actief slib processen een 
voorstel gemaakt voor een model voor defosfatering. Dit model is niet strict op het 
microbiele metabolisme geent. Het metabole model blijkt (ondanks de hogere mate 
van complexiteit) uiteindelijk minder modelparameters te hebben dan het 
voorgestelde model no.2. ~ i t  wordt veroorzaakt doordat een aantal processen op 
metabool aan elkaar gekoppeld kunnen worden. 

I Op basis van het verkregen metabool model is een methodiek voor de evaluatie van 
zuiveringsprocessen opgesteld. Daarbij wordt met name bepaald of (i) de 
hoeveelheid Acetaat-CZV in het influent voldoende is, of (ii) hoeveel Acetaat-CZV 
in een striptank moet worden toegevoegd of (iii) hoeveel fosfaat chemisch moet 
worden geprecipiteerd voor een gewenste effluent fosfaatconcentratie. 

Naast het opstellen van het model zijn enkele punten van belang voor de 
defosfatering naar boven gekomen. 
De fosfaatafgifte-acetaatopname tijdens anaerobe condities wordt sterk beinvloed 
door de heersende pH (bij pH 6-8). Dit betekend dat het meten van de P-afgifte 
snelheid alleen zin indien de pH wordt gecontroleerd. Daarnaast dient bij het 
ontwerp van een striptank in een deelstroomproces de pH als kritische parameter 
te worden meegenomen. 
Het metabolisme van de biologische defosfateerders kon eenduidig worden 
vastgelegd. Glycogeen speelt hierin (naast membraanprocessen) een cruciale rol. 
De maximale P-afgifte blijkt door de beschikbare hoeveelheid glycogeen in de cel 
te worden gelimiteerd. Het lijkt erop dat juist deze lastig te bepalen parameter de 
meest kritisch factor in het polyfosfaatmetabolisme is. Kennis van het glycogeen 
gehalte in de cellen is o.a. van belang bij het ontwerp van een striptank in het 
deelstroomproces. 
Het zuurstofverbruik voor de fosfaatopname is vrij hoog. Dit betekend dat in principe 
middels respirometrie de P-opname snelheid kan worden gemeten. 





1 INLEIDING 

1.1 Algemeen 

Het ontwerpen en bedrijven van biologische zuiveringsinstallaties voor afvalwater wordt 
steeds complexer door de toename van het aantal componenten dat verwijderd dient 
te worden en de steeds hogere eisen die aan het effluent gesteld worden. De aandacht 
richt zich tegenwoordig, naast de verwijdering van organische stof, vooral op de 
biologische verwijdering van stikstof en fosfaat. Om al deze processen optimaal te laten 
verlopen is een gedegen inzicht vereist in de biologische en procestechnologische 
achtergronden. 

In 1990 werd het project modelvorming en optimalisering van de biologische fosfaat- 
verwijdering uit afvalwater gestart. Dit fundamenteel toepassingsgerichte 
onderzoeksproject had tot doel om enerzijds de nog bestaande leemte in de microbiële 
kennis in te vullen en anderzijds de microbiologische, bioprocestechnologische en 
zuiveringstechnologische kennis en ervaring te combineren om te komen tot een 
onderbouwd ontwerpmodel voor het biologische fosfaatverwijderings proces. Dit project 
was een samenwerkingsproject tussen de vakgroep bioprocestechnologie van de TU 
Delft en de vakgroep microbiologie van de LU Wageningen. De resultaten van het 
onderzoek verricht in Wageningen staan vermeld in het rapport RWZI 2000 93-03. Het 
doel van het onderzoek aan de TU Delft was de ontwikkeling van een biochemisch 
gestructureerd model voor de biologische fosfaatverwijdering. 

Gekozen werd voor het maken van een wiskundig model omdat dit een goede manier 
is om de complexe microbiologische informatie hanteerbaar te maken en zodoende 
beter inzicht te krijgen in het complexe gedrag van biologische zuiveringsprocessen. Het 
gebruik van deze modellen is tweeledig: het proces wordt kwantitatief beschouwd 
waardoor er gediscrimineerd kan worden tussen verschillende theorieën aangaande het 
proces; en er kan vooraf gesimuleerd worden wat het effect van bepaalde 
veranderingen op het proces zal zijn. Het model kan dan gebruikt worden om inzicht te 
krijgen bij het ontwerp of om het proces te optimaliseren. Voorwaarde hiervoor is dat het 
model in voldoende mate experimenteel gevalideerd is. 



1.2 Metabole modellering 

De wiskundige beschrijving van microbiële reacties in biologische afvalwaterzuiverings- 
processen is vaak problematisch door de aanwezigheid van een groot aantal 
componenten die van belang zijn in het systeem (bijvoorbeeld een 
afvalwaterzuiveringsproces). Een methode om dergelijke systemen te beschrijven is de 
macroscopische systeembeschrijving. Hierbij wordt een proces beschouwd in termen 
van concentraties van chemische componenten, energie, temperatuur of druk. Twee 
vormen van macroscopische systeem beschrijvingen kunnen onderscheiden worden: 
het 'black box' model en het 'grey box' model. In het 'black box' model wordt het proces 
beschouwd als een zwarte doos die enkel componenten uitwisselt met de omgeving. 
Met andere woorden er wordt uitsluitend naar influent- en effluentwaarden gekeken en 
op basis daarvan wordt getracht een beschrijving van het proces op te stellen. Een 
'black box' model laat zien hoe een systeem zich gedraagt onder bepaalde condities. 
Wat er zich echter precies afspeelt in het systeem blijft onbekend. 

Figuur 1 schematische weergave van 'black box' (links) en 'grey box' (midden en 
rechts) modellen. Ook Qrey box'modellen zijn weer opgebouwd uit 'black 

I box' deelmodellen. 

In een 'grey box' model wordt bestaande kennis m.b.t. deelprocessen in het totale 
proces meegenomen. In tegenstelling tot een 'black box' model waarbij het proces als 
één geheel wordt beschouwd en er alleen naar de in- en uitgaande stromen van een 
proces wordt gekeken, wordt in een 'grey box' model het proces onderverdeeld in 
deelsystemen waarbij kennis aangaande deze deelsystemen kan worden gebruikt. Als 
voorbeeld kan dienen modellen waar het slib als een organisme wordt beschouwd 
('black box') of modellen die de verschillende microbiële populaties, zoals nitrificeerders 
en heterotrofen, in het slib onderscheiden ('grey box'). Aangezien het vaak onnodig, of 
onmogelijk, is om tot in alle details elk proces volledig te beschrijven (denk b.v. aan 
DNA replicatie in de microorganismen of de vele verschillende varianten aan heterotrofe 
microorganismen in het slib) is een 'grey box' model opgebouwd uit een schakeling van 
'black box' modellen (zie figuur 1). In het IAWQ model no. 1 worden de organismen zelf 



als een 'black box' beschreven. Bij het modelleren is het de kunst om gegeven de 
doelen van het uiteindelijk model de juiste mate van complexiteit te vinden. Wanneer 
in een 'grey box' model expliciet het interne metabolisme van de microorganismen 
gespecificeerd wordt, wordt het een metabool model genoemd. 

Bij het formuleren van een metabool model is de eerste stap een goede definiëring van 
de onderdelen van het systeem waarop het model betrokken wordt. In een metabool 
model zijn dat de metabole reacties die zich afspelen in het organisme. Daarnaast is 
voor de analyse van het systeem de definiëring van de stoichiometrie en kinetiek van 
deze reacties van groot belang. Met stoichiometrie van een reactie wordt de verhouding 
tussen de hoeveelheid verbruikt reactant en gevormd produkt bedoeld. De kinetiek van 
een reactie bepaald de reactiesnelheid en de afhankelijkheid van de componenten die 
daarop van invloed zijn. Om tot een goede definitie van stoichiometrie en kinetiek in 
staat te zijn moet er dus eerst bekend zijn welke relevante reacties zich afspelen in het 
systeem. 
Het gebruik van een metabool model heeft een aantal voordelen. Eén van de voordelen 
is het feit dat de interne deelprocessen waarop het model gebaseerd wordt, minder aan 
verandering onderhevig zijn dan het systeem als geheel. Hoewel de externe 
omstandigheden van een microorganisme sterk kunnen veranderen, probeert het micro- 
organisme doorgaans zijn interne condities zo veel mogelijk constant te houden. Verder 
zijn de deelsystemen zoals gedefinieerd in een metabool model doorgaans eenvoudiger 
te beschrijven dan het gehele systeem en vaak al redelijk goed bekend en onderzocht 
in de microbiologie en biochemie. In een metabool model wordt de fysiologie van het 
microorganisme beschreven middels een gelimiteerd aantal universele metabole 
processen (b.v. biomassa vorming of energie produktie). In al deze processen spelen 
ATP (energie drager) en NADH2 (betrokken bij de reductieloxydatie reacties) een rol. 
Doordat een balans over deze stoffen kan worden opgesteld kunnen de diverse 
metabole processen aan elkaar gekoppeld worden. Extra voordeel is dat deze 
componenten niet gebruikt of gevormd worden. Hierdoor dient de balans uiteindelijk 
altijd op nul uit te komen. Vanuit thermodynamisch oogpunt beschouwd zullen de 
diverse metabole processen een bepaalde minimale energiebehoefte hebben, waarbij 
micro-organismen door selectie trachten hun efficiency te verhogen om zo dicht 
mogelijk bij dit minimum te komen. De energie die voor de metabole processen 
benodigd is kan daardoor min of meer constant verondersteld worden. 

Samenvattend, maakt een metabool model maximaal gebruik van kennis omtrent de 
metabole reacties van het organisme waardoor het model gedefinieerd wordt op basis 
van een minimaal aantal parameters. De basis van het model is daardoor onafhankelijk 
van de procescondities of concentraties en kan dus constant veronderstelt worden. Een 
metabool model biedt in feite een goede methode om zoveel mogelijk biochemische 
kennis mee te nemen op een relatief eenvoudige manier, hetgeen leidt tot een minimaal 
aantal parameters. 



De reden om een metabool model op te stellen in het geval van de biologische fosfaat- 
verwijdering is dat het een complex proces is dat grotendeels gebaseerd is op interne 
opslagprodukten en reacties en een benadering op metabool niveau noodzakelijk 
maakt. 

In hoofdstuk 2 zal uitgelegd worden hoe het model werkt en hoe het gebruikt kan 
worden. In Hoofdstuk 3 vindt een analyse plaats van de fosfaatvenuijdering en 
acetaatbehoefte van verschillende procesconfiguraties. In de bijlagen is gedetailleerd 
beschreven hoe de stoichiometry, en de kinetiek zijn gevonden en hoe de 
modelvalidatie heeft plaatsgevonden. 



2.1 

Rele 
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Opzet 

vante compon 
In tabel I zijn de relevante componenten die een rol spelen in de biologische fosfaat- 
verwijdering weergegeven met hun chemische formule. Alle substraten en polymere 
verbindingen zoals biomassa, PHB, polyfosfaat en glycogeen worden weergegeven per 
mol koolstof of fosfaat, wat de berekeningen eenvoudig maakt. Om dezelfde reden 
worden alle componenten electroneutraal weergegeven. 

Tabel 1. Relevante componenten voor de biologische fosfaatvenuijdering. 

Component Symbool Elementen Component Symbool Elementen 
compositie compositie 

acetaat s CH,O glycogeen g1 CHf.6700.83 

fosfaat P HP34 ammonium n NH3 

biomassa X CH2.&, 54N0~0po.0,~ zuurstof o 0 2  

PHB phb CHI 500.5  koolstof C co2 

1 PO~YP PP HPO, water W H20 

Biomassa fracties 
De biologische fosfaatverwijdering is een 
va n de meer complexe MLSS I 
afvalwaterzuiveringsprocessen, omdat 
het grootste deel van de omzettingen 
plaatsvindt op intern opgeslagen 
substraten en produkten. Het slib bestaat 
dus niet alleen uit actieve biomassa maar 
ook uit "inerte" componenten zoals PHB Figuur 2 Biomassa compositie en de 
en polyfosfaat. Een accurate relatie met totaal droge stof 

(MLSS) en organisch stof (VS) 
modelbeschrijving dient daardoor 
onderscheidt te maken tussen actieve 
biomassa en opslagproducten. Eveneens moeten deze opslagproducten zoals 
polyhydroxybuîyraat (PHB), polyfosfaat en glycogeen dus apart worden beschouwd in 
het model. Een voorbeeld van de verhouding tussen droge stof (MLSS), organische stof 
(VSS), as, opslagcomponenten en actieve biomassa voor het geval dat vrijwel alle 
organismen in het slib polyP-organismen zijn, is gegeven in figuur 2.  De MLSS en VSS 
zijn typische afvalwaterparameters die eenvoudig experimenteel te bepalen zijn, maar 
niet veel informatie geven over de samenstelling van de biomassa. Die is echter juist 



in het geval van de biologische P-verwijdering erg essentieel. De direct meetbare droge 
stof concentratie, is in feite een mengsel van PHB, polyfosfaat, glycogeen en actieve 
biomassa. Het organisch stof gehalte is het totaal van de fracties PHB, glycogeen en 
actieve biomassa, zonder de as. Het as-gehalte bestaat uit as van de biomassa (5-10%) 
en polyfosfaat. De PHB-, polyfosfaat- en glycogeenfracties veranderen sterk tijdens de 
omzettingen in de anaërobe en aërobe fase. De interne componenten (f,; PHB, polyP, 
glycogeen) worden weergegeven als de verhouding van het opslagproduct (C,) en 
actieve biomassa (C,). 

Het waargenomen totale organische stof gehalte in het proces is de som van de 
concentraties van actieve biomassa, PHB, polyP en glycogeen. 

2.2 Stoichiometrie 

Anaëroob 
In de anaërobe fase van de fosfaatverwijdering, wordt acetaat opgenomen en omgezet 
naar PHB. Hierbij wordt energie (ATP) geproduceerd in de omzetting van polyfosfaat 
naar ortho-fosfaat. Daarnaast wordt ook energie gegenereerd in de omzetting van 
glycogeen naar PHB (0.25 mol ATPIC-mol HAc). Deze omzetting (die in de cellen plaats 
vindt) is noodzakelijk omdat het NADH2 oplevert, hetgeen nodig is voor de omzetting 
van acetaat naar PHB. De acetaatopname is verdeeld in een transportproces over het 
celmembraan en een opslagproces, waarbij de energie die nodig is voor het transport 
van acetaat sterk afhankelijk is van de pH waarde (figuur 3). Bij lage pH is er vrijwel 
geen energie benodigd voor het transport van het acetaat. Er is bij lage pH (ongeveer 
6) alleen energie nodig voor de omzetting van acetaat naar acetylCoA (een tussenstap 
in de vorming van PHB). Deze energie behoefte komt overeen met 0.5 mol Fosfaat per 
mol Acetaat. Bij hoge pH (ongeveer a), is 0.5 mol ATPIC-mol acetaat nodig voor de 
opname van acetaat in de cel. Het gevolg is dan ook een relatief hogere fosfaat afgifte. 
Bij tussenliggende pH's neemt de energie behoefte proportioneel toe. 



De stoichiometrie van de anaërobe fase kan worden beschreven met slechts één 
metabole coëfficiënt (a,; de ATP behoefte voor Acetaat transport over de 
celmembraan), deze coëfficiënt bepaalt de verhouding tussen de fosfaat afgifte en de 
acetaat opname onder anaërobe condities (zie voor meer details appendix I). De 
waargenomen fosfaatlacetaat verhouding laat een variatie zien van 0.25 tot 0.75 P- 
molIC-mol (of 0.6 tot 2 mg Plmg HAc) in een pH traject van 5.5 tot 8.5 (figuur 4). De 
overall stoichiometrie bij pH 7 is gegeven in reactie 1 van tabel 2. Tijdens de anaërobe 
fase wordt voorzien in de energie benodigd voor onderhouds(maintenance)processen 
door hydrolyse van polyfosfaat, zoals weergegeven in reactie 2 (Tabel 11). 

Anaeroob 
i c-MI mc 

Aeroob 

Figuur 3 Schematische weergave van het metabolisme van polyfosfaat bacteriën 
tijdens de anaërobe en aërobe fase van een biologisch 

Figuur 4 De pH afhankelijkheid van de verhouding tussen P-afgifte en Acetaat 
opname onder anaërobe condities. 

l 



Aëroob 
In de aërobe fase (figuur 3) wordt PHB gebruikt voor de productie van biomassa, de 
opname en opslag van fosfaat, de synthese van glycogeen en onderhouds- of 
'maintenance' processen. In de catabole omzetting van PHB en de vorming van 
biomassa en glycogeen, wordt NADH gevormd dat vervolgens geoxideerd wordt in de 
oxidatieve fosforylering naar ATP (O, de P I0  ratio, deze ratio geeft weer hoeveel ATP 
er gevormd wordt per eenheid verbruikt zuurstof). Het gevormde ATP wordt verbruikt 
in de verschillende metabole processen: biomassa vorming (K), glycogeen produktie, 
onderhouds- of 'maintenance' processen, Fosfaatopname en synthese van polyfosfaat. 
Voor al deze processen kunnen reactie vergelijkingen worden opgesteld. Deze reacties 
verlopen allen met een eigen snelheid. Door gebruik te maken van het behoud van 
elementen, NADH en ATP, (geen van deze stoffen wordt netto geproduceerd of 
verbruikt in het totale proces) kan aangetoond worden dat er slechts 4 onafhankelijke 
reacties in het aërobe metabolisme zijn met drie onafhankelijke stoichiometrische 
parameters (K, E, 6) .  Door gebruik te maken van experimenteel gevonden waarden 
(appendix II) worden de reactievergelijkingen gevonden zoals weergegeven in tabel 2. 

O. 0 O. 5 1.0 1.5 2. O 2.5 
time (h) 

Figuur 5 Zuurstofconsumptiesnelheid in aan- (m) en afwezigheid (A) van fosfaat; 
(+) fosfaatconcentratie. 
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Figuur 6 Verhouding tussen het specifieke zuur- 
stofverbruik en de opname van fosfaat. 

De energie die benodigd is voor de opname en opslag van fosfaat als polyfosfaat, werd 
bepaald in een experiment waarbij de zuurstofconsumptiesnelheid van polyP organis- 
men in aan- en afwezigheid van fosfaat werd gemeten (figuur 5). De extra hoeveelheid 
zuurstof geconsumeerd in het experiment in aanwezigheid van fosfaat is een maat voor 
de energie (ATP) benodigd voor de polyfosfaatsynthese. Dit experiment laat daarom 
rechtstreeks de energiebehoefte van het fosfaatmetabolisme zien. De initiële condities 
zijn gelijk in beide experimenten, en ook de biomassa- en glycogeenproduktie in beide 
experimenten was vergelijkbaar. In het experiment in aanwezigheid van fosfaat, vindt 
een verhoogde zuurstofconsumptie plaats zolang als er fosfaatopname is. De extra 
zuurstofconsumptie was lineair met de fosfaatopname met een verhouding (oftewel 
yield) van 0.31 mol OJP-mol in reactie 4 (figuur 6). 

Er kan een relatie tussen de zuurstofconsumptie en ATP produktie afgeleid worden 
omdat bekend is dat er voor de synthese van 1 mol polyfosfaat 1 mol ATP benodigd is 
(Kulaev, 1979). In feite kan daarmee 6, de P I 0  ratio, worden afgeleid. Met deze waarde 
voor 6, kunnen de maximale yieldwaarden voor groei en glycogeenproductie op PHB 
worden berekend. De maximale yieldwaarden voor biomassa-, polyfosfaat- en 
glycogeenproduktie zijn afhankelijk van elkaar omdat ze gekoppeld zijn via de 
oxydatieve fosforylering. (appendix 11). 



Tabel 2 Metabole reacties tijdens de anaërobe en aërobe fase van een 
biologische fosfaatvenuijderingsproces. 

Anaërobe fase 

R, Acetaatopname - CH20 - 0.5 CH,,,,O,, - 0.37 HPO, 
+ 1.33 CH,,O,,+ 0.17 CO, + O 37 H-PO, + 0.05 H,O = 

o 

R, Onderhoudsenergie - HPO, - H,O + H,PO, = O I 
Aërobe fase 

R, Biomassavorming -1 37 CH, 5005 - O 20 NH3 - O 015 H,P04 - O 42 O2 
+ CH2,,0,,N,,,P + O 37 CO, + O 305 H,O= O 

R, Fosfaatopname - O  27 CH,,O,, - O 31 0, -H,PO, + HPO, + O 27 CO, + 1 20 H,O = O 

R, Glycogeenvormmg -1 12 CH,,O,, -O 26 0, +CH,,,O,, + 0 12 CO, + O 007 H,O= O 

R, Onderhoudsenergie - CH, -O,, - 1 125 0, + CO, +O 75 H,O = O 

Het metabolisme van de anaërobe en aërobe fase van de biologische P-verwijdering 
zijn dus in totaal afhankelijk van 4 fundamentele biochemische coëfficiënten (a,, 6, K, 
E) die eerder experimenteel bepaafd zijn (Smolders 1994b). De stoichiometrie van de 
4 aërobe reacties werd berekend aan de hand van de gevonden waarden voor de 
metabole coëfficiënten en is weergegeven in tabel 2. 

Met de stoichiometrie van anaërobe en aërobe fase kunnen de conversies van alle 
componenten tijdens een cyclus van de biologische fosfaatverwijdering berekend 
worden. Wanneer een systeem in steady state is moet de situatie aan het begin van de 
cyclus steeds identiek zijn aan de vorige cyclus. Omdat bekend is hoeveel slib 
afgevoerd gaat worden in elke cyclus (afhankelijk van de slibleeftijd) is bekend hoeveel 
biomassa glycogeen en polyfosfaat geproduceerd gaat worden. Een voorbeeld van de 
omzetting van 1 C-mol Acetaat is weergegeven in figuur 7 voor een slibleeftijd van 8 
dagen. Opvallend is dat voor de 4 aërobe processen (maintenance, groei, glycogeen 
en polyfosfaat) ongeveer evenveel zuurstof benodigd is. 
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Figuur 7 Conversies (in C-mol) tijdens de anaërobe en aërobe fase van de 
biologische fosfaatverwijdering, na toediening van l C-mol acetaat, SRT 
8 dagen. 

2.3 Kinetiek 

De conversiesnelheden van alle componenten tijdens de anaërobe en aërobe fase 
kunnen worden berekend wanneer de snelheden van reactie R, , van tabel 2 bekend 
zijn. De stoichiometrie van deze reacties kan worden weergegeven in een stoichiometrie 
matrix a, waarbij de relevante componenten staan weergegeven in de rijen, en de 
stoichiometrie van de reacties in de kolommen. We krijgen nu twee stoichiometrische 
matrices a, één voor de anaërobe fase d" en een voor de aërobe faseat+ . De 
conversiesnelheden van de componenten kunnen weergegeven worden met de vector 
r, waarbij de subscripts analoog zijn aan de componenten genoemd in tabel 1. 



(2) 
De specifieke snelheden (op actieve biomassa basis ofiewel uitgedrukt in mol per C-mol 
biomassa per uur) voor reactie R, , kunnen weergegeven worden met de vector q. Dat 
levert twee vectors, q"" en q""', voor de anaërobe en aërobe fase op. 

Anaëroob 
De vector q"" beschrijft specifieke snelheden op actieve biomassabasis van reactie R, 
en R, gedurende de anaërobe fase. De overall waargenomen snelheid van R, is gelijk 
aan de acetaat opnamesnelheid q, terwijl de snelheid van reactie R, bepaald is door de 
maintenance coëfficiënt m,,. 

De specifieke acetaatopname snelheid wordt bepaald door de acetaat concentratie 
volgens de Monod relatie. De anaërobe maintenance coëfficiënt m,, is constant 
veronderstelt en uitgedrukt als mol fosfaatIC-mol bi0massa.h. 

Aëroob 
De vector p beschrijft de snelheden van reactie R, tot R, (eq 4). De reactiesnelheid 
van R,, de productiesnelheid van biomassa, wordt bepaald door de groeisnelheid p, 
terwijl de synthese van polyfosfaat (R,) en glycogeen (R,) respectievelijk bepaald zijn 
door q,, en q,,. De aërobe maintenance (R,) is beschreven met m,,,. 



Alle conversiesnelheden kunnen nu worden berekend volgens: 

De concentraties tijdens de anaërobe en aërobe fase van de SBR kunnen worden 
berekend door integratie van vergelijking (4) over de totale lengte van de anaërobe en 
aërobe fase. 

De conversiesnelheden voor PHB en zuurstof tijdens de aërobe fase worden alsvolgt 
gegeven: 

Slechts vier kinetische relaties zijn dus tijdens de aërobe fase benodigd (groeisnelheid 
p, polyfosfaatsynthese snelheid q,,, glycogeen productie snelheid q , en de 
maintenance coefficient m,,,) om de conversiesnelheden van alle andere componenten 
te beschrijven. In Appendix VI is dit model en de bijbehorende parameters opgenomen 
in IAWQ format, daarbij zijn de conventionele dimensies (mg P, mg CZV) gebruikt. 

De groei van polyP-organismen wordt bepaald door het PHB-gehalte van de cellen, dat 
vaak ook het enige beschikbare substraat is tijdens de aërobe fase. De groeisnelheid 
van de organismen wordt verondersteld afhankelijk te zijn van dit PHB-gehalte en wordt 
beschreven met eerste orde kinetiek. De groeisnelheid wordt uitgedrukt als C-mol 
actieve biomassa geproduceerd per C-mol actieve biomassa per uur. 



De specifieke synthesesnelheid van polyfosfaat (q,,) is afhankelijk van een drietal 
factoren: de externe fosfaatconcentratie (C,), het PHB gehaltg, (f ) en het 
polyfosfaatgehalte (f,). De polyfosfaat synthesesnelheid hangt af van de fractie 
polyfosfaat dat reeds in de cellen ligt opgeslagen. De fosfaatopname capaciteit van 
polyP-organismen is beperkt tot op zekere hoogte. Wanneer het maximale 
polyfosfaatgehalte (f,,max) van de cellen is bereikt zal de opnamesnelheid van fosfaat nul 
worden. Het maximale polyfosfaatgehalte van polyP-organismen dat werd 
waargenomen ligt in de buurt van 0.32-0.38 mgPlmgVSS. Een maximum van 0.3 P- 
molIC-mol voor f,,""" werd gebruikt in het model. 

Glycogeen is een essentiele component van het anaërobe metabolisme. Als er een 
tekort aan glycogeen is kan de anaërobe opname van acetaat stoppen, door een 
gebrek aan NADH in de omzetting van acetaat naar PHB. Om een tekort aan glycogeen 
tijdens de anaërobe fase te voorkomen is het waarschijnlijk dat de produktie van 
glycogeen zodanig geregeld is dat een bepaald maximum nagestreeft wordt. Bovendien 
is dit maximum afhankelijk van het PHB gehalte dat in de cellen in de anaërobe fase 
wordt aangetroffen 

Ter verduidelijking is het goed om hier te stellen dat de kinetiek zoals die in het model 
wordt gebruikt gekozen is op basis van eenvoud een slechts empirisch bepaald is. Er 
getracht middels de meest eenvoudige set vergelijkingen een consistente set 
parameters te verkrijgen waarmee alle experimentele data kunnen worden verwerkt. 



2.4 Materialen en Methoden 

Filling Anaerobicperiod Aerobicperiod Settlingperiod 
2.25 h 2.25 h 1.5 h 

Figuur 8. Bedrijfsvoering van de sequenced batch reactor (SBR) 

Het onderzoek werd uitgevoerd in een sequencing batch reactor (SBR) met een volume 
van 2 liter, bij 20 C en pH 7. De reactor werd bedreven met een cyclustijd van 6 uur 
waarvan 2.25 uur anaëroob, 2.25 uur aëroob en 1.5 uur bezinking (figuur 8). Biologisch 
P-verwijderend slib werd gebruikt als ent. Gesteriliseerd synthetisch afvalwater werd 
gebruikt als influent met acetaat als substraat. Een liter influent met 400 mg CODII, 28 
mg NI1 en 15 mg PI1 werd bu elke start van een nieuwe cyclus toegevoegd en effluent 
werd weggepompt aan het eind van een cyclus. Aan het eind van de aërobe fase werd 
slib weggepompt, afhankelijk van de gewenste slibleeftijd. Omdat al het acetaat in de 
anaërobe fase volledig werd omgezet, vond er alleen accumulatie plaats van 
organismen die in staat zijn tot anaërobe acetaatconsumptie. Nitrificatie vond niet 
plaats, hetgeen gecontroleerd middels metingen van zowel nitriet als nitraat. 



2.5 Resultaten 

Figuur9 Gemeten en berekende concentraties tijdens een cyclus van het 

o I 2 3 4 
Cycie time (h) 

e - o 1 2 3 4 
Cyck h e  (h) 

fosfaatvemijderingsproces. 
Links (a): Acetaat en Fosfaat: Rechfs (b) PHB en Glycogeen. 

De stoichiometrische parameters werden bepaald zoals vermeld in appendix I en II, en 
zijn weergegeven in tabel 2. De kinetische parameters werden bepaald door meerdere 
cycli in de SBR te volgen waarbij zowel de anaërobe als aërobe fase intensief 
bemonsterd werden. Dit is beschreven in appendix III. In tabel 3 staan de waarden van 
de kinetische parameters vermeld. 

In figuur 9a worden zowel de berekende acetaat- en fosfaatconcentraties tijdens de 
anaërobe en aërobe fase als de PHB- en glycogeenconcentraties (9b) vergeleken met 
de metingen tijdens een cyclus. De PHB-consumptie tijdens de aërobe fase is een 
gevolg van de gelijktijdige biomassa-, polyfosfaat- en glycogeensynthese en 
maintenance. 

De anaërobe maintenance coefficient werd bepaald uit de anaërobe fosfaat afgifte in 
afwezigheid van een koolstofbron (appendix 111). De aërobe maintenance werd bepaald 
uit de endogene zuurstofconsumptiesnelheid (appendix 11). 

De zuurstofconsumptiesnelheid tijdens de aërobe fase werd gemeten met een 
respirometer (appendix 11). De zuurstofconsumptiesnelheid is proportioneel met de 
snelheid van de oxidatieve fosforylering, de productie van ATP, en geeft de snelheid 
van de interne processen weer. De waargenomen zuurstofconsumptiesnelheid is 
daarom gelijk aan de som van de zuurstof gebruikt voor groei, polyfosfaat synthese, 
glycogeen productie en maintenance (zie vergelijking 8). Figuur 10a laat het 
samengestelde zuurstofverbruikssneIheid tijdens de aërobe fase zien. De 



zuurstofconsumptiesnelheid en het cummulatieve zuurstofverbruik werden gebruikt voor 
het modelmatig vaststellen van de parameters voor groei, polyfosfaat en glycogeen 
synthese. 

De onderste curve in figuur 10a is de berekende bijdrage in de zuurstofconsumptie 
tengevolge van groei en maintenance, de middelste tengevolge van glycogeensynthese 
en de bovenste is de totale zuurstofconsumptie snelheid inclusief het verbruik voor de 
fosfaatopname en polyfosfaatsynthese. Analoog aan de zuurstofconsumptie, kan ook 
de bijdrage van groei, polyfosfaat en glycogeen synthese in het PHB verbruik berekend 
worden, wat is weergegeven in figuur lob. Het is duidelijk dat alleen een klein deel van 
de PHB gebruikt wordt voor de opname van fosfaat en synthese tot polyfosfaat, terwijl 
de zuurstofconsumptie sterk beïnvloed wordt door de P-opname 
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Figuur 10 Bijdrage van groei, polyfosfaat- en glycogeensynthese in de totale 
zuurstofverbruikssnelheid (links, a) en PHB conversie (rechts, b) 

Effect van verschillende fosfaatconcentraties 
Om het effect van verschillende fosfaatconcentraties op het zuurstofverbuik en de 
fosfaatopnamesnelheid te onderzoeken, zijn experimenten uitgevoerd bij verschillende 
initiële fosfaatconcentraties in een range van O tot 6.10-3 P-molll. Deze experimenten 
zijn gebruikt om de voorspellingen, verkregen op basis van het model, te toetsen. Het 
effect op de zuurstofverbuikssnelheid tijdens deze experimenten is weergegeven in 
figuur 11. 

Validatie van het model onder dynamische condities 
Fosfaatverwijderende organismen groeien tijdens aërobe omstandigheden op intern 
opgeslagen PHB. De vraag is hoe bij deze organismen de groeisnelheid is geregeld. Bu 
de biologische fosfaatveiwijdering in een sequencing batch reactor wordt de 



biomassaconcentratie bepaald door de balans tussen de slibafvoersnelheid aan het 
eind van het proces en de biomassaproduktie tijdens de aërobe fase. De groeisnelheid 
tijdens de aërobe fase is afhankelijk van het PHB-gehalte van de cellen, dat 
voornamelijk bepaald wordt door de verhouding tussen acetaattoevoer en biomassa 
aanwezig in de reactor, de specifieke acetaatbelasting. Een hoge belasting zal leiden 
tot een hoog PHB-gehalte en daardoor tot een hoge groeisnelheid. De relatie tussen de 
slibafvoersnelheid en de biomassaconcentratie beïnvloed bovendien de fracties van 
polyfosfaat en glycogeen in grote mate. 

t ime (n) 

1 1 

Figuur 10 Toetsing van het model: gemeten en berekende zuurstofve~uikssnelheid 
tijdens experimenten met verschillende initiële fosfaatconcentraties. 

Het metabole model werd getoetst door te onderzoeken of het in staat was de 
conversies te beschrijven van het proces bij een aantal verschillende slibleeftijden. Het 
bleek dat een enkele set parameters in staat was de conversies van alle reacties als 
functie van de slibleeftijd te beschrijven. Daarnaast beschreef het model met deze 



parameterset de dynamica van alle componenten tijdens de anaërobe/aërobe cyclus. 
Met het verhogen van de acetaatlbiornassa verhouding daalt de biomassaconcentratie 
en daarmee de hoeveelheid polyP in de reactor. Daardoor wordt op een gegeven 
moment het polyfosfaat limiterend voor de opname van acetaat en is de maximale 
gemiddelde groeisnelheid bereikt. Dit punt ligt bij een cyclusverdeling zoals gebruikt in 
dit onderzoek bij een groeisnelheid van 0.04 h-'. Dit komt overeen met een slibleeftijd 
van 1 dag. 
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Figuur 11 PHB gehalte aan het eind van de anaërobe en aërobe fase als functie van 
de biomassaconcentratie, De lijnen zijn de modelvoorspellingen voor de 
anaërobe en aërobe fase. 

Opstart 
Het model werd opgesteld onder condities waarbij een stabiele biomassaconcentratie 
was verkregen. Vervolgens werd aangetoond dat het metabole model in staat is de 
dynamische omstandigheden die ontstaan tijdens de opstart van het proces in aan- en 
afwezigheid van heterotrofe organismen te beschrijven met dezelfde set parameters die 
eerder bepaald was, op de acetaatopnamesnelheid na. In een SBR werden 
experimenten uitgevoerd waarbij de verrijking van het slib met polyP-organismen werd 
gevolgd nadat een populatie met heterotrofe organismen beënt werd met een kleine 
hoeveelheid polyP-organismen. Het effect van verschillende influenttoevoerpatronen 
voor acetaat en fosfaat werd bestudeerd. De hoogste groeisnelheid van de polyP- 
organismen die in deze experimenten werd waargenomen was 0.1 h-' terwijl de hoogste 
gemiddelde groeisnelheid over de gehele aërobe fase 0.045 h-' was. Tijdens de opstart 
wordt de groeisnelheid van de polyP-organismen bepaald door de aanwezigheid en 
concentratie van acetaat. De groeisnelheid bleek verder gelimiteerd te worden door de 



aanwezigheid van het polyfosfaat, dat op zijn beurt afhankelijk is van de 
fosfaatopnamesnelheid tijdens aërobe omstandigheden. De aanwezigheid van 
heterotrofe, geflocculeerde organismen die geen polyfosfaat ophopen verstoort de 



3 STEADY-STATE ANALYSE VAN DE FOSFAATVERWIJDERINGS- 
CAPACITEIT EN ACETAATBEHOEFTE VAN HOOFDSTROOM- EN 
DEELSTROOMPROCESCONFIGURATIES 

3.1 Inleiding 

Het ontwerp van biologische P-verwijderende installaties is vaak problematisch door het 
grote aantal mogelijke procesconfiguraties, de hoge mate van complexiteit van het 
fosfaatvenvijderingsproces en de uitgebreide modellen die een groot aantal parameters 
gebruiken om het proces te simuleren. In de laatste decennia werden vele verschillende 
procesconfiguraties ontwikkeld voor de biologische fosfaatverwijdering. De eerste stap 
in het ontwerp van een P-verwijderende installatie is de keuze van een geschikte 
procesconfiguratie bij een bepaald afvalwater. Een duidelijk en snel concept om 
verschillende procesconfiguraties met elkaar te kunnen vergelijken is daarom benodigd 
in deze fase. De procesconfiguraties voor de P-verwijdering kunnen worden 
ondewerdeeld in hoofdstroom- en deelstroomprocessen, wat aangeeft of de anaërobe 
fase benodigd voor de P-verwijdering zich bevindt in de hoofd of deelstroom van het 
proces. Belangrijke punten in de evaluatie van het systeem zijn de verwachte 
fosfaatverwijderingscapaciteit van de reactor en de CZV behoefte van het systeem om 
volledige P-verwijdering te krijgen. 

Complexe dynamische modellen voor het ontwerp van biologische fosfaatverwijderende 
systemen zijn ontwikkeld, gebaseerd op de aannamen voor de mechanismen van de 
P-verwijdering. Recentelijk bracht de IAWQ "Task group modelling activated sludge 
processes" model no. 2 uit. Dit model is een uitbreiding van het eerder gepubliceerde 
model no. 1 (dat alleen C A I  en N eliminatie beschrijft) met biologische 
fosfaatverwijdering. Dit model is vooral vanuit een black box benadering opgesteld. Met 
bekende biochemische mechanismen wordt maar ten dele rekening gehouden. Het 
model zoals in dit rapport beschreven (zie hoofdstuk 1) is wel gebaseerd op bekende 
biochemische processen. Al deze dynamische modellen zijn vrij complex en gebruiken 
een groot aantal stoichiometrische en kinetische parameters. Voor het ontwerp van 
biologische P-verwijderende installaties zijn in eerste instantie niet al deze complexe 
modellen nodig. In dat geval is slechts een steady state benadering die alleen op 
stoichiometrie is gebaseerd nodig. 

Voor het dimensioneren van zuiveringsprocessen is de traagste stap in het proces 
bepalend voor de grootte van de benodigde reactoren. In een biologische 
fosfaateliminatieproces zijn de defosfaterende organismen vaak niet de 
snelheidsbeperkende stap. De lengte van de anaërobe fase wordt veelal bepaald door 
de snelheid waarmee influent-CZV in vetzuren worden omgezet door fermentatieve 



bacteriën. De lengte van de aërobe periode wordt bepaald door de nitrificatie snelheid. 
Dit betekend dat alleen een stoichiometrische berekening vereist is om de 
fosfaatverwijderingscapaciteit en de acetaat-CZV-behoefte te berekenen (Acetaat vormt 
het hoofdproduct van een verzuringsproces). Dit betekend dus dat alleen een steady 
state model nodig is om de P-eliminatie capaciteit te kunnen berekenen als functie van 
de Acetaat-CZV in het influent (of in een deelstroomproces gedoseerd wordt). 

Een steady state model voor de schatting van de effluentfosfaatconcentratie van een 
hoofdstroom systeem werd voor het eerst ontwikkeld door Wentzel (1990) als een 
simplificatie van het dynamische model. Maurer en Gujer (1994) ontwikkelden een 
statisch model voor de berekening van de effluentfosfaatconcentraties van een P- 
verwijderend proces waarbij het fosfaatgehalte van de cellen constant veronderstelt 
wordt. Enkel de maximale P-opname capaciteit wordt berekend met dit model. Beide 
analysemethoden zijn beperkter bruikbaar dan de analyse die in dit hoofdstuk 
beschreven wordt. 

3.2 Doel 

Het doel is een methode te ontwikkelen om verschillende procesconfiguraties te kunnen 
vergelijken met betrekking tot de P-opnamecapaciteit en CZV-behoefte voor de P- 
verwijdering op basis van de influentkarakteristieken. Drie verschillende P- 
verwijderende procesconfiguraties zullen daarbij beschouwd worden. Gebaseerd op de 
fosfaatconcentratie van het influent en de systeemconfiguratie zal de benodigde 
concentratie polyP-organismen in het systeem berekend worden. Daarna kan de 
benodigde hoeveelheid acetaat voor de groei van deze organismen worden bepaald. 
Deze benodigde acetaatconcentratie kan vergeleken worden met het acetaat-CZV in 
het influent. De werkelijke acetaatconcentratie in het influent kan bepaald worden 
middels directe meting middels gaschromatografie. Daarnaast kan door een meting van 
de P-afgifte in een batchtest een schatting worden gemaakt van de hoeveelheid 
acetaat-CZV die via fermentatie beschikbaar kan worden gemaakt voor de 
defosfaterende microorganismen. Indien er geen gedetailleerde gegevens beschikbaar 
zijn kan voor een eerste inschatting de hoeveelheid snel biodegradeerbaar C A I  als 
maat voor de beschikbare Acetaat-CZV worden genomen. Indien het in het influent 
aanwezige acetaat-CN niet voldoende is kan berekend worden hoeveel acetaat er aan 
het proces zou moeten worden gedoseerd voor een optimale P-eliminatie. De term C A I  
die in de tekst hieronder gebruikt wordt slaat steeds op acetaat-CZV. De waarden van 
de stoichiometrische parameters die bepaald werden bij de ontwikkeling van het 
metabole model worden gebruikt als uitgangspunt voor de steady state vergelijking van 
verschillende procesconfiguraties. 



3.3 Procesconfiguraties 

Drie basisconfiguraties voor de biologische fosfaatverwijdering zullen beschouwd 
worden in dit verhaal (figuur 13). Dat zijn het hoofdstroom proces, het 
hoofdstroom/stripper-proces en het deelstroomproces. Een hoofdstroom- en 
deelstroomproces zijn genoemd naar de plaats van de anaërobe reactor benodigd voor 
de P-verwijdering in het systeem: in de (hoofd-) waterstroom of in de (deel-)slibstroom. 
In een hoofdstroomproces wordt al het fosfaat opgenomen door de polyP-organismen 
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Figuur 13 Schematische weergave van verschillende biologische fosfaat- 
venuijderende processen; boven: hoofdstroomproces, midden: hoofd- 
stroomproces met stripper, en ondec deelstroomproces 



en vindt de verwijdering van fosfaat enkel plaats door de afvoer van deze organismen 
via het spuislib. Als de fosfaatconcentratie hoger wordt dan de fosfaatopnamecapaciteit 
van de organismen in het systeem, kan er extra fosfaat verwijderd worden via een 
strippertank waarin acetaat wordt gedoseerd. De fosfaat die door de acetaatdosering 
wordt vrijgemaakt uit de organismen kan geprecipiteerd worden en verlaat, in 
tegenstelling met het hoofdstroomproces, zowel in geprecipiteerde vorm als via het 
spuislib het systeem. Aangezien de strippertank tevens dienst doet als anaërobe reactor 
voor de P-verwijdering, kan de anaërobe fase uit de hoofdstroom gelaten worden. Dit 
wordt het deelstroomproces genoemd. In de praktijk kunnen de chemicaliën voor 
fosfaatprecipitatie ook aan het einde van een anaërobe zone in het hoofdstroomproces 
worden gedoseerd. Berekeningstechnisch komt dit overeen met een extern geplaatste 
striptank. 

Een belangrijk verschil tussen deze twee procesalternatieven is dat in 
hoofdstroomproces acetaat uit 
het influent benut wordt voor de 
fosfaatverwijdering terwijl in het 
deelstroomproces dit influent- 
acetaat niet gebruikt wordt en 
acetaat-CZV gedoseerd moet 
worden. 
In het hoofdstroomlstripper- 
proces en het deelstroomproces 
wordt de biologische fosfaat- 
verwijdering gecombineerd met 
een chemische precipitatie 
methode. De reden voor deze 
combinatie is dat biologische P- 
verwijdering het fosfaat concen- 
treert in de biomassa, wat dan 
vervolgens wordt afgegeven in 
de stripper tank in geconcen- 
treerde vorm. De chemicaliën- 
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Figuur 14. Benodigde precipitant dosering als 
functie van de effluent fosfaat-concen- 
tratie. 

dosering van de precipitatie methode is afhankelijk van de verlangde fosfaateffluent 
kwaliteit (figuur 14). Het voordeel van een strippertank is daarom dat de verlangde 
effluent fosfaatconcentratie niet gehaald hoeft te worden, omdat het effluent van de 
stripper teruggevoerd wordt naar de aërobe reactor van het proces. Verder kan een 
lage chemicaliënlfosfaat-verhouding worden gebruikt omdat de precipitatie-efficiency 
toeneemt bij hogere fosfaatconcentraties. 



3.4 Factoren van invloed op de P-verwijdering 

De primaire factor voor de selectie van P-verwijderende bacteriën in actief- 
slibsystemen, is de recirculatie van het slib door anaërobe en aërobe fasen. In de 
anaërobe zone (geen electronen-acceptor aanwezig) nemen P-verwijderende bacteriën 
lagere vetzuren op, voornamelijk acetaat en slaan dit op als poly-hydroxy-alkanoaten 
(PHA, bv: PHB, PHV). De energie voor het transport en opslag van acetaat wordt 
geleverd door de hydrolyse van intra-cellulair polyfosfaat tot fosfaat, wat afgegeven 
wordt door de cellen naar de vloeistof. De reduktie-equivalenten en een deel van het 
ATP wordt voorzien uit de conversie van glycogeen naar PHB. In de aërobe zone wordt 
het PHB gebruikt om energie te genereren voor groei en synthese van glycogeen en 
polyfosfaat wat resulteert in de opname van fosfaat uit de vloeistof. 

De potentiële fosfaatopnamecapaciteit van een P-verwijderende installatie wordt 
bepaald door de concentratie polyP-organismen die in het systeem aanwezig zijn. De 
hoeveelheid polyP-organismen die in het systeem geproduceerd worden is weer 
afhankelijk van de anaërobe opname van de lagere vetzuren. De concentratie polyP- 
organismen is over het algemeen slechts een fractie van de totale 
biomassaconcentratie in het systeem. Het is daarom gewenst de polyP- 
biomassaconcentratie te onderscheiden van de totale slibconcentratie. Het gemeten P- 
gehalte van de totale biomassa in het systeem is dus het gemiddelde van de polyP- 
organismen en de andere niet-polyP-organismen. Hoewel het polyP-gehalte van het 
totale slib laag mag lijken, kan het dus zijn dat de kleine fractie polyP-organismen 
aanwezig in dat slib inmiddels al de maximale fosfaatopnamecapaciteit heeft bereikt. 
In dat geval heeft de installatie dus al de maximale fosfaatopname capaciteit bereikt, 
hoewel dit niet blijkt uit het P-gehalte van het slib. Om de fosfaatopname capaciteit van 
het slib vast te stellen, is het belangrijk om het maximale P-gehalte van de P- 
organismen, f>, en de absolute concentratie P-organismen, C . ,  in het systeem 
te kennen. 

3.5 Stoichiometrische parameters voor de bepaling van de fosfaat- 
opnamecapaciteit 

Om de fosfaatvewijderingscapaciteit van een actief-slibsysteem te berekenen is het 
nodig de volgende drie stoichiometrische parameters te beschouwen: 

1) Het maximale fosfaatgehalte van de polyP-bacteriën (fpxmax) 
2)  De biomassa yield van polyP-bacteriën op acetaat (Y,) 
3) De P-afgiftelacetaat opname verhouding, in de anaërobe fase (Y,,) 



l )  Maximaal P-gehalte van de polyP organismen, f,,""" 
De fosfaatopname door polyP-bacteriën is gebonden aan een maximale waarde. Welke 
biochemische of energetische limitatie dit maximum veroorzaakt is nog onduidelijk. In 
de literatuur worden gemiddelde P-gehaltes van polyP-organismen van 140-200 mg Plg 
VSS (100-145 mg P@ CAI) genoemd voor ophopingscultures die op acetaat ontwikkeld 
zijn, met een maximum van 380 mg Plg VSS (275 mg Plg CZV; Wentzel et al. 1989). 
De fosfaatíractie op vaste stof basis (g Plg SS) volgt uit de herberekening van fpxmax 
waarbij een molgewicht van 100 glmol voor een eenheid polyfosfaat (K,,,Mg,,,PO,) 
gerekend moet worden. Het fosfaatgehalte van het slib zoals waargenomen in actief- 
slibsystemen is in het algemeen veel lager, zoals reeds gezegd, door de aanwezigheid 
van niet-polyP-organismen. Voor het maximale P-gehalte fpxmax werd een waarde van 
0.15 g Plg biomassa-CZV gebruikt in de berekeningen. 

2) Biomassayield van polyP-bacteriën op acetaat, Y,, 
De actieve biomassayield van de polyP-bacteriën is afhankelijk van de groeisnelheid 
van de organismen welke weer bepaald is door de slibleeftijd (SRT). In figuur 15a is de 
actieve biomassa (dus zonder opslag produkten) als functie van de slibleeftijd 
weergegeven. Ook is de organische biomassayield weergegeven als functie van de 
slibleeftijd. Dit is dus inclusief de opslagproducten PHB en glycogeen. De biomassayield 
als functie van de SRT is duidelijk niet constant, omdat bij langere SRT er meer energie 
verloren gaat aan maintenance en de biomassyield dus lager wordt. In figuur 15b is de 
actieve biomassa weergegeven als functie van de SRT voor drie verschillende pH 
waarden. De lagere biomassyield bij hogere pH is een gevolg van de toegenomen 
energiebehoefte voor de opname van acetaat tijdens anaërobe omstandigheden. Figuur 
15c laat het effect zien van verschillende fosfaaüacetaat verhoudingen van het influent 
op de biomassayield bij een pH waarde van 7.0. De waargenomen effecten zijn zeer 
klein en een gevolg van de toegenomen energie voor de fosfaatopname bij hogere 
PICZV verhoudingen. 
Uit figuur 15b en 15c kan geconcludeerd worden dat de actieve biomassayield op 
acetaat zowel niet sterk beïnvloed wordt door de pH als door de PICZV verhouding van 
het influent. In theorie zou een lagere SRT gebruikt kunnen worden om de concentratie 
aan polyP-organismen op te voeren door de hogere yield die dan bereikt wordt en 
daarmee de fosfaatverwijderingscapaciteit. Echter, het verlagen van de SRT is in het 
algemeen beperkt door de beperkte groei van nitrificeerders en ook in strijd met het 
streven naar een lage slibproduktie. Een gemiddelde biomassayield van 0.34 mg 
CZVIrng HAc-CZV kan gebruikt worden over een range van slibleeftijden van 5 tot 20 
dagen bij pH 7. Voor exacte berekeningen dient de actieve biomassayield behorend bij 
het specifieke geval te worden gebruikt. De berekeningen van figuur 15 zijn gebaseerd 
op het eerder beschreven metabole model. 
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b) berekend voor drie slibleeftijden; c) met drie verschillende influent 
fosfaatCZV verhoudingen. 



3) fosfaatafgifte/acetaatopnarne verhouding in de anaërobe fase, Y,, 
Wanneer de fosfaatopnamecapaciteit van de polyP-organismen te klein is voor volledige 
opname van het fosfaat aanwezig in het influent, kan een strippertank gebruikt worden. 
In een strippertank wordt onder anaërobe condities acetaat-CZV toegevoegd aan de 
polyP-organismen. De polyP-organismen nemen dit acetaat op waarbij gelijktijdig 
fosfaat wordt afgegeven, wat dan verwijderd kan worden uit het water door middel van 
precipitatie. Wanneer een stripper gebruikt wordt in de procesconfiguratie moet de 
fosfaatafgifte als gevolg van de acetaatdosering bekend zijn om de daling van het 
polyP-gehalte te kunnen berekenen. De verhouding tussen fosfaatafgifte en acetaat- 
opname is bovendien niet constant maar sterk beïnvloed door de pH. Wanneer de pH 
stijgt is meer energie benodigd voor de opname van acetaat en wordt meer fosfaat 
afgegeven om deze energie te leveren. 

In figuur 16 is het pH-effect op de verhouding tussen fosfaatafgifte en acetaatopname 
weergegeven als functie van de slibleeftijd. De hogere Y,, bij langere slibleeftijden is 
te danken aan een hogere biomassaconcentratie in de reactor en daardoor ook een 
hogere bijdrage van anaërobe maintenance-energie. Deze maintenance-energie wordt 
geleverd door hydrolyse van polflosfaat. Het effect van verschillende PICZV 
verhoudingen in het influent heefi geen significant effect op waargenomen Y,,. In tabel 

I 1 staan de waarden van de in dit hoofdstuk gebruikte parameters. 
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Figuur 16 Effect van de slibleeftijd en de pH op de acetaatopname en fosfaatafgifte 
in de anaerobe fase van een fosfaateliminatieproces. 



3.6 Berekening van de fosfaatopnamecapaciteit 

In de analyse wordt aangenomen dat alle reactoren zodanig ontworpen zijn dat het 
substraat volledig omgezet kan worden en dat de optimale werking van een configuratie 
berekend wordt. De berekeningen zijn bovendien betrokken op 'steady state'-situaties. 
Verder is het van belang te weten dat niet al het fosfaat dat in het influent aanwezig is 
ook daadwerkelijk verwijderd dient te worden door polyP-bacteriën. Een deel van het 
fosfaat zal gebruikt worden voor de vorming van biomassa van zowel polyP- als niet- 
polyP-bacteriën. Deze groei is afhankelijk van de slibproduktie en daarmee de 
slibleeftijd. Verder kan er een fractie zijn die, afhankelijk van de effluenteisen, niet 
verwijderd hoeft te worden. De hoeveelheid fosfaat die gebruikt wordt voor 
biomassavorming door niet-polyP-bacteriën is ongeveer 15 mg P/g biomassa CZV. Dit 
fosfaat is gefixeerd in de biomassa en kan niet vrijgemaakt worden. De hoeveelheid 
fosfaat dat voor normale celgroei gebruikt wordt kan een aanzienlijk deel zijn van de 
totale fosfaatbelasting van de installatie en moet dus in rekening worden gebracht. Zie 
voor een voorbeeld het intermezzo. De overblijvende fosfaatconcentratie is de 
hoeveelheid die verwijderd moet worden door polyP-organismen. In de berekeningen 
hieronder, wordt met de influenîfosfaatconcentratie alleen deze fractie bedoelt. 

INTERMEZZO 
Om de fosfaatopnamecapaciteit van een biologisch fosfaatverwijderend proces 
te berekenen, moef hef deel van hef inffuentrosfaat dat daadwerkelQk vewgdem' 
moet worden door bio P-organismen bekend zijn. Niet a l  het fosfaat hoeft 
namelijk door de biologische fosfaatverwijdering verwijderd te worden. Een deel 
van het fosfaat zal gebruikt worden voor celgroei van niet polyP-organismen en 
een deel zal niet venuijderd hoeven worden afhankelijk van de efluenteis. Enkel 
het resterende deel dient verwijderd te worden. Voor een influent met 450 mg 
CZVA en een ernuenteis voor CZV van 50 mg CZVA, zal 400 mg CZVA verwijderd 
moet worden in het systeem. Wanneer deze CZV wordt omgezet met een 
typische aërobe biomassayield van 0.34 g CZV/g CZV, afhankelijk van de SRT 
van het systeem, dan zal 736 mg CZVA biomassa geproduceerd worden. Voor 
de biomassaproduktie is 15 mg P/g CZV nodig en daarom zal 2 mg PA van het 
influenífosfaat daarvoor gebruikt worden. Wanneer de influent P-concentratie 8 
mg PA is, en een effluentfosfaatconcentratie van l mg PA wordt vereist, zal 
slechts 5 mg PA venuijderd hoeven te worden middels biologische P- 
verwijdering. 



Criteria voor fosfaatverwijdering in een hoofdstroomproces. 
Om vast te stellen of de fosfaatopnamecapaciteit van een hoofdstroomproces 
voldoende zal zijn, moeten twee factoren bekend zijn. Dat zijn de concentratie polyP- 
organismen die in het proces geaccumuleerd gaan worden en het fosfaatgehalte van 
deze organismen. In figuur 13 zijn de verschillende variabelen weergegeven die 
hieronder gebruikt worden. De volumetrische belastingen van acetaat (r, , g/l.uur) en 
fosfaat (r,, g11.uur) hangen af van het influentdebiet (Q,), het totale reactorvolume en 
de concentratie van substraat in het influent (C,, C,) volgens: 

waarbij T de hydraulische verblijfiijd is, die gedefinieerd is volgens: 

De produktiesnelheid van polyP-biomassa (r, in g CZVIlaur) wordt gegeven door de 
volgende relatie: 

De biomassayield verminderd van 0.38 - 0.31 mg CNImg CZV bij een toename in de 
slibleeftijd van 5 tot 20 dagen zoals weergegeven in figuur 15. Dit effect van de SRT op 
de biomassayield heeft slechts een klein effect op de uiteindelijke resultaten. De SRT 
is gegeven volgens: 

SRT = 
cXOIYP 

I x  
(1 3) 

waarin CxpO'yP de concentratie polyP-biomassa in g CZVII reactorvolume is 
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Het fosfaatgehalte van het slib, (f, als g P/g CA/ actieve polyP-biomassa) kan nu 
berekend worden. De fosfaatbelasting van het systeem r, en de polyP-biomassa- 
produktiesnelheid bepalen het fosfaatgehalte fpxzoals weergegeven in vergelijking (14). 
De produktiesnelheid van polyP-bacteriën wordt bepaalt door de substraatbelasting van 
het systeem en de yield volgens vergelijking (4). Het blijkt dat enkel de biomassyield en 
de fosfaaffacetaat verhouding in het influent het fosfaatgehalte van de polyP- 
organismen bepalen: 

Uit vergelijking (14) volgt direct dat het fosfaatgehalte van de organismen stijgt wanneer 
de influent fosfaatconcentratie toeneemt. Bij een bepaalde fosfaatconcentratie van het 
influent wordt het maximale P-gehalte van de organismen bereikt en kan er niet meer 
fosfaat worden opgenomen. Deze restrictie is de maximale fosfaaffacetaat verhouding 
van het influent en kan uitgedrukt worden als: 

De maximale fosfaatlacetaat verhouding van het influent van een hoofdstroomproces 
is dus afhankelijk van het maximale P-gehalte van de polyP-organismen. Dit maximale 
P-gehalte van de organismen kan ook gebruikt worden om de minimaal benodigde 
hoeveelheid polyP-organismen in het proces te berekenen om al het fosfaat dat 
aanwezig is in het influent op te nemen. Combinatie van vergelijking ( IO) ,  (13) en (14) 
geven deze minimaal benodigde concentratie polyP-organismen voor volledige P- 
verwijdering: 

Combinatie van vergelijkingen (g), (12) en (13) geefi de maximaal bereikbare 
concentratie polyP-organismen gebaseerd op de hoeveelheid acetaat aanwezig in het 
influent: 



Voor elke situatie dient de minimaal benodigde hoeveelheid polyP-organismen (16) en 
de maximaal bereikbare hoeveelheid (17) met elkaar vergeleken te worden. Hieruit volgt 
dat: 

Wanneer de minimaal benodigde hoeveelheid biomassa lager is dan de maximaal 
bereikbare, dan is er voldoende acetaat aanwezig in het influent om al het fosfaat te 
verwijderen (linkerdeel figuur 17). De gehele fosfaataanvoer kan via het spuislib in een 
hoofdstroomproces worden verwijderd. Wanneer de maximaal bereikbare polyP- 
biomassa lager is dan de minimaal benodigde voor volledige P-opname, moeten een 
striptank in het proces worden geïncorporeerd. 

Hoofdstroom 

Hoofdstroomlstripper of deelstroom > Ysx.  fpYx (20) 
Cs 

Fosfaatstrippen in een hoofdstroomproces 
Wanneer de maximaal bereikbare polyP-biomassaconcentratie lager is dan de minimaal 
benodigde voor volledige P-opname, kan gebruik gemaakt worden van een strippertank, 
(figuur 13b). In de stripper leidt de dosering van acetaat tot fosfaatafgifte. Het slib wordt 
na deze tank gescheiden en teruggevoerd naar het proces terwijl het afgegeven fosfaat 
verwijderd wordt door precipitatie. Om de berekeningen te vereenvoudigen, worden de 
toegevoegde acetaat (F, in gluur) en geprecipiteerde fosfaat (F, in gluur) stromen 
relatief ten opzichte van het influentdebiet, Q,, gedefinieerd: 



Er wordt verondersteld dat de in- en uitgaande stroom van de stripper (Q,) gelijk zijn. 
Deze aanname kan gedaan worden omdat de acetaatvoeding en geprecipiteerde 
fosfaatstroom verwaarloosbaar zijn op volumetrische basis. Vaak wordt slechts een deel 
van de retourstroom door de stripper gevoerd, of worden chemicaliën direct aan het 
eind van de anaërobe fase gedoseerd. In de hier gebruikte benadering zal dat niet tot 
andere mathematische vergelijkingen leiden. De fosfaatafgifte in de stripper C,', is 
stoichiometrisch gerelateerd aan de acetaatdosering C,'. 

In een hoofdstroom/stripper configuratie wordt een deel van het fosfaat verwijderd in de 
polyP-biomassa via het spuislib, de rest wordt dus via de stripper afgevoerd. De 
hoeveelheid fosfaat die afgevoerd wordt in de biomassa volgt uit vergelijking (14). 
Wanneer f,, =,i "" en de acetaatconcentratie gelijk is gan, C +C door de 
acetaatdosering C,' in de stripper. kan de hoeveelheid fosfaat die afgevoerd wordt door 
de polyP-biomassa berekend worden middels: 

De hoeveelheid fosfaat verwijderd door de stripper is C,'en dus: 

Combinatie van vergelijking (22) en (24) en eliminatie van C,' levert de benodigde 
hoeveelheid acetaattoevoeging voor volledige fosfaatverwijdering: 

C,- Y,; f P y c ,  
c; = 

max 
Y,; fpx +Y,, 



Drie verhoudingen kunnen gedefinieerd worden om de benodigde acetaattoevoeging 
en de hoeveelheid fosfaat die verwijderd zal worden vast te stellen: 

De fractie acetaat gedoseerd ten opzichte van de totale hoeveelheid acetaat in 
het influent: 

c; - C,/C,- Y,, fPYX 

De verhouding tussen acetaatdosering en fosfaatverwijdering: 

De verhouding tussen gestript en geprecipiteerd fosfaat, ten opzichte van de 
totale hoeveelheid fosfaat verwijderd: 

CP 
- x  

Y,, f P X  + Y,, 

De concentratie polyP-organismen benodigd in het systeem kan berekend worden met 
vergelijking 17, waarbij de acetaatconcentratie gelijk is aan C,+C,'. 

Eliminatie van C,' met vergelijking 25 geeft: 

De acetaatdosering, fosfaatverwijdering en de benodigde biomassaconcentratie van 
een hoofdstroomlstrippercycteem wordt volledig beschreven door vergelijkingen 
26,27,28 en 30. 



Fosfaatverwijdering in een deelstroom proces 
In een deelstroomproces (figuur 13c), is geen anaërobe zone aanwezig in de waterlijn 
van het proces. De strippertank heefi in dit systeem de rol van anaërobe selectie zone 
voor de biologische fosfaatverwijdering overgenomen. Acetaat van het influent komt op 
deze wijze niet of nauwelijks ten goede aan de polyP-organismen. De hoeveelheid 
acetaat C,' die gedoseerd moet worden in een dergelijk proces, volgt uit vergelijking 25 
waarbij C, in dit geval nul is. De hoeveelheid acetaat om volledige P-verwijdering te 
bereiken wordt dus: 

De verhoudingen voor de acetaatdosering en de hoeveelheid verwijderd fosfaat voor 
een deelstroomproces zijn hierdoor anders dan die voor een hoofdstroomproces: 

1) De fractie acetaat gedoseerd ten opzichte van de totale hoeveelheid acetaat in 
het influent: 

2) De verhouding tussen acetaatdosering en fosfaatverwijdering: 

3) De verhouding tussen gestript en geprecipiteerd fosfaat relatief ten opzichte van 
de totale hoeveelheid fosfaat verwijderd: 



In een deelstroomproces wordt de acetaatdosering enkel bepaald door de fosfaat- 
concentratie van het influent. Bij vergelijking van vergelijking 26 en 32 wordt het duidelijk 
dat in een deelstroomproces een hogere acetaatdosering vereist is dan in een 
hoofdstroomproces. Dit is logisch omdat in een hoofdstroomproces het acetaat van het 
influent wel benut wordt door de polyP-organismen terwijl dat in het deelstroomproces 
dat niet het geval is. De concentratie polyP-organismen dat in een deelstroomproces 
benodigd is om volledige P-verwijdering te bereiken kan berekend worden met 
vergelijking 17 en 31, waarbij voor C, dan C,'gesubstitueerd moet worden. 

In tabel 6 is een overzicht gegeven van de relevante vergelijkingen voor de drie 
procesconfiguraties 

3.7 Resultaten 

Parameters 
In dit hoofdstuk werden pararneterwaarden gebruikt zoals weergegeven in tabel 4. Een 
gemiddelde biomassayield (Ysx) op acetaat van 0.34 g CZVIg HAc-CZV is gehanteerd 
(figuur 15). Voor het maximale P-gehalte van de biomassa (f,,""") is een relatief lage 
waarde van 0.15 g Plg biomassa-CZV gebruikt. De fosfaatlacetaat yield parameter (Y,,) 
is sterk afhankelijk van de pH. Indien niet anders vermeld, wordt de waarde bij pH 7 
gebruikt (0.47 g Plg HAc-CZV). 

Tabel 4 Parameters gebruikt voor de berekeningen. 

y, 0.34 g VSSIg HAc-CAI SRT 8 d 

Y,, 0.47 g P/g HAc-CZV HRT.T 12 h 

fpyma' 015,025  g Plg Biomassa-CA/ pH 7 
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Figuur l 7. a) Minimaal benodigde polyP-biomassaconcentratie voor de venvijdering 
van fosfaat, en de maximaal bereikbare polyP-biomassaconcentratie op 
basis van de acetaat-CZV in het influent. 
b) P-gehalte van de polyP-organismen als functie van de fosfaaüacetaat- 
verhouding van het influent. Bij een verhouding > 1 hebben de polyP- 
organismen hun maximale P-gehalte bereikt 



Fosfaatverwijderhg in een hoofdstroomproces 
In figuur 17a is het effect van de fosfaaffacetaat verhouding in het influent op de 
minimaal benodigde en maximaal bereikbare polyP-biomassaconcentratie 
weergegeven. Wanneer de minimaal benodigde biomassaconcentratie hoger wordt dan 
de bereikbare biomassaconcentratie op het acetaat van het influent, dus Cxm'"/Cxmax > 

1, zal een hoofdstroomlstripper configuratie of deelstroornproces benodigd zijn om 
volledige P-verwijdering te krijgen. Wanneer het maximale P-gehalte van de polyP- 
organismen 0.15 g Plg biomassa-CA! is, zal de maximaal toegestane fosfaaffacetaat 
verhouding van het influent 0.051 g Plg HAc-CZV zijn. De helling van de minimale en 
maximale biomassa verhouding is afhankelijk van de biomassayield van de polyP- 
organismen en het maximale P-gehalte dat bereikt kan worden. 

In figuur 17 is het P-gehalte van de polyP-organismen als functie van de 
influentsamenstelling weergegeven. Het P-gehalte zal toenemen totdat bij een kritische 
fosfaaffacetaat verhouding van 0.051 g Plg HAc-CZV, de maximale opnamecapaciteit 
van de organismen bereikt is. 

Verlaging van de SRT (van 20 naar 5 dagen) om de biomassayield te verhogen heeft 
slechts een gering effect op de verbetering van de opnamecapaciteit. De kritische 
fosfaaüacetaat-verhouding is sterk afhankelijk van de fpxma'. Toepassing van het 
hoogste maximale P-gehalte in het ontwerp van biologische fosfaatverwijderende 
installaties is niet aan te bevelen, omdat in het geval dat in het systeem geen extra 
fosfaatopnamecapciteit beschikbaar is om eventuele piekbelastingen op te vangen. 
Toepassing van deze berekening is mogelijk bij het bepalen van l )  te bepalen of een 
strippertank nodig is (in het voorbeeld wanneer C&, > 0.051 g Plg HAc-CZV) en 2) de 
hoeveelheid CZV die overblijft voor andere processen zoals denitrificatie. 

Fosfaatverwijdering in een deelstroomproces 
In het deelstroomproces wordt geen gebruik gemaakt van het acetaat aanwezig in het 
influent. Het is daarom alleen een goed alternatief als er geen of weinig direct 
beschikbaar CZV aanwezig is. In figuur 18 wordt de hoeveelheid acetaat die 
toegevoegd moet worden aan een strippertank van een hoofdstroom- (18a) en 
deelstroomproces (lab) als functie van de influent acetaat- en fosfaatconcentratie 
(C,'/C,) en (Cs'/Cp) gegeven. Ook is de relatieve hoeveelheid geprecipiteerd fosfaat 
(Cp'/Cp) gegeven. 
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- t  Deelstroom C,'/C, 

Figuur 18. Benodigde acetaatdosering als functie van de fosfaat/acetaat-vehouding 
van het influent aan een stripper in een a) hoofdstroornproces en b) 
deelstroomproces. 

Het belangrijkste verschil tussen een hoofdstroom- en deelstroomproces is dat in een 
hoofdstroomlstripper-proces alleen acetaat gedoseerd hoeft te worden boven een 
bepaalde fosfaatlacetaat verhouding in het influent, terwijl in een deelstroomproces altijd 
acetaatdosering nodig is. 



De acetaatdosering CS*ICP in een deelstroomproces is ongeveer 2 mg HAc-CZVlmg 
P van het influent terwijl in een hoofdstroomproces substantieel lagere dosering vereist. 
Zonder acetaat-CZV in het influent (CS=O) is de acetaatdosering aan de strippertank 
gelijk voor beide gevallen (tabel 6). De hoeveelheid fosfaat verwijderd in een 
strippertank door precipitatie (CP'ICP) is in het deelstroomproces 0.9 mg Plmg P van 
het influent. De andere 10% van het influentfosfaat wordt verwijderd in de biomassa van 
de polyP-organismen. 

Tabel 5. Vereiste acetaatdosering aan een strippertank en de concentratie polyP- 
organismen benodigd voor volledige P-verwijdering 
Co1 

Configuratie 

(l) Mainstream 

(2) Mainstream 

(3) Mainlstripper 

(4) Side-stream 

ities: SRT 8 d, HRT 12 h, pH 7 

Influent 

CP Cs PICZV 

mg PI1 mg C N I I  mg Plg CZV 

Stripper Biomassa 

CP' Cs' (-,Y" P 

mg Pil mg 
C N I I  

9 c m  
I 



Tabel 6. Berekening van de acetaatdosering en fosfaatvenwijdering in verschillende P-venuijderende 

systeemconfiguraties. 

CP, Cs fosfaat- en acetaatconcentratie in het influent; 

CP', CS' concentraties gestript fosfaat en gedoseerd acetaat in de stripper per liter influent. 

Hoofdstroom Hoofdstroom/stripper 
I 

I < Y,, . f,, > Y,, . f,, 
""' 

C,'/C, 

o 

o 

... 

max 
Ys; f P X  + YSP 

c;/c, 

Deelstroom 

> y,, . f,, ""' 

f,,")aX 

max 
C,/Cs-Y,, f, 

max 
Y,; f, + YSP 

I 

C,POW 

L 

max 
Ys; ~ P S  + YSP 

o 
Ysp (1 -C,/ C,. Y,; f ,yx) 

Y& f F* + Ysp 

S R T .  
Cs Ysx' y SRT 





Acetaatdosering en concentratie polyP-organismen 
De acetaatdosering aan een strippertank, de fosfaatveiwijdering en de vereiste 
hoeveelheid polyP-biomassa voor een hoofdstroom en deelstroomproces werden 
berekend voor vier verschillende influent fosfaatlacetaat-verhoudingen zoals 
weergegeven in tabel 6. 
In het eerste voorbeeld van tabel 6 (1) is de influent fosfaatlacetaat verhouding 0.03 mg 
Plmg CZV. Er zal in dat geval voldoende polyP-biomassa gevormd kunnen worden om 
al het fosfaat op te nemen; een stripper is derhalve niet nodig voor dit afvalwater. 
Vergelijking 17 werd gebruikt om de concentratie polyP-organismen uit te rekenen. De 
uitkomst was 2.72 g CZVII. Het P-gehalte van de polyP-organismen wordt dan 88 mg 
Plg biomassa-CA/. 
In voorbeeld 2 is de CA/-behoefte uitgerekend voor het geval dat de polyP-organismen 
hun maximale P-opslagcapaciteit van f,,""" = 0.15 g Plg biomassa-CZV gebruiken. 
Wanneer de fosfaatlacetaat-verhouding boven dit maximum stijgt, zoals in voorbeeld 
3, moet een strippertank gebruikt worden om volledige fosfaatveiwijdering te krijgen. De 
vereiste hoeveelheid acetaatdosering en gestript fosfaat is berekend met vergelijking 
(27) en (28). De polyP-biomassaconcentratie is berekend met vergelijking (30). 
Voor een deelstroomproces waarbij het influent C A I  niet gebruikt wordt door de polyP- 
organismen (voorbeeld 4) is de acetaatdosering en fosfaatverwijdering berekend 
volgens vergelijking (32) en (33). De biomassaconcentratie is berekend met vergelijking 
(34). Uit tabel 6 blijkt dat de totale CZV-behoefte en de vereiste polyP- 
biomassaconcentratie voor P-verwijdering verlaagd wordt wanneer een strippertank 
wordt gebruikt. Dat is logisch omdat in een strippertank het afgegeven fosfaat niet wordt 
opgenomen in de biomassa maar geprecipiteerd. Daardoor is een lagere 
biomassaconcentratie toereikend. 

In figuur 19 is de vereiste hoeveelheid polyP-biomassa in een systeem weergegeven 
als functie van de fosfaavacetaat-verhouding in het influent. Wanneer een stripper 
gebruikt wordt, vermindert de vereiste hoeveelheid biomassa per gram influent fosfaat. 

Effect van de pH op de acetaatdosering in een strippertank 
De toevoeging van acetaat in een strippertank is afhankelijk van de biomassa-yield, het 
maximale P-gehalte en de P-afgifte door de opname van acetaat. Om de 
acetaatdosering aan een strippertank te optimaliseren, kan het sturen van het proces 
op deze parameters voordelig zijn. De acetaatlfosfaat yield (Y,,) is de enige stuurbare 
parameter door het veranderen van de pH in de stripper. Het effect van de pH controle 
op de fosfaatafgifte kan worden afgeleid uit figuur 16. De fosfaatafgifte per hoeveelheid 
opgenomen acetaat stijgt bij toenemende pH. Bovendien stijgt de pH ook door het 
acetaatverbruik. 
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Figuur 19 Vereiste poly-P-biomassaconcentratie als functie van de HAc-CZVP 
verhouding in het influent 

3.8 Discussie 

Hoofdstroom- versus deelstroomproces 
Toevoeging van chemicaliën aan afvalwaterzuiveringsprocessen moet in principe 
geminimaliseerd worden. Bovendien moet de toevoeging van C A I  vermeden worden 
omdat daardoor extra slib geproduceerd zal worden. Een hoofdstroomproces zal op 
basis hiervan de voorkeur hebben. Alleen wanneer het afvalwater een tekort aan CZV 
heeft voor volledige P-verwijdering is een strippertank nuttig. Het gebruik van een 
deelstroomproces, in feite een speciaal geval van een hoofdstroom/stripper configuratie 
(C,=O) is pas raadzaam wanneer er nauwelijks acetaat-CZV in het influent beschikbaar 
is voor de P-verwijdering. 

In tabel 6 is de berekeningsmethode voor de acetaatdosering en fosfaatverwijdering 
voor de verschillende procesconfiguraties samengevat. Uit deze vergelijkingen kan 
geconcludeerd worden dat de acetaatdosering (C,'/C,) en de gestripte hoeveelheid 
fosfaat in een hoofdstroornlstripper proces altijd lager zal zijn dan in een 
deelstroornproces. De benodigde concentratie polyP-organismen daarentegen, zal in 
een hoofdstroomproces altijd hoger zijn dan in een deelstroomproces. Dat komt omdat 
in een hoofdstroornproces de polyP-organismen functioneren als opslag van het fosfaat, 
terwijl in een deelstroomproces de organismen alleen gebruikt worden om het fosfaat 



tijdelijk te concentreren, wat dan vervolgens weer afgegeven wordt. De fosfaatbelasting 
van de aërobe fase in een deelstroomproces is daardoor veel lager dan in een 
hoofdstroom, waardoor minder biomassa benodigd is voor de P-opname. In een 
hoofdstroom proces volgt de vereiste hoeveelheid polyP-bacteriën uit de eis dat al het 
fosfaat gedurende één slibleeftijd kan worden opgeslagen terwijl in een deelstroom- 
proces de vereiste opslagcapaciteit van het slib equivalent is aan de fosfaatbelasting 
van één hydraulische verblijftijd. 
Het verschil in vereiste polyP-biomassa voor een hoofdstroom- en een 
deelstroornproces kan worden afgeleid van de vergelijking voor de 
biomassaconcentratie (30) en een deelstroom (35) en vergelijking (23): 

c*)O'~~ Hoofd 
= = l +  YsP 

c*)OiYP Deel 

Volgens vergelijking (36) met de waarden uit tabel 5 vraagt een hoofdstroomproces 10 
keer meer polyP-biomassa dan een deelstroornproces. In een deelstroornproces wordt 
veel minder acetaat-CA/ gebruikt voor de fosfaatverwijdering door de additionele P- 
verwijdering door precipitatie, 

Stripper optimalisatie 
Het effect van de pH op de P-afgifte is van belang bij het ontwerpen van de stripper. 
Optimale instelling van de pH kan de acetaatdosering minimaliseren (figuur 16). De 
groeisnelheid en het maximale P-gehalte zijn relatief onafhankelijk van een pH-effect, 
zodat er geen groot effect van de pH op het hoofdstroom proces te verwachten is. 
Alleen de fosfaatconcentratie aan het eind van de anaërobe fase zal afhankelijk zijn van 
de pH. Het effect van de pH op de yield Y,, kan worden verklaard uit de toegenomen 
energie voor de opname van acetaat bij hogere pH's (appendix I). Dit pH effect een 
verklaring zijn voor het feit dat zoveel verschillende fosfaatlacetaat verhoudingen 
gevonden zijn in de literatuur. Al deze waarden liggen in de range dat door het pH effect 
voorspelt wordt. Helaas werd door veel auteurs de pH van de experimenten niet 
vermeld, waardoor het niet mogelijk is deze relatie aan te tonen met andere data. 

Stikstof- en fosfaatverwijdering 
Meestal zal bij het ontwerp van een zuiveringsinstallatie zowel stikstof als fosfaat 
verwijderd moeten worden. Vaak is er slechts een beperkte hoeveelheid CZV 
beschikbaar in het influent en daarom zal er concurrentie ontstaan tussen stikstof en 
fosfaatverwijderende organismen. Om in staat te zijn toch volledige N en P-verwijdering 
te krijgen, is dosering van CZV nodig. Er kan dan gekozen worden om CZV toe te 
voegen voor de denitrificatie of voor de verwijdering van fosfaat. Voor de verwijdering 



van stikstof is 3.5 mg CZV benodigd per mg N. Voor fosfaatverwijdering in een 
strippertank slechts 2 mg HAc-CZVlmg P gestript en voor P-verwijdering in de 
hoofdstroom 20 mg HAcImg P. Het is dus duidelijk dat in het geval van een tekort aan 
CZV, een strippertank voor de verwijdering van fosfaat de meest efficiënte manier is. 
Door het gebruik van een strippertank komt er bovendien meer CZV uit het influent 
beschikbaar voor de stikstofverwijdering. 
Een voorbeeld is gegeven in tabel 7 ,  die gebaseerd is op een theoretisch influent met 
een acetaatconcentratie van 450 mg CZVII, een stikstofconcentratie van 60 mg NI1 en 
15 mg Pil. Voor de verwijdering van 15 mg PI1 in een hoofdstroomproces zal 450 mg 
CZVII nodig zijn wanneer dit CZV ook geheel aan de polyP-organismen ten goede komt. 
In dat geval zullen de organismen het maximale P-gehalte niet bereiken. Omdat al het 
CZV geconsumeerd is, is er geen CZV meer voor de denitrificatie. Wanneer de P- 
organismen wel tot het maximale P-gehalte volgeladen zouden zijn, zou de minimaal 
noodzakelijke hoeveelheid CZVvoor de P-verwijdering bereikt zijn en zou 150 mg CZVII 
beschikbaar zijn voor denitrificatie. Voor volledige N-verwijdering is echter 210 mg CZWI 
benodigd, wat resulteert in een tekort van 60 mg C M I .  Wanneer nu een 
hoofdstroomlstripper configuratie gekozen zou worden met als eis dat volledige 
stikstofverwijdering plaats moet vinden, wordt slechts 240 mg CZVII van het influent 
gebruikt voor de P-verwijdering, en moet de rest van het fosfaat verwijderd worden in 
de stripper onder dosering van een kleine hoeveelheid C m .  Wanneer een deelstroom- 
proces gebruikt zou worden en al het fosfaat gestript zou worden, zou slechts 28.8 mg 
CZVtI nodig zijn voor de P-verwijdering en 421.2 mg CZVII zou voor de stikstof- 
verwijdering beschikbaar komen. Vanuit het oogpunt van efficiënt CZV-gebruik in de 
gecombineerde stikstoflfosfaat verwijdering leid een strippertank duidelijk tot een lagere 
totale CZV-behoefte. Of dit voordeel ook nog geldt als ook andere aspecten 
(chemicaliën kosten, extra slibbehandeling en -scheiding) in de evaluatie worden 
meegenomen valt te bezien. 

Tabel 7 Illustratie van de CZV vraag van verschillende procesconfiguraties voor 
een influent met 450 mg CZVA, 60 mg NA and 15 mg PA. 
Proces condities: SRT 8 d, HRT 12 h, pH 7. 

Configuratie 

(l) Hoofdstroom 

(2) Hoofdstroom, f;'' 

(3) Hoofd/stripper 

(4) Deelstroom 

?-verwijdering door 

Precipitatie Biomarr 

(X) IXI 

O 1 O0 

O 1 O0 

20 80 

90 1 O 

C A ,  voor 
P-vewqdenng 

Sti~pper B8omarra 

mq C Z V I  mg C N I I  

O 450 

O 300 

6 240 

29 O 

C N  voor 
N-venv1)denng 

NMig  Beschikbaar 

mg CZVI mq C N R  

210 O 

210 150 

210 210 

21 0 421 

Innuent C A ,  Shoriage 
niet voor NIP 
ven1,deiIng 

mg CAIII mg C l v f l  

O -210 

O -60 

O -6 

240 -29 



Resumerend kunnen de volgende conclusies uit het voorgaande worden getrokken: 

Met de steady state analyse is het mogelijk de fosfaatvenvijderingscapaciteit, de 
vereiste concentratie aan P-organismen en de acetaatbehoefie van verschillende 
biologische P-verwijderende procesconfiguraties te berekenen. Op basis van de 
fosfaatconcentratie van het influent en de systeemconfiguratie kan daarmee 
rechtstreeks eisen gesteld worden aan de influent PICZV-verhouding. 

De fosfaatopnamecapaciteit van een hoofdstroomproces blijkt vast te liggen met de 
PICZV-verhouding van het influent, terwijl de acetaatbehoefie van een 
deelstroomproces rechtstreeks gekoppeld is aan de P-concentratie van het influent. 
Fosfaatverwijdering in een strippertank heeft een veel lagere CZV-vraag (2 mg CZVImg 
P) dan fosfaatverwijdering in een hoofdstroomproces (20 mg CZVImg P) en vergt een 
tien maal lagere polyP-biomassa concentratie dan het hoofdstroomproces. 

Wanneer de CZV-concentratie van het influent te laag is om zowel de stikstof als de 
fosfaatverwijdering te voorzien, kan volledige N- en P-verwijdering verkregen worden 
door goed gebruik te maken van de lagere CZV-vraag van een strippertank. Verder kan 
het optimaliseren van de pH bijdragen aan het minimaliseren van de acetaatdosering 
aan een strippertank. 



4 CONCLUSIES EN AANBEVELINGEN 

4.1 Conclusies 

Het doel van het onderzoeksproject om bestaande leemtes in de microbiele kennis in 
te vullen en de microbiologische-, procestechnologische- en zuiveringstechnologische 
kennis te combineren in een model waarmee de fosfaatverwijdering beschreven kan 
worden is grotendeels bereikt. Het onderzoek heeft geresulteerd in een metabool model 
voor de biologische fosfaatverwijdering. Dit is een model maakt maximaal gebruik van 
de microbiële kennis van een proces met een minimaal aantal parameters. Bij een 
dergelijk metabool model kunnen de stoichiometrische parameters constant worden 
verondersteld. 

In het onderzoek is uitgebreid experimenteel onderzoek verricht naar de reacties in het 
metabolisme van de fosfaatverwijdering, en hiertoe zijn vrijwel alle relevante 
componenten die daarbij een rol spelen gemeten. Het metabole model dat in dit 
onderzoek is opgesteld, is dus grondig experimenteel geverifieerd, een aspect wat tot 
nog toe veelal ontbrak bij de modellen van de biologische fosfaatverwijdering. Vrijwel 
alle relevante componenten die een rol spelen bij de verschillende reacties in het 
metabolisme van de biologische fosfaatverwijdering zijn hierbij bekeken. Het metabole 
model is getoetst in een sequencing batch reactor onder steady state condities als 
functie van de groeisnelheid, en onder dynamische condities tijdens de opstart van het 
proces. In al deze gevallen bleek het model in staat te zijn de conversies van zowel de 
externe- als interne componenten bevredigend te beschrijven. Tevens bleek het model 
invariant te zijn voor de procescondities. 

Specifieke conclusies die uit het onderzoek naar voren kwamen zijn: 

De benodigde reductie-equivalenten benodigd onder anaerobe condities voor de 
omzetting van acetaat naar PHB komen uit de omzetting van glycogeen naar PHB. 
Voorgestelde mechanismen waarbij de citroenzuurcyclus betrokken is kunnen op 
theoretische gronden worden verworpen. 

De verhouding tussen opgenomen acetaat en afgegeven fosfaat, in de anaerobe fase 
van een defosfateringsproces, is sterk afhankelijk van de pH in het traject pH 6-8. 

Fosfaatopname leidt tot extra zuurstofverbruik. Meting van dit zuurstofverbruik maakt 
het mogelijk om de PI0 ratio (een parameter in het metabool model) direct 
experimenteel te bepalen. 



Het gehalte aan PHB in de cellen neemt sterk toe met afnemende slibleeftijd 

Fosfaatvewijdering in een deelstroomproces heeft een aanzienlijk lagere HAc-CZV- 
vraag (2 mg HAc-CZVImg P) dan voor een hoofdstroomproces (20 mg C M m g  P). Dit 
wordt veroorzaakt doordat een veel lager gehalte aan poly-P-bacteriën benodigd is in 
het deelstroomproces. 

Indien de CZV concentratie in het influent te laag is voor volledige P en N eliminatie, 
heeft een striptank (eventueel met acetaatdosering) de voorkeur. Deze optie heeft een 
lagere CZV behooefte dan dosering van CZV voor denitrificatie. 

pH-regeling zou een bijdrage kunnen leveren aan een verdere optimalisatie van de 
acetaatdosering aan de striptank. 



4.1 Aanbevelingen 

De volgende stap zal de toepassing van het model op praktijksituaties moeten zijn, 
waarbij mogelijk aanpassingen van het model nodig zullen zijn. De volgende aspecten 
zijn daarbij van belang: a) de ontwikkeling van experimentele methoden om de P- 
verwijdering op praktijkschaal te kwantificeren, b) de evaluatie van de capaciteit van het 
model om dynamische influentcondities te voorspellen en c) de relevantie van aspecten 
die nog niet in het model zijn opgenomen. 

ad a) 
In het hier uitgevoerde onderzoek werd acetaat als substraat gebruikt. In de praktijk is 
acetaat deel van het influent-CZV en afkomstig van fermentatie of hydrolyse processen. 
Voordat de P-verwijdering berekend kan worden moet de beschikbare acetaaífractie 
voor de P-verwijdering bekend zijn. Verder bestond het slib dat gebruikt werd voor dit 
onderzoek voornamelijk uit polyP-organismen, terwijl in de praktijk de organismen 
slechts een deel van het slib uitmaken. Er moeten dus experimentele methoden 
ontwikkeld worden om de fractie poly-P-organismen in slib te kunnen bepalen. 

ad b) 
In de praktijksituatie is er altijd een variabel influentdebiet. Deze variatie kan gevolgen 
hebben voor de P-verwijdering omdat acetaat opgeslagen wordt met behulp van de 
intern opgeslagen produkten polyfosfaat en glycogeen. Een acetaatpiek in het influent 
wordt niet altijd ondersteund met voldoende opslagprodukt met als gevolg dat de 
acetaatopname stopt. Welke gevolgen dit heeft op de totale P-verwijdering en of het 
een veel voorkomend effect is moet worden bezien. 

ad c) 
Als laatste zijn in het hier uitgevoerde onderzoek een aantal aspecten niet onderzocht, 
zoals de maximale P-opnamecapaciteit van de organismen, het effect van de 
temperatuur, het effect van zuurstof of nitraat op de acetaatopname, en organismen die 
nitraat als electronenacceptor kunnen gebruiken (denitrificerende defosfateerders). 

Samenvattend is de verwachting dat het metabole model zijn waarde zal bewijzen in het 
ontwerp en de optimalisering van full-scale installaties. Het is onze verwachting dat de 
genoemde modeluitbreidingen van het metabole model eenvoudig ingepast kunnen 
worden in de huidige modelstructuur. 



5 LITERATUUR 

Gujer, W., Henze M., Mino T., Matsuo T., Wentzel M.C., Marais G.v.R, 1994. The 
Activated Sludge Model No 2: Biological phosphorus rernoval. IAWQ specialised 
seminar: Modelling and control of activated sludge processes, Copenhagen. 

Kuba, T., Srnolders, G.J.F., Van Loosdrecht, M.C.M., Heijnen, J.J., 1993. Biological 
phosphorus rernoval from waste water by anaerobic anoxic sequencing batch reactor. 
Wat. Sc;. Tech. 27, no.5-6, 241-252. 

Mauer, M., Gujer, W., 1994. Prediction of the performance of enhanced biological 
phosphorus removal plants. IAWQ 17th Biennial International Conference, Budapest. 

Niel, E.W.J. van, 1993. Modelvorming en optimalisatie van biologische defosfatering van 
afvalwater, microbiële aspekten, RWZI 2000 93-03. 

Smolders, G.J.F., Van der Meij, J., Van Loosdrecht, M.C.M., Heijnen, J.J., 1994a. Model 
of the anaerobic metabolism of the biological phosphorus removal process; 
stoichiometry and pH influence. Biotech. Bioeng., Vol 43, 461-470. 

Smolders, G.J.F., Van der Meij, J., Van Loosdrecht, M.C.M., Heijnen, J.J., 1994b. 
Stoichiornetric model of the aerobic metabolisrn of the biological phosphorus rernoval 
process, Biotech. Bioeng., Vol 44, 837-848. 

Smolders, G.J.F., 1995. A metabolic model for de biological phosphate elirnination. PhD 
thesis, Delft University of Technology. 

Smolders, G.J.F., van der Meij, J., Van Loosdrecht M.C.M., Heijnen, J.J. 1995a. A 
structured rnetabolic model for the anaerobic and aerobic stoichiometry and kinetics of 
the biological phosphorus removal process. Biotech. & Bioeng., subrnitted. 

Smolders, G.J.F., Klop J.M., Van Loosdrecht, M.C.M., Heijnen, J.J. 1995b. A metabolic 
model for the biological phosphorus removal process; effect of the sludge retention time. 
Biotech. & Bioeng., submitted. 

Toerien D.F., Gerber A., Lötter L.H., Cloete T.E., 1990. Enhanced biological phosphonis 
removal in activated sludge systems. In: K.C. Marshall, Advances in Microbial Ecology, 
Vol 11, Vol 11, Plenum, New York. 



Wentzel, M.C., G.A. Ekarna, R.E. Loewenthal, P.L. Dold and G.v.R. Marais, 1989a. 
Enhanced polyphosphate organisrn cultures in activated sludge systems. Part 
1l:Experirnental behaviour. Water SA, Vol 15, No 2, 71-88. 

Wentzel, M.C., Dold, P.L., Ekarna. G A . ,  Marais, G.v.R. 1989b. Enhanced 
polyphosphate organisrn cultures in activated sludge systerns. Part III: Kinetic model, 
Water SA Vol. 15, No. 2, 89-102. 

Wentzel, M.C., Ekarna, G.A., Dold, P.L. and Marais, G.v.R. 1990. Biologica1 excess 
phosphorus removal -Steady state process design, Water SA, Vol. 16, No. 11 29-48. 

Wentzel, M.C., G.A. Ekarna and G.v.R. Marais, 1992. Processes and rnodelling of 
nitrification denitrification biologica1 excess phosphorus removal systerns - A review 
Wat. Sc;. Tech. 25, No 6,  59-82. 



Appendix I 

Stoichiometry and pH influence of 
the anaerobic metabolism 

In the anaerobic phase of a biologica1 phosphoms removal proces, acetate is taken up and 

converted to PHB utilizing both energy generated in the degradation of polyphosphate to 

phosphate, which is released, and energy generated in the conversion of glycogen to poly-B- 

hydroxy butyrate (PHB). The phosphatelacetate ratio cannot be considered a metabolic 

constant, because the energy requirement for the uptake of acetate is strongly influenced by 

the pH value. The observed phosphatelacetate ratio shows a variation of 0.25-0.75 P-mol/C- 

mol in a pH range of pH 5.5 to 8.5. It is shown that stored glycogen takes part in the 

metabolism to provide reduction equivalents and energy for the conversion of acetate to PHB. 

A stmctured metabolic model based on glycogen as source of the reduction equivalents in the 

anaerobic phase and the effect of the pH on the energy requirement of the uptake of acetate, 

is developed. The model explains the experimental results satisfactorily. 



Introduction 

The primary factor to obtain biological phosphorus removal in an activated sludge system is 

the recirculation of the sludge through ai1 anaerobic md  aerobic zone. A typical example of 

the change i n  concentratioris dunng biological phosphorus removal in a sequencing batch 

process is given in figure 1 

Figure I Chungr in c«n~~rnlru~i«n.s duriny lhr hiologicu1phosphoru.s r(~ni»vu/ ui u .srquenriny ha1r.h 

pror.r.ss ufter addilion o/ [he injiurni. 

In the anaerobic zone (i.e. n« electron acceptor is present) P-removing bacteria take up lower 

fatty acids, mainly acetate (HAc), into the cel1 and store this as poly-hydroxy-alkanoates 

(PHA, for instance, PHB). The energy for this transport and storage reaction is thought to be 

supplied by the hydrolysis of the intracellular polyphosphate (polyP) to phosphate, which is 

released from the cel1 to the liquid. In the aerobic zone, PHB is used to generate energy for 

growth and for polyP synthesis resulting in the uptake of phosphorus. Due to the anaerobic 

consumption of lower fatty acids, the polyP-organisms accumulate in the sludge and strictly 

aerobic organisrns decrease i n  number, as they lack substrate in the aerobic phase. in this 

paper, we wil1 focus on the stoichiometry of the metabolism in the anaerobic zone. 

I r ]  the anaerobic zone, the uptake and storage of acetate and the degradation of polyP are 

coupled to each other due to metabolic constraints, and therefore, the ratio between phosphate 





( A * )  across the cel1 rnemhrane. Under the assumption that the intemal pH and the overall 

proton motive force (pmf) of a cel1 is kept constant, the electric potential, A I#, as a function 

of the pH, c m  he calciilated:" 

Ai1 - Ap + 2.3RT(pH,,-pH ,,,,) Ap f 2.3RT ApH (kJ/niol) (1) 

Where: 

A P : proton motive force (pmf) 

pH ,,,, : pH inside cell. pH outsidr cel1 

R : gas constant 

T : temperatilre 

This relation implies that if the exterrial pH i \  lower thari the intemal pH. ApH is positive. 

Hecause the pmf is comtant arid negative, the contribution of A I# to the pmf becomes lower. 

At a higher external pH than the intemal pH, the pH gradient is reversed, ApH is negative 

and A I# must be higher to rna~ntain the constant pmf. The electrical potential difference, A I#, 
lias to increase wheri the external pH increases. Consequently, for the uptake of a negatively 

charged compound, more work must he done at a higher pH to overcome A I$. The transport 

eiiergy, AG', ': for a negatively charged component, like acetate, cari be calculated per C-mol 

according to: 

L,,, AG,,, n A $  0.5.2.3RT log-- (kJ/C-mol) (2 )  
c"u, 

In equation 2, n is the charge of the transported acetate per C-mol (n=-0.5), C,, is the 

intemal concentration and C,,, the bulk concentration of acetate. The energy for uptake of 

acetate is described by: 

c;" A G,,, n ( A p +  2.3KTApH) 0.5.2.3RT log- (kJ/C-mol) (3)  
G", 

The first term represents the work required for transport of the component against the 

potential differerice. The second term is the work done by the system to move a 

component against a concentration gradient. This work is provided by ATP hydrolysis, in 

which per P-mol an amount of AG';;, is available (AG:;, = -50 kJ/molATP ).' If one 

assumes that this coupling is performed with an efficiency q we cari write for a , ,  which is 

the ATP requirement for the acetate transport: 
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With the assumption that the internal pH and the overall pmf of a cel1 is kept constant and 

a value for q = 0.3," a difference of 0.57 molATP/C-mol acetate in the transport energy 

for acetate appears with a change of the extemal pH of 3. 

Metaholic model of the anaerobic metaholism 

Metabolic models of the anaerobic conversions are developed with either the TCA cycle 

ar glycogen as the possible source of reduction equivalents. For bath models, the acetate 

uptake is divided int0 a transport and a storage process in which the energy necessary for 

the transport of acetate is highly dependent on the pH, see figure 2. 

At low pH no energy is involved in the transport of acetic acid and the observed P-release 

originates from the ATP used in the conversion of acetate to acetylCoA. The P-release at 

low pH in the glycogen model is half the amount released in the TCA model, due to the 

contribution of ATP generated in the conversion of glycogen into PHB. At high pH, u ,  

mol ATP/C-mol acetate is involved in the uptake of acetate into the cel1 (with a,=O.S) 

and, consequently, more phosphate is released. The observed phenomena can be described 

with three basic reactions: the transport and storage of acetate as PHB (reaction l), polyP 

degradation (reaction 2) and a reaction which supplies the reduction equivalents needed in 

reaction 1 .  This reaction is different for the TCA-model and the glycogen-model (reaction 

3a and 3b respectively). 

Reaction l: Acetate uptake and storage as PHB 

The uptake of 1 C-mol acetic acid (which is equal to 0.5 mol HAc) and conversion to 

PHB is described in three steps: the uptake of acetate which requires u ,  mol ATP 

depending on the pH ( a ,  = O - 0.5), the conversion to acetylCoA which requires 0.5 mol 

ATP,' and the subsequent conversion to PHB which requires 0.25 mol NADH, per C-mol 

acetic acid.' 

- CH,O - f i p + a , j  ATP - 114 NADH, + CH,,O,, + 112 H,O = O 

acetic acid PHB 
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112 .\-I'P 1/2 AI-P li4 1Y4UH, 

high pH 
1/2 U P  114 ATP 114 : U P  - 

A -  

I / >  ( ' i ~ u i  Citycogen 

i i z s ~ i ~  75 H,PO, PoIyP 

\ 

Figure 2 Schemuric rrpre.seniuíio~i o/ the nirlubolic models: rhr K A  cc?.clr and g&cogen as source 

o/ reducrion equivulenrs und /he enrrgj rrquirenirnls r?/ rhr pH dependrnt ucetute 

transl~ori. 

Reuction 2: Polyphosphate degradation for ATP production 

For the uptake and storage of acetate, ATP is produced by the degradation of PolyP. 

Polyphosphate is represented as HPO,. The composition of polyphosphate, based on the 

measured release of phosphorus, magnesium and potassium, was Mgl,,Kl,,PO,. Since the 

elements magnesium and potassium were not considered here the phosphoms group is made 

electroneutral with a proton. The amount of ATP which is generated from the degradation of 

polyP is represented by cc ï .  The hydrolysis of I P-mol polyphosphate yields l mol ATP and 

l mol phosphate and hence a ,  = I ,  when presumed that no energy is produced by the expon 

of phosphate. 
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- HPO, - H20 + n2 ATP + H,PO, = O 

P ~ Y  p 

Reaction 3a: NADH, production in the TCA cycle 

NADH, is required in reaction 1 and is produced from the conversion of some of the acetate 

in the TCA cycle.16 It is assumed that the amount of ATP produced in the TCA cycle is used 

for the conversion of FADH, to NADH,. 

- CH,O - (l/z+a,) ATP - H,O + 2 NADH, + CO, = O [ h l  

Reaction 3b: NADH, production by degradation of glycogen 

In the degradation of glycogen, NADH, is produced from the conversion of a 0.5 C-mol 

glycogen via the EM-pathway to acetylCoA which is subsequently converted to PHB, 

which als0 yields 0.25 mol ATP." 

- CH,,,O,, - 116 H20 + 213 CH,,O,, + 113 CO, + 112 NADH, +i12 ATP = O W1 
Glycogen PHB 

The reactions 1 to 3 are termed the intemal reactions and they are based on biochemica1 

knowledge and stoichiometry. These reactions occur in the cel1 and cm not be observed 

directly. However, the rates of the intemal reactions (v, to v,) c m  be related to the observable 

conversion rates outside the cell. 

TCA eycle as source of NADH, Glycogen as source of NADH, 

- 
- -V1 - Vla 

= v1 
= -v2 
= v, 
= l13 v,, 
= 112 v, - v2 - v, 
= -(0.5+ a,) v, + q v, 
= -114 v, + 2 V, 

r, = -v1 
rphh = v, + 213 v,, 

- - 
- 

 PP - -v2 

r~ = v, 

r" = 113 v,, 
( O S +  Ct,) v, r, = 112 V, - V, - 116 VJb 

~ A T P  = -(0.5+ a,) v, + a, v, + 0.5 v,, 

~ S A D H  = -114 v, + 112 V,, 

The conversion rates can be expressed as a function of the intemal reaction rates by a set of 

linear equations with stoichiometric coefficients composed of the parameters of the internal 

reactions as shown above. If the assurnption is made that no net accumulation of NADH, and 
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ATP takes place, r,, = O and r,,,,, = 0.  The model based on the TCA cycle contains nine 

unhown rates and eight linear relatioris. The model based on glycogen degradation contains 

ten unloiown rates and nine linear relations. Thus, both models have one degree of freedom 

and, therefore, the system can be described with one overall reaction equation for the 

anaerobic metabolism according to the two alternatives (reaction 4 and 5). 

Reaction 4: Overall reaction TCA cycle as source of NADH, 

- CH,O - (i/2+a,)/a2 HPO, - (113-('/z+a,)/all H20 
acetate polyP 

t 0.89 CH, 50U5 +O11 COZ + (1/~+a,) /a2 H3P04 = 0 141 
PHB 

The overall equations show the stoichiometric coupling of the acetate conversion to the 

conversions of al1 other reactants in the anaerobic phase. Accorduig to each equation, the 

PHBIacetate, glycogen/acetate and COJacetate ratios are independent of a ,  and thus pH 

independent, hut different for the two models. 

Reaction 5: Overall reaction glycogen as source of NADH, 

-CH,O - 112 CH,,,,05,, - (Ya+a,)/aZ HPO, 
acetate g1 ycogen P ~ ~ Y P  

t 1.33 CH, t0.167 COz +(%+a,)/a? H3P04 +5/12-('/n-a,)ia, H 2 0  = O [5 ]  
PHB 

The phosphate/acetate ratio is depending on the transport of acetic acid (a , )  and on the ATP 

production in the polyP degradation (a,). When a ,  varies between O and 0.5 mol ATP per 

C-mol acetate depending on the pH, and a:  = 1 mol ATP per released phosphate, a ratio 

between 0.5 and 1 P-mol/C-mol acetate for the TCA model wil1 be found and a ratio between 

0.25 and 0.75 P-molIC-mol for the glycogen model. The production of ATP in the 

degradation of glycogen causes the main difference in the P-releaselacetate ratio between the 

two models. These ratios were established in a set of experiments to determine the validity 

of the TCA (reaction 4) or glycogen model (reaction 5). 



Materials and methods 

Continuous operation of the sequencing batcb reactor (SBR) 

The study was carried out in a laboratory fermenter (Applikon) with a working volume of 2 

1, at 20 'C and the pH was maintained at pH 7.0 5 0.05 using 0.5 M HCI and 1 M NaOH, 

see table 11. The reactor was operated as a sequenced batch (SBR) with a cycle of 6 hours 

consisting of an anaerobic (2.25 h), aerobic (2.25 h) and settling period (1.5 h). Biologica1 

phosphoms removing sludge was used as an inoculum. Because the acetate added in each 

cycle was completely consurned in the anaerobic zone, only organisms capable of anaerobic 

acetate consumption were accumulated in the reactor. Methanogens were not present, because 

part of the time oxygen is present. One litre medium was fed at the start of the anaerobic 

phase and effluent was removed at the end of the settling period, thus the hydraulic retention 

time was 12 h. At the end of the aerobic phase 58 ml excess sludge was removed, resulting 

in a biomass retention of 8.6 days. A stirrer speed of 500 rpm was maintained, except for the 

settlmg period. Dunng anaerobic conditions nitrogen gas was bubbled through the reactor at 

a flow rate of 30 ]/h; aeration was provided with an airflow of 60 l/h. The offgas was 

analysed for CO, production. For the batch experhents sludge from the SBR was used. 

Table II Operational conditions of the sequenced batch reactor (SER). 

HRT " 12 h Volume 2.0 l 

SRT " 9 d Temperature 20 "C 

C-load 25 C-mmol/l.d PH 7.0 

P-laad l .9 P-mmoi/i.d Stirrer si>eed 500 rpm 

" HRT : hydraulic retention time 
SRT : sludge rettntion time 

Media 

Sterilized synthetic medium was used containing per litre: 0.85 g NaAc.3H20 (400 mgCOD/l) 

as carbon source, 107 mg NH,CI (28 mgN/l), 75.5 mg NaH,P0,.2H20 (15 mgP/I), 90 mg 

MgS04.7H,0, 36 mg KCI, 14 mg CaCI2.2H,O, 1 mg yeast extract, 0.3 ml nutrient solution. 

The nutrient solution contained per litre: 1.5 g FeC1,6H20, 0.15 g H,BO,, 0.03 g 

CuSO;5H20, 0.18 g KI, 0.12 g MnCI2.4H,O, 0.06 g Na,Mo0,.2H20, 0.12 g ZnS04.7H,0, 

0.15 g CoC1,6H20, 10 g EDTA. 
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Analyses 

For dry weight deteminatiori\, a 15 rnl sample of the sludge was filtered on a Whatman glass 

niicrofibre filter. The filter was dried for 24 h at 80 'C and weighed on a microbalance. The 

ash content was determined by incinerating the dry filters iri an oven at 550 "C. The 

elemental composition of the hiomass was rneasured using washed and freeze dned biomass. 

Carbon, hydrogen, oxygen and nitrogeri were determined using a Perkin Elmer 240B 

Elemental Analyser. Orthophosphate wa\ determined by the ascorbic acid method. Acetate 

was detemined on a (;C with a Hayesep Q 80-100 meïh colurnri at 185 ' C  and a FID 

detector. 

For PHB determinations, 0.5 to 2 mg benzoic acid in I-propanol was added to l 5  to 20 mg 

washed and freeze dned biomass in closable tubes of 15 ml. One and one half mililiters of 

a mixture of l-propanol and coricentrated hydrochlonc acid (4: l )  and 1.5 ml of 

dichloromethane were added and the mixture was heated for 2 hours at 100 "C. After cooling, 

the organic phase was extracted with 3 ml water. One mililiter of the organic phase was dried 

»n Na,SO, and 0.4 p1 was injected «n a gas chromatograph with a stabilwax (Res~ek) column 

at 200 "C with a FID detector at 240 "C.  

The gasflows were controlled with rnassflow controllers (Brooks 5850) for air and nitrogen 

gas. Tlie offgas was dried over a permapure column and carbon dioxide was measured with 

a Beckman 870 infrared analyzer. Carbon dioxide contents in the batch experiments were 

measured with a GC with a molsieve/p«ropack column at 30 'C: and a catharometer as 

detector. Staining of the cells for glycogeri and electron microscopy was done according to 

Schade", 3% glutaraldehyde, I % osmiumtetraoxide and 1 % phosphor-tungstic acid (PTA) 

were used. 

Experimental setup 

The measurements to establish the CO,, PHB and phosphate ratio on acetate were cmied  out 

in the SBR as wel1 as in the separate batch experiments using camples of the SBR sludge. For 

the batch determination of the CO, production, sludge from the SHR was washed and 

resuspended, both with physiological salt-solution; 15-ml tubes with screwcap and septum, 

were filled with 4 ml sludge. The tubes were flushed with nitrogen gas. Acetate was added 

in a concentration range of 0 to l 0  C-nirriol/l. After 160 minutes, the pH was lowered by 

adding 0.05 ml 4 N HCI to expel the COz froni the liquid and the tubes were shaken for 10 

minutes. A sample of the gas phase was injected on a GC for detection of CO, and N, which 

was used as intemal standard. Sludge frorn the end of the aerobic phase was used for the 

batch determination of the PHBIacetate ratio. Flasks with 40 ml sludge and 0.8 ml 6 g/l Tris 
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buffer were flushed with nitrogen gas. The experiment was started by adding acetate in a 

range of O to 7.9 C-mmol/l. After an incubation time of 3.5 hours, al1 acetate was consumed, 

and the PHB content of the sludge and released phosphorus were measured. The measurement 

of the P-release as a function of the pH, was carried out in the SBR. Before the influent was 

added, the pH was changed to a new setpoint and the phosphate and acetate concentrations 

were followed during the anaerobic phase. After the measurements the pH was set to its 

standard value. 

Results 

Steady state operation 

After 50 days of operation, the SBR was in steady-state and after 160 days of trouble-free 

operation the experirnents were performed. The average MLSS (mixed liquor suspended 

solids) and VSS concentration (volatile suspended solids) was 3.2 g/l and 2.2 g/l. The 

measured flows in the SBR are shown in table 111. 

Table 111 Average measurements over 16 cycles during 50 days of the SBR in steady state. 

Measured compound Convened amount (rel std dev.) Unit 

Acetate consumed 12.07 (0.05) C-mmol/cyclc 

Phosphate uptake 0.457 (0.06) P-mmol/cycle 

MLSS increase " 176.1 (0.07) mg/cycle 

VSS increase " 122.7 (0.06) m&yclc 

Biomass in~~eaïï ' 5.02 (0.07) C-mmol/cyck 

CO, produced 6.65 (0.07) mmollcycle 

H,CO, produzd 0.3 (0.2) mmol/cycle 

carbon recovery 99% 

"SS : mixed liquid suspended solids concentration 
b VSS : volatile suspended solids concentration 

Biomass : biomass excludimg polyphosphate 

Due to the short sludge retention time (SRT) nitrification did n< ccur. Micro: jcopy on cells 

stained for polyphosphate (Neisser staining)%howed that virtually al1 organisms contained 

polyphosphate granules. The carbon content of the biomass (MLSS) at the end of the aerobic 
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phaje was 32 5% and contained 1.3 % PHH The carbon recovery over the total cycle was 

90% 

COJHAc ratio 

The carbon dioxide production in a cycle was measured in the SBR and figure 3 shows the 

CO, production during the cycle. The total arnount of CO, produced in the anaerobic period 

wai l .34 C-mmol/l or 0.22 C-mol/C-mol of the added acetate 

(1.0 I o 2 o 3.0 4 o 5 n 6.0 
C:)cle time 01) 

Figure 3 COj production during u c w l r  in rhe SER, - CO? productiori, .. . rumulcrfrve CO2 

produciion. 6 C-mmoV1 ucrlulr wus added 

In batch experiments, (fig. 4), the CO, production was measured as a function of the 

consumed acetate. The observed measurements are generally in accordance with the 

theoretica1 value of 0.17 C-molIC-mol acetate for the glycogen metabolism. From figure 4 it 

also appears that, in the absence of acetate, a cenain CO, production still takes place. If this 

small amount of extra anaerobic CO, production also takes place in the reactor the real 

amount of CO, produced coupled to  acetate uptake decreases from 0.32 to 0.18 C-mol COJC- 

mol acetate consumed. 

PHB/HAc ratio 

Acetate, PHA and phosphorus profiles were meawred dunng a cycle in the SBR (figure 5). 

From the PHA's, PHB was the component mojt produced. 
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0 3 6 9 
HAc umsumed (C-mmol/l) 

Figure 4 CO, production per C-mol acetate consumped as measured in batch experiments with 

increusini: acelate concentrations. 

0.0 1 O 2.0 3.0 4.0 5.0 6.0 
Cyclc time 01) 

Figure S PO, (A), HAc f + )  and PHB (i) profiles during a cycle. Initia1 acetate concentration 5.75 

C.mmo@, phosphate O24 P-mmol/l. 

The amount of PHV (poly-B-hydroxy valerate) formed was only 10 % of the formed PHB. 

The carbon in the PHB and PHV conversions were added and further referred to as PHB. 

PHB was measured as a percentage of the biomass. Since the biomass concentration in a 
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cycle can not he considered to he constant, due to P-release, PHB formation and glycogen 

consumption, the MLSS concentration was corrected for these changes. The addition of 5.75 

C-mmolfl HAc resulted in a PHB production of 9.6 C-mmol/l at the end of the anaerobic 

phase. The initia1 PHB concentration (at the end of the aerobic phase) was 2.6 C-mmol/l, so 

the amount of PHB produced is 7.0 C-mmol/I, which gives a PHB/acetate ratio of 1.2 C- 

moi/C-mol. This strongly indicates that ai intemal carbon source participates in the 

metabolism. Electron-microscopy on cells, specific stained for glycogen, showed that glycogen 

was present in the cells (figure 6). 

Figure 6 Elecrron niirroscopir detection ofglycogen in the sludge at the end of the aerohir phase. 

The dark spots are stained glycogen grandes. Polyphosphate is nor present anymore since 

it disappeared from  he cells during the fixation and sraining procedure. Magnification 

48.000x. 

The PHB measurements in the batch experiments as a function of the acetate consurnption 

are shown in figure 7. The observed ratio was 1.3 C-mol PHB produced per C-mol acetate 

consumed. The pH in this experiment was 7.4 and did not change. 
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, 1.3 C-molIC-mol (pH 7.4) - 
o l l 

O 2 4 6 8 
[HAc] (C-mmolJ1) 

A 0.60 P-molIC-mol (pH 7.4) 

l l 

2 4 6 8 
[HAc] (C-mmol/l) 

Figure 7 PHB production ( l e f )  and phosphate release (right) per C-mol acetate consumed 

as measured in batch experiments with increasing acetate concentrations; pH 7.4 

+ 
rn t o -  - ,  - .  - .  

0.0 0.5 1 O 1.5 
Cycle time (h) 

0.0 0.5 1.0 1.5 
Cycle time (h) 

Figure 8 Acetate uptake (lefl) and P-release (right) at dtfferent pH-values. Average initial 

acetate concentration 6 C-mmov, MLSS 3.2 g/l, pH 5.8 ( x ) ,  pH 6.4 (+), pH 7.0 (+), 

pH 7.8 ( A ) ,  pH 8.2 (i). 

Phosphate/HAc Ratio and the pH effect 

The amount of phosphate released dwing the anaerobic pari of the cycle at pH 7.0 (figure 5) 

was 2.88 P-mmol/l, which gives a phosphatelacetate ratio of 0.50 P-molIC-mol. The phos- 

phatelacetate ratio measured in the PHB experiments at pH 7.4 was 0.60 P-mol released per 

C-mol acetate consumed (figure 7, right). P-releaselacetate uptake experirnents were carried 

out at different pH values in the SBR. The initial acetate concentration was kept constant. 

During the experiment the pH was controlled. The acetate uptake rate had an average value 



of 7.5 C-mmol/l.h and showed no relation with the pH value (figure 8, left). The P-release 

rate iricreased witli increasing pH (fig. 8, right) and was stoicliiometrical) related to the 

acetate uptake; It varied from 1.45 P-mmoi/l at low pH to 4.68 P-mmol/l at high pH. The 

phosphatelacetate ratio as a function of the pH is shown Lr figure 9. The ratio for P- 

releaselacetate-uptake varied from 0.25 to 0.75 P-molIC-mol. 

Discussion 

Carbon balance 

In table IV the theoretica1 and rneasured ratios for the anaerobic metabolisrn are summarized. 

The measured yield for PHB on acetate of 1.3 shows that an internal carbon source takes part 

in the anaerobic metabolism and that the ratio obtained is in accordance with the glycogen 

model. It is striking, that these organisms possess a complete glucose degradation and 

synthesis route, without addition of glucose in the influent. 

0 8  

Figure 9 P-release u\. a function of the pH. The plotted line was tlir calculared line hased on the 

increme in A I# across the cel1 menrbrane with increasing pH, according ro equation (8). 

Apparently, the presence of glucose is not essential for the metabolism and glycogen is 

synthesised from PHB aerobically. The yield for carbon dioxide production on acetate of 0.17 

C-molIC-mol also corroborates the glycogen model. The participation of glycogen in the 

metabolism has consequences for the polyphosphate degradation and P-release since also ATP 

is produced from the glycogen degradation. 
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Table IV Theoretica1 conversion ratios for the models wizh the TCA rycle and glycogen as source 

of reduction equivalents and the measured ratios of the anaerobic metabolism in batch and 

in the SBR. 

Ratio Theoreticd (molJm01) Measured (mol/mol) 

TCA Glycogen Batch SBR 

COJHAc 0.11 0.17 0.17 O. 18-0.22 

PHB/HAc 0.89 1.33 1.3 1.2 

POJHAc (0.5+a,)/% (0.25+ a ,)/a, 0.26-0.76 

ATP balance 

At low pH (pH 5.5) there is no transport energy required for the uptake of acetate, therefore 

only energy is used for the conversion of 6 C-mmol/l (Table In) acetate to acetylCoA. This 

conversion requires 0.5 mol ATP/C-mol thus 3 mmo1 ATPI1 has to he generated. The 

observed P-release of 1.45 P-mmol/l (figure 8b) is clearly not enough to cover this amount 

of ATP. Therefore a second energy source takes part in the metabolism (table V). The 

participation of a 0.5 C-mol glycogen per C-mol acetate in the metabolism, generates 1.5 

mmolATP/l which covers, together with the ATP generated in the poly phosphate degradation, 

the ATP requirements for the acetic acid transport and conversion. This is an additional 

argument in favour of the glycogen model. Since the acetate consumption rate is constant and 

the P-release rate is stoichiometricaly related to the acetate uptake rate, also the glycogen 

degradation kinetics should he pH independent. 

Table V ATP balance over the anaerobic phase. The ATP requirement for the acetate uptake at low 

and high pH is compared with the ATP generared in the polyP hydrolysis and glycogen 

degradation. Concentrations in mmo@. 

pH HAc ATP required (mmolJl) ATP produced (mmoUl) 
uptake 

AcetyICoA transport Total P ~ ~ Y P  Glycogen Total 

6 6.04 3.02 3.02 1.45 1.51 2.96 

8 6.04 3.02 3.02 6.04 4.68 1.51 6.19 
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At high pH the transport of acetate requires 0.5 mol ATP/C-mol acetate, the overall ATP 

requirement becomes 6 m o l  ATP/l. The observed P-release of 4.7 P - m o l f l  and 

participation of glycogen provides the required arnount of 6 mmo1 ATPJ (table V). It can 

therefore be concluded that the observations strongly support the glycogen model. 

Thermodynamic considerations 

According to the overall reaction for the glycogen metabolism (r,) and u :  = 1 molATP/P-mol, 

the ratio for the Placetate ratio for the anaerobic uptake of acetic acid is: 

Combination with equation 4 gives: 

Equation 8 describes the pH dependence of the P/acetate ratio and was fitted on the measured 

data in figure 10. With the assumption of the pmf = - 17.4 kl/mol (resembling -180 mV/mol), 

an internal pH of 7 and an acetate concentration outside the cells of 6 C - m o l / l ,  two para- 

meters remain unknown. With a value of q = 0.3 (-) (191, an intenial acetate concentration 

C,, = 0.04 C-mrnol/l is found. 

Y,,,*, = 0.19 pH,,, - 0.85 (P-mol/C-mol j (8) 

These calculations show that the pH effect on the uptake of acetate could be related to the 

increasing electric potential over the cel1 membrane with the pH. This concept should hold 

for the uptake of any negatively charged component over a ceU membrane. 



Consequences 

At low pH the uptake of acetate requires Iess energy than at high pH. Consequently less 

phosphate is released at low pH than at high pH. The extra consequence rnight be that in the 

aerobic phase less energy is spent on the P-uptake at low pH than at high pH since less 

phosphate has to he taken up. The remaining energy could be used for other purposes, and 

for instance, an effect of the pH on the biomass yield is not to be excluded. 

The phosphatelacetate ratio is a critica1 parameter in the description of the biologica1 P- 

removal process. The control of the pH during the measurement of this parameter is essential. 

The variation in the ratios published in literature might he an effect of the pH. In some 

activated sludge systerns a stripper tank in the side stream is used in the biologica1 P-removal 

process to remove the phosphate from the sludge.I4 In such an anaerobic stripper tank acetate 

is dosed to release the phosphate from the biomass and the phosphate is precipitated or 

cryszallized. For the operation of a stripper tank the effect of the pH is that the required 

amount of acetate can be reduced considerably if the pH is increased. Therefore it would he 

better to use acetate-sak than acetic acid. 

Conclusions 

From the carbon dioxide and PHB measurements it appears that predominantly the glycogen 

metabolism takes place during anaerobic conditions. The production of 1.3 C-mol PHB per 

C-mol acetate shows that an intemal carbon source is used in the P-metabolism and that the 

ratio is in accordance with the model. Electron microscopy showed that this carbon source 

was glycogen. The amount of carbon dioxide produced is also in agreement with the 

metabolism. 

The P-release in the anaerobic phase is strongly influenced by the pH, the release shows a 

vanation of 0.25-0.75 P-mol/C-mol in a pH range of pH 5.5-8.5. ï ñ e  energy generated from 

the observed P-release at low pH is not enough to convert acetate to acetylCoA, which 

emphasized the ATP contribution of glycogen conversion in the metabolism. 

An explanation for the effect of the pH on the transport of acetate is given by the increasing 

electrical potential ( A $ )  difference across the membrane of the ceU with increasing pH. 

Consequently more work must be done to take up a negatively charged ion, like acetate, 

against the negative electric potential of the cells. 



The metabolic model hased on glycogen as soiirce of reduction eqiiivalents and ATP and a 

pH effect on the energy requirement for the transport of acetare explains satisfactorily the 

stoichiometry of the phoïphate-, PHH- and carbon dioxide to  acetate ratio during the 

anaerobjc phase of the hiological P-removal p roces .  

Nomenclature 

a1 

a 2 

AG"" 

n 

rl 

A P  

A 1Ir 
r 

v 

R 

T 

ATP required for uptake of acetate 

ATP generated in the degradation «t polyphosphate 

transport energy 

charge of the transponed acetate per C-mol 

efficiency 

proton rnotive force fprnf) 

electnc potential differente over the cellmernhrane 

reaction rdte 

intemal reaction rate 

gasconstant 

temperatire 

subscripts 

S 

phb 

PP 

P 
c 

W 

ATP 

YADH, 

1-5 

acetate 

poly-B-hydroxy hutyrate 

polyphosphate 

phosphate 

carbndioxide 

water 

ATP, elemental compositiori : '-' 

NADH,, elemental composition : 'H:' 

internal reactions 
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Appendix I1 

Stoichiometry of 
the aerobic metabolism 

In the aerobic phase of the biologica1 phosphoms removal process poly-8-hydroxy butyrate, 

produced during anaerobic conditions, is used for cel1 growth, phosphate uptake and glycogen 

formation. A metabolic model of this process has been developed. The yields for growth, 

polyphosphate and glycogen formation are quantified using the coupling of al1 these 

conversions to the oxygen consumption. The uptake of phosphate and storage as 

polyphosphate is shown to have a direct effect on the observed oxygen consumption in the 

aerobic phase. The overall energy requirements for the P-metabolism are substantial: 25% of 

the acetate consumed during anaerobic conditions and 60% of the oxygen consumption is used 

for the synthesis of polyphosphate and glycogen. 





results froni oxidative phosphorylation al1 conversions (growth, polyP- and glycogen 

synthesis) are coupled to oxygen consumption. 

Aim of the present study is the development of a structured metabolic model of the aerobic 

phase in which the yield on PHB for polyP synthesis, growth and glycogen synthesis is 

quantified. The coupling of al1 intemal conversions to the oxygen consumption makes it 

possible to quantify these yields by using a method based on oxygen respiration 

measurements. In a following paper we wil1 use the established stoichiometry of the anaerobic 

and aerobic phase to describe the kinetics of the biologica1 phosphoms removal process. 

Metabolic model 

The metabolic reactions in the aerobic phase can he \eparated in two groups: the energy 

generating reactions and the energy consuming reactions, see figure 1. 

Figure I Aerohic metuholism. 

The energy producing reactions can be described by two equations: PHB catabolism (reaction 

l 1) and oxidative phosphorylation (reaction 2). The energy consuming reactions are described 

by 3 reactions: production of biomass (reaction 3), polyP synthesis (reaction 4a and 4b) and 

glycogen synthesis (reaction 5).  
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Reaction l: PHB catabolism 

PHU is degraded to acetylCoA3 and convened in the tricarboxylic acid cycle ITCA). The 

FADH, which is produced is assumed to he equivalent to NADH2. 

- CH, ,O,,, - i s H,O + 2 2s NAIIH, + O s ATP + COZ = O 

PHH 

Reaction 2: Oxidative phosphorylation 

In the oxidative phosphorylation ATP is produced from NADH?. The amount of ATP 

produced per electron pair is represented by 6 ,  the so called P/O ratio which resembles the 

efficiency of the oxidative phosphorylation. This process cm he represented 

stoichiometncally by: 

- NADH, - 0.5 0, + H,O + 6 ATP = 0 [21 

Reaction 3: Biomass synthesis froni PHB 

In the synthesis of biomass 0.27 mol CO, is produced per C-mol biomass.' The amount of 

ATP needed for the fomation of biomass precursors from acetylCoA and poljmerisation 

of these precursors to 1 C-mol biomass is represented by K. According to biochemica] 

analysis1?he expected value for K = l .S  mol ATP per C-mol biomass. The term m,,, is 

the specific ATP conïumption due to mainteiiance processes. The biomass composition 

shown was corrected for the polyP, PHH and glycogen content and determined by CHON 

analysis, 1 C-mol active biomass is equal to 26 g. For further symbols see the list of 

nomenclature. 

- I 27 CH, - 0 20 NH, - O015 H,P04 - íK+rn,,.JpJ ATP - O 385 HzO 

PHB 

+ CH ,,,, (>,,,,N ,,,,, P ,,,,,, + 0615 NADH, + 027 CO, = O ~3 I 

Reaction 4a: Phosphate transport 

The transport of phosphate across the cel1 membrane is a process which requires energy. 

Phosphate is a negatively charged ion and has to be taken up against the electric potential 

difference over the cel1 membrane. Pasitive ions required for the polyP synthesis (Mg2' 

and K') are taken up without energy c o ~ t s . ~ .  " The energy used for the transport of 

phosphate is generated by the import of protons which are subsequently exported over the 
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cel1 membrane in the oxidation of NADH,." Therefore a certain amount of phosphate, t, can 

be transported for each consurned NADH,. The Gibbs energy for oxidation of NADH, by O, 

per two electrons is -220 kJ/mol.Vhe uptake of 1 mol of negatively charged ions like 

phosphate (H,PO,~) wil1 cost 14.7 kJ/mol.I3 According to Westerhoff and van Dam" 

membrane coupled processes typically have thermodynamic efficiencies of 30 to 60 %. The 

uptake of phosphate wil1 require at least 14.7/(0.6.220) = 0.1 1 mol NADH, per mol phosphate 

at 60 % thermodynamic efficiency and 0.22 mol NADH, if the reaction proceeds with a 

thermodynamic efficiency of 30%. This indicates that I / €  wil1 range between 0.22 and 0.1 1. 

- H,PO, out - IIE NADH, - 112~ 0, + H,PO, in + ]/E H20  = 0 Pal  

Reaction 46: Polyphosphate synthesis 

The composition of polyphosphate, based on the rneasured release of phosphorus, 

magnesium and potassium, was Mgl,3Kli3P03. Recause the elements magnesium and 

potassium were not considered in the model, polyphosphate is represented as HPO,. The 

amount of ATP which is required for the synthesis of polyP is represented with U,. For 

the synthesis of polyphosphate 1 ATP is necessary and hence a typical value of a ,=  1.  

H,PO, in -  CL^ ATP + HPO, + H20 = 0 

P ~ Y P  

Reaction 5: Glycogen production 

This reaction it based on the production of glycogen from oxaloacetate in glyconeogenesis.15 

Oxaloacetate is produced from PHB through the glyoxylate cycle." 

- 413 CH, ,OO., - 516 ATP - 516 H,O + CH,,,05,, + 113 CO, + i NADH, = O ~5 I 
PHB Glyu>gen 

The intemal reactions, [ l  .S] are based on biochemica1 knowledge and stoichiometry. These 

reactions occur in the cel1 and can not be observed directly. However, the observed 

conversion rates outside the cel1 are a result of the intemal reaction rates, which are coupled 

through NADH, and ATP. 

PHB conversion rate 

The conversion rates can be expressed as a function of the intemal reaction rates by a set of 
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linear equations with parameters composed of the stoichiometnc coefficients of the intemal 

reactions, as shown above. The rates of reactions [ ] . . S ]  are v,..v,, and can be expressed with 

the transpc~sed reaction rate vector r": 

I t  the transposed conversion rate vector for the 12 compound\ I \  

and cc the rnetabolic 
l O 1 . 2 7  

reaction matrix: 
0 o I 

o o O 

0 [J O 

O o 0.20 

o O O 

O O 0.015 

a 
l 112 0 

then the following set of 12 linear relation5 is obtained, by writing out the compound balances 

for each of the 12 compounds (I'HR..NADH,): 

If the wel1 known12 assumption is made that no net accumulation of NADH, and ATP 

takes place, r,,, = O and r,,,,,,, = O. Furrher, the assumption is made that the internal 

ortho-phosphate concentration i s  kept constant and therefore r,, , = O. Now we have a 

system with 15 unknowri rates (v,..v, and r,,,,..r,) and 12 linear equations. With the 
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measurement of 15- 12 = 3 of the unknown rates, al1 remaining conversion rates in the system 

can he descnbed. The following unknown rates were chosen: r,, r,, and r,,. The overall 

equation for the conversion of PHB in the aerobic phase then becomes: 

The following relations for the defined maxima1 yields and maintenance, and the 

metaholic model parameters (6,  K, E, a,, m,,) are found: 

Equation (4) describes the amount of PHB required for the production of biomass, 

polyphosphate and glycogen synthesis and maintenance. 

Oxygen conversion rate 

In an similar way the total amount of oxygen consumed in the aerobic phase as a function 

of the chosen growth (r,), polyphosphate (r,,) and glycogen (r,,) rates cm be derived from 

the set of 12 linear relations with 15 unlmown rates (eq 3): 
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The following relations hold for the defined maximal oxygen based yields and maintenance 

coefficient as a function of the metabolic model parameters (6,  K, E ,  a,, m,,): 

1 ~.~ - 0.714+2.5236+1.125K -P P 

y "X" 2.256 i 0.5 

Further, combining (5) to (8) with (10) to (13), it can easily he s h o w  that the following 

direct relations exist between the substrate and oxygen based maximal yields and 

maintenance coefficieiit: 

1 
P - 

1 1.125- 
y" y"" 
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Determination of the stoichiometric coefficients of the 

metabolic model 

The maxima1 yield for biomass formation ( l / Y p ) ,  polyphosphate synthesis (l/Y,-), and 

glycogen formation ( l /Y,y)  on oxygen are now expressed as a function of the P/O ratio (h), 

the coefficient for the transport of phosphate ( t ) ,  the polymerisation constant (K) and the 

maintenance energy m,,. Determination of these coefficients can be achieved by the 

established relations, eq (4-13), in combination with appropriate measurements, as shown 

below. 

Determination of the PI0 ratio, (6)  and transport coefficient, ( t )  

The P/O ratio i\ established by measurement of the oxygenlphosphate ratio (I/Y,;:) for 

various amounts of accumulated phosphate. Assuming that cel1 growth and glycogen 

production are not influenced by the amount of phosphate accumulation, eq 9 shows that the 

oxygenlphosphate ratio can be calculated from the difference in oxygen consumption rate 

(p-rop) in the absence and presence of phosphate according to the following relation: 

In a batch situation the cumulative mass of oxygen consumption, M, and mass of poly- 

phosphate accumulation, M,, are, according to eq 1 1 and 18, related as: 

The coefficient a,  is lmownX to be equal to 1 and t is expected to have a value between 5 

and 9. Figure 2 shows how l/Y,;? depends on the P/O ratio (6 )  and the transport 

coefficient of phosphate, e .  The assumed value of e has effect on the calculated P/O ratio 

from the measured value of Y g ,  however it can be shown that this does not influence the 

oxygen based yields very much. An average value of E = 7 was taken as an appropriate 

estimate. Using these values for a,  and E, an accurate value of the oxygen/phosphate ratio 

wil1 directly yield the P/O ratio, 6 from eq 19. 
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1.2 1.4 I 6  I R  2  2.2 I.? I 4  I 0  1.8 2  2.2 
P/O ratio ( 6 )  P/O ra t i o  !o j 

Figure 2 Dependencj o/ Y,,? (IeJl) und ihr po&nirri.sc~íi«n corfficwni. K .  íright) oti  he P/O ratio, 

6 .  and thr pho\phatr irunsport coefficirnt, r .  

Determination of the maintenance coefficient, m,,,, 

For the detemination of the maintenance coefficient the oxygeri consumption rate was 

followed dwing 25 h.  At the start of the aerobic phase the oxygeri consumptiori is high due 

to utilisatiori of PHB for polyP uptakc. growth and glycogen formation. The oxygen 

consumptiori rate decreases during the aerohic phase due to the decreasing fraction PHB in 

the biomass. Wheri the oxygen corisurnption is followed dunng 25 h, the oxygen consumption 

decreases further and wil1 finally becorne constant. This i %  the oxygen consumption related 

to maintenance, m,,. Eq 13 leads then to m,,,, using the previously obtained value for 6 .  

Determination of the polymerisation coefficient, K 

With the determination of 6 ,  e and m,-,,. and the value of a,=l ,  the polymensation constant 

K cari he calculated. The value for K cari be derived from the oxygeii balance (eq. 9), in 

combiriation with eq (10-13): 

For the calculation of K, meawrement of the oxygen con\umption, (r,,), biomass 

production, h,), polyP accumulation, (r,,,,) and glycogen production, (r,,) is required. 



In figure 2 the relation between the P/O ratio and K is shown for typical expenmental values 

of r,, r,, r,,, r,, and C, in our SBR. The P/O ratio highly influences the value found for the 

polymerisation coefficient K. An accurate value for the P/O ratio enables the determination 

of the value for K, while the value for epsilon is of minor irnportance. 

Materials and methods 

Continuous operation of the sequencing batch reactor (SBR) 

The shidy was carried out in a laboratory fermenter with a working volume of 2 1, at 20 "C. 

The fermentor was equipped with pH, 0, and redox electrodes. The pH was maintained at pH 

7.0 i 0.05 using 0.5 N HC1 and 1 N NaOH. The reactor was operated as a sequencing batch 

(SBR) with a cycle of 6 hours consisting of anaerobic (2.25 h), aerobic (2.25 h) and settling 

(1.5 h) periods. Biologica1 phosphonis removing sludge was used as an inoculum. Since the 

added acetate was completely consumed in the anaerobic zone, only organisms capable of 

anaerobic acetate consumption were accumulated in the reactor. Methanogens were not 

present since part of the time oxygen was present. One litre medium was fed at the start of 

the anaerobic phase and effluent was removed at the end of the settling period, resulting in 

a hydraulic retention time of 12 h. At the end of the aerobic phase 63 mL excess sludge was 

rernoved, resulting in a biomass retention (SRT) of 8 days, which results in a growth rate (p) 

of 0.014 h ~ '  (growth in the aerobic phase only). A stirrer speed of 500 p m  was maintained, 

except for the settling period. During anaerobic conditions nitrogen gas was bubbled through 

the reactor with a flow rate of 30 ]/h, aeration was provided with an air flowrate of 60 I/h. 

The dissolved oxygen concentration during the aerobic phase was measured and was always 

above 50% of the saturation concentration. The offgas was analyzed for carbon dioxide 

production and oxygen consumption. 

Media 

Sterilized synthetic medium was used containing per h e :  0.85 g NaAc.3H20 (400 mgCOD/l) 

as carbon source, 107 mg NH,CI, 75.5 mg NaH2P0,.2H20 (15 mgP/I), 90 mg MgS0,.7H20, 

36 mg KCI, 14 mg CaC1,.2H20, 1 mg yeast extract, 0.3 ml nutrient solution. The nutrient 

solution contained per litre: 1.5 g FeC1,.6H20, 0.15 g H,BO,, 0.03 g CuS0,.5H20, 0.18 g KI, 

0.12 g MnCI2.4H,O, 0.06 g Na2M00,.2H20, 0.12 g ZnS04.7H,0, 0.15 g CoCI2.6H,O, 10 g 

EDTA. The medium for the respiration measurements resembled the medium in the SBR at 

the end of the anaerobic phase (high concentrations of Mg2', K+ and P0,3-) and contained 0.08 



g NH4CI; 0.58 g MgSO4.7H,O, 0.02 g CaCI2.2H,O, 0.18 g KC1 0.001 g Tris. 0.3 ml nutrient 

solution and 0.001 g yeast extract. Pho\phate was added separately. 

Analyses 
For dry weight determinatioti a l 5  ml sample of the sludge was filtered o11 a Whatman glass 

microfihre filter. The filter was dried for 24 h at 80 % C  and weighed on a microhalance. The 

ash content was determined by incinerating the dry filters in an oven at 550 'C. The 

elemental composition of the biomass was nieasured with washed and freeze dried biomass. 

Carbon, hydrogeri, oxygen and nitrogen were determined using a Perkiii Elmer 240B 

Elemental Analyser. The elemental composition was corrected for the polyphosphate and 

stored carbon. Ortho-phosphate was determined by the ascorbic acid method. Acetate was 

determined on a GC with a Hayesep Q 80-100 mesh. column at 185 'C  and FID detector. 

NH,' was measured with an NH, electrode (Metrohm),  NO,^‘ NO, were rneasured by 

Standard Methods.' 

For PHB determination, 0.5-7 mg berizoic acid in I-propailol was added to 15-20 mg washed 

and freeze dried biomasï in clo.;ahle tubes of 15 ml. 1.5 ml of a mixture of l-propanol and 

coiicentrated hydrochloric acid í4:I) and 1.5 ml di-clorometharie was added and heated for 

2 hours at 100 'C. After cooling, the organic phase was extracted with 3 ml water. 1 ml of 

the organic phase wa\ dried «n Na,SO, and 0.4 K I  was injected on a GC with a stabilwax 

(Kestek) column at 2(X) '-C with a FID detector at 240 %C. 

For glycogen determiriatiori, h M HCI was directly added to the sample to a final concen- 

tration of 0.6 M. The sample was placed in a waterhath at l00 ',C: for 1 hour. After cooling 

and centrifugation the glucose concentration of the supernatant was rneasured on a HPLC. 

The gasflows were controlled with massflow controllers (Brooks 5850) for air and nitrogen 

gas. The offgas was dried over a perma pure column and carbon dioxide was measured with 

a Beckman 870 infrared analy~er. Oxygen was measured with a Servomex l 100 paramagnetic 

anal yser. 

Measurement of the respiration rate in the aerobic phase 

The oxygen consurnption of the hiomass in time, exposed to various moun t s  of phosphate, 

was followed in an automated respirometer connected to a completely mixed and aerated 

batch reactor with a volume of 0.5 1. pH was controlled at pH 7 and the temperature was 

maintained on 20 ',C:. For measurements i11 the presence of various amounts of phos~hate,  

hiomass was taken at the end of the anaerohic phase of the SBK and washed two times and 

taken up into medium for the respiration measurements which contained no phosphate. 
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Phosphate was added separately at the start of the experiment. The biomass was continuously 

pumped to a smal1 vessel with a volume of 10 ml (also thermostated) which contained the 

oxygen electrode, see figure 3. Every 3 minutes the flow from the main vessel to the oxygen 

measurement vessel was switched off. The oxygen consumption rate was measured by 

following the dissolved oxygen concentration for 3 minutes, after which the pump was 

switched on again. Data were logged by a computer. The oxygen consumption rate was 

followed during at least 2.25 h, the length of the aerobic phase in the SBR. During these 

experiments samples from the main vessel were taken to determine the phosphate and 

ammonium concentration in the liquid and the PHB and glycogen content of the biomass. 

Air pH mmo1 

n Temp 
'0"ti"l 

i, 

Figure 3 Schemaric representation of thr experimental setupfor the continuous measurement ofthe 

oxygen consumption rate. 

Results 

SBR measurements 

The SBR was operated for 100 days before the experiments were started and could therefore 

be considered in steady state. Figure 4a gives an overview of the conversions occurring in the 

aerobic phase of the biologica1 phosphoms removal proces in the SBR. PHB is consumed 

for the fomation of biomass whereas phosphate and glycogen were accumulated in the 

biomass. The ammonium consumption can be used to calculate the biomass production 

because nitrification is absent. The nitrite and nitrate concentration were regularly measured 
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arid always zero. The elemental compoïitiori of the active hiomass, without poljphosphate or 

carbon storage reserve\, was foiind to he CH, ,,O,, ,,N, J',, ,,,, 

2.23 1.00 3.75 
tinic (h) 

1;igure 4a Convrrxlon q/ PHR (i). NH4 (a) und g l j r o g r ~ l  í+) durini: t h ~  urrohir phuw in (he SBR 

2 25 3 00  3.75 4.50 
tinis (h) 

Figure 4b CO2 production rutr,  r ~ x j g r n  r.on.sumption rate and phosphatr uptakr l + )  during the 

aerohir phasr o/ /hr SAR. 

Figure 4h shows the CO2 production and 0, consiimption during the aerohic phase in the 

SBR. The oxygen conïumption rate decreases after the phosphate is completely taken up 

(t=3.4 h). This already indicates that a suhstantial amount of energj is required for the uptake 
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of phosphate. The total conversions during the aerobic phase are given in table I. The redox 

and carbon balance during this phase showed a recovery of 101 and 106 %, which indicates 

the realibility of the measurements. 

Table I Measurernents in one cycle ofthe SBK in steady state. 

Measured compounts flow unit 

Conversions over one cycle 

HAc consurned 6.10 C-rnm»l/l ~ y c l e  

CO, prrxluced 3.37 mmol/l cycle 

Conversions in the aerohic phase 

PHB consurned 8.04 C-mrnol/l 

Ammonium consumed 0.42 mm«l/l 

Biomass. increase 2.10 C-mmol/l 

Phosphate uptake 2.71 P-mrnol/l 

Glyciigen produced 3.62 C-mmol/l 

0, consumcd 2.97 mmol/l 

. biomass excluding polyphosphate and carbon reserves 

Determination of the P/O ratio from the oxygenlphosphate yield 

The effect of the phosphate uptake and synthesis of polyphosphate on the oxygen 

consumption was studied in a respirometer (Fig 3). Figure 5a gives the result of a 

measurement in the presence and absence of phosphate in the medium. W e n  phosphate was 

present, it was completely taken up within l .5 hour. The oxygen consumption rate during this 

period was clearly enhanced due to the energy requirement for P-uptake and polymerization 

to polyphosphate. When phosphate is depleted, the oxygen consumption rate becomes equal 

to the rate observed in the experiment without phosphate in the medium. Although phosphate 

is absent in the medium, the organisms c m  utilize polyphosphate to provide the phosphate 

required for cel1 growth '. The cumulative oxygen consumption, figure 5b, shows that overall 

0.95 mol O, is consumed for the total uptake of 3.1 P-mol. The dashed line in figure 5a and 

5b representing the phosphate uptake was calculated with the difference in oxygen 

consumption between the experiments ui presence and absence of phosphate and an 

oxygenlphosphate yield of 0.31 mol/P-mol, see below. 
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Figure 5 Oxygen c«n.sumpiion rulr (SU)  and rutnmula~ive oxygrn (.on.sumplio~~ (?h) oJthr biomass 

in I ~ P  presrnrr 1.) und ahsener (6) njphosphair and rhr pho.sphaie concentraiion (+) in 

~ h r  liquid. ï h r  linrJor t h ~  phospharr upíukr was culruluiedfrom ihr difjerence in oxjgen 

consumption and a O,/PO, ratio of 0.31 moC/mol. 

The oxygen/phosphate yield has been calculated with equation 19. Comparison of the extra 

oxygen consumption (M,, '"-M,")  with the phosphate uptake M,,, (Fig 6) gives a stoichiometric 

ratio of 0.3 1 mol O JP-mol. 
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Figure 6 Stoir.hiometric relalion hetween thr oxygen consumption and phosphate uptake 

Figure 7 shows the total oxygen consumption M, of many different experiments whereby the 

total phosphate uptake differed. Here a yield of 0.30 mol O, /P-mol is found. The intercept 

with the y-axis equals the oxygen consumption for growth and glycogen formation, M:. An 

oxygen/phosphate ratio of 0.30 mol/P-mol and t = 7 leads to a P/O ratio (6) of l .X5 (eq. 19). 

Figure 7 Ejfeect o/ various amounts ofaccumuiu/ed polyphosphate on /he oxygen consumption ofthe 

biomass. 
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Altematively the oxygen/phosphate ratio can he estahlished directly frorn olie measurement 

of the oxygen consumption rate in the SBK. In figure 8 the oxygen consumption rate of the 

SBK i \  shown. After 1 hour (t = 3.2 h) phosphate is consiimed and the oxygen consumption 

rate decreases to the level corresponding with the growth and glycogen synthesis. Extra- 

polation of the oxygen consiimption for cel1 growth and glycogen production to the stan of 

the aerobic phase is possihle since hoth processes mentioned are nor significantly influenced 

hy the phosphate uptake, see below. The amount of oxygen used for phophate uptake is now 

given hy the difference between the rnrasurcd curve and the extrapolated line. Calculation of 

the oxygen/phosphate ratio during this cycle yielded a value of 0.29 mol OJP-mol, which is 

i n  close agreement with the values of the respirometer. In figure 8. the phosphate uptake was 

calciilated hy using the value for the oxygen/phosphate ratio found in the respirometer, and 

compared with the measiired P-uptake. 

2.25 3(XJ 3.75 4.50 
tinic (h) 

Figure 8 7btal o x j p  c.onsuniption ralr  nlrusurrd in thr o!jga.s of rhr SRR (- 1 und extrapolated 

line f....) rr~~rr,senlini> thr oxvgeri mnmmplion /»r growth and g lyogen sjnthesis. The 

difjerence in o.rjgen rnnsuntption hr twrrn thrsr lines was usrd t» ralculate !he P-uptake 

with a valur oJ'U.3 m o w - m o l / o r  thr ox);~en/phosphate rario. l + )  rneasured P-upfake. 

Determination of the maintenance coefficient, m,,, 

The maintenance coefficient is determined hy the oxygen conwmption rate which was 

followed during 25 h in an experiment i n  the respirometer, see figure Y. At the stan of the 

aerohic phase the oxygen consumption rate is associated with utilisation of PHB for polyP 
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synthesis, growth and glycogen formation. After 1 hour the drop in oxygen consumption 

occurs due to depletion of phosphate from the medium. The funher drop in oxygen 

consumption rate is due to the decreasing fraction PHB in the biomass. After 9 h the oxygen 

consumption finally becomes constant and the observed oxygen consumption rate of 0.25 

mmol0~ l .h  is taken as the oxygen consumption for maintenance purposes, m,, = 4.5 10-3. The 

maintenance per C-mol biomass, m, = 4.0 10-3 and the m,,,, value of 0.019 molATP/C-mo1.h 

is then found, using eq (17) and (13). 

O h 12 18 24 
time (h) 

Figure Y Uelerminalion of the muintenance coe/jicienl/rom  he P-relrase in absence of substrale 

during anarrobic conditions and a biomass concentration o f 5 5  C-mmol/l. 

Determination of the polymerisation coefïïcient, K 

To establish the ATP requirement for biomass synthesis several experiments were performed 

in the respirometer with various phosphate concentrations. PHB, ammonium, phosphate and 

glycogen concentrations were measured as wel1 as oxygen consumption. Biomass production 

during the cycle was obtained by taking the ammonium consumption as a measure for cel1 

growth. In figure 10a the biomass production is s h o w  during the aerobic phase, in the 

absence and presence of phosphate. It can be concluded that there is no difference in biomass 

production between the two experiments. In both cases the growth rate is gradually decreasing 

during the cycle. The glycogen production during the aerobic phase is s h o w  in figure lob. 

When phosphate is absent in the medium it appears that slightly more glycogen is produced, 

however the total amount of glycogen produced at the end of the aerobic phase is comparable. 



Also ttie glycogen production rare terids to decrease gradually during the cycle. The PHB 

corisumption during the aerohic phase is shown in figure 10c. Although expected. it can not 

he concluded from figiire I O C  that in the absence of phosphate less I'HB is used than in its 

presence. In general it appears however that the effect of phosphate on growth, glycogen and 

PHB conversions are minor. This validates the above approach to determine the P/O ratio, 6 .  

K was calculated according to equation 20 from 10 different sets of conversion rates 

measured in 8 different cycles. A valiie of l .h was found with a srandard deviation of 0.3. 

Calculation of the yield coefficients 

With al1 metabolic stoichiometric coefficients determined, the yield\ can be calculated 

according to equation (5) to (8) which are shown in table 11. For typical SBR conditions it 

appears that growth, polyphosphate arid glycogen synthesis each consume about equal 

arnounts of oxygeri. The accuracy of the ohtained yield coefficients is shown in figure 1 1  

where the measured and calculated oxygen (I  la)  and PHH conversions ( I  ] b )  are compared. 

The overall relations for PHB and oxygen consiimption in rhe aerobic phase of the P- 

rernoving procesï are: 

-r,,,,, = 1.36 r, + 0.77 r ,,,, + 1.12 r,, + 4.0 IO 'C ,  (211 

-r,, = 0.41 r, + 0.31 r ,,,, + 0.26 r,, + 3.5 10~' C, (22) 

Tahle 11 Maximul yield vu1ur.s found hy reyression for growfh. polyP und gbcogrn 

formuti»n on PHH. ucerute and oryyrn in mol/n~ol. mainfenunc~: ntol/niol.h. 



time (h) 

O 0.5 1 1.5 2 2.5 
time (h) 

Figure 10 Eflect ofphosphate accumulation on the biomass produclion (a), glycogen formation (b) 

and PHR consumption (c), in the presence (i) and absence (+) of phosphate. ï ñ e  data 

points originatefrom several independent experiments. 



Calculated oxygen consumption (mmolil) 

0.0 2.5 5 0 7.5 10.0 
Calculatzd PHB c«nsumpti«n (C-mrndfl) 

Figure I j  Comparison of thu calculated overal/ o.rygen consumption ( a )  and PHB consuniprion (b) 

con~posed of the biomass, po-P and glyrogen producfio~i and rhe yieids of lable 11, and 

the overall measured oxygen- and PHB consumplion. 

Discussion 

In this work the aerobic metabolism of bio-P-bacteria has been studied in a SBR with 

emiched cultures mder non s t ede  conditions. No attempt for the microbiological 

characterization of the micro-organisrns was made for two reasons: First, the process was 
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operated in xuch a way that only organisms of m e  specific metabolic group were accumulated 

i.e. organisms which i) accumulate acetate in the cel1 as PHB under stict anaerobic 

conditions, using polyphosphate as energy source, ii) in a subsequent aerobic period use the 

PHB as carbon and energy source for growth and polyphosphate accumulation. Since acetate 

was never present under aerobic conditions, no normal heterotrophic bacteria were 

accumulated. Nitrification did not occur in the system thereby excluding nitnfiers and 

denitnfiers. Under anaerobic conditions HAc can only be converted by polyphosphate bacteria 

or methanogens. The latter group was not present due to toxicity for oxygen. So due to a 

strongly selective process we were able to cultivate a homogeneous metabolic group of 

bacteria and study their physiology. Microscopy showed that virtually al1 organisms in the 

sludge contained polyphosphate granules. The second reason was that many researchers have 

been trying to isolate and identify the bactena responsible for P removal. Although many 

bacteria capable of polyP synthesis have been isolated, none of these cultures have shown to 

exhibit the unique metabolism of the phosphate accumulating sludge. 

Coefficients and overall yields 

in the presence of oxygen ATP can be derived from the oxidation of NADH, in the oxidative 

phosphorylation. This process is generally assumed to be described by the chemiosmotic 

theory as proposed by Mitchell." The predicted mechanistic stoichiometry for the oxidative 

phosphorylation according to this theory gives a P/O ratio of 2 or 3 depending on the 

organism. Roelx showed that the treatment of the oxidative phosphorylation in t e m s  of a 

fixed stoichiometry is not valid. Oxidative phosphorylation is an incompletely coupled 

process, hence it can have a variable stoichometric coeffïcient. The expected operational P/O 

ratio is roughly 2 for organisms with a mechanistic stoichiometry of 3 and 1.4 for organisms 

with a mechanistic stoichiometry of 2. In the system considered here with an unknown 

mechanistic stoichiometry of the organisms, the denved value for the P/O ratio of 1.85 is 

within the expected range. 

The gradual change in growth rate and glycogen production rate during the cycle in presence 

or absence of phosphate, also justifies the direct determination of the oxygen/phosphate yield 

from the measurement of the oxygen consumption in the off gas of the SBR by means of 

extrapolation of the oxygen consumption rate as shown in figure 8. 

The maintenance coefficient m, of 4.5 found in our experiments can be compared with 

other values by expressing it as an endogenous mass loss rate (k,): the amount of biomass lost 

per g biomass per day. The mass loss rate in our system is 0.06 d-'. A typical value for the 

k, in common activated sludge systems is about 0.24 d-', the observed value for the 



biological phosphorus removal i \  thus iower than the the riormally ohserved value for 

maintenance. A similar Iow value for the mass loss rate (k, = 0.04) for the biological P- 

removal was found by Wentzel." The derived value for K of 1.6 is close to the theoretica1 

minima1 value of I . S  iridicated by Rtxls. 

The effect of external phosphate on oxygen consumption 

The high oxygen consumption rate during the P-uptake and drop in oxygen conïumption rate 

after the complete uptake of phosphate was also observed hy Wentzel et al.'. They explained 

this phenomenori by the kinetic assumptiori that growth stopped because phosphoms became 

limiting, although they also smed that the phosphate requirements for normall cel1 synthesis 

would generally he supplied from s~ored polyphosphate. From our measurements ífigure 10) 

it appears however that there is no  large change in rate of biomass «r glycogeri production 

in the presence or absence of extemal phosphate. In the present model the wel1 known 

stoichiometric ATP requirernents for the polyP synthesis already explains the observed oxygen 

consumption satisfactorily. Hence there is no need for other aswmptionï. 

Overall conversions during anaerohic and aerohic phases 

Since the anaerobic metabolism" and the aerobic metabolism are known, now the overall 

stoichiometry of the biological phosphorus removal c m  be formulated. In figure 12 the overall 

process is s h o w ,  which is valid for a SR7 of 8 days. With 1 C-mol acetate 1.33 C-mol PHB 

is synthesised and 0.5 C:-mol glycogen is convened anaerobically while 0.5 P-mol phosphate 

is released. In the aerobic phase 0.15 C-rnol PHB is used for the synthesis of polyphosphate, 

0.63 C-mol PHB is used for the synthesis of glycogen and 0.54 C-mol is used for biomass 

synthesis including mairitenance. In each cycle 0.34 C-mol active biomass, 0.01 C-mol PHH 

and 0.06 C-mol glycogen are removed as excess organic matter. 

The consumed amount of oxygen for the synthesis of polyphosphate is 0.16 mol O,, for 

glycogen 0.14 mol 0, and for biomass 0.14 mol O,. The energy requirements for poly- 

phosphate synthesi.; represent 10 % of the total PHB consumption and 30% of the total 

oxygen consumption. Since the production of glycogen is also an essential pan of the P- 

metabolism, in total 25 % of the consumed acetate and 60 % of the oxygen is used for the 

phosphate metabolism during the aerohic phase. 

The overall biomass yield of the polyP-metabolism is low compared to common aerobic 

growth on acetate. If these polyP organisms were compared to organisms with only aerobic 

growth on acetate using thc same metaholic stoichiometric parameters, the growth yield at p 

= 0.014 h l can be calculated to be 0.47 C-mol biomass per C-mol acetate. 
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-0.5 glycogm degradation 
-0.5 polyP depradation 

0.34 Biomass 

0.17 CO, 0.15 CO, U 06 CO; 0 11 CO. U0<1 CO, 

0.54 &P synthcsis 
0.56 glycopen synksis 
0.34 biomass syndicris 
0.09 maintenarie 

Figure 12 Conversions, expressed in mol, during the anaerobic and aerobic phase of  he biologica1 

phosphorus removal process after addition of l C-mol acetate, SRT 8 days. 

The oxygen consumption then equals 0.47 mol OJC-mol acetate. The total organic biomass 

yield for the polyP organisms is 0.41 C-molIC-mol acetate and the consumed amount of 

oxygen equals 0.55 mol 0, per C-mol acetate. The metabolic burden of the cyclic storage and 

consumption of polyphosphate and glycogen can be calculated to be 0.26 molATP/P-mol 

phosphate and 0.66 molATP/C-mol glycogen. This leads to a 13% decreased organic solids 

production and 17% increased oxygen production. This observation of energy costs is 

generally observed in metabolic cycles, as explained by Atkinson.* This means that the 

organic biomass production (VSS) in a waste water treatment system with biological 

phosphorus removal is decreased. However due to the storage of polyP the total sludge 

concentration (MLSS) is comparable or higher than a conventional aerobic treatment process 

(table 111). T h s  also would lead to a lower CH, production in the excess sludge digester. 



Table 111 MLSS prodrrrrion ,jbr the polyP nieraholim conipared wirh iiornial aerohir groir;ih. 

Aretaie locid: h. 1 C-niol per liter pcr ryrlr. SRT X d q s .  

PHB 6 1 

MLSS 2620 2295 

Conclusions 

A stmctured metabolic model based ori the biochemica1 pathways of the process, containing 

only 3 adjustable parameters (6 ,  K and m,,,), is very wel1 capable to describe the 

stoichiometTy of the complex conversions of the biologica1 phosphoms removal process. The 

predicted oxygen and PHB consumptioii for growth, polyphosphate synthesis and glycogen 

explains satisfactorily the observed rates. The developed respirometer technique allowed 

accurate measurement of the stoichiometric coefficients. The special feature of polyP- 

organisms to take up phosphate enables the direct determination of the P/O ratio of these 

organisms. 

The phosphate and glycogen cycles in biologica1 P-removing organisms have a large energetic 

effect on the metabolism of these organism: 15% of the added acetate and about 30% of the 

oxygen consumption is required for the uptake and storage of phosphate. The production of 

glycogen in the aerobic zone additionally requires 10 % of the added acetate and 25 % of the 

oxygen consumed. 

From the metabolic model it can be calculated that due to the P-metabolisrn a significant 

decrease in biomass volatile solids production and an increased oxygen consumption is 

obtained. However due to stored inorganic phosphate the total (organic and inorganic) 

biomass production is not changed appreciably. 
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Nomenclature 

metabolic reaction matrix 

ATP required for polyphosphate synthesis 

P/O ratio 

energy for transport of phosphate 

growth rate 

endogenous m a s  l o s  rate 

maintenance 

conversion rate 

reaction rate 

bioma concentration, excluding torage product 

biomass formation and polymensation constant 

converied amount 

maximal yield 

subscripts 

phb poly-B-hydroxy butyrate 

X biomass 

g1 glycogen 

PP pol yphosphate 
n ammonia 

p,*; phosphate outside the cel1 

P,:, phosphate inside the cel1 
o oxygen 

c carbon dioxide 

W water 

S carbon 

ATP ATP, elemental composition : '-' 

NADH, NADH,, elemental composition : 'H,' 

1-5 intemal reactions 
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Kinetics of 
the anaerobic and aerobic metabolism 

A structured metabolic model is developed that describes the stoichiometry and kinetics of 

the biologica1 P-removal process. In this approach al1 relevant metabolic reactions underlying 

the metabolism, considering also components like ATP and NADH, are described based on 

biochemica1 pathways. As a consequence of the relations between the stoichiometry of the 

metabolic reactions and the reaction rates of components the required number of kinetic 

relations to describe the process is reduced. The model describes the dynamics of the storage 

compounds which are considered separately from the active biomass. The model was 

validated in experiments at a constant sludge retention time of 8 days, over the anaerobic and 

aerobic phases in which the external concentrations as wel1 as the intemal fractions of the 

relevant components involved in the P-removal process were monitored. These measurements 

include dissolved acetate, phosphate and ammonium; oxygen consumption, PHB, glycogen, 

arid activc biomass. The model describes the dynamic behaviour of al1 components dunng the 

anaerobic and aerobic phases satisfactorily. 



Appendix I11 

Introduction 

The biological phoïphorus rerrioval proce\s is orie of the more complex waste water treatment 

processes due to the fact that the main pan of the metabolisni takes place ori iritemal qtored 

suhstrates and products. The mctaholisni i \  hased on the anaerohic consumption of acetate and 

storage as poly-l\-hydroxyhiityrare IPHB) while energy and reduction equivalent\ are provided 

iri the degradation of intemal stored polyphosphate and glycogen. During aerobic conditions 

the intenially stored PHH i \  oxidized arid used for growthl phosphate iiptake and production 

of glycogeri. Iri the overall proces.; three iritemal storage products (PHB, polyphosphate and 

glycogen) play an eïsential role in the rnetaholism. 

Diie to its complexity there have heen few r e p o n  about the mathematica) modelling of this 

process. Most notahly is the work of Wentzel et al.- "' Thk model. however, only takes PHB 

and polyP storage product\ irito account. Recently the involvement of an additional storage 

polymer, glycogen, ha\ heen dernon~trated.~ 7he model of Wentzel has heen validated using 

only ttie meaïured acetate uptake, phosphate releaïe and uptake and oxygen consumption. The 

dynamics of the storage compound\ and the active hiomass have not heen pan of their 

experimental research. Especially for microbial systems where the biomass composition 

changes strongly due to the dynamics iri the storage polymers it is very relevant to monitor 

and model such changes. From our previous work the role and dynamics of polyP, glycogen, 

PHB and active biomaïs in the anaerohic arid aerobic phases have heen shown. Iri this paper 

a complete structured metaholic model of the stoichiometry and kinetic hehaviour of the 

biologica1 P-proces wil1 he presented. 

Two process characteristics are eïsential to the analysis of microbial transformation processes: 

( 1 )  stoichiometry and (2) kirietics. Stoichiometry of a reaction provides information relating 

quantities of reactant5 conïumed to quantities of products fonned, while kinetics determines 

the rate of the reaction. The conversion rateï of different component5 are related through 

stoichiometry of the metaholic reaction.; and consequently the required number of kinetic 

relations to descnhe the process is decreased. The aim of the present study is the development 

of a structured model for the Fremoval process which is based on the metaholic description 

arid stoichiornetry with a minimal numher of kinetic expressions. In thi5 approach, al1 relevant 

metaholic reactions uriderlyirig !he rrietaholisni can be descnhed, including comporients like 

ATP and NADH,. The stoichiometry of the anaerobic and aerohic zone was described in 
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appendix I and I1 respectively, here we present the kinetic relations for the conversions in the 

anaerohic and aerohic zones of the process, obtained for a sludge age of 8 days. 

Table I Relevanl componenls in the ht»lo,qlc al P-removal process. 

Compount symbol elemental composition 

acetatc S CH,O 

phoqhate 

b i o m s  

PHB 

polyP 

glycogen 

ammonia n NH: 

carhon dioxide C CO: 

water W H,O 

1 Stoichiometry of the P-removal 

Relevant components and reactions 

In tahle I the components which play a relevant role in the P-metabolism are shown with their 

elemental formula. Al1 substrates and polymeric components like biomass, PHB, 

polyphosphate and glycogen are expressed per mole carbon or phosphorus, which simplifies 

the calculation. For the same reason al1 components are electro-neutrally represented. The 

relevant reactions and their stoichiometry of the anaerobic and aerobic phase are sumrnarized 

in table 11; these reactions are described in appendix I and The anaerobic metabolim can 

be described by two reactions: the uptake of acetate (R,)  and the production of energy for 

maintenance (R,), (table 11). Phosphorus removing organisms take up acetate and store this 

as poly-hydroxy-butyrate (PHB), see figure 1.  The energy for the transport and storage of 

acetate is supplied by the hydrolysis of intracellular polyphosphate and glycogen. Due to the 

hydrolysis of polyphosphate, phosphate is released. The energy requirement for the uptake of 

acetate is dependent on the pH value which is represented with the ATP coefficient a,. The 

energy for rnaintenance purposes is generated by the hydrolysis of polyphosphate. 



Anaerobic Aerobic 

Figure I Metuholi.sm of rhr anuerohic a d  uerohic phusr. 

The reactions in the aerobic metabolism ifigure I )  are described with four reactions al1 of 

which use PHB for: the production of hiomass (R,), the synthesis of polyphosphate (R,) and 

glycogen (R,) and the energy production for maintenance (R,,). Three rnetabolic coefficients 

determine the stoichiornetry of the aerohic metabolism: the P/O ratio. 6 ,  determines the 

amount of ATP produced in the oxidative phosphorylation, the polyrnerisation coefficient for 

hiornass synthesis, K, determiries the ATP involved in biornass synthesis and the transport 

coefficient, t ,  determiries the energy involved in the transport of phosphate into the cell, 

which has only a small contribiition in the overall metabolism. The metabolisms of the 

anaerobic and aerobic phase of the biologica1 P-rernoval process are only dependent on these 

four coefficients ( u ! ,  F,, K, c )  which were experimentally determined in appendix I and 

Biomass fractions 

An accurate mathematica1 description of the P-removal process has to distinguish between 

active biomasï and organic and iriorganic storage products, because the P-removing biomass 

can he made up for 50 % of internal storage products. Accordingly, in the model intemally 

stored components Iike PHB, polyphosphate, glycogen and active biomass, are considered 

separately. A typical example of the relation hetween MLSS, VSS and active biomass is given 

in figure 2. 



The MLSS and VSS are typical waste 

water parameters which can be easily MLSS I 
experimentally determined but do not 

give much information about the 

composition of the biomass, which is 

essential to know in the case of the P- 

removal Drocess. The overall observed 

suspended solids (MLSS) is in fact a Figure 2 Relation between MLSS, VSS and ash 
content and the biomass composition. 

mixture of PHB, polyphosphate, glyco- 

gen and active biomass. The VSS is the total of the fractions PHB, glycogen and active 

biomass (without the ash). The ash content of the MLSS consist of ash from active biomass 

(about 5-10% of the active biomass) and polyphosphate. 

ïable 11. Metabolic reactions of the anaerobic and aerobic phase of the biologica1 P-removal process. 

Anaerobic 

R, Acetate uptake -CH,O -0.5 CH,,O,, -0.44 HPO, 

+ l 3 1  CH, ,Oo5 t0.17 CO, +0.44 H,PO, -0.023 H,O = 0 

R2 Maintename - HPO, - H,O + H,PO, = 0 

Aerobic 

Rj  Biomass synthzsis -1.37 CH,,O,, -0.20 NH, -0.015 H,PO, -0.42 O2 

+CH,,O,,N,,,P,,,, t0.37 C O  +0.305 H,O= 0 

R? Phosphate uptake - 0.27 CH,,O,, - 0.306 O? -H,PO, + HPO, + 0.27 C O  + 1.20 H,O = 0 

R, Glycogeu formation -1.12 CH,,O,, - 0.26 G +CH Oz,, + 0.12 C O  + 0.007 H,O= 0 

R, Maintenance - CH,,O,, - 1.125 0, + C O  +O75 H 2 0  = 0 

The fractions of PHB, glycogen and polyP changes strongly due to the dynarnics in the 

anaerobic and aerobic phase. The fractions of the internal storage components (PHB, 

polyphosphate and glycogen) are expressed as a ratio with respect to the active biomass 

(molIC-mol active biomass): 



The observed bioma<\ conceritratiorr in the process is the s i m  of the concentrations of 

active hiornass: PHR: glycogerr and polyphosphate. 

Kinetics of the P-removal 

Anaerobic metaholism 

l h e  conversion rate5 of al1 components during the anaerobic phase can be calculated when 

the rates of reaction R ,  and K2 are known. The stoichiometry of the reactions R ,  and R2 

itahle 11) can be repre~ented iri a stoichiometry matrix a"" with the rows representing the 

relevarit component., and the columns the reactioii stoichiornetry. If the anaerobic 

conversion rates are represented by a vector r "' and the active hiomass specific rates of 

the reactions with the vector q "'l, then the conversion rate\ in the reactor during the 

ariaerobic phase can he calculated according t«: 

The vector q"" descrihes tlie rates of reactions K ,  and R,. The overall observed rate of R ,  is  

equal to the active hiomass specific acetate iiptake rate q and tlie rate of R ?  is determined by 



the active biomass specific anaerobic maintenance coefficient m,,. Only the two kinetic 

relations for the specific acetate uptake rate and the maintenance coefficient have to be found 

to calculate al1 conversions in the anaerobic phase, using the two specified reactions, R, and 

R,. 

In the kinetic description of the anaerobic phase the acetate concentration is considered to 

determine primarily the acetate uptake rate, when al1 participating components are present in 

excess. If one of the participating components is not present in excess, the component wil1 

finally be exhausted and therefore halting the anaerobic metabolism. In the uptake of acetate, 

glycogen and polyphosphate are degraded to provide energy and reducing power and might 

both halt the metabolism if they are exhausted. Previously it was shown that at different pH 

values the energy requirements for the transpon of acetate varied, resulting in an increasing 

phosphate release rate with an increasing pH. The acetate uptake rate however, remained 

constant at different pH values, which illustrates that the polyP degradation rate does not 

affect the rate of the acetate uptake, but that acetate uptake drives the polyP and glycogen 

degradation. The acetate uptake rate is determined by the acetate concentration and can be 

described by conventional Monod type of kinetics. 

Using equation (2) and (3) with a a n  gives: 

The rate of reaction R, is determined by the anaerobic maintenance coefficient, m,,, which 

is constant and expressed per C-mol active biomass, as P-molIC-mo1.h. Using equation (2) 

and (3) and a"" this gives for example for the phosphate release, r,: 

In a similar way al1 conversion rates are related to q, and m ,  



Aerobic nietabolisni 

The conversion rates of al1 components duririg the aerobic phase can be calculated when the 

rates of reactions R, to R, are known. The stoichiometry of the reactions of the aerobic phase 

(table 11) are now represented in the aerobic stoichiometry matrix, a? If the reactor 

conversion rates are represented with a vector r O" and the rates of the reactions with the 

vector q O", then the conversion rates in the anaerobic phase can be calculated according to: 

q"" . C ,  (5 )  

The vector q"" describes the active biomass specific rates of reactions R3 to R,. 'ïhe reaction 

rate of R,, the production of biomass, is indicated by the growth rate, w ,  while the production 

of polyP, (R,) and glycogen (R,) are indicated by q, and q,,, respectively, and the reaction 

for maintenance (R,) is described with m,,,. Al1 conversion rates can he calculated according 

to equation 5 and 6 using a"". The conversion rates for PHB and oxygen consumption are 

then as follows: 

r , ,  = 0.42 p C,+ 0.31 q,, C, 4 0.26 q,, C, + 1.125m,qC, (8) 

The coefficients in these equations represent the inverted maximal yields. For example the 

value 1.37 in equation (7 )  indicates that the maximal yield of active biomass on PHB is 



111.37. These maximal yield values for growth, polyP synthesis and glycogen production are 

a function of a,, 6 ,  K, t and dependent on each other since they are related through the 

production of ATP in the oxidative pho~phorylation.~ Only four kinetic relations are needed 

(growth rate, p, polyP synthesis rate, q,,, glycogen production rate, qz,, and a maintenance 

coefficient, m,,,) to he able to describe the conversion rates of al1 other components. The 

kinetic relations used in the model are described below. 

The growth of the polyP organisms in the aerobic phase is pnmarily determined by the PHB 

content of the cells, the only substrate available in the aerobic phase. The growth rate of the 

biomass is assumed to be dependent on the PHB content of the cells. This is descnbed by 

first order kinetics in&,,. The growth rate, p, is expressed as C-mol active biomass produced 

per C-mol active biomass per hour. 

The synthesis rate of polyphosphate, q,,, is assumed to be determined by thee factors: the 

external phosphate concentration, C,, the PHB content of the cells, f,,, , and the 

polyphosphate content, f,, , of the cells. If the extemal phosphate concentration is 

exhausted the synthesis rate of polyP will become zero, which is expressed by a 

conventional Monod type of relation. The synthesis rate depends further on the PHB 

content of the cells. If the PHB fraction in the cells decreases, the rate to provide energy, 

required for the synthesis of polyphosphate, decreases also and when the PHB fraction is 

exhausted, the P-uptake and polyP synthesis wil1 stop. It is assurned that q,, depends 

Iinearly on the PHB content of the active biomass. Subsequently, the polyP synthesis rate 

depends on the fraction polyphosphate stored in the cells. The phosphate uptake capacity 

of the polyP organisms is limited to a certain extent: and therefore, when the maximal P- 

content of the cells, (f,.-), is reached the uptake rate of phosphate will become zero. The 

maxima1 reported P-content of polyP organisms is in the range of 0.35 mgP/mgVSS.9 A 

linear decrease of q,, with f ,  is assumed. This leads to the following hnetic expression 

for q,  and r,,. 



Glycogen is an essential component in the anaerobic metabolism."' If there is a shonage 

of glycogen during the anaerohic uptake of acetate. the metabolisni wil1 halt, due to a lack 

of a source of NADH, to convert acetatc to PHB. To avoid a shonage of glycogen during 

the anaerohic phase, i t  is not unlikely that the production of glycogen in the aerohic phase 

is controlled in the metabolism such that a certain maximal value is aimed for. In the 

kinetic description of the glycogen production this maximal glycogen content is 

represented with J:,"?' The biomas\ specific glycogen production is assumed to he 

dependent on the tlifference between f;,"" and the actiial value of f according to: 

For rnaintenance it is assumed that there is a constant requirement of PHB. This rate is set 

equal to m,,, C-mol PHB/(C-mol hiomass.h). Clearly r,,, and r, are now also found by 

combining (7), (8) atid equation (9-1 1 ) .  

Calculation of the concentrations in the process 

The concentrations during the anaerohic or aerohic phase of the SBR can be calculated by 

intewation of equation 12 using eq (2) and (S) over the lengh of time of the anaerobic or 

aerobic phase (0-1): 

With the set of kinetic relations (4a, 9 - 1 I )  and the stoichiometry of the reactions (a",  a""), 

the development of the concentrations of the components during the anaerohic or aerobic 

phase can he calciilated, nsing (3) and (6). 



Materials and methods 

Continuous operation of the sequencing batch reactor (SBR) 

The study was camed out in a laboratory fermenter with a working volume of 2 1, at 20 'C. 

The fermenter was equipped with pH, 0, and redox electrodes. The pH was maintained on 

pH 7.0 i 0.05 using 0.5 N HCI and 1 N NaOH. The reactor was operated as a sequencing 

batch (SBR) with a cycle of 6 hours consisting of an anaerobic (2.25 h), aerobic (2.25 h) and 

settling period (1.5 h), see figure 3. Biologica1 phosphoms removing sludge was used as an 

inoculum. Since the added acetate was completely consumed in the anaerobic zone, only 

organisms capable of anaerobic acetate consumption were accumulated in the reactor. 

Methanogens were not present since part of the time oxygen was present. Nitrification took 

not place due to the short biomass retention of 8 days. 

.. - ,-- - , - 
influent ~ ~ ~~ ~ effluent 

Filling Anaerohic period Aerohic period Settling period 

2.25 h 2.23 li 1.5 li 

Figure 3 Operation of the sequencing batch reactor ISBR). 

One litre medium was fed at the start of the anaerobic phase and effluent was removed at the 

end of the settling period, resulting in a hydraulic retention time of 12 h. At the end of the 

aerobic phase 63 ml excess sludge was removed, resulting in a biomass retention time (SRT) 

of 8 days. A stirrer speed of 500 rpm was maintained, except for the settling period. During 

anaerobic conditions nitrogen gas was bubbled through the reactor with a flow of 30 l/h, In 

the acrobic period, aeration was provided with an airflow of 60 ]/h. The dissolved oxygen 

concentration during the aerobic phase was measured and was always above 50% of the 

saturation concentration. The offgas was analyzed for carbon dioxide production and oxygen 

consumption. The experimental setup is s h o w  in figure 4. The SBR was operated for 100 



days before the experimerit\ were staned and the microbial population could therefore be 

considered in steady state. 

Media 

Sterilized synthetic medium was used containing per litre: 0.85 g NaAc.3H20 1400 mgCOD/I) 

as carbon source, 107 mg NH,CI, 75.5 mg NaH2P0,.2H,0 ( IS  mgPjI), 90 mg MgSO4.7H,O, 

36 mg KCI, 14 mg CaC1,.2H20, l mg ycasr extract, 0.3 ml nutrient solution, which is 

described in appendix I and 11. 

Figure 4 Experimenrul set-up used t« monitor and conrrol rhe SBR. 

Measurements and analyses 

Data were obtained by monitoring several cycles of the SBR in which the anaerohic and 

aerobic phase were extensively sampled. The concentrations of acetate, phosphate and 

ammonium were measured as wel1 as the iniemal stored fractions of PHB and glycogen. The 

observed ammonium conïumption could be used as a direct measure for growth because 

niîrification was absent. 'i'he nitrite and nitrate concentrations were regularly measured and 

always zero. Regularly the MLSS and VSS concentrations were measured. During the aerobic 

phase the SBR was coupled t« a respirometer which measured the oxygen consumption rate 

with intervals of 3 triiniite~. This equipnient is described in appendix II."e oxygen 

consumption rare and cumulative oxygen consumption were in the presence of highly different 

P-concentrations both used to fit the kineric relations for growth, polyP and glycogen 



Kinetics 

synthesis in comhination with the direct measurement of the conversion rates of these 

components. The percentage oxygen and carbon dioxide were measured in the offgas of the 

reactor. Analyses were performed as described in appendix I and 11. The data sets for 

evaluation of the kinetic model were derived by measurements over the complete cycle and 

in batch experiments. 

Results and discussion 

The stoichiometric parameters in  the model were chosen as obtained hefore (see table 11). The 

kinetic parameters were derived from measurements dunng several cycles in the SBR in 

which the anaerobic and aerobic phase were sampled extensively. For the parameter 

estimation procedure, 6 independent cycles were monitored for the phosphate, acetate and 

ammonium concentration whereas 4 cycles for the PHB and glycogen content were used. 

Figure 5a and 5b show exarnples of these measurements. The data sets derived in this way, 

were used to fit the kinetic parameters by the criterium of least sum of squares. This was 

done by calculation of the concentration profiles of al1 components during the anaerobic and 

aerobic phase and optimizing the parameters. Not al1 the measurements were given equal 

weight during the optimization. This was dependent on the accuracy of the measurement. In 

table I11 average values of parameter values are shown. 

Table 111 Klnetir. aarameters for lhr anaerohir und arrohic metaholism 

Anaervbic parameter value h i t s  

Aceutc q,""" O 43 C-molIC-mol h 

k 1 6  C-mmol/l 

Aervbic 

f7~-' O 27 C-mol/C-mol 

Mamtcnance m.. 4 0  10' C-molIC-mol h 



Appendix I I1 

Anaerohic kinetics 

Duririg the anaerobic phaie the acetate iiptake and phosphate release were measured in the 

SBK, see figure Sa, as wel1 as. the PHB and glycogeri conversion: shown in figure Sb. The 

acetate uptake, phosphate release. PHB arid glycogen conversioiii wrre calculated with a value 

for q rrlax of 0.43 C:-mol/C:-mo1.h and a constant K .  of 1.6.10' C:-niol/l. according t o  eq (2). 

Figure Sa Acerurr (t) und phosphurc (i) concentration during rhr unuerohic und uerohic 

ci z o 
O I 2 3 4 

Cycle time (h) 

Figure 5b PHB (t) und ,qiyr.o,qen (A) u~ntrntruiion during /he unurrohir und urrohir phuse 



Kinetics 

The anaerobic maintenance coefficient was determined in an experiment in which the sludge 

was kept anaerobic for several hours in absence of an extemal carbon source. In figure 6 the 

phosphate release by the biomass is shown for several experiments. The phosphate release is 

a result of the degradation of polyphosphate to generate ATP for maintenance purposes. The 

release rate of phosphate during this period (2.5.10 P-mol/C-mo1.h) was taken as the energy 

requirements for the anaerobic maintenance, m,,, = 2.5.10 molP/C-mo1.h. This value (2.4 

mgP1gVSS.h) is in the Same range as the anaerobic P-release for maintenance purposes found 

by Wentzel which was 3.7 mgPIgVSS1i 

o 1 2 
time (h) 

Figure 6 P-release during the anaerobic phase in absence of an external carbon source in 

three independent experiments. 

Aerobic kinetics 

in figure Sa, Sb and 7 the measured P-uptake, PHB consumption, glycogen production and 

ammonium consumption in the aerobic phase are compared to the model predictions based 

on the evaluated parameters values listed in table 111. The phosphate uptake dunng the aerobic 

phase (see figure Sa) was calculated using equation lob with the values shown in table IíI, 

The line for the measured ammonium consumption in figure 7 was calculated according to 

equation (9b). The glycogen production during the aerobic phase was calculated according to 

equation (l lb) with a value for the maxima1 glycogen content&:" of 0.27 C-molIC-mol and 

a production rate k,, of 0.8 C-molIC-mo1.h. The PHB consumption dunng the aerobic phase 

is a result of the concerted activity of growth, polyP and glycogen synthesis and maintenance 



Apptxidix 111 

arid was calculated according to equation (7) and showri in figure Sb. The maintenance 

coefficient m,, ,  was determined as described previously.* 

1 

Figure 7 Ammonium consumption during the aerobic phase as a result of growth 

The oxygen consumption rate during the aerobic phase was measured in a respirometer. The 

oxygen consumptiori rate is proportional to the rate of the oxidative phosphorylation, the 

production of ATP. The observed oxygen consumption is therefore equal to the overall sum 

of the internal rates for growth, polyphosphate arid glycogen production and maintenance (see 

equation 8). Figure 8a shows the oxygen consumption rate during the aerobic phase, 8b shows 

the cumulative oxygen coirsuniption. The oxygen consiimptioii rate and cumulative 

consumption were both used to fit the kinetic parameters for growth, polyP and glycogen 

synthesis. In figure 8a the lowest curve is the calculated contribiition in the oxygen 

consumption rate due to growth and maintenance, the middle curve is the oxygen 

consumptiori rate for glycogen (aiid growth) while the upper curve is the total oxygen 

consurnption rate, including phosphate uptake and storage as polyphosphate. 

Analogous to the consumption of oxygen, the contribution of growth (including maintenance), 

glycogen and polyP synthesis in the consumption of PHB during the aerobic phase can be 

calculated and is s h o w  in figure 9. It is obvious that only a very small pan of the PHB is 

used in the uptake and storage of phosphate, while the oxygen consumption is strongly 

influericed by the phosphate uptake. 



Kinetics 

" 

O 0.5 1 1.5 2 2.5 
Aerobic time (h) 

O 0.5 1 1.5 2 2.5 
Aerobic time b) 

Figure 8 Oxygen consumption raie (a )  and cumulative oxygen comumption (b) during  he aerobiï 

phuse. Figure öa shows the conlribution of growrh, glycogen and polyP synrhesis in che 

lotal oxygen ronsumplion. 

Effect of the phosphate concentration 

To determine the effect of vanable concentration of phosphate on the derived kinetic relations 

several experiments were performed with initia1 phosphorus concentrations ranging from O - 
6.10~3 P-molll. During these expenments the oxygen consumption rate, ammonium 

consumption and phosphate concentrations were measured. These experiments are shown in 



figure 10. The lines in the figiire were calculated using the previously introduced model 

parameters. The phosphate uptake experirrierit with an initia1 concentration of 6.10' P-mol/l 

is used to show that the PHB content a\ wel1 as the polyP content has an effect on the rate 

of the polyP productiori. The polyP content of the biomass increases froni 0.05 to 0.15 P- 

mol/C-mol while the PHB conterit decreases from 0.19 to 0.05 C-mol/C-niol. 

PHH zr«w/h 

O O. i 1 I 5  2 2.5 
Arrohic finic (hl 

Figure 9 PHH t o n s u n r ~ ~ i i o ~ ~  durini: /he urrobic phasr. The t«n/rihu/ion o/ ~ r o i v / h .  po1i.P und 

~ l y t o ~ r n  .syn/hr.si.\ i11 ~ h r  PHB ~or~.sunrpiio~i are showri. 

Figure 10 (right) show5 the best fit for the kinetic relation of the polyP synthesis with the 

following general relationship: 

Three curves are showri in figure IOh which differ only in the values of m and n: 1 )  The 

P-uptake rate is determiried hy ttie nraxinium polyP content as wel1 as the PHB content of 

the cells, the equatiori as used before (m= l ,  ri=l). 2) The P-uptake rate is only determined 

hy the PHB content of the cell.; (ni=O, r i = l )  and 3) The maximal P-content of the cells 

limits the rate ( m = ] ,  n=O). Figure l 0  \hows that the curve5 (2) and (3) do nat fit the 

ohserved data satisfactory, and ohviously a combined effect of PHB decrease and polyP 

iricrease does limit ttie uptake rate of phosphate here. 





Flgure I 1  Oxygen con.sunipli~~n rule in 4 rxprrirnrnls wilh di / j rren/  in i l rd  phf~sphalr r.oncenlrulion.s. 

A comparison of the model parameters found here with the results published by WentzelYs 

not wel1 possihle because the model structures are very different. The major differences reside 

in the following issues: 

- In the present model, ar1 energetic evaluatioii is made of the biologica1 1'-removal: in which 

the metaholic energy involved in the production or consumption of a component was 

determined. The model is based on the bioenergetics of the metabolism and leads to the 

stoichiometry of the anaerobic and aerohic phases which is a function of the energetic 

restnctions expressed by 4 parameters (a, ,  6, t, K). Kinetically, the production of biomass, 

polyP and glycogen from PHB are not coupled to each other and can al1 proceed 

independently with their own kinetics. 
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time (h) 

O 0.5 I 1.5 2 2.5 O 0.5 1 1.5 2 2 5 
time (h) time (h) 

Figure 12 Ammonium consumpiion dur f o  growth in 4 experiments with dflerenc inilial phosphoie 

concenlruliom. 

The model of Wentzel is different in this respect. Only one yield for biomass production, 

and one ratio between P-uptake and PHB consumption are defined. Furthermore the 

description of the aerobic phase contains two separate submodels (P-limiting and P-not 

limiting) with different kinetic parameters. The present model covers the whole aerobic 

period. 

- In the present model the substrate activity is related to the active biomass only, while in the 

model of Wentzel biomass activities are based on the total organic mass (active biomass, 

PHB and glycogen). For activities performed by active biomass it seems more logica1 to 

define these activities on the active biomass, with exclusion of the highly dynamic 

behaviour of non-active storage materials. 



- In the present model an additional storage polymer, glycogen which is essential for the P- 

rernoval, is introduced. This compound ha5 a suhstantial place in the aerohic energetics and 

behavioiir of the micro-organisms. 

- The use of the mairitenance concept i r i  the present model expiairis the growth rate and 

bioniass yields satisfactory. The model of Wentzel uses the lysis concept. 

Conclusions 

A structured metaholic niodel hased ori the hiochemical pathways of the process is very wel1 

capahle to descrihe the complex conversions of the biologica1 phosphorus removal process. 

Al1 conversions of the relevant components participating in the biologica1 phosphorus removal 

cari he descrihed by six independent reactions: two for the anaerohic phase and four for the 

aerobic phase. The rates of these reactions are described hy four kinetic relations and two 

rriaintenance terms. It has heen shown that with this Iimited set of parameters it  is possible 

to describe the dyriamic hehavioiir of al1 components during the anaerohic and aerobic phase 

very well. 

Nomenclature 

concentration of component i 

yield 

conversion rate of component i 

specific rate of component i 

rnaintenance 

fraction of component i 

growth mte 

rate constant of component i 

Iunetic constant of component i 

(mollm') 

(mol/mol) 

ímol/m' h) 

ímol/C mol h) 

imol/C-mol h )  

(niol/mol) 

(h J 

(h J 

(rn~l/l) 



subscripts 

an anaerobic 

aer aerobic 

S acetate 

P phosphate 
phb PHB 

X active b i o n w s  

PP P ~ Y P  

&l gly cogen 
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Appendix IV 

Validation of the metabolic model: 
effect of the sludge retention time 

The biologica1 phosphorus removal process is a process which depends basically on three 

intemal storage compounds. PHH produced during the anaerobic phase is used as substrate 

for biomass, polyP and glycogen formation. The reaction rates of the aerobic processes are 

pnmarily determined by the PHB content of the cells. This PHB content is highly dynamic 

due to the conversions during the anaerobic and aerobic phase of the cycle and the ratio 

between substrate addition and biomass present in the reactor. The amount of biomass 

present in the reactor is determined by the sludge retention time and growth rate. A 

metabolic model of the biologica1 phosphorus removal process was developed and verified 

over a wide range of growth rates. The effect of different growth rates on the intemal 

fractions of stored components was determined and described mathematically. The 

measured conversions of the relevant components observed in the reactor as a function of 

the sludge retention time could be descnbed with a single set of kinetic parameters. 



Introduction 

Biologica1 P-removal iri activated sliidge \ystems is characterized hy the recirculation of 

sludge through anaerobic arid aerohic phaseï. Dunrig anaerobic coriditions. substrate is taken 

up and stored as iritracellular PHH arid the required energy is gerierated in the degradation of 

polyphosphate and glycogen." Iri  the acrohic phase, the internally stored PHB is used for 

growth, uptake of phosphate and production of glycogen. No extenial suhstrate is present in 

the aerobic phase, aiid therefore the rate of the conversiori\ during the aerobic phase is 

determined by the internal fractions of the components. A practica1 method to study this 

complex process is the cultivation of hiomass in a sequening batch reactor (SBR) in which 

the biomass i s  cyclically exposed to anaerobic/aerobic conditions. The hiomass is fed at the 

stan of the anaerobic period using an acetate pulse. The waste biomas\ is withdrawn at the 

erid of the aerobic period. 

In previous research a kinetic model ha< been propoïed, '-" which was validated in an SBR 

reactor running at a sludge age of 8 days (SRT 8). The PHH content of the biomass is one 

of the more imponant control variables in this rriodel hecaiise it controls the rate of growth 

and consequently determiries the coriterit\ of the other internal compounds, polyP and 

glycogen. Until now, the model has been validated only over the range of PHB fractions 

observed during the anaerohiclaerobic cycle at a sludge age of 8 days. However, a more 

exterrsive model validatiori requirm a much larger range of PHB fractions in the biomass. In 

the present research it is shown how this PHH fraction cari simply be varied and the proposed 

model is validated over a wide range of PHB fractions in the biomass. 

Biomass concentration and PHB content 

The PHB content in the cells is one of the factors that determines pnmarily the rate of the 

processes during the aerobic phase.' In the biological phosphoriis removal, the PHB content 

of the b iomas  in the biological phospliorus removal is highly dynamic, and determined by 

two aspects. 

First, the dynamics of the PHB content i \  determined by the coriversions during the cycle. 

During the anaerobic pan of the cycle, the PHB content of the cells is increased by the 

anaerohic uptake of acetate and in the aerobic pan it is decreased by the conversions 



Effwt of the SRT 

associated with biomass, polyP and glycogen synthesis. This dynamic behaviour of 

components during an anaerobiclaerobic cycle has been described previously.' 

Secondly, the PHB content depends on the biomass concentration present in the reactor. At 

a constant acetate feed to the reactor, the PHB content wil1 become high if the acetate is 

anaerobically taken up into a smal1 amount of biomass, and low if there is a high biomass 

concentration in the reactor. 

The biomass concentration in the SBR reactor c m  be controlled easily by manipulation of the 

rate of sludge withdrawal. This withdrawal rate directly influences the biomass solids 

retention time (SRT) which is closely related to the growth rate (p). Therefore it c m  be 

expected that, at a constant acetate load on the reactor, there wil1 be a relation between SRT 

and the PHB fraction V;,,,) in the biomass. Applications of such different PHR content levels 

(through SRT variation) then allows more extensive study of the kinetic relations between 

the PHB content and growth-, polyP- and glycogen kinetics. 

A relation between the biomass concentration and the growth rate cm edsily be denved. The 

biomass production in a cycle (when al1 substrate is anaerobically converted to PHB) is given 

by: 

A C, = Y., . AC,< 

with: 

AC, : bioma<\ production per cycle 

AC, : s~bstrdte addition per cycle 

Y, : biomass yield b a d  on acetate 

(C-mmol/l. cycle) 

(C-mmol/l. cycle) 

(C-mol/C-mol) 

Growth is determined by the biomass production dunng the cycle with respect to the biomass 

concentration and controlled by the removal rate of sludge at the end of the aerobic penod. 

This rate of removal, which is in the steady state equal to AC, , determines the sludge 

retention time (SRT). The sludge retention time is the reciprocal of the growth rate and is 

determined according to: 





Effect of the SRT 

with 

y,.,~ : Yield of PHB based on acetate 

: PHB content, end anaerobic phaïe (fig 2) 

f,do, : PHB content, start anaerobic phase ífig 2 )  

From this equation it can be seen that the PHB content is pnmarily determined by the 

hiomass specific acetate load to the system, AC,/C,fO). This load is again determined by the 

SRT which followes from equation (3) where the biomass concentration was determined 

through the SRT. Therefore the PHB content is indirectly dependent on the acetate feed to 

the system or the sludge retention time. In figure I ,  the anaerobic PHB content of the cells 

with a constant volumetrie substrate load on the system was calculated according to the model 

descibed in this paper, as function of the SRT. From this figure it can be seen that a 

decreasing SRT wil1 increase the PHB content of the cells. ï ñ e  effect of the SRT on the PHB 

content wil1 directly affect growth kinetics. As a consequence of the change in growth rate, 

the biomass production wil1 change and therefore the polyP and glycogen content. A different 

polyP- or glycogen content affects the conversion kinetics of these components and therefore 

these compounds are indirectly influenced by the PHB content. 

Previously, we described and experimentally verified the stoichiometry and kinetics of the 

polyP organisms in the anaerobic and aerobic phase at a sludge age of 8 days, which 

represents a biomass concentration of 60-65 C-mrnol/l. ' In this paper, we wil1 determine the 

effect of different sludge removal rates on the biomass concentrations and internal fractions 

of stored components, the effect on the kinetics, and try to describe these phenomena 

mathematically, using the previously mentioned model. 

Model development 

For the model description of the biologica1 P-removal process in the cyclic SBR process, the 

mass balance over the full cycle must be made. The accumulation of a component i in one 



cycle of a sequencing batch systern is a result of its conversion in the anaerohic and aerohic 

phase and the transport <f>, t» or from the system. The accumularion oLTer the total cycle, 

AC,'!', if the conversion over a phase is represented by AC, becomes: 

The change in concentration during the anaerohic or aerohic phase. where a constant 

volume is maintained, is described by: 

The conversion rate, r,, of component 1 m the reactor can he calculated accordirig to: 

The volumetric coriceritratiori of the internal components WHB. polyP and glycogen) is 

given hy: 

In equation (7), the stoichiometry of the metabolism, see tahle I, relating quantities of 

reactants consumed to quantities of products formed. is fixed and represented in the 

stoichiornetry matrix u ,  which was shown in appendix 111. The development of this kind 

of models was described by Koels.' The kinetic relations for the specific rates q of the 

components are showri in table ll. 7he relations for the anaerohic kinetics are as 

previously described. In the relations lor the aerobic kinetics minor modifications can be 

found in comparison with previously puhlished work.' 

In the experirnents with different sludge removal rates perforrned here, different PHB 

contents were ohtained. I t  appeared that the model did riot accurately descrihe the 

observed P-uptake, due to the dependency of the P-uptake kinetics on the PHB level. The 

contrihution of the PHB content to the specific uptake rate of phosphate appeared to be 

less strong. Therefore, the linear function in f;,,,,, was chanyed in a i / ?  power relation. The 

change of the kinetic relati«n of phosphate had effect on the previous derived parameter 
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values. Here, new values are denved for the parameter values in which previous experiments 

were incorporated. The glycogen content of the cells did increase with the PHB content, as 

wil1 be shown later. The maximal glycogen fraction which is produced in the aerobic phase 

is made proponional to the PHB fraction present at the end of the anaerobic phase. This 

control strategy is very usefull for the organism: if the organism is continuously exposed to 

an environment where the acetate/biomass load is high, a high PHB content will he reached 

and a high content of glycogen will be required in the anaerobic phase to garantee full acetate 

uptake. When only low concentrations of acetate are present, the PHB content wil1 be low and 

also the glycogen content. A high glycogen content during such circumstances would decrease 

the yield of the active biomass and be of no advantage to the organism. 

Table I Mecaholic reaclions ofthe anaerohic and aerohic phase of the hiological P-removal process. 

Anaerobic 

R ,  Aetate  uptake -CH,O -0.5 CH,,O,, 0 .37  HPO, 

11.33 CH,&l,>, iO.17 CO, tO.37 H,PO, i 0 0 5  H,O = O 

R, Wntenance HPO, - H,O + H,PO, = 0 

Aerobic 

R; Biomass synthesis -1.37 CH, ,O,,5 -0.20 NH, -0.015 H,PO, -0.42 0, 

+CH,,O,,N .,,,> P 10.37 CO, +O305 H,»= 0 

R, Phosphate uptake - 0.27 CH,,O,, - 0.306 O, -H,PO, + HPO, + 0.27 CO, + 1.20 H,O = O 

R, Glycogen lornaticm -1 12 CH,,O,, - 0 2 6  O? +CH ,,,, ,O,,, + O  12 CO, + 0007 H20= 0 

The transport term Q, is defined as the amount removed or added of component i per litre 

reactor volume per cycle: 

The change in volume during a cycle in the SBR is s h o w  in figure 2. After the cycle is 

A-81 



\ t a n d  with the additiorr of A V, litre infllient, ttie total volume in the SBR becomes V litre. 

At the end of the aerohic phase the waste iliidge is removed with a volume A V,. The 

effluent, with volumc A V,,, is withdrawn at the end of the settling phase. 

Anaerobic Aerobic Settling 

PHH 

Biomas 

Volume 

Figure 2 Volume, biomass concrnlrulion und PHHfrucrion dwing u11 unurrohic/uerobic rycle in u 

SHR dur lo influenr, uusir and rjflurnr flows. 

Steady state 

In the case of a sequencing batch reactor, a steady state is defined as the situation were no 

accumulation over a cycle takes place. The coiicentration of the active biomass and internal 

components (PHB, polyP and glycogenj at the start of each cycle are therefore ideiitical. For 

a steady state, equation ( 5 )  can he rewritten as: 

The active biomass coricentration at the start of the anaerobic phase is C,(O/ and remains 

constant during this phase, hecausc growh takes place only during aerobic conditions, see 

figure 2. At the end of the aerobic phaïe the active biomass concentration is C,(r),and 

growth, AC,"" is equal to C,([)-C,(O). I n  a steady state situation, the biomass removal at 
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the end of the cycle, must equal the growth of biomass during the cycle. This is 

mathematically expressed as: 

From equation (11)  a steady state relation can be found for the active biomass 

concentration at the end of the aerobic phase, C, (t), as a function of the biomass 

concentration ar the start of the anaerobic phase C,(O): 

CAt) " . CAO) v A v," 

In a steady state situation, the amount of active biomass produced during the aerobic 

phase, AC,"", equals the amount of biomass removed in the waste. Combination of 

I equation (9-1 1 )  and (12) yields the overall biomass balance for a steady state: 

From equation (13) the relation between the SRT and the growth rate (IJ-) can be found 

when the biomass production during the aerobic phase is expressed as the product of 

average growth rate and the time period of the aerobic phase: 

- 
A C,"" = t,,, . p . C,(O) (14) 

The sludge retention time in a SBR is defined as the sludge removal rate over a full cycle. 

Growth only takes place during aerobic conditions and therefore in the comparison of 

growth and the SRT a correction for the anaerobic time in a cycle is required. In a steady 

state, the SRT (in days) is set by the average growth rate, (h"), the aerobic part of a 

cycle, t,,,/ t,,,, and the conversion of growth rate from hours to days: 

'CF , l SRT = -- - - 
24.t,, P 
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Therefore, the relation betweeri the SRT and waste flow follows from equation (15),(14) and 

(13): 

For the steady state balance of the intemally stored component> (polyP, PHB, glycogen) it 

is assumed that the fraction at the end of the aerobic phase remains constant during the 

settling phase, see figure 2. The valiies of 1 at the end and start of the cycle are therefore 

equal: 

Having defined the total conversions of al1 components over an anaerobic/aerobic cyle. 

and the relation of the SRT with the waste flow, the behavior of al1 components as a 

function of the waste flow or SRT can be calculated using the complete model which 

contains the kmetics and transport terms. 

Materials and methods 

Continuous operation of the sequencing batch reactor (SBR) 

The study was carried out in a laboratory fermenter with a working volume of 2 1, at 20 

'C and pH 7.0. The reactor was operated as a sequencing batch reactor (SBR) with a 

cycle of 6 hours consisting of an anaerobic (2.25 h), aerobic (2.25 h) and senling period 

(1.5 h), see figure 2. Biologica1 phosphoms removing sludge was used as an inoculum. 

Since the added acetate was completely consumed in the anaerobic zone, only organisms 

capable of anaerobic acetate consumption were accumulated in the reactor. Methanogens 

were nor present since part of the time oxygen was present. At higher SRTs ( z  12 days) 

nitrification took place, which was quantified by the measurement of nitrite and nitrate. 

One litre medium was fed at the start of the anaerobic phase and effluent was removed at 

the end of the sealing penod, resulting in a hydraulic retention time of 12 h. At the end of 

each aerobic phase excess sludge was removed by a peristaltic pump. For more details 

about the operation of the SBR, see the preceeding appendices. 
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Media 

Sterilized synthetic medium was used containing per litre: 0.85 g NaAc.3H20 (400 mgCOD/I) 

as carbon source, 107 mg NH,CI, 75.5 mg NaH2P0,.2H20 (15 mgP/l), 90 mg MgS0,.7H2O, 

36 mg KCI, 14 mg CaC1,.2H20, 1 mg yeasl extract, 0.3 ml nutnent solution, which was 

described in appendix I. 

Measurements and analyses 

The concentrations of acetate, phosphate and ammonium were measured as wel1 as the 

intemally stored fractions of PHB and glycogen. Regularly the MLSS and VSS concentrations 

were measured by taking samples of 60 ml directly from the reactor of which a volume of 

15 ml was used for the measurements, the rest was retumed to the reactor. During the aerobic 

phase the SBR was coupled to a respirometer which measured the oxygen consumption rate 

with intervals of 3 minutes. This equipment was described in appendix 11. Analyses were 

performed as descnbed in appendix I and IL5 

Figure 

50 75 100 125 150 175 200 
time (d) 

3 Active hiomass concenfraiions in the SHR with a sludge relention f 

at fhe end of fhe aerohic phnse. 

'ime of 5 and 20 days 

Experimental setup 
l Two sequencing batch reactors were operated at a sludge retention time of 5 and 20 days. 

Therefore from one reactor, 100 ml excess sludge was removed at the end of the aerobic 

phase in every cycle, to get a SRT of 5 days, while in the other one 25 ml excess sludge was 



removed, resulting in a SRT of 20 days. After operation of the SBR's for more than 5 times 

the SRT the measurements were started. The data were derived by monitoring several cycles 

of the SBR in which the anaerobic and aerobic phase were extensively sampled. 

In figure 3 the active bioniass concentration dunng the experiments for the reactors adapted 

to a SRT of 5 days and 20 days is shown, with a preeceeding operation time of about 60 

days. From this figure it appears that the active biomass does not remain constant over a very 

long time. Although the waste flow of the SBR's were adjusted to a constant value- t h s  did 

not lead to a constant hiomass concentration over more then 100 days. The SBR adjusted to 

a SRT of 5 days showed a fluctuation in the active biomass concentration of 35 to 55 C- 

mmol/l. The active biomass concentration in the SBR with SRT 20 days shows a fluctuation 

between 90 and 130 C-mmol/l 

Figure 4 PHB rontent al thp end of the anaerobic and aerobir phase as finction of the biomass 

ronceniration. Thr solid lines are [he model predirtions for the anaerohic and aerohic 

phase respertively. 

One of the explmations might be that, for unknown reasons. there is a fluctuation of growth 

in the aerobic phase. A second, more likely explanation is that the removal of biomass from 

the reactor fluctuated. This might be due to difficulties in establishing the same biomass 
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concentration in the waste as in the reactor using the method of removing the suspension with 

a peristaltic pump. This is supported by the observation that the biomass in the SBR reactor 

settles very well. Therefore it appears that it is most likely that there have been fiuctuations 

in the actual SRT values. Because the biomass concentration in the reactor has been measured 

by a method which does not suffer from this sampling problem (high speed suction syringe) 

the reactor biomass concentration is a much more accurate number than the SRT value. 

o 1 2 3 4 
Cycle time (h) 

o 1 2 3 4 
Cycle time (h) 

Figure 5 Acetate and phosphate concentrations during a cycle at two different sludge waste rates 

resulting in a biomass concentralion of a }  40 C-mmow and b}  100 C-mmol/l. ïhe  lines 

were calculated using the model. 



Therefore the kirietic arialysis wil1 be based on the actual biomass concentration in the reactor. 

Using this approach, a good correlatiori was found between the PHH content and biomass 

concentration. According to the approxiniate equation (4) the anaerobic PHB concentration 

is primarily determined hy the ratio of acetate added to biomass present in the reactor. In 

figure 4 the actual measurement of PHB content is compared to the full model prediction. A 

good relation hetwecn the rneasured data and the model predicrions is found both for the 

anaerobic and aerobic PHB contents. 

The resiilts of the measurernents during the cycles of hoth SBR's are shown in figures 5 ,  7 

and 8. The acetate and phosphate concentratioris during the cycles for SRT 5 and 20 days are 

showri in figure 5. The ohserved phosphate/acetate ratio for the reactor at SRT 5 days was 

0.42 rnolP/molC which was lower than the ratio for the reactor at SR7 20 days, which was 

Figure 6 Ejjecf o/ ihe hiomuss r.ontrnfrurion in  he reactor on fhr anuerohir P-release caused h? 

mainienanr.r. I'hosphufr uddrd wifh [he influent, released in [he up~ake o/ areiaie, and 

resulring /orm muinfenunrr ronfrihufe in rhe íoíul ohserved phosphatJacerare ratio. 

IS the observed phosphatelacetate ratio is plotted as functioii of the active biomass 

concentration in the reactor, see figure 6, a distinct trend can he observed. This increase in 

the observed phosphatelacetate ratio is due to the increased contribution of the rnaintenance 

at higher biomass concentrations dunng anaerobic conditions. The anaerobic maintenance 

contribution used to plot the line in figure 6 was 4.0.10~' P-mol/C-mol.h, while the 
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phosphatelacetate ratio was 0.36 P-mol/C-mol. These values are different from previously 

found values for a SRT of 8 days, but are considered more reliable and therefore used in the 

model 

a) 

PHB 
I C'= 40 C-mmo@ 

o l 
O 1 2 3 4 

Cycle time @I) 

I 
o l 2 3 4 

Cycie time (h] 

Figure 7 PHB and glycogen content during a cycle al [wo dflerenl sludge retentton times. u )  low 

SR7; Cx = 40 C-mmofl; b) high SRK C, = 100 C-mmofl. 7he h e s  were calculated using 

the model. 

In figure 7, the PHB and glycogen content during the cycle is shown for the two SRT values. 

The mos? important differente between the two figures is the level of the PHB and glycogen 

content. As expected, at low biomass concentration (SRT - 5 d), the PHB content must be 



high as long as al1 acetate i \  takeri up conipletely. The glycogen conteiit is in the same range 

as ttie PHB content. At a high biomass concentration (C, = l 0 0  C-mmol/l) both the PHB and 

glycogen content are low. I t  is clear that thi: glycogen measurernents are not very accurate, 

Iiowever they are at the same level as predicted by the model, which is the most important 

aspect, as wil1 be explained in the discussiori section. 

C= 40 Cmmiii/J C - i U i i  ('rnmolfl 

. .. .. . . m .  . 
7 4.5 Z 25 2 25 3.75 . . S  4.5 .q 

lm<- lhi ria,: 41 ,  

Figure 8a Oxygrn consumprion rut? during rhr uerohií' phusr ut u hieh tlejll und low (right) 

sludgr reten/ion linie. 

Figure 8b Ammonium consumption during thr cycle ut u high ( C ,  40 C-nimol/l) und /OW (C, = 

100 C-mmol/î) sludge rerention rinre. 

In figure 8 the oxygen consuniption rate arid ammonium consumptioii are shown. The oxygen 

consumption rate at the start of the aerohic phase is enhanced due to the energy requirement 

for the uptake of phosphate and polymerization to polyphosphate. At a high biomass 

coricentration in the reactor, the iricreased oxygen consumption rate at tlie start of the aerobic 

phase is higher diie to the faster upiake of phosphate ísee fig. S). This is an additional 
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illustration of the coupling between phosphate uptake and oxygen consumption. The 

ammonium consumption predicted by the model, is not correct for the reactor with the high 

biomass concentration due to the contribution of nitrification in the ammonium consumption, 

which takes place at this SRT. The oxygen consumption rate was corrected for the 

contribution of the nitrification. The difference between measured and predicted ammonium 

consumption was in accordance with the measured amount of nitnte produced (= 0.25 N- 

rnmol/l). The acetate consumption for denitrification of this amount of nitrite after the start 

of a new cycle would consume only 3% of the influent acetate. 

The model predictions for al1 concentrations, fractions and rates were based on the biomass 

concentration present in the reactor and not on the adjusted sludge retention time. Al1 

conversions were accurately predicted with the same set of h e t i c  parameters. 

In figure Y the predicted and measured concentrations of PHB, polyP and glycogen in the 

reactor at the end of the anaerobic and aerobic phase are shown as a function of the biomass 

concentration. The measured and calculated PHB fraction as function of the biomass 

concentration was shown in figure 4, while in figure 10a and lob the fractions of polyP and 

glycogen are shown. The anaerobic as wel1 as the aerobic fraction of PHB (fig 4) decreases 

with an increasing sludge retention time. It is notable that the difference between the 

anaerobic and aerobic PHB fraction increases at a lower SRT. This is due to the constant 

acetate load on the system while the biomass concentration in the reactor decreases. Clearly, 

as long as al1 acetate can be converted completely, the PHB content of the cells becomes 

higher at lower SRT. 

The anaerobic polyP concentration (fig Yb) as wel1 as the polyP content (fig IOa), decreases 

with the biomass concentration and thus SRT, while the aerobic polyP fraction decreases 

initially and then increases. One should realise that the low biomass concentration and the 

high biomass production rate at a low SRT value results in a lower accuracy of the 

measurements in comparison to higher SRT values. At a certain minimal SRT, the acetate 

added in the anaerobic phase can not be taken up completely, due to the shortage of polyP 

to supply ATP for the uptake. At this minimal SRT not al1 the acetate is consumed anymore 

and the maximal loading rate of the cycle is reached. The anaerobic and aerobic glycogen 

content of the cells (fig. 9c) shows the same trend as the PHB content. 
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Figure Y Conr.enlrulions of /he i n ~ r r n u l ~  s~orrd  r.oniponenis as u junction of rhe bioniuss 
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10 Fraclions of polyP ia)  and glycogen (b )  as a Junclion oJ the biomass concenlralion. 

Discussion 

The calculated actual yield of active biomass based on acetate as a function of the slud 

retention time is given in figure 11 .  This figure is only valid for the phosphate/acetate ratio 

of the influent used in our experiments. A higher phosphate load wil1 decrease the yield due 

to the increased energy need to run the storage cycle. From the figure it can be seen that there 

is not a very large change in the biomass yield as a function of the SRT. This is due to the 

fact that the maintenance value in the biologica1 P-removal is relatively low in comparison 

with normal heterotrophic growth. Since the biomass yield based on acetate is relatively 



Figure l l .  Biomclss yirld on  u r e m e  us u function oJrhe hiomcl.s.s c~on(~eritruiron 

From figure 5 to 10 it appeared that the mctaholic mtxlel is capablc to descnbe the 

 experiment.^ satisfactorily with the set of parameters s h o w  in iahlc 11. With this set of 

parameters, tbc effect of thc sludge retention time on the fractions of PHB: polyP and 

glycogcn dunng thc anacrohic/aerohic cycle can bc calculatcd. 

Importante of storage proùucts in the P-removal 

Tbc storage compounds in thc biologieal P-removal are highly important since they enahle 

the organism to take up suhstrate dunng anacrobic conditions. Thc sufíïcient availahility of 

these compounds dwing anacrobic conditions is therefore essential lor thc survival of the 

organism. Exhaustion of one of the componenh might halt the metaholism. while enough 

substrate is still available for storage to PHB. h t h  polyP and glycogen can limit the 

metabolism of the P-organisms, which i\ explained below in more detail. 
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Effect qf S R ï  
The polyP Sraction of the cells (fig 10a, 12b) as wel1 as the volumetrie polyP concentration 

(fig 9b) present in the reactor in the anaerobic phase decreases with a decreasing SRT (higher 

growth rate). At a certain SRT the polyP content prcscnt in the celk is not enough for the 

uptake of aceiate dwing the anaerobic phase (I, = 0) and consequently aceiate is not 

consumed completely. This mcans that part of the acetate will rcach the aerobic phase. Here 

it will be possible that there wiü be interference with the p-uptake.' At this SRT the maximal 

gowth rate is reachd by limitation of polyP. This occurs at SRT = 3 (d), or using equation 

(15), at 1 = 0.04 h ' .  In a continuous knch-scale activated sludge system trcating settled 

domestic wastc water supplementd with 50 mg11 acetate, it was o k w e d  that the P-rcmoval 

activity was lost k l o w  sludge retention times of 2.9 days.' In a full-scale experiment it was 

observed that the enhanced biologica1 phosphorus removal was eliminatcd hy reducing the 

SRT from 3 days to 1.5 days.' These obsewations are in accorùance with the maxima1 

growth found in our cxperiments. The glycogen content of the c e k  is increased at a 

dec~easing SRT and k therefore no lmiiation in the anacrobic uptake of the normal acetatc 

load at a low SRT. 

Table II. Kinetics of the anaerobic a d  aerobic phase of rhe biological P-removal process. 
P- p- 

Anaembic p~~arrieler vaiue unlt 

Acctatc iipfake ,x C, %- 0.4 f:-nmV<:-molh 
Y, ' -  K., I C-mmoUI 

C,  + K, 

Aerobic 

m,, Mauitmanct. % 4 1 0 3  <:-rnol/C-mo1.h 



Thc inílucnt loading of waste water trcatmcnt plan& is not at al1 stablc, hut highly dynamic. 

The limited uptakc of acctatc hy p l y P  shortagc during a high pcak load might bc relevant 

for tbs  r a w n .  When in a system a phosphatc stripper is used to r c l c a . ~  phosphate kom the 

cclls hy addition of aceiate: glycogen might also limit the uptakc of acetate and releast of 

phosphate, although it might appear that sulficicnt p l y P  is still prexnt in thc cclls. 

Thc limitation of the acctatc uptakc hy shortagc of p l y P  or glycogen dcpcndi, on the SRT. 

At a low SRT thc polyP content of thc cells is low (explained abnvc) and limiis the acetate 

uptake when a p a k  load is supplid. With an increasing SRT, the polyP content is increased 

while the glycngen content is dec~eascù. Thc glycogcn fraction of the cclls (fig lob and 12c) 

dw~cases with an increasing SRT, while thc volumetrie glycogen concentration remains more 

or less constant. At a higher SRT tbc limitation of the acetate uptakc shifts therefore from 

polyP limitation to glycogcn limitation. This nccurs at a SRT higher than 12-15 days. IS a 

p k  load of acetate is addcd to thc system at a high SRT the glycogen concentration rnight 

limit thc uptake of the acetatc, as contrastcd with polyP which is sufficiently availahlc. 

Limitation of the awtate uptake by shortage of glycogen occurs when a peak load of acetate 

enters the system in a conccntration 3-4 times higher than the normal stcady state 

concentration. 

Parameter estimation 

The biological P-removal proccss is characterized by anaerohic and aerobic phases, in which 

thc rcaction ratcs invert during cach phac. For instance, in thc anaerobic phasc PHB is 

p~xluced which is consumed during aerobic uinditions. Thc net result at the end of the cycle 

is the differente between the anacrobic prtduction and aerohic consumption of PHB, 
(Ac"nac.ffl). This small amount (comparwl to the converted amount per cycle) must bc equal 

to the wasted volumctric PHB conccntration according to: 

In this balance, the net PHB prtxluction is vcry stringently hnund to the removed volume 

AVw, and the PHB content of the cells. From this balancc it can he seen that kinetic 

parameters d~wribing anaerobic and acrohic conversions, derivwi only from estimates based 

on measuremenis over one cycle are not adequate. The reason is that in one cycle it is not 

nmsary that the steady state rcquirements are satisfïed. IS e.g. thc calculated anaerobic and 
aerobic PHB conversions are rmpectively, 8.00 and 7.90 C-mmol/l, at a SRT of 8 days a PHB 

content of 0.M C-mol/C-mol is fi)und. If  a dcviation of 5 5% in the fit or in the measurement 

of the aerobic PHB consumption cycle occurs, due to a small change in the kinetic 
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parameters, the steady state PHB content, calculated according to equation 18 wil1 increase 

to 0.27 C-molIC-mol: a 5 times higher content than mea5ured. In the estimation of the kinetic 

parameters, it is therefore essential to take thc steady state restictions (equation 18) into 

account. Similar sensitivities and restrictions apply to the glycogen content oS the celk as 

well. These steady state restrictions wcre used in the parameter estimation prt>cedure, yielding 

more accurate values than reported previously in appndix 111. 

Conclusions 

In the biologica1 P-removal proces in a sequencing batch reactor, the biomass concentration 

is determincd by the balance between the sludge removal rate at the end of an 

anaerobic/aerobic cycle and the biomass production during the aerobic phase. The biomass 

production during the aerobic phase is dependent on the PHB content of the cclls, which is 

pnmanly detemllncú by the ratio between acetate addition and biomass concentration present 

in the reactor, the specific acetate load. A high load wili lead to a high PHB content of the 

c e k  and therefore tv a high growth rate. The relation between the sludge removal rate and 

the b i o m s  concentration also affect5 the fractions of polyP and glycogen to a large extent. 

The presented metaholic model describes the changes in biomass concentration and intemal 

fmctions satisfactory over a wide range of SRT and acetate/biomass loads, with a single set 

of parametm. Using these parameters the model a h  de.scxibes the dynamic behaviour of the 

components during the cycle. 

At a high acetatefiiomass load, the polyP content becomes limiting for the anaerobic acetate 

uptake. No more acetate can be taken up if the acetate/biomars load is W h e r  increa3ed and 

therefore, at this point the maximal growth rate is reachcd. The maximal growth rate of the 

biological P-removing organisms is in the range of 0.04 h '. 
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Appendix V 

Validation of the metabolic model: 
start-up dynamics 

A metabolic model of the biological phosphorus removal process has been developed and 

validated previously for the complex conversions during the process under anaerobic and 

aerobic conditions at different growth rates in sequencing batch reactors in steady state. 

For additional validation of the metabolic model, the model was applied to dynamic 

conditions which occur during the start-up phase of biological P-removal in the presence 

and absence of non-polyP heterotrophic micro-organisms. In a laboratory scale sequencing 

batch reactor, experiments were performed to examine the enrichment of the population 

with polyP organisms during the start-up and the subsequent shifi from non-polyP, 

heterotrophic organisrns to polyP organisms in the sludge. The effect of different influent 

loading pattems for acetate and phosphate was studied. In these experiments the maximal 

growth rate of the polyP organisms and the behaviour of the intemal storage compounds 

could be determined. The metabolic model was capable to describe the experimental 

results, with nearly the same set of kinetic and stoichiometric parameters as obtained 

dwing steady state conditions. 



l Appendix V 

Introduction 

Riological phosphorus removal in waste water treatmeiit systems is accomplished by the 

introduction of ar1 anaerohic phase in the system ahead of the aerohic phase and recycling of 

sludge through the anaerobic and aerobic phase. During the anaerobic phase, lower fatty acids 

are converted to PHB and PHV while eriergy is supplied hy polyphosphate and glycogen 

conversion."The anaerohic uptake of the lower fany acids hy the polyP organisms 

accomplishes, that in the aerohic phase rio lower fatty acids are left. The polyP organisms use 

the stored PHB as internal suhstrate during aerobic conditions for biomass formation, while 

other aerohic organisms are lacking suhstrate and consequently do not produce hiomass. Due 

to this competition mechanism, polyP organisms are selectively enriched and a situation is 

obtained were polyP orgariisms make tip the main part of the population present in the 

reactor. 

When a non P-removing process i \  transformed to a P-removing process hy introduction of 

an anaerohic phase and inoculurn of a limited numher of P-organismï in the system, only a 

smal1 pan of the lower fatty acids added with the influent can be taken up during anaerobic 

conditions. Consequently, the main pan of the siibstrate wil1 become available in the aerobic 

phase which wil1 provoke growth of aerobic heterotrophic organisms. However, due to growth 

of the polyP organisms, the amount of acetate removed anaerobically wil1 increase in time 

and the aerobic available acetate wil1 decrease. This results in a decreased growth of the 

aerobic heterotrophs which are finally replaced by the polyP organisms, if al1 substrate is 

consumed anaerohically. The observed biomass concentration in the reactor during a start-up 

is therefore a mixture of heterotrophic and polyP organisms. The measurement and inter- 

pretation of PHB and glycogen contents of the polyP organisms is for this reason not possible. 

This phenomenon hinders the proper study of the growth dynamics of polyP organisms during 

a start-up. 

Aim 

A metabolic model of the hiological phosphc ~ r u r  removal prme\\ has been developed 

previou~ly.~~' The model was validated for the complex conversions of the process during 

anaerobic and aerohic conditions at different growth rates in steady state SBR's.'," For further 



validation in the present research, the metabolic model was applied to dynamic conditions 

dunng the start-up of the biological P-removal with the same stoichiometric and kinetic 

parameters that was established previously, except for the specific acetate uptake rate which 

appeared to be lower. A good indication of the adequateness of a model to describe a system 

is that the parameters are invariant ' to the proces conditions. If the model is not adequate, 

different parameter values wil1 'oe required to compensate for model insufficiencies. The aim 

was to study the capacity of the model to predict the growth rate of the polyP organisms 

during a start-up and, consequently, the shift in population from heterotrophic organisms to 

polyP organisms. The model had to predict the growth rate of the polyP organisms and the 

behaviour of the intemal storage compounds during the start-up. Two situations were studied: 

(1)  the replacement of a heterotrophic population by a polyP population and (2) the effect of 

different loading pattems of acetate and phosphate on the growth of polyP organisms and 

heterotrophs. 

Experimental design 

A sequencing batch reactor (SBR) was used to obtain an enriched biological phosphorus 

removing population. The reactor was operated with a cycle time of 6 hours consisting of an 

anaerobic (2.25 h), aerobic (2.25 h) and settling period (1.5 h). One litre medium was fed at 

the start of the anaerobic phase and effluent was removed at the end of the settling period. 

Four experiments were perfonned which differed in the carbon and phosphate loading pattem 

dunng the anaerobic phase and the ratio of heterotrophic biomass to polyP biomass present 

at the start of the experiment (see figure 1 and table 11). 

I) Controlled acetate feed with aerobic heterotrophic biomass present 

The aim of this experiment was to study the growth of the polyP organisms with acetate 

present during the anaerobic phase only and the interaction with heterotrophic biomass, which 

did not grow. Hereto, at the start of the experiment a small inoculum of an emiched polyP 

culture was brought int0 a sequencing batch reactor in which an aerobic heterotrophic 

bacterial population was present. From the start, the aerobic heterotrophic organisms could 

not ~ T O W ,  due to the absence of acetate in the aerobic phase. This was accompìished by 

feeding acetate with a pH controller, which dosed acetate during the anaerobic phase triggered 

by the acetate uptake of the polyP organisms. In this way, a high acetate concentration during 

the anaerobic phase was omined and it was prevented that acetate became available in the 

aerobic phase which would lead to growth of the heterotrophic organisms. One h e  infhent 



wai added hatchwi$e during each cycle containing the norrnal phosphate concentration and 

orily a smal1 amount of acetate to trigger the initia1 uptake hy the p d y P  organisms. The 

phosphate Ioad per cycle applied to the sysiem was therefore constant in contrast to the 

carhon/ph«sphate ratio which increased dunng the experiment due to increasing acetate 

feeding, caused hy the gradually increased nurnber of polyP bacteria. 

1) 1 1 influent (PO,) 11) 1 l influent 

111) 

Figure 

controled feed 

l (HAc) 

controled feed 

1 l influent (HAc, PO,) Iv) l l influent (HAc, PO,) 

: inoculum polyP organisrns 

: aerobic heterotrophic organisms 

I Schemalir. presenlarion of rhe variation o/ the acelaie and phosphafe /eed and presence of 

hereroirophic or,qanisms in [he experimenlx Influenr was batch wise added a f  the start of 

h e  r y l e ,  thr ronlroiied /red durrng lhe entire anaerohic phasr. Four r-rperiments were 

performed: I )  a stari-up wilh helrrotrophic organisms presenf ai rhe siari and a controlled 

HAc-/red, 11) no heterofrophir. or,qunisrn.s present al rhe slarr, conrrolled H A c  and P-feed, 

111) heterorrophir or,qanisms presen/ and HAc and P in /he influmt. IV) No heterorrophic 

or,quni.snni and HAc and P in the injluent Jeed. 



I S m - u p  dynamics 

m Controlled acetate and phosphate feed, no aerobic heterotrophic biomass present 

In this experiment (fig. 1) the growth of polyP organisms in the absence of heterotrophs was 

studied with both carbon and phosphate fed during the anaerobic phase in a constant carbon/- 

phosphate ratio. A small inoculum of an enriched polyP culture was brought into a SBR in 

which no other biomass was present at the start. Each cycle, the normal influent volume, 

containing neither acetate nor phosphate, was added to the SBR. The acetate and phosphate 

feed were controlled by the pH controller with the acetatelphosphate ratio normally present 

in the influent. This was done to achieve that phosphate was completely removed during the 

aerobic phase nght from the start of the experiment. The aim was to investigate the effect of 

low phosphate concentrations during the end of the aerobic phase on the development of the 

polyP organisms. The specific activity of the phosphate uptake system was reported to be 

induced at residual phosphate concentrations below the detection limit by Acinetobacter strain 

210A2 It was therefore hypothesized that low phosphate concentrations during aerobic 

conditions would lead to a higher P-uptake capacity and therewith a faster start-up. 

IiI) Full influent feed with heterotrophic biomass present 

In this experiment, the enrichment of polyP organisms was compared with aerobic 

heterotrophic organisms, while both populations were allowed to grow. This was achieved by 

adding a small inoculum of polyP organisms to a SBR with aerobic heterotrophic acetate 

oxidizing biomass present. The full influent volume containing acetate and phosphate was 

added at the start of the cycle. Because of their limited amount, the polyP organisms could 

not take up al1 the acetate during the anaerobic phase leading to large amounts of acetate 

present in the aerobic phase, allowing growth of aerobic heterotrophic organisms. Due to 

increased growth of polyP organisms it can be expected that during the start-up the amount 

of anaerobically consumed acetate increases, which leads to less aerobically consumed acetate. 

IV Full in lu nt d with no h t rotrophic biomass pr s nt 

A small amount of polyP organisms was present at the start of this experiment. No 

heterotrophic organisms were present at the start, and the full influent volume containing 

acetate and phosphate was added to each cycle from the start. The aim of this experiment was 

to examine the effect of high acetate and phosphate loading rates on the growth of polyP 

organisms. 



Materials and methods 

HAc feed controller 

Growth of acetate oxidizirig heterotrophic organisms in the reactor has been prevented by 

avoiding the presence of siihstrate in the aerohic phase. This can he achieved if the acetate 

feed in the anaerobic phase is adjusted exactly to the acetate uptake and storage capacity into 

PHH of the polyP organisms during the ariaerohic phase. I f  al1 the acetate added in the 

anaerobic phase is taken up, the acetate concentration entering the aerohic phase wil1 be zero. 

In order to achieve a good balance hetween acetate addition and uptake the acetate feed was 

controlled, using the change in pH which occurs dunng the uptake of acetate by the polyP 

organisms. At pH 7, most of the acetate is present in dissociated form, while it is consumed 

by the organisms as acetic acid. The iiptake of acetate wil1 therefore lead to an increase of 

the pH. Using a mixture of acetatelacetic acid as the acid added hy a pH controller, the 

addition of acetate wil1 proceed as long as the polyP organisms take up acetate. When the 

polyP organisms c m  no longer take up acetate, the pH wil1 no longer iricrease and the acetate 

feed is stopped. In this way, the addition of aceiate is elegantly coupled to the demand, and 

introduction of acetate t» the aerohic phase i.; prevented. 

Feed solution 

- O 19 AL + O h l  HAc c HAc /t HAc 

Figure 2 Required mixture o/ arerate a d  ucerii acid in /he /eed o/ /he reactor. During the uptake 

o/ l molecule acetule (2 carbons, HA(.), I mol p o l ~ P  is hydro&sed and consequent- I mol 

phosphute (H,PO,~) is released. In rhr .suh.\equent d~~sociu t ion  ofphosphare at pH 70, 0.39 

mol pro~ons are produred. ïo keep thr pH at pH 7, addition o/ati aietaiefeed in rhe ratio 

0.39 A c  lo 0.61 HAr is required. 



Star-un dvnamics 

The required pH in the acetate feed (or the ratio of acetatelacetic acid present) follows from 

the pH change due to the concomitantly occurring P-release. During the uptake of acetate, 

phosphate is released from the cells in a ratio of 0.5 P-mol/C-mol acetate at pH 7.0." At this 

pH, the phosphate wiU dissociate outside the cells into 0.39 mol HPO,Z- and 0.61 mol H,PO,-, 

see figure 2. Per molecule acetate (2 carbons) taken up, 1 mol phosphate and 0.39 mol H' 

wil1 therefore be released. To keep the pH at 7, the ratio between acetate and acetic acid wil1 

have to be 0.39 A c  and 0.61 HAc. This is obtained at pH 4.6 

SBR 

A laboratory fermenter with a volume of 2 1, at a temperature of 20 "C and pH 7.0 was 

operated as a sequencing batch reactor with a cycle time of 6 hours consisthg of an anaerobic 

(2.25 h), aerobic (2.25 h) and senling period (1.5 h). One litre medium was fed at the start 

of the anaerobic phase and effluent was removed at the end of the settling period, resulting 

in a hydraulic retention time of 12 h. At the end of the aerobic phase 62 ml mixed liquor was 

removed to establish a SRT of 8 days. More details about the SBR were described previously. 

',%s an inoculum, biologica1 P-removing sludge from the end of the aerobic phase was taken 

from an acetate fed SBR in steady state at a sludge retention time of 8 days. ',"f 

heterotrophic biomass was required in the reactor at the start, the influent was not supplied 

at the start of the anaerobic phase but at the start of the aerobic phase allowing growth of 

heterotrophs. At the start of the polyP startup experiment, when the inoculum was added to 

the heterotrophic biomass, the influent was again supplied at the start of the anaerobic phase. 

Media & analysis 

For Experiment I11 and IV sterilized synthetic medium was used, as described previously, 7,x 

containing per litre: 0.85 g NaAc.3HZ0 (400 mgCODfl) as carbon source, 107 mg NH,CI (28 

mgNl1) and 75.5 mg NaH,P0,.2HZ0 (15 mgP/I). For Experiment I, the same medium was 

used without the acetate and in experiment I1 no acetate and phosphate were present in the 

medium. The acetate feed for the pH controller contained 0.19 C-mol acerateil, and the pH 

was adjusted to pH 4.6. The phosphate acetate ratio was 0.039 P-mol/C-mol acetate in the 

feed of experiment 111. Analysis were performed as described previously."' 

Metabolic model 

A mctabolic model, which was developed previo~sl~,"~~"'  was used to calculate the 

conversions during the start-up. The metabolic model was based on the participation of 

glycogen in the metabolism as proposed by Mino.'.' For the model calculations, the 



stoichiometry was wed as described in table I in appendix IV. I h e  same set of kinetic 

parameters was used for al1 experiments, except for the specific acetate uptake rate which 

appeared to he 0.3 instead of 0.4 C-mol/C-mol-h. This set is shown in table I .  This set of 

parameters was validated previously in experiments with steadq state sequencing batch 

reactors, fed with acetate at SRT values between 5 and 20 days.'"' The acetate feed pattems 

during the experiments were measured, fitted and used as influent feed pattem of the model. 

Table I Kinetics of thr unurrohic und urrohic phase ofthe h io lo~ i cu i  P-removul process 

Anaerohic paranictii v d / u e  u n , ~  

c'. 
",.> ( . / 1 '  '1 j 

CP K,, c 

Growth of heterotrophic organisms took only place in experinient I11 and IV. This was due 

to the smal1 amount of polyP biomass, iiot capahle of consuming al1 the acetate provided with 

the influent, leading to the presence of acetate in the aerobic phase. The growth of the 

heterotrophic organisms in each cycie was calculated in the model hased on the acetate 

concentration present at the end of the anaerobic phase. It was assunied that al1 the acetate 

was completely utilized hy the heterotrophic organisms. The growth could therefore be 

calculated needing an experimentally ohtained acetate yield for these organisms of 0.38 C- 

mol/C-mol acetate only. Although acetate can also be stored as PHH hy polyP organisms 

under aerobic conditions,"' this was not accounted for in the model. 



Heterotrophic growth of non-polyP organisms 

During experjment I and 111, aerobic acetate oxidizing, heterotrophic, non-polyP biomass was 

present at the start of the experiments. The heterotrophic biomass was cultivated by addition 

of the influent volume at the start of the aerobic phase. In figure 3 the development in 

biomass concentration is shown. During the last 10 days of t h s  experiment the average 

biomass concentration was = 1.9 g/l VSS (2.1 g/l MLSS), while the SBR was operated at a 

SRT of 8 days with an acetate load of 6 C-mmol/l~cycle. The heterotrophic biomass yield was 

calculated to be 0.38 C-molIC-mol acetate (0.43 gCOD/gCOD-HAc). During the aerobic 

phase, the average arnount of phosphate consumed was 0.08 P-mrnol/l and the acetate was 

consumed within 15 min. Before the polyP organisrns were inoculated, the heterotrophic 

organisms present in the SBR were exposed to one cycle in which the acetate was provided 

at the start of the anaerobic phase, to measure the anaerobic acetate uptake and P-release 

capacity of the organisms. Only 15.10.' P-mrnol/l (1 0.5 mgP/1) phosphoms was released 

during this experiment, indicating that no significant number of poly? organisms were present. 

O 5 10 15 20 25 
time (d) 

Figure 3 Starf-up oJ a seyuencing batch reacfor fed with acelate in  he aerobic phase 
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Fig. 4 Resulrs oJ experrmenr I: herrrorruphir hiomass presenr and runtrolled areiate Jeed. a )  7otal 

MLSS (i) and polyP hiomass ronrenlration (*J; h )  Ybtal VSS (L_;)  and polyP hiomass 

concentrulion i");  c) Phosphate roncenrruri«n end anaerohir (i) and aerobic phase (0); 

d )  Arerate addition durini: /he starr-up; e )  Internal compoundr t» aclive biomass ratio a/  /he 
end o/ the anaerohic phase; 1) Growth r a k  a f  the start and end ( f t h e  aerohic phase; and 

the average hiomass production rare durini: ihe starl-up. 



Star-up dynamics 

Experiment I 

In Experiment I the acetate flow to the system was controlled by means of the pH controller, 

while the normal phosphate load at the start of the cycle was provided. The acetate addition 

during the start-up is shown in figure 4d. The initia1 feed pattern during the experiment 

appeared to be linear during the anaerobic phase. 18 days after the start of the experiment the 

full influent amount of acetate was added. During the first days the pH of the acid mixture 

of the pH controller was pH 4, because the decrease of the pH due to the P-release was not 

taken into account and consequently the acetate addition was too small. From day 6 on the 

pH of the feed was increased to pH 4.6, to obtain the correct acetatelacetic acid mixture. To 

be able to calculate the conversions during this experiment a continuous acetate addition curve 

was fitted through the points (fig. 4d). This influent acetate feed profile was used to model 

the experiments of which the results are shown in figure 4a-4g. 

At the start of the experiment, 2.1 gil MLSS . 

acetate oxidizing heterotrophic biomass was 

present in the reactor. After the inoculum of 

0.19 g/l polyP organisms was added to the 

reactor, in total 2.3 g/l MLSS (2.0 g/l VSS) 

biomass was present in the reactor at the start 

of the experiment. The MLSS and VSS con- 

centrations during the experiment are shown 

in figure 4a and 4b respectively. From the 

first day on two processes take place in the o 10 20 30 40 50 
time (d) 

system: the wash out of non-growing 

heterotrophic organisms and the growth of 
Fig. 4g Concentrations ofthe internal 

polyP organisms. The wash out of the components during  he start up 

heterotrophic organisms causes a decrease in 

MLSS and VSS concentrations until day 12, since the contribution of the growth of polyP 

organisms is only smal1 during this phase. From day 12 the biomass produced by the polyP 

organisms is higher than the wash out of organisms from the system and the MLSS and VSS 

concentrations are increasing. The biomass concentration of the polyP organisms during the 

start-up was calculated from the ammonium consumption measured during several cycles. The 

increase in polyP biomass and decrease of heterotrophic organisms was calculated with the 

model, assuming that no growth of heterotrophic organisms could take place because acetate 

did not enter the aerobic phase. Therefore, the decrease in biomass concentration of the 

heterotrophic organisms was calculated considering only the wash out of the biomass. The 

1 

0.75 - - 
3 - 
S .- - g 0.5 

s 
8 

0.25 - 

Internal u~mpounds 
end aerobic phase 

- - - 
F -  - 

PW,/' 

, Glycogen , 
' : 

, 
Y PHB ' .....' .... l-.-.--' 

, , 



Appendix V 

predicted total biomass is the sum of polyP and heterotrophic organisms. The model 

calculations are in good agreement with the measurements. 

Figure 4c shows the phosphate release at the end of the anaerobic phase. After 16 days, al1 

the phosphate in the aerobic phase cari he taken up, and after 17 days the maximal release in 

the anaerobic phase is reached. Again, there is good agreement between the model 

calculations and the measurements. 

The calculated fractions for PHB, glycogen and polyP of the polyP organisms are s h o w  in 

figure 4e. From this figure, it appears that dunng the initia1 phase (O - 17 days) the ratio 

between biomass and total storage compounds is 0.75 mol/C-mol active biomass. On a dry 

weight basis, the polyP biomass is then composed of storage products for 50%. From this 

figure it can he seen that none of the storage compounds is limiting diiririg the start-up phase. 

This indicates that the pH controlled influent feed was not properly adjusted to the maximal 

uptake capacity of the polyP organisms. In other words, the organisms were capable to a 

higher acetate uptake than provided with the feed. 

Figure 4f shows the average growth rate over the aerobic phase as wel1 as the growth rate at 

the start and end of the aerobic phase during the start-up. The growth rate is coupled to the 

PHB content and decreases dunng the aerobic phase due to the consumption of PHB.' The 

highest rate is reached when the PHB content is the highest, after 17 days. The highest 

average growth rate in the system, defined as the biomass production dunng the aerobic phase 

per unit active hiomass per length of the aerobic phase is 0.03 h ~ ' .  This growth rate is two 

times lower than the real growth rate (0.06 h-') of the organisms developed at the start of the 

aerobic phase. Figure 4g shows the calculated reactor volumetric accumulation of the 

compounds polyP, PHB and glycogen dunng the experiment. After the acetate added per 

cycle has become constant (day 18, figure 4d), the volumetric concentrations of PHB and 

glycogen stabilize to a constant level, due to the anaerobic stoichiometry. The polyP 

concentration continues to accumulate, until the amount of phosphate removed with the waste 

biomass flow equalizes the phosphate added with the influent. 

Experiment I1 

In Experiment Ii the acetate feed was controlled in the same way as in experiment I, while 

phosphate was now provided also with the pH controller. Phosphate was present in the acetate 

feed in a ratio of 26 C-mol/P-mol as used in previous descnbed work.".%e realised acetate 

addition is shown in figure 5d. Because the acetate feed to the system was not fixed, the 

acetate feed shown in figure 5d was fitted to get a continuous function. This was used to 

provide the acetate feed profile for the model calculations in this experiment. 



S m - u p  dynamics 
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Fig. 5 Results of experiment 11: no hiomass presenl and with a controlled acetate and phosphale 

Jeed. a )  MLSS (i) and VSS (+) concentrations; h)  Percentage PHB of MLSS; c)  Phosphate 

concenlration end anaerohic (i) and aerobic phase (+); d )  Acetate addition during the start- 
up; e)  Internal compounds to active biomass ratio at the end of che anaerobic phase; fl 
Growth race at the starc and end of thr aerohic phase and the average biomass production 
rate during the start-up. 



The biomass concentration of the polyP organisms could be measured directly due to the 

absence of heterotrophic biomass, and is shown in figure Sa. The model and rneasurements 

show a good agreement. Figure Sb shows the calculated PHB accumulation as a percentage 

of the MLSS at the end of the anaerohic phase. Figure 5c shows the phosphate release at the 

end of the anaerobic phase. After 25 days the maximal release in the anaerobic phase is 

reached. Clearly a good agreement between the model calculations and the measurements 

exists. In figure 5e the calculated fraction~ of PHB, glycogen and polyP in the biomass during 

the experiment are shown. I t  is clear that the polyP content is low compared to experiment 

I, due to the much lower phosphate addition rate. It is difficult to conclude which factor has 

determined the rate in this experiment. The calculations of the polyP content in figure Se 

show that the polyP content is never zero at the end of the anaerobic phase, therefore the 

acctate provided with the pH controller could have heen higher, hy an increased pH in the 

acid feed of the pH controller. The growth rate at the start and end of the aerobic phase and 

the average growth rate during the experiment are shown in figure 5f and they are slightly 

lower than in experiment I 

0 0.75 1.5 2.25 3 3.75 4.5 
tinie (h) 

Figure 5g Pho~phafe  rrlruw und uplukr duriny thr r\(lr 

The development in dynamics in phosphate release and uptake during the start-up in 

experiment I1 is shown for each week in figure 5g. The predicted development of the 

dynarnics in phosphate release and uptake is in good agreement with the measurements. From 

the fact that the F'-uptake/release are modelled so well, it appears that the enzymes of the P- 

removing system are constitutive. There is no effect of high or low P-concentration in last 

part of the aerobic phase. 
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Fig. 6 Results of experiment 111: biomass present at the start of the experiment and with full influent 

feed. a )  %tal MLSS concentration (i); b)  Total VSS concentralion (+j; c )  Phosphale 

concentration end anaerobic (m) and aerobic phase (+j; d)  Aceiate concentration at the end 

of the anaerobic phase; e )  Internal compounds to active biomass ratio at the end of the 

anaerobic phme; ff Growth rate at the start and end o/the aerobic phase and the average 

biomass production rate during the surf-up. 



Experiment In 
In Experiment 111, a smal1 inoculum of 0.19 g/1 polyP organisms was added to the reactor in 

which now 2.0 gVSS/l heterotrophic organisrns were present. The full amount of acetate and 

phosphate was added at the start of each cycle. At the heginning in t h i ~  experiment, not al1 

the acetate could he consumed hy the polyP organisms, leading to the presence of acetate in 

the aerohic phase. Due to the presence of heterotrophic organisms. the acetate entering the 

aerohic phase was completely taken up within 15 minutes. Due to the change in population 

frorn non-polyP to polyP hiomass, the M I S S  concentration (fig. 6a) increased from 2. l g/l 

to 3.5 g/], while the VSS concentration during this experiment increased from 2.0 to 2.2 g/l 

(fig. hh). 

The increase in P-release in the anaerobic phase, figure 6c, is very fast and in 8 days full 

biologica1 P-removal is obtained. Again good agreement between model and experiment is 

noted. Figure 6d shows the measured acetate concentration at the end of the anaerobic phase. 

Iriitially, the amount of acetate taken up during the anaerobic phase appears t» he faster then 

predicted by the model, while after 7 days the consumption is lower than predicted. A clear 

effect of the full acetate load «n the reactor in this experiment compared to the previous 

experiment is the higher PHB fraction of the cells, 0.7 C-mol/C-mol active hiomass, resulting 

ako in a much higher average growth rate diiring the cycle, 0.047 h-' (fig. 6f), compared to 

the previous experiments. The highest growth rate developed at the s tut  of the aerobic phase 

is in this experiment: 0.1 (h l ) .  This growth rate shows that polyP organisms are not slow 

growing organisms hut have the capacity to grow rather Past. Due to the kinetic coupling of 

the growth rate to the PHB content and the Past decrease in PHB content as a result of 

consumption for growth, a high growth rate wil1 only occur during a short time. 

From figure 6f a smal1 increased growth rate at the end of the aerohic phase is ohserved after 

day 7. This increase corresponds with the moment were the organisms are capahle to consume 

completely the phosphate present in the aerohic phace, the point were the phosphate 

concentration at thc end of the aerohic phase becomes zero, at day 6 (fig. 6c). An explanation 

for the higher growth rate is that the PHB which was consumed in the every day increasing 

P-uptake became constant arid after this point is accumulated causing a higher growth rate. 

The growth rate during the first days of this experiment is limited by the phosphate uptake 

rate of the organisms. This because during the anaerobic phase the organisms take up acetate 

til1 the polyP content becornes zero. However, in the aerobic phase, not al1 the phosphate is 

conwmed. A higher phosphate uptake would have increased the polyP content of the cells 

and thus the acetate uptake. The contents of PHB and glycogen increase as long as 



polyphosphate is the limiting factor, see figure 6e, and a maximal ratio hetween total storage 

matenals and biomass of 1.2 molIC-mol is reached. On dry weight basis, the biomass contains 

50 % storage materials. 

Experiment N 

In experiment IV, a small inoculum of polyP organisrns was added to a SBR without other 

organism present and the full amount of acetate and phosphate was added in each cycle. The 

acetate load added with the influent could not be consumed completely by the polyP 

organisms and came into the aerobic phase were it induced growth of acetate oxidizing, 

heterotrophic organisms. 

Within a few days, the high aerobic concentration of acetate induced growth of fast growing 

organisms in suspension, the biomass flocs fel1 apart and the settled biornass concentration 

decreased during this period. The organisms growing in suspension were removed with the 

effluent. From the moment the suspended growth disappeared and wel1 flocculated biomass 

reappeared, the experiment was considered as started (t=O). The problem at this point was that 

the concentration of polyP organisms in the total biomass present in the reactor was unknown. 

To he able to model this experiment, the P-release (fig 7c) was used to establish the initial 

polyP biomass concentration. The initial biomass concentration was chosen in such a way that 

the fast increase in P-release after day 35, corresponded with the model calculations. A value 

of 1 . lW3 C-mmol/l (= 0.03 mgMLSS/I) resulted. Figure 7a and 7b show the MLSS and VSS 

concentrations during this experiment.From these figures the change in population in the 

system can be seen as wel1 as that the MLSS and VSS concentrations are both increased after 

the change to a polyP population. Comparison of the acetate left at the end of the anaerobic 

phase during the experiment (figure 7d) shows that there is a deviation between model and 

measurements between day 17 and 27. Also the predicted anaerobic P-release is much higher. 

Clearly more acetate is taken up and P is released, than predicted. The reasons remain 

unclear. 

On day 51 a problem with the pH control in the systern occurred which affected the 

organisms: not al1 the acetate is consumed in the anaerobic phase anymore, and the biomass 

concentration is decreased. 
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S m - u p  dynamics 

Discussion 

Model validation 

It has been shown that the metabolic model described the start-up experiments accurately. The 

MLSS- and VSS biomass concentrations of polyP- and heterotrophic organisms, as wel1 as 

the phosphate release and -uptake dynamics predicted by the model were in good agreement 

with the measurements during the experiments. It is emphasized that al1 expenments described 

here, could be modelled with a single set of stoichiometric and kinetic parameters. In addition, 

this set of parameters is the same as the set used in appendix IV, except for the specific 

acetate uptake rate. ï ñ e  fact that the set of parameters is nearly the sarne as the set of 

appendix IV, although established independently under different circumstances, can be seen 

as an additional indication that the structure of the metabolic model is adequate for the 

description of the conversions of the biologica1 phosphorus removal process. 

Table II Exoerimental setuo and results 

Exp. Acetate Phosvhate Initia1 h t i a l  Maximal S m - u p  
polyP heterohophic average time (days) 

(mmol/cycle) (rnrnoI/~ycle) biomass biomass growth rate 
(MLSS (MLSS gn) 0i') 

I fed batch O - 6.2 batch 0.24 0.19 2.1 0.031 22 

I1 fed batch 0 - 6.2 fed batch 0 - 0.24 0.15 0 0.027 26 

III batch 6.2 batch 0.24 0.19 2.0 0.047 7 

TV batch 6.2 batch 0.24 0.03.10'' O 0.047 37 

+ Estimated from model fit (ree text). 

Factors effecting the start-up rate 

An overview of the experimental results is given in table 11. From the experiments described 

in the results section it appears that there are four factors which can influence the growth rate 

during a start-up. These are: ( I )  the anaerobic acetate concentration, (2) the anaerobic polyP 

content of the cells, (3) the aerobic phosphate uptake rate, (4) presence of other organisms. 

To increase the rate of a start-up these factors should be optimized: 

(1) A higher acetate concentration in the anaerobic phase will increase the uptake rate of 

acetate, see table I.  More acetate will be taken up during each cycle, leading to a higher 

biomass production. The higher growth rate in experiment 111 compared to exp. I and I1 



is probably due to this difference. In experiment 1 the acetate concentration is always 

lower than 1.2 C-mmolll, while in experiment 111 the initia1 concentration was i 6 C- 

mmol/l acetate. 

(2) If the acetate concentration during the anaerobic phase is maximized, the intemal storage 

compounds should be present in stoichiometric amounts. Polyphosphate supplies part of 

the energy required in the acetate uptake and determines therefore the amount of acetate 

that can be taken up. During a start-up, when acetate is present in surplus, the acetate 

uptake wil1 stop when the polyP content of the cells is exhausted. In experiment 111 and 

IV the maximal growth rate is restncted by the polyP content of the organisms at the start 

of the anaerobic phase. The anaerobic polyP content has to be maximized to increase the 

start-up rate. The polyP content present in the anaerobic phase is a result of the phosphate 

uptake activity during the aerobic phase. 

(3)  To maximize the anaerobic polyP content, the phosphate uptake (-rate) in the aerobic 

phase should he increased. A maximal phosphate uptake during the aerobic phase will 

supply a maximal amount of polyP for the uptake of acetate in the anaerobic phase. In 

the operation of the SBR described here, the maximal phosphate uptake rate is reached 

when at the end of the aerobic phase still phosphate is left in the effluent. This is the case 

in experiment 111 and IV: during the first days of the experiment phosphate is still present 

at the end of the aerobic phase, while the polyP content in the anaerobic phase drops to 

zero. The uptake rate of acetate could have been higher if there had been more polyP 

available, which was achieved with a higher phosphate uptake rate. From table I it 

appears that the phosphate uptake rate is influenced by the phosphate concentration and 

the PHB content. The growth rate is limited here by the phosphate uptake kinetics. The 

PHB and glycogen contents increase to values of 0.7 C-molIC-mol for PHB and 0.5 C- 

molIC-mol for glycogen. 

(4) The presence of heterotrophic organisms has in genera1 no effect on the growth of polyP 
l 

organisms. There is however one exception. When there is a high acetate concentration 

during the anaerobic phase of a start-up, the small number of polyP organisms are not 

capable of consuming al1 acetate completely. The remaining acetate will therefore enter 

the aerobic phase. The presence of non polyP heterotrophic organisms becomes then 

important. Non-polyP heterotrophs are advantageous because they c m  consume the 

acetate quickly. This is important because high acetate concentrations during the aerohic 

phase induces growth of non-flocculated aerobic heterotrophic organisms growing with 

a growth rate equal to the HRT. In experiment 1V the growth was disturbed by suspended 

growth for a long time. When the polyP organism finally are growing, the growth rate is 



Sm-up  dynamics 

comparable to experiment 111. 

Maximal growth rate 

The growth rate of polyP organisms is determined by their PHB ~ o n t e n t . ~  The maximal 

growth rate is therefore not an intrinsic parameter but wil1 depend on the maximal achievable 

PHB content. PolyP organisms wil1 only develop high growth rates during a short time due 

to the consumption of PHB as a result of growth. High growth rates wil1 only be obtained 

dunng highly dynamic anaerobic/aerobic conditions. The highest initia1 aerobic growth rate 

of 0.1 h ~ '  was observed in experiment 111. The PHB content that was achieved in this 

experiment was 0.75 C-molIC-mol (30% on dry weight basis). A higher PHB content was not 

achieved in these experiments because the anaerobic production of PHB was limited by the 

anaerobic polyP content. The polyP content of the organisms is in turn limited by the aerobic 

phosphate uptake rate. Apparently, for the here operated SBR system the highest obtainable 

growth rate is 0.1 h~ l .  The highest average growth rate developed over the aerobic phase is 

about 0.045 b~ ' .  The growth rates found here are higher then previously found values. In a 

SBR activated sludge process fed with glucose and polypeptone, the specific growth rate of 

polyP organisrns was estirnated to be 0.0014 h-'. 

Decreased biomass yield of polyP systems 

From experiment 111 and IV, the biomass yield of heterotrophic and polyP organisms can be 

compared. The VSS concentration remains more or less constant while the MLSS 

concentration increases when more polyP organisms grow int0 the system, which is caused 

by the accumulation of polyphosphate. This appears to be contradictionary with the statement 

that the active biomass yield of polyP organisrns is decreased due to the P-metabolism.' One 

should realize however that in case of the polyP organisms the carbon storage products are 

also included in the VSS, and the yield for carbon storage products is much higher then for 

biomass production. The actual active biomass concentration is not 2.2 gVSS/I but only 1.8 

g/l (if 0.2 C-molIC-mol organic storage products are present). The observed yield for the 

heterotrophic organisms of 0.38 C-molIC-mol is higher than the observed active biomass yield 

on acetate for polyP organisms at a SRT of 8 days: 0.33 C-mol/C-mol. 



Conclusions 

I t  has heen s h o w  that the eririchment of polyP organisms under different feeding conditions 

during the stan-up of the biologica1 P-removal process is descnbed accurately by the 

metabolic model, denved originally uridersteady state conditions, with a single set of 

parameters. This set of stoichiometrie and kinetic parameters was determined previously from 

steady state SBR's, except for the specific acetate uptake rate which appeared to be slightly 

lower. The metabolic model is able to describe the dynamics during the anaerobic/aerobic 

cycle, as a function of the sludge retention time and the start-up dynamics with nearly the 

same set of parameters. 

The highest growth rate of the polyP organisrns at the start of the aerobic phase is 0.1 h ~ ' ,  

while the highest average growh rate during the total aerobic phase of a cycle is 0.045 h ~ ' .  

During the stan-up, the growth rate of the polyP organisms is limited by the availability and 

concentration of acetate. The growth rate is further limited by the polyP content of the cells, 

which in turn depends on the kinetics of the aerobic phosphate uptake rate. Non-polyP 

heterotrophic, flocculated organisms present i n  the system do not disturb the growth of polyP 

organisms and are advantageous because they consume the surplus of acetate which is not 

consumed in the anaerobic phase. 
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Appendix V1 

IAWQ format for the metabolic model of phosphorus accumulating organisms 
(PAO) : 

2 Aerobic growth 

- 

3 Storage of X, 

4 Storage of X,,. 

5 Ariaerohic rnaintenance 

6 Aerobic maintenance 

Process rate equdtions 

( SP j.(, p p * o . . x P * o  j j kPP. 
KP? SP K;; x,,, Km.So2 



IJefinition of' the sduhle and oarticulate comwnents 

I (;ompontint definition unit5 

IJcfinition of' values for the kinetic coefficienh 

Coetficient value units 

q w n  0.36 gCOD/gCOD-PAOh 

k, 0.14 gCOD-P.4OlgCOD.h 

krw 0.17 gWgC0D.h 

k.i 0.8 gCODIgC0D.h 

m,: 3.4 10 gI'/gCOD-PA0.h 

m",.. 4 .010  gCODIgCOD-PA0.h 

K,  32 gCOD/ni 

K ,. 3 gPlm' 

K" * 0.34 gPP/gCOD-P40 

ei 1.2 gCOD/gCOD-PAO 

K , .  switch 1 1 0  gPI'/~COD-PAO 

K,,? switch l 10 .  gO,Jn1 

:«nversion$ factors 

Component M (g) COD & j  

Aceuite 1 C-mol 30 32 

PHB 1 C-niol 21.5 36 

Biomass I C-mo! 26 36 

Glycogen 1 C-nio! 27 32 

Pliiisr~hatc l P-n101 31 0 
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