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Summary

INTRODUCTION

In order to reduce the eutrophication of coastal waters, the countries bordering the river Rhine

have adopted several directives regulating the outflow of nitrogen into the North Sea.

Approximately 30% of the Swiss nitrogen input into the Rhine originates from municipal
wastewater treatment plants (WWTP), so that enhanced nitrogen elimination is of special
interest. It can be achieved by introducing nitrification and providing additional anaerobic tank

capacity for denitrification. However, in terms of sustainability and costs, separate treatment of

the supernatant from the sludge dewatering facilities often appears more appropriate.
Ammonium-rich reject water (500 - 1500 gNHj-Nnï3) from anaerobic sludge treatment is

commonly recirculated to the main stream, accounting for roughly 15 - 20% of the total nitrogen

load to be treated in the activated sludge system. Various options are available for the separate

treatment of these return liquors, but major interest focuses on anaerobic ammonium oxidation

(anammox), a novel and quite promising biological process discovered about 10 years ago. In a

two-stage application, about 50% of the ammonium is oxidized to nitrite in a first aerobic reactor

(partial nitritation), and this is subsequently reduced anaerobically to nitrogen gas using the

remaining ammonium as an electron donor (anammox). In Switzerland, anaerobic ammonium

oxidation was observed for the first time in 1997 in a nitrifying biological contactor treating the

leachate from a hazardous waste landfill in Kölliken (AG).

OBJECTIVE

In this study, the feasibility of nitrogen removal from ammonium-rich sludge liquors with two

possible biological processes is investigated, namely:

(i) conventional nitrification/denitrification

(ii) partial nitritation/anammox

Emphasis is placed on determining the optimal operating conditions leading to maximum

specific turnover rates with minimal consumption of resources. The goal is to establish design

parameters and to estimate the cost-effectiveness of both processes. Other targets are the

evaluation of several different reactor combinations in order to achieve maximum nitrogen
removal with minimum process control and optimum operational stability.

METHODOLOGY

Conventional nitrification/denitrification of sludge digester liquids was run in sequencing-batch
and continuous-flow operation on the WWTP Werdhölzli (Zurich) for more than a year

(V = 4 m3, influent: 650gNH4-Nm"3, 370 gTSSm3). Further long-term data were obtained from

the first full-scale Swiss application for separate reject-water treatment at the WWTP of Region
Bern AG of Berne (V = 1200 m3, influent: 840 gNHrNm3, 760 gTSSm3).
Partial nitritation/anammox of sludge digester effluents was evaluated in this pilot plant for

almost two years. Additional laboratory-scale reactors were run to evaluate nitritation and

anaerobic ammonium oxidation in various reactor types and under different operating and

environmental conditions. Supplementary batch tests were performed to gain in-depth insights
into the kinetics and stoichiometry of the different biological processes involved.
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RESULTS

Conventional nitrogen elimination with nitrification/denitrification

As much as 85 - 90% nitrogen removal can be achieved, irrespective of whether

nitrification/denitrification is run in SBR or CSTR mode. An external source of organic carbon

must be provided in any case and the concomitant sludge production is significant. In the

SBR full-scale application, approximately 2.2 gCODg^Ndemtrified is consumed, whereby
0.2 g CODb,omassg" CODdosed is produced (ethanol or methanol as electron donors). No alkaline

substances need be added. Due to biomass retention, the volumetric turnover rates in the SBR

reactor are at least twice as high as in continuous operation. Moreover, the risk of washing out

the ammonium oxidizing bacteria is minimized. On the other hand, CSTR operation is

insensitive to the sedimentation characteristics of the activated sludge and needs only little

control. In both applications, the denitrification can be run cost-effectively over nitrite. In CSTR

operation, the nitrite oxidizers are washed out by limiting the hydraulic retention time. Although
the biomass is retained by sedimentation in SBR operation, various limiting (O2) and inhibitory
effects (NH3, NH2OH) as well as the alternating aerobic/anaerobic conditions prevent significant
nitrate formation.

The combined partial nitritation/anammox process

The combination of partial nitritation with subsequent anaerobic ammonium oxidation was

successfully run on a pilot scale for several months. Sludge liquors generally contain about

1.1-1.2 times more bicarbonate than ammonium on a molar basis, suchthat some 55 - 60% of

the ammonium is converted to nitrite, resulting in an optimal wastewater composition for the

subsequent anammox reactor. Due to the autotrophic nature of the microbial processes involved,

no organic carbon is required and little excess sludge is produced. Up to 85 - 90% of the inlet

nitrogen load is removed at a long-term average specific removal rate of 0.8 - 1.0 kgNm3d_1 or

0.12 - 0.16 gNg^TSd"1 respectively. Stable and low-maintenance operation is achieved as long
as a few basic principles are fulfilled: (i) no nitrite oxidation in the aerobic step as well as

(ii) good biomass retention and (iii) no nitrite accumulation in the anammox reactor. The

proposed compact reactor combination (total hydraulic residence time of two days) can easily be

implemented within the infrastructure of the existing WWTP.

Partial nitritation of sludge digester liquids

At elevated temperatures and when fed with ammonium-rich wastewater, the ammonium

oxidizers grow faster than the nitrite oxidizers, resulting in a selective wash-out of the nitrite

oxidizers at a short sludge-retention time. Consequently, at 30 - 35 °C (but not 20 °C) stable

nitrite production is achieved over months in both CSTR and SBR modes. The ammonium

concentration in the supernatant used ranged from 600 - 750 gNHj-Nm"3. In CSTR operation,
the maximum dilution rate lay between 0.8 - 1.1 d"1, which corresponded to a specific nitrite

production rate of 0.32 - 0.44 gN02-Nm3d_1 (30 - 35 °C). At least double nitrite production
rates can be obtained in SBR mode, which is recommended for full- scale application in order to

keep the required reactor volume as small as possible. Partial nitritation can easily be started up

with domestic activated sludge. With the aid of fluorescent in situ hybridization (FISH), a wash¬

out of the nitrate producing bacteria was in fact observed within the first 1-2 weeks, as well as

an obvious shift in the ammonium oxidizing community.
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Anaerobic ammonium oxidation (Anammox)

The feasibility of anaerobic ammonium oxidation is demonstrated in fixed-bed as well as

sequencing-batch reactors with suspended biomass. Stable and reliable operation and high

specific nitrogen elimination rates (2.5 - 3.5 kgNm^eactord"1, 26 - 30 °C) are achieved with

partially nitrified sludge digester effluents in both applications. However, the use of an SBR is

recommended in view of reduced investment costs and better mixing of biomass and substrates

(no clogging, short circuits or unused reactor volume). The only chemical to be added is an acid

(e.g. hydrochloric acid) to maintain an optimal pH of around 8.0 (0.1 molHClmoI^NEU-Nremoved)-
Process interruptions of more than one week cause no significant activity loss under anaerobic

conditions. The observed growth rate of the anammox bacteria is rather low (0.025 d"1 at 30 °C,

doubling time: 28 days), thus requiring very efficient sludge retention. All impacts which

deteriorate the sedimentation should consequently be removed (e.g. solids or biodegradable

organic carbon in the inlet). Due to the low growth rate, the start-up period with domestic

activated sludge as an inoculum takes a couple of months. Prolonged high nitrite concentrations

(> 20 - 40 gN02m" ,
> 24 h) must always be prevented to avoid irreversible inhibition of the

anammox bacteria.

CONCLUSIONS

Separate biological treatment of sludge digester liquids either with nitrification/denitrification or

partial nitritation/anammox is approximately 50 - 75% cheaper than conventional extension of

the activated sludge system. For both applications, the required reactor volume is about twice as

high as the daily supernatant production and around 85 - 90% of the nitrogen can be eliminated.

Conventional nitrification/denitrification is an established biological process which can easily be

planned and realized by specialized engineering companies. However, little practical experience
is available for the anammox process, and this also leads to a certain caution and reluctance in

constructing the first full-scale applications. Nonetheless, due to its sustainable nature and

consequently low operational costs, anaerobic ammonium oxidation will be the future process of

choice for the treatment of ammonium-rich sludge liquors.



Seite Leer /

Blank leaf



-Vil-

Zusammenfassung

EINLEITUNG

Um die Eutrophierung der küstennahen Gewässer zu reduzieren, verpflichteten sich die an den

Rhein angrenzenden Staaten in gemeinschaftlichen Richtlinien, den Stickstoffexport m die Nord¬

see zu verringern Rund 30% des schweizerischen Stickstoffs im Rhem stammen aus Klar¬

anlagen, weshalb der Stickstoffelimination aus der kommunalen Abwasserreinigung eine

besondere Bedeutung zukommt Eine Erhöhung der Reimgungsleistung kann in der Abwasser¬

technik durch Nitrifikation und zusatzlichem Einbau von Denitrifikationszonen erreicht werden

Wesentlich kostengünstiger und nachhaltiger ware aber eine separate Behandlung des Faul- bzw

Schlammwassers aus der Schlammentwasserung Dieser ammoniumreiche Abwasserstrom

(500 - 1500 gNFLt-Nm3) führt zu einer Stickstoff-Ruckbelastung von 15 - 20% im Zulauf zur

biologischen Stufe der Klaranlage Verschiedene Verfahren stehen für eine separate Faulwasser¬

behandlung zur Verfügung, aber von besonderem Interesse ist ein neuer und leistungsstarker

biologischer Prozess namens Anammox (anaerobe Ammoniumoxidation), der vor rund 10 Jahren

entdeckt wurde In einem zweistufigen Verfahren wird Ammonium in einem ersten Reaktor zu

rund 50% zu Nitrit oxidiert (partielle Nitritation), welches in einem nachgeschalteten Behalter

mit dem verbleibenden Ammonium zu elementarem Stickstoff reduziert wird (Anammox) In der

Schweiz wurde die anaerobe Ammoniumoxidation erstmals 1997 in einem nullifizierenden

Tauchtropfkorper der Depomesickerwasserbehandlungsanlage in Kolhken (AG) entdeckt

ZIELSETZUNG

In dieser Arbeit soll die technische Umsetzung von zwei möglichen biologischen Verfahren zur

Stickstoffelimination ammoniumreicher Schlammwasser erörtert werden

(l) konventionelle Nitnfikation/Denitnfikation

(n) partielle Nitritation/Anammox

Im Vordergrund steht die Bestimmung optimaler Betriebsbedingungen, unter denen bei

möglichst geringem Ressourcenaufwand maximale spezifische Umsatzraten erreicht werden

Weitere wesentliche Ziele betreffen die Erstellung von Dimensionierungsgrundlagen sowie eine

Abschätzung der Wirtschaftlichkeit beider Verfahren Anschliessend wird nach möglichen
Reaktorkombinationen zur maximalen Stickstoffelimination gesucht, welche mit minimaler

Prozessregelung eine möglichst hohe Betnebsstabihtat erreichen

VORGEHEN

Die konventionelle Nitnfikation/Denitnfikation wurde wahrend mehr als einem Jahr im

Pilotmassstab auf der Klaranlage Werdholzh (Zunch) im SBR- und Durchlaufbetrieb untersucht

(V = 4 m3, Faulwasser 650gNH4-Nm"3, 370 gTSSm3) Weitere Datenreihen erhielten wir von

der ersten grosstechnischen Faulwasserbehandlungsanlage der Schweiz auf der ARA Region
Bern AG in Bern (V = 1200 m3, Faulwasser 840 gNH4-Nm3, 760 gTSSm3)
Die Reaktorkombination partielle Nitntation/Anammox wurde ebenfalls in der oben genannten

Pilotanlage fast zwei Jahre lang geprüft und optimiert In zusatzlichen Laborreaktoren unter¬

suchten wir die Nitntbildung sowie die anaerobe Ammoniumoxidation unter verschiedenen

Betnebs- und Umweltbedingungen Um einen vertieften Einblick m die Kinetik und Stochio-

metne der biologischen Prozessen zu erhalten, wurden weitere Batchversuche durchgeführt
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RESULTATE

Konventionelle Stickstoffelimination mit Nitrifikation/D enitrifikation

Unabhängig davon der Betriebsweise (CSTR oder SBR) können rund 85 - 90% des Stickstoffs

eliminiert werden. Eine externe organische Kohlenstoffquelle muss aber immer zugegeben

werden, was zu einer wesentlichen Schlammproduktion führt. Bei der grosstechnischen SBR-

Anlage lag diese Zugabe bei 2.2 gCSBg" Ndemtnfizieit, wobei 0.2 g CSBßiomasseg^CSBdosiert
produziert wurden (Ethanol und Methanol als Elektrondonoren). Eine Alkalinitätsdosierung ist

aber nicht notwendig. Aufgrund des Biomassenrückhalts können im SBR im Vergleich zum

Durchlaufreaktor mindestens doppelt so hohe volumetrische Umsatzraten erreicht werden. Im

weiteren besteht nur ein sehr geringes Risiko, dass die Ammoniumoxidierer ausgewaschen
werden könnten. Anderseits hat der CSTR eine sehr einfache Steuerung und die Sedimentations¬

eigenschaften des Schlammes spielen keine Rolle. Mit beiden Systemen kann kostengünstig über

Nitrit denitrifiziert werden. Im CSTR werden die Nitritoxidierer aufgrund der geringen
Aufenthaltszeit ausgewaschen. Obwohl der Schlammrückhalt im SBR höher ist, verhindern

Hemmeffekte (O2) und Limitierungen (NH3, NH2OH) sowie die abwechselnd aerobe/anaerobe

Betriebsweise eine vermehrte Nitratbildung.

Separate Faulwasserbehandlung durch partielle Nitritation/Anammox

Die Reaktorkombination bestehend aus partieller Nitritation und anschliessender anaerober

Ammoniumoxidation wurde während mehreren Monaten erfolgreich im Pilotmassstab getestet.

Faulwasser enthält auf molarer Basis meistens 1.1 - 1.2 mal mehr Bikarbonat als Ammonium, so

dass mnd 55 - 60% des Ammoniums zu Nitrit oxidiert werden können. Dieses Ammonium-

Nitrit-Gemisch eignet sich bestens als Zulauf für den folgenden Anammox Prozess. Weil bei

diesem Verfahren nur autotrophe Organismen vorkommen, wird kein organischer Kohlenstoff

benötigt was auch zu einer verminderten Überschussschlammproduktion führt. 85 - 90% des zu-

gefuhrten Stickstoffs werden eliminiert. Die durchschnittliche spezifische Stickstoffeliminations¬

rate liegt im langzeitlichen Mittel bei 0.8 - 1.0 kgNm3d_1 oder 0.12 - 0.16 gNg^TSd"1. Unter der

Voraussetzung, dass einige wesentliche Grundsätze eingehalten werden, erfolgt ein stabiler und

wartungsarmer Betrieb. Hierzu gehören (i) keine Nitritoxidation im aeroben Reaktor sowie

(ii) guter Biomassenrückhalt und (iii) keine Nitritakkumulation im Anammox Reaktor. Die

vorgeschlagene kompakte Reaktorkombination (totale hydraulische Aufenthaltszeit von zwei

Tagen) lässt sich problemlos in die bestehende Infrastruktur der Kläranlage einbauen.

Partielle Nitritation von Faulwasser

Bei erhöhten Temperaturen wachsen die Ammoniumoxidierer schneller als die Nitritoxidierer, so

dass bei einem geringen Schlammalter die Nitritoxidierer im Durchlauf- sowie auch im SBR-

Betrieb ausgewaschen werden. Mit beiden Betriebsweisen kann über Monate stabil

Nitrit produziert werden, solange die Reaktortemperatur rund 30 - 35 °C (jedoch nicht 20 °C)

beträgt. Die Ammoniumkonzentration des untersuchten Faulwassers lag im Bereich von

600 - 750 gNEU-Nm"3. Im Durchlaufbetrieb betrug die maximale Verdünnungsrate 0.8-1.1 d"1,
was einer spezifischen Nitritproduktionsrate von 0.32 - 0.44 gN02-Nm"3d_1 entsprach

(30 - 35 °C). Mindestens doppelt so hohe Nitritproduktionsraten können im SBR erreicht

werden, welchen wir aus Gründen des kleineren notwendigen Beckenvolumens auch für eine

grosstechnische Anwendung empfehlen. Die partielle Nitritation kann problemlos mit

kommunalem Belebtschlamm eingefahren werden. Mit Hilfe der so genannten Fluorescenz in-

situ Hybridization (FISH) kann in der Tat ein Auswaschen der Nitritoxidierer im Verlauf der
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ersten 1-2 Wochen beobachten werden, aber auch bei den Ammoniumoxidiereren findet eine

deutliche Populationsverschiebung statt.

Anaerobe Ammoniumoxidation (Anammox)

Teilweise nitrifiziertes Faulwasser kann durch anaerobe Ammoniumoxidation in einem

Festbettreaktor aber auch in einem SBR mit suspendierter Biomasse stabil und zuverlässig
behandelt werden. In beiden Reaktorsystemen werden hohe spezifische Stickstoffeliminations¬

raten (2.5 - 3.5 kgNm^rectord"1, 26 - 30 °C) erreicht. Aufgrund der geringeren Investitionskosten

und der besseren und einfacheren Durchmischung (Vermeidung von Verstopfungen, Kurz¬

schlüssen und Totvolumen) wird aber ein SBR empfohlen. Als einzige Chemikalie muss eine

Säure (z.B. Salzsäure) zugegeben werden (0.1 molHClmol'NHi-Nehmimert), um den pH im

optimalen Bereich um 8.0 zu halten. Unter anaeroben Bedingungen führen auch Betriebsunter¬

brüche über eine Woche zu keiner signifikanten Aktivitätseinbusse. Die beobachtete Wachs¬

tumsrate der Anammox Bakterien ist sehr niedrig (0.025 d"1 bei 30 °C, Verdopplungszeit:
28 Tage), so dass ein effizienter Biomassenrückhalt gewährleistet werden muss. Folglich sollten

alle störenden Faktoren, welche zu einer Verschlechterung der Sedimentationseigenschaften
führen, möglichst rasch entfernt werden (z.B. Feststoffe oder abbaubarer organischer Kohlen¬

stoff im Zulauf). Infolge der geringen Wachstumsrate dauert die Einfahrphase aus kommunalem

Belebtschlamm mehrere Monate. Aufgrund der ausgeprägten Nitritsensitivität der Anammox

Bakterien, müssen andauernd erhöhte Nitritkonzentrationen (> 20 - 40 gN02m" ; > 24 h) auf

jeden Fall vermieden werden.

SCHLUSSFOLGERUNGEN

Eine separate Faulwasserbehandlung durch Nitrifikation/Denitrifikation oder mit partieller
Nitritation/Anammox ist rund 50 - 75% kostengünstiger als ein konventioneller Ausbau des

Belebungsbeckens der Hauptstufe. Das notwendige Reaktorvolumen beider Verfahren ist rund

doppelt so gross wie der tägliche Faulwasseranfall und 85 - 90% des Stickstoffs können jeweils
im Durchschnitt eliminiert werden. Die konventionelle Nitrifikation/Denitrifikation ist ein

etablierter biologischer Prozess, welcher problemlos von spezialisierten Ingenieuerbüros geplant
und realisiert werden kann. Beim Anammox Prozess ist jedoch die vorhandene Praxiserfahrung
sehr beschränkt, was auch zu einer gewissen Vorsicht und Zurückhaltung beim Bau gross¬

technischer Anlagen führt. Aufgrund der Nachhaltigkeit und den daraus folgenden geringen
Betriebskosten wird sich die anaerobe Ammoniumoxidation bei der Behandlung ammonium¬

reicher Schlammwässer aber trotzdem durchsetzen.
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General Introduction

NITROGEN, AN ESSENTIAL NUTRIENT BUT ALSO A WASTE PRODUCT

Nitrogen is indispensable to all living organisms, as it is an essential element of DNA, RNA and

proteins. It is available throughout the world, because nitrogen gas (N2) makes up 78% (v/v) of

the earth's atmosphere. However, N2 is kinetically inert and only accessible to a few N2-fixing

microorganisms. The lack of nitrogen severely limited crop production in the

19th century. But then, in 1913, the invention of industrial ammonia synthesis by the Haber-

Bosch process made nitrogen an inexhaustible resource dependent only on cost and the

availability of energy. Due to human activity, the nitrogen input into the Swiss hydrosphere
increased by 500% compared to the natural background concentration (BUWAL, 1993). This

acceleration of the nitrogen cycle has very unfavorable consequences for the environment.

Ammonia and nitrite are toxic to aquatic life and nitrate causes eutrophication in estuaries and

shallow coastal waters, where nitrogen is still the limiting nutrient for algae growth (e.g. in the

North Sea). Eutrophication will inevitably lead to the destruction of established habitats and to

changes in the food chain, resulting in population shifts with unforeseeable consequences.

EUROPEAN AND SWISS GUIDELINES FOR NITROGEN ELIMINATION

The new EC Directive 2000/60/EC of 23 October 2000 established a framework for communal

action in the field of water policy for the protection of inland surface waters, transitional waters,

coastal waters and groundwater. Substances which contribute to eutrophication (in particular
nitrates but also phosphates) are also on the list of the main pollutants. According to this

directive, the member states shall ensure, by 2012 at the latest, to establish and implement the

emission controls and relevant emission limits set out in the Urban Wastewater Treatment

Directive (91/271/EEC) of 21 May 1991. This directive requires 70 - 80% nitrogen removal for

treatment plants above 10,000 population equivalents (p.e.) in nutrient-sensitive zones (e.g.
coastal waters). In 1993, Swiss WWTPs discharged approximately 28700 tons of nitrogen into

the receiving waters (BUWAL, 1996a), which is about 30% of the total nitrogen input to the

hydrosphere (BUWAL, 1996b). This release could be halved by upgrading all treatment plants

exceeding 10,000 p.e. with denitrification leading to 70% nitrogen removal. The investment

costs would amount to 1.5 billion (BUWAL, 1996a) or 8.0 Ckg^Nehmmated including the

operational costs. However, within the scope of an integrated concept for nitrogen removal,

measures to be taken in the agricultural sector are much more cost effective because they also

produce many other positive environmental effects (including an improvement of air and

groundwater quality). Because Switzerland is not a member of the European Union, it is not

obliged to comply with the Urban Wastewater Treatment Directive. Nevertheless, it took part in

an international agreement to reduce the nitrogen load entering the North Sea. The WWTPs

should be operated for maximum nitrogen removal on the basis of the Swiss Water Protection

Ordinance. In addition, selected WWTPs in the Rhine catchment area have to take further

measures to reduce their nitrogen release by 2600 tons annually by the year 2005 compared to

1995. This concept will be reassessed in 2003.

NITROGEN ELIMINATION IN WWTPS AND SEPARATE TREATMENT OF SLUDGE

DIGESTER LIQUORS

Nitrogen removal in WWTPs is performed mainly by nitrification/denitrification (N2) but partly
also by nitrogen assimilation into biomass (Norganic)- Figure 1 presents a rough overview of a

common WWTP (inlet nitrogen load equals 100%). An additional ammonium-rich input is

produced on-site during anaerobic digestion and subsequent dewatering of the sludge. This
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fraction contributes only about 1% to the influent water flow but amounts to 15 - 20% of the

nitrogen load.

N2:
15-60% Activated

* sludge tank
Influent

Primary
settler

Clarifier

Effluent

Digestion Dewatering

Figure 1: Nitrogen elimination in wastewater treatment plants. The sludge liquors make up 15

nitrogen inlet load.

20% of the

Many Swiss WWTPs currently achieve poor nitrogen removal because they were only designed
for COD elimination Consequently, the installed aeration capacity for nitrification as well as the

solids retention time are insufficient. In addition, most WWTPs have no denitrification tanks at

all, resulting in no more than 25% nitrogen removal. According to BUWAL (1996a), the

anaerobic compartment should amount to 40% of the activated sludge volume to achieve 70%

nitrogen elimination (including N-elimination by sludge removal in the primary settler). As a

consequence, although optimized treatment strategies and improved system-control techniques
might iriprove nitrogen elimination, many plants face the prospect of cost-intensive activated

sludge-tank extension and the introduction of anoxic zones. These substantial investment costs

could be significantly reduced or retarded by separate treatment of the ammonium-rich digester

supernatant (Figure 2). Because the treated sludge liquors are recirculated to the main stream,

complete ammonium removal is not necessary.

Influent

Primary
settler

Activated

sludge tank
Clarifier

Effluent

15-60%

Separate

biological
treatment

12-17%

Digested sludge

15-20%

Digestion Dewatering

Figure 2: Improved nitrogen elimination wi th the help of separate (biological) treatment of the sludge liquors.
The nitrogen elimination efficiency of this additional installation should be at least 80 - 90%, but complete
nitrogen elimination is not required because the treated flow will be recirculated to the main stream.
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Several techniques are available for the separate treatment of ammonium-rich wastewater (air
and steam stripping of ammonia, magnesium-ammonia-phosphate precipitation), but biological

applications have proved to be most cost effective (Siegrist, 1996). The sludge liquors are rather

warm (30 - 35 °C) and highly concentrated (0.5 - 1.5 kgNKU-Nm3) leading to high specific
reaction rates. However, only a couple of installations are currently in operation. In the WWTP

of Strass (Austria), Wert and Alex (2002) observed an increase of the yearly nitrogen elimination

efficiency from 78%> to 89% with separate nitrification/denitrification. In the WWTP of

Landshut in Hamburg the total nitrogen concentration in the final effluent was reduced from

11.8 gNm3 to 9.7 gNm3 (Grömping et al, 1998) with separate treatment of the sludge liquors.
These reports clearly show that the nitrogen concentration in the effluent can be significantly
reduced despite the fact that not every gram removed separately from the sludge liquor

necessarily reduces the plant effluent by a gram In order to take appropriate measures, therefore,

the availability and composition of the digester supernatant as well as the specific limitations of

the plant should be well defined at the planning stage.

According to BUWAL (1996a), the nitrogen load from the sludge dewatering facilities will

increase because the agricultural use and deposition of digested sludge will be restricted and

incineration requires well-dewatered sludges. Although separate nitrogen elimination becomes

even more attractive from this perspective, the potential applications should not be

overestimated. The specific costs increase dramatically for small WWTPs, which also tend to be

rather short-staffed. Consequently, full-scale applications are expected on larger plants with at

least 50,000 population equivalents, although they will also depend strongly on local conditions

(available unused tanks, COD:N ratio in the influent, sludge digestion and dewatering from other

WWTPs). The Swiss market for separate supernatant treatment is therefore limited to no more

than about 100 plants, but only a small fraction of these will be forced to improve nitrogen
elimination in the near future.

OBJECTIVES AND QUESTIONS

The aim of this study was to investigate the feasibility for full- scale operation of two biological

nitrogen-elimination processes for the separate treatment of ammonium-rich sludge liquors:
• Autotrophic nitrification combined with heterotrophic denitrification. Although nitrification/

denitrification is the classical method of nitrogen removal in WWTPs, little experience is

available with sludge liquors.
• Partial autotrophic nitritation combined with autotrophic anaerobic ammonium oxidation.

The anammox bacterium responsible for oxidizing ammonium with nitrite to produce

nitrogen gas was identified only five years ago. No full-scale application with significant

nitrogen removal has yet been in operation which was designed specifically for anaerobic

ammonium oxidation.

The results of this thesis should provide basic and in-depth information for a separate treatment

of sludge digester effluents to scientists and engineers working in the field of municipal waste¬

water treatment. An answer to the following questions is consequently of major interest:

• Which preconditions should be met for a separate treatment of the sludge digester
effluents and what are the (financial) benefits of choosing an appropriate application?

• What are the advantages and disadvantages of nitrification/denitrification in CSTR mode

(known as the Sharon® process) in comparison to conventional nitrogen elimination with

sludge retention?

• Does the partial nitritation/anammox process represent a competitive and reliable

alternative to conventional nitrogen elimination in terms of process performance,

stability, sustainability and costs? Is this novel process flexible, simple in operation and

low in maintenance?
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• What are the optimal environmental conditions and most suitable reactor configurations
for partial nitritation/anammox leading to maximum specific nitrogen-elimination rates?

• What problems are likely to occur with the implementation of a novel application and

what measures should be taken to prevent or resolve them?

OUTLINE OF THIS THESIS

A number of reports of unaccounted nitrogen losses have appeared in the last few decades, often

entitled with the use of highly specific abbreviations (although they are based on the same

biological processes). The first chapter presents an overview of the potential microorganisms
involved in nitrogen elimination and includes a closer look at a variety of (promising) novel

applications.

The removal of nitrogen from ammonium-rich wastewater by conventional

nitrification/denitrification is described in the second chapter. Although the basic design

parameters of municipal wastewater treatment for these conventional processes have been known

since the 1970s, only a few full-scale applications are currently running with sludge liquors.

Special emphasis was placed on denitrification over nitrite in CSTR and SBR reactors.

The third chapter demonstrates the feasibility of partial nitritation/anammox for nitrogen
removal from sludge liquors in two reactors in series. Although this reactor combination was

already successfully run abroad on a laboratory scale, this report presents the first pilot-scale

application. A CSTR was used for nitrite production and anaerobic ammonium oxidation was

operated in SBR mode. The anammox biomass was enriched by careful feeding with

ammonium-nitrite containing effluent from the nitritation reactor.

A closer look at stable partial nitrite production in CSTR and SBR modes and under various

environmental conditions is presented in chapter four. Special emphasis was placed on the start¬

up period after inoculation with domestic activated sludge, including an analysis of the

microorganisms involved in ammonium oxidation. Various control parameters for partial
nitritation are considered.

In chapter five the potential of an SBR reactor with suspended biomass for anaerobic ammonium

oxidation of partially nitrified sludge digester effluents was investigated. Different operational
modes as well as some basic control parameters were evaluated. In combination with the results

of the preceding chapter, a possible full-scale design for partial nitritation/anammox in SBR

mode is proposed.

The feasibility of anammox in fixed-bed reactors was evaluated in chapter six on laboratory and

pilot scales because a biofilm application provides good sludge retention. Either a synthetic
medium or partially nitrified sludge liquors were used as feed. All reactors were inoculated with

sludge already containing anammox bacteria. Special attention was paid to the enrichment period
in order to obtain high specific rates of nitrogen elimination as soon as possible.

The seventh chapter focuses on some physiological parameters of the anammox process such as

temperature and pH dependency, but special emphasis is laid on the long- and short-term nitrite

toxicity. The fate of the anammox activity over prolonged periods without feeding was

investigated. The stoichiometry of anaerobic ammonium oxidation is also elucidated.

The investment in and operational costs of both partial nitritation/anammox and nitrification/

denitrification are listed in chapter eight. However, site-specific factors must always be taken

into consideration when sludge liquors are treated separately.

Some major results of this thesis are briefly summarized in the final conclusion section which

also includes an outlook on possible future full-scale anammox applications in Swiss WWTPs.
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Nitrogen Elimination Processes - Which one to Choose?

This chapter gives an overview of the most important microbiological conversions for nitrogen
removal. Further comprehensive information can be found in the literature (e.g. Jetten, 2001; van

Loosdrecht and Jetten, 1998; Jetten et al, 1997a). All the different organisms involved in

combination with various engineering options have led to a wide variety of novel applications in

the last few years. Unexpected nitrogen losses may still occur, but advanced microbial methods

such as Fluorescent In situ Hybridization (FISH) help considerably to determine the bacteria

responsible. In this section, special attention is paid to processes suitable for the separate
treatment of sludge liquors such as:

• Intermittent autotrophic nitrification/heterotrophic denitrification over nitrate and/or nitrite

(e.g. classical SBR operation or denitrification in CSTR mode as in the "Sharon®" process).
• Denitrification by autotrophic nitrifiers (e.g. Nitrosomonas species) operated at low oxygen

concentrations.

• Partial nitritation in combination with anaerobic ammonium oxidation (catalysed by

autotrophic bacteria of the order Planctomycetales). The best known applications are the

"Deammonification" process with nitrogen elimination in a single aerobic/anaerobic biofilm

reactor and the "Sharon/Anammox" process as a two-step system.
After a theoretical introduction, the state of the art of the various technical applications is

presented and the chapter concludes with a short comparison of these processes.

NITRIFICATION AND HETEROTROPHIC DENITRIFICATION

Theoretical considerations

Classical nitrogen elimination is performed in two sequential steps: oxidation of ammonium over

nitrite to nitrate (nitrification) and reduction of the nitrate and nitrite produced to nitrogen gas

(denitrification). No organism oxidizes ammonium to nitrate directly. Consequently there are

distinct groups of aerobic chemolithoautotrophic bacteria which either oxidize ammonium to

nitrite or nitrite to nitrate. The overall reaction of ammonia oxidation to nitrite is again a two-

stage process, but it is catalysed within the same organism. Free ammonia (ML) is used as the

substrate (Suzuki et al., 1974) with hydroxylamine as an intermediate (Eq. 1 and Eq. 2). The

enzymes involved are ammonia monooxygenase (AMO) for ammonia oxidation and

hydroxylamine oxidoreductase (HAO) to produce nitrite.

NH3 + 02+ 2H+ + 2e~ —AMO ) NHflH + Hfl Eq. 1

NHflH+Hfl—HAO >N02~ +5H+ +4e~ Eq. 2

The electrons released in hydroxylamine oxidation are required for ammonia oxidation, the

respiratory chain (Eq. 3) and for CO2 assimilation (Wood, 1986).

0.5O2 + 2H+ + 2e~ -> Hfl Eq. 3

Combining equations 1-3 yields the overall formula for the oxidation of ammonium to nitrite

(Eq. 4), which is also called nitritation.

NH3 +1.502 -» N02~ +H+ + Hfl Eq. 4

This reaction is catalysed by chemolithoautotrophic organisms belonging mostly to the ß-

subclass of the Proteobacteria (Wagner et al., 1995; Juretschko et al., 1998) with Nitrosomonas

europea/eutropha, Nitrosococcus mobilis and Nitrosospira spp. as the best-known species.
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Nitrite can be further oxidized to nitrate (nitratation) by the enzyme nitrate oxidoreductase

(NO2OR) with water as the reactant according to Eq. 5, the two electrons released being used in

the electron transport chain (Eq. 3) and partly also for CO2 assimilation.

NO'OR
, c ,

NO^^Hfl 2 iNOf+2H+ +2e~ Eq. 5

The well-known overall nitrification process summarizes equations 3-5 and yields Eq. 6:

NH3 + 202 -> NOf + H++ Hfl Eq. 6

Nitrite oxidizers are phylogenetically more widespread than ammonium oxidizers. The key
nitrite oxidizers in wastewater treatment used to be generally regarded as representatives of the

genus Citrobacter belonging to the a-subclass of the Proteobacteria. However, no Nitrobacter

cells could be detected in samples from nine different sewage treatment plants (Wagner et al.,

1996), whereas other nitrite oxidizers such as Nitrospira-like bacteria occurred in sequencing
batch reactors (Burrell et al., 1998) or nitrifying biofilms (Daims et al, 2000). An overview of

the distribution and ecology of nitrifying bacteria is given in Koops and Pommerening-Röser

(2001).

Denitrification comprises the reduction of nitrate to nitrogen gas via the intermediates nitrite,

nitric oxide (NO) and nitrous oxide (N2O), which are catalysed by several different reductases

(Zumft, 1997). The release of any of these intermediates is of great environmental concern

(toxicity to aquatic life, greenhouse effect, ozone depletion). However, Stüven and Bock (2001)
concluded on the basis of pilot and laboratory plants operated with sludge liquors that NOx

release is not a significant source of atmospheric pollution in industrial areas. The denitrifying
bacteria cover a large diversity of heterotrophic organisms over the bacterial and archaeal

domains with Paracoccus denitrificans and Thiosphaera pantotropha being the best-known

species.

Nitrification/denitrification over nitrite instead of nitrate requires only about 75% of the aeration

energy and 60% of the added COD. It has higher denitrification rates and a lower biomass

production (Turk and Mavinic, 1989; Abeling and Seyfried, 1992). Not all the process conditions

which suppress nitrite oxidation are currently understood. A broad range of factors such as pH,

temperature, free ammonia (NH3), free nitrous acid (HNO2), free hydroxylamine (NH2OH),
dissolved oxygen (O2) and sludge retention time (SRT) influence the transient nitrite build-up
but acclimation of nitrite-oxidizing bacteria often occurs with time. A brief review of the

relevant literature is given in Yoo et al. (1999). In addition, low phosphorus concentrations

(<0.2 gm"3) also lead to nitrite accumulation (Nowak et al, 1996). The influence of free

ammonia (NH3) on nitrite oxidizers is widely discussed but the "inhibition constants" show a

considerable range (0.12 gNH3-Nrn3 in Rozich and Castens; 540 gNH3-Nmf3 in Wiesmann,

1994). The effect of hydroxylamine (NH2OH) is also debated. Free ammonia is first oxidized to

hydroxylamine (ammonia monooxygenase, Eq. 1) before further oxidation to nitrite

(hydroxylamine oxidoreductase, Eq. 2). Frequent changes from aerobic to anaerobic conditions

could affect the sensitive equilibrium between these two enzymes, leading to temporarily higher

hydroxylamine concentrations. The aeration pattern could thus be a further selection parameter.
There are no reports of hydroxylamine being detected in activated sludge under

normal operation, implying its very low concentration. Stüven et al. (1992) measured

0.2 -1.7 uM NH2OH by mixotrophically growing cells of Nitrosomonas and Nitrosovibio, but

inhibition analysis was generally performed at higher concentrations. Thus Castignetti and

Gunner (1982) reported that Nitrobacter agilis was unable to convert nitrite to nitrate when

cultured separately in the presence of 5 gNH20H-Nm"3 (corresponding to 0.36 mM NH2OH).
The most promising approach to stable denitrification over nitrite is based on the faster growth
rate of the ammonium oxidizers compared to the nitrite oxidizers at elevated temperatures as

described below for the Sharon process.
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Technical applications

Comment: Sludge digester effluents have a very unfavourable COD:N ratio for denitrification,

and an external carbon source must generally be added. In addition, the alkalinity of the

supernatant is only sufficient for nitrifying approximately 50 - 60% of the ammonia because two

moles of bicarbonate are consumed per mole of ammonia nitrified. For complete nitrification,

therefore, alkalinity must be added (e.g. soda, sodium hydrogen, lime) or regained by
denitrification (one mole of alkalinity per mole of Ndemtrified)-

Nitrification/denitrification with biomass retention: Although classical nitrification/

denitrification is widely used to eliminate nitrogenous compounds from wastewater, only a few

full-scale applications exist for the treatment of high-strength sludge liquors (Karsson, 1994,

hydrolyzed starch as carbon source; Wert et al, 1998, primary sludge). On the other hand,
several WWTPs have equipped their available reactor volume (e.g. primary clarifiers, storage

tanks) with an aeration system for partial nitrification (Grömping et al., 1998; Laurich and

Gunner, 2002), the ammonium/nitrite mixture including the nitrifiers being recycled to the main

stream. According to Hoffmann (2000), these externally grown nitrifiers are only marginally
able to enhance nitrification in the activated sludge system due to serious environmental changes

(temperature, concentration of substrates). In most reactors with biomass retention, permanent

suppression of nitrite oxidation is rather difficult to maintain (Turk and Mavinic, 1989; van der

Zandt et al, 1996; Neumüller et al., 2001). However, it can be achieved in SBR applications at

elevated temperatures with oxygen and sludge-age control (Wert, 2001).

Nitritation/denitritation without sludge retention: The Sharon® process: "Sharon" is an

acronym for "Single reactor system for High-activity Ammonia Removal over Nitrite". This

biological process for high-strength ammonia removal was developed in the 1990s at Delft

University of Technology (Hellinga et al, 1998). In a conventional continuous-flow stirred tank

reactor (CSTR) with suspended biomass, nitrogen is removed with nitrification/denitrification

via nitrite (also called nitritation/denitritation). The hydraulic retention time (HRT) corresponds
to the sludge residence time (SRT). At elevated temperatures (30 - 40 °C) and low aerobic

retention times (around 1 d at 35 °C), the ammonium oxidizers are selectively retained while the

slower growing nitrite oxidizers are washed out. This principle for the selective enrichment of

the ammonium oxidizing bacteria is not only restricted to CSTR operation but can also be

applied in SBR reactors with careful control of the SRT as discussed above in Wert, 2001.

The dominant ammonium-oxidizing clone in a Sharon reactor was found to be very similar to

Nitrosomonas eutropha (Logemann et al., 1998). The pH regulation depends on the buffering
capacity of the inlet, the CO2 stripping efficiency and the extent of denitrification. The aerobic

period is controlled by switching the aeration on and off. A CSTR is relatively simple to operate
and generally requires no pre-treatment (e.g. elimination of suspended solids from the

supernatant). Only two full-scale plants have hitherto been in operation (Rotterdam Dokhaven

WWTP and Utrecht WWTP, both in the Netherlands; van Kempen et al., 2001). Scaling-up from

laboratory reactors was performed on the basis of mathematical modelling which included the

kinetics of the various microbial processes (Hellinga et al., 1999). The Sharon® process has been

patented by "Grontmji Water & Waste Management" (Heijnen and van Loosdrecht, 1997;

Heijnen and van Loosdrecht, 1999).



-12-

DENITRIFICATION BY AUTOTROPHIC NITRIFIERS

Theoretical background

The nitrifiers are not as metabolically fastidious as was previously thought. Bock et al. (1995)

reported anaerobic ammonium oxidation in pure and mixed cultures of N. europea and

N. eutropha with nitrite as the only electron acceptor and molecular hydrogen or organic

compounds as electron donors. Poth and Focht (1985) already concluded in the 1980s that

N. europea is a denitrifier which uses nitrite as the terminal electron acceptor under oxygen-

limiting conditions and produces nitrous oxide (N2O). Further reports of (unwanted) N2O

production followed, but always at low rates. However, when gaseous nitrogen dioxide (NO2) or

nitric oxide (NO) are added to the reactor, N. eutropha is able to nitrify and denitrify

simultaneously under anoxic (Schmidt and Bock, 1997) and even under fully oxic conditions

(Zart and Bock, 1998) at rather high rates. These nitrogenous oxides have a significant growth-

promoting and regulatory effect in N. europea/eutropha (Schmidt et al, 2001a; Zart et al.,

2000). A new hypothetical model for ammonia oxidation is presented in Schmidt et al. 2002,

where oxygen is taken up via NO2. The addition of NO2 to the air supply resulted in a

remarkable increase of the nitrification rate, the specific activity of ammonia oxidation, the

growth rate and maximum cell densities (Zart and Bock, 1998). In the presence of 50 ppm NO2

in the air supplied, the specific activity of the ammonia oxidation ofN. europea increased from 2

to 17 iimolNH^-Nmg"1 proteinh"1. Because the nitrification was not impeded by oxygen limitation in
T 1

these experiments, the maximum nitrification rate was about 3 kgNFh-Nm" d" (with 50 ppm

NO2). Simultaneously, about 50% of the nitrite produced was aerobically denitrified to N2 and

traces ofN2O without the supply of any organic substances.

Due to the low nitrogen elimination rates without addition of nitrogenous gases, denitrification

by autotrophic nitrifiers does not play a significant role in WWTPs. However, if NOx-containing

gases were used for aeration, their growth-promoting effect could considerably enhance the

nitrogen removal.

Up-scaling of nitrifier denitrification

The NOx process: The NOx process was mainly developed at the Institute for general Botany at

the University of Hamburg (Germany). Promoted by the addition of nitric oxide (NO) or

nitrogen dioxide (NO2) to the nitrification step, the ammonia oxidizers not only convert

ammonia to nitrite but also simultaneously denitrify most of the nitrite produced to N2 under oxic

conditions in a one-step system (Schmidt et al, 2001b). Apart from oxygen, the ammonia

oxidizers also use nitrite as the terminal electron acceptor, but NO and NO2 are mainly used only
as catalysts and not necessarily as reactants. A membrane technique is generally used for

biomass retention in the NOx process, but no full-scale application has yet been

implemented. However, very promising results were obtained at laboratory and pilot scales

(Schmidt et al, 2001b). A nitrification reactor (3 m3) was used to treat high-strength wastewater

(2000 gNIL-Nrn3) originating from exhaust-gas washing. The airflow was supplemented with

150 ppm NO2 for about 18 months. High nitrification activities (3-4 kgNFLi-Nm^d"1) and

autotrophic nitrogen removal up to 80% were obtained. Similar results were achieved when

effluents from intensive fish farming or sludge liquors were treated. When the NO2 addition was

temporarily switched off, both the ammonia oxidation activity and the denitrification rate

decreased. In the off-gas, NO and N2O were only detected in small amounts (< 40 ppm). In

comparison with classical nitrification/denitrification, the NOx concentration in the off-gas was

not increased in the NOx process and even the sludge index could be improved (Schmidt et al,

1999). The patented NOx process (Bock et al, 1996) could become particularly interesting if

NOx-containing exhaust air from combustion processes was to be used to prevent an additional
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NOx release in the off-gas by separate (bought) NOx addition Compared with classical

nitrification/denitrification, the external carbon source can be reduced by 80%, and the NOx

process consumes 50% less oxygen and produces less sludge.

ANAEROBIC AMMONIUM OXIDATION (ANAMMOX)

Theoretical considerations

Significant nitrogen removal under anaerobic conditions and without NO or NO2 sparging was

detected in a fluidized denitrifiying bed treating ammonium-rich effluent from a methanogenic
reactor and a separately supplied nitrate solution (Mulder et al, 1995). The biological origin of

this nitrogen loss was confirmed by comparing the removal rates before and after heat

sterilization and gamma irradiation. In addition, the ammonium oxidation was directly

proportional to the amount of biomass in the culture (van de Graaf et al, 1995). The

morphologically conspicuous organism responsible for anaerobic ammonium oxidation

(Anammox) belongs to the order of the Planctomycetales (Strous et al, 1999a) and the archetype
was named Candidatus Brocadia anammoxidans. Although the Nitrosomonas species can also

oxidize ammonium anaerobically, the term "anaerobic ammonium oxidation" and the

abbreviation "Anammox" are now used almost exclusively for nitrogen removal by

Planctomycete-like bacteria. The first overall equation for this novel process (Eq. 7) with nitrite

rather than nitrate as the electron acceptor is given by van de Graaf et al, 1996:

NH4+ + \3\N02~ +0.0425CO2 -^\M5N2 +0.22NO3~ + \.%lHfl + 0.09OH" +0.0425CHfl Eq. 7

Nitrate is produced from nitrite to generate reducing equivalents for CO2 fixation. Some

important physiological parameters such as the maximum specific rate of ammonium

consumption (45 ± 5 nmolmg^protemmin1), the maximum specific growth rate (0.0027 h"1,

doubling time 11 days) and the biomass yield (0.066 ± 0.01 molCmor'NFL-N) are given in

Strous et al (1998). On the basis of further experiments in an SBR reactor, this report also

includes the most comprehensive stoichiometry (Eq. 8) for anaerobic ammonium oxidation

currently available:

7V//4+ + 1.32AfO2- + 0.066//CO3-+0.13//+-^1.02iV2-i-0.26AfO3-+0.066C//2O057V0 l5+2.03Hfl Eq. 8

A second genus classified as Candidatus Kuenenia stuttgartiensis (Schmid et al, 2000) seems to

be more widespread than the archetype, as this bacterium was already detected with FISH

analysis in a semi-technical trickling filter (Schmid et al, 2000) in a full-scale rotating disk

contactor (Egli et al, 2001) and in a moving-bed pilot plant (Helmer-Madhok et al, 2002).

Anaerobic ammonium oxidizers seem to be more widespread than previously thought, as they
were already enriched from WWTPs in Australia (Toh et al, 2002) and anammox activity was

also observed in marine sediments (Thamdrup and Dalsgaard, 2002). It has hitherto proved

impossible to grow the bacterium catalysing this novel process in a pure culture, but it was

enriched up to 99.6% by density centrifugation (Strous et al, 1999a).
A novel metabolic pathway for the anammox process has been proposed on the basis of the

results from
' 5N-labelling studies (van de Graaf et al, 1997; Schalk et al, 2000). In this reaction

mechanism, hydroxylamine (NH2OH) and surprisingly also hydrazine (N2H4) are regarded as

intermediates (Figure 1).
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Anammoxosome

(Periplasm-like)

Riboplasm
(Cytoplasm-like)

ATP ADP + P

Figure 1: Possible reaction mechanism including the enzymes involved in anaerobic ammonium oxidation

based on Schalk (2000). The protons take part in the generation of the proton motive force to produce ATP.

(NiR = nitrite reductase, HFE = hydrazine-forming enzyme, HAO
= hydroxylamine oxidoreductase, cyt. c

pool = cytochrome c pool).

Ammonia and hydroxylamine are converted into hydrazine by a membrane-bound hydrazine-
forming enzyme (HFE, Eq. 10). The hydrazine is then oxidized to dinitrogen gas, catalysed by
the soluble enzyme hydroxylamine oxidoreductase (HAO, Eq. 11) which is similar but not

identical to the nitrifier HAO (Strous, 2000). The electrons produced from the oxidized

hydrazine are then passed to a nitrite reductase (NiR) which reduces nitrite to hydroxylamine

(Eq. 12). The overall catabolic reaction (Eq. 13) is summarized by equations 10-13 including
the deprotonation of ammonium to free ammonia in Eq. 9.

NHA+ -> TV//, +H
+

4 3

HFF
NH +NH OH >N H +H O

3 2 2 4 2

N^HA —HA° > W + 4//+ + 4e
2 4 2

NO +4e +5H+—NlR > NH OH + H O

Eq. 9

Eq. 10

Eq. 11

Eq. 12

NH. NO„ N„ -2H20 Eq. 13

Species within the order Planctomycetales possess many unusual features. In particular,
anammox bacteria were found to have a very unusual internal compartment within the

cytoplasm-like pirellulosome (Lindsay et al, 2001). This membrane-bounded compartment, also

referred to as the anammoxosome, does not contain any ribosomes or chromosome. However,

immunogold labelling experiments showed that the enzyme HAO was present exclusively inside

the anammoxosome (Schalk, 2000). Consequently, the membrane of the anammoxosome could

be used for the generation of a proton motive force to produce ATP as shown in Figure 1. The

hydrazine-oxidizing enzyme (generally called HAO) is similar to the hydroxylamine
oxidoreductase but a more appropriate name would be "hydrazine oxidoreductase" in order to

avoid confusion.

The most important physiological aspects of anammox are described in Strous et al (1999b) and

Egli et al (2001). Of major interest is the reversible oxygen inhibition, when traces of oxygen

are available (Strous et al, 1997), and in particular the complete loss of activity during the

prolonged increase of nitrite concentrations (Strous et al, 1999b). However, despite these
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handicaps and also taking the rather slow growth rate into consideration, the nitrogen conversion

capacity is of economic interest. In a laboratory fluidized bed reactor, the ammonium removal

rate was as high as 2.4 kgNH4-Nm"3d"' or 4.8 kgNm3d"' including nitrite degradation (van de

Graaf et al, 1996). Because no extra carbon has to be added (autotrophic processes) and less

oxygen is needed compared to conventional nitrification/denitrification, substantial reductions of

operational costs can be expected.

Applications of anaerobic ammonium oxidation in a single reactor

Autotrophic nitrogen removal in a single aerated reactor was observed in various experiments at

different universities. Because the responsible microorganisms were originally unknown, this

process was termed "Aerobic/anoxic deammonification" at the University of Hanover

(Germany), "Oland" at Ghent university (Belgium) and "Canon" at Delft University of

Technology (the Netherlands). In the meantime, however, molecular characterization has

revealed that the nitrogen deficiencies were in all cases due to bacteria belonging to the order

Planctomycetales (van Loosdrecht, personal communication).

Aerobic/anoxic deammonification: A significant loss of inorganic nitrogen of up to 90% was

observed in the nitrification step of a rotating biological contactor treating ammonium-rich

landfill leachate under low oxygen levels (Hippen et al, 1997; Helmer and Kunst, 1998).
Because the underlying biological reactions could not be determined, the term "aerobic

deammonification" was used to describe the overall ammonium removal to produce gaseous

nitrogen compounds. Since there was a good correlation between the size of the ammonia-

oxidizer clusters and the cfeammonifying activity at different sampling points of the biofilm,
nitrifier denitrification according to the Oland process was assumed to be mainly responsible for

the nitrogen loss (Helmer et al, 1999). Further batch experiments revealed that besides a reduced

oxygen concentration, nitrite also had to be present to induce nitrogen elimination The term

"aerobic/anoxic deammonification" was consequently chosen for this single-stage nitrogen
elimination. However, a deeper insight into the population structure of the deammonifying
biofilm with FISH analysis revealed that nitritation was performed by classical ammonia

oxidizers in the outer aerobic layers in combination with anaerobic ammonium oxidizers closely
related to Candidatus Kuenenia stuttgartiensis in the deeper parts of the biofilm (Helmer-
Madhok et al, 2002). This combination of aerobic and anaerobic ammonium oxidation was first

described in Binswanger et al, 1997. The overall stochiometry is given as:

NH4+ +0.84O2 ->0.467V2 +0.08jVO3~ + \MHfl +1.12//+ Eq. 14

Extended nitrogen loss was also observed in other rotating biological contactors (RBC) in

Switzerland (Kölliken WWTP, Siegrist et al, 1998) and the UK (Pitsea WWTP, Hippen et al,

2001). None of these plants were built specifically for deammonification, but nitrogen

elimination was established over time. In the Kölliken RBC, about 50% of the bacteria

population in the biofilm is closely related to Candidatus Kuenenia stuttgartiensis (Egli et al,

2001) and the basic mechanisms in the biofilm could be properly modelled (Koch et al, 2000).
In the meantime, deammonification has been run not only in rotating biological contactors but

also in continuous flow moving-bed pilot plants (Helmer et al, 2001; Seyfried et al, 2001). At a

bulk oxygen concentration of 0.7 g02m"3, almost complete elimination of ammonium was

achieved. Denitrification on decay products was responsible for a maximum of 15% of the entire

nitrogen conversion. The end product was exclusively N2, although Gaul et al (2002) reported

up to 12% N2O production caused by incomplete heterotrophic denitrification under anoxic or

oxygen-limiting conditions. The first full-scale application with deliberate deammonification in a

moving-bed biofilm reactor using Kaldnes carriers was put into operation in April 2001 (Jardin
et al, 2001) at the WWTP of Hattingen (Germany). First results are given in Cornelius and

Rosenwinkel (2002).
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The OLAND system: "Oland" stands for "Oxygen-limited autotrophic nitrification-

denitrification", which was originally attributed to nitrifiers (Kuai and Verstraete, 1998).

However, because planctomycete-like bacteria are also responsible for the nitrogen removal in

this process, the isotopic analysis of the resulting gas given in Eq. 15 (Wyffels et al 2003)
resulted in an overall nitrogen stoichiometry similar to that already discussed in Eq. 8 for the

anammox process. Rather little N2O is produced.

NH4+ + \A3N02~ -*\.09N2+0.008N2O+0.\3NO3- +biomass Eq. 15

Anaerobic ammonium oxidation in a biofilm reactor run at low oxygen concentration can be

quite rapidly initiated by the addition of anaerobic sludge. Pynaert et al., 2002 inoculated a lab-

scale RBC with methanogenic sludge. The reactor was fed with COD-free but ammonium-rich

wastewater and the oxygen concentration was controlled at 0.8 g02in3. Within 100 days after

inoculation, a maximum ammonium removal of 1.5 gNiri2d"' was achieved.

The CANON System: At Delft University of Technology, ammonium removal in a single
oxygen-limited reactor with Nitrosomonas-like aerobic and Planctomycete-like anaerobic

bacteria was given the name "Canon" ( Completely autotrophic nitrogen removal over nitrite,
Sliekers et al, 2002). Although the Canon process is based on biofilm technology with aerobic

and anaerobic biofilm layers, no biomass carrier needs to be supplied as described above for the

deammonification process because anaerobic zones also exist in aggregated sludge (comparable
to UASB granules). Third et al (2001) reported nitrogen removal rates up to 1.5 kgNrri3d"1 in a

gas-lift reactor run with such flocculated biomass. The nitrite oxidizers were permanently

suppressed because they had to compete with the ammonium oxidizers for oxygen and with the

anammox bacteria for nitrite. The optimal bulk oxygen concentration was determined by
mathematical modelling (0.6 g02iïi3; Hao et al, 2002) and the minimum ammonium load for

stable nitrogen elimination was measured by laboratory experiments (0.12 kgNm3d_1; Third

et al, 2001). Increased oxygen concentrations and/or lower ammonium loads relieve the stress

on the nitrite oxidizers, leading to significant nitrate production. Consequently, the oxygen

concentration must be properly controlled in possible future full-scale applications to match the

ammonium surface load.

Partial nitritation and anaerobic ammonium oxidation in two separate reactors

Stable partial nitritation in a first aerobic reactor can be combined with anaerobic ammonium

oxidation in a second tank. In contrast to the Canon or deammonification process, aerobic and

anaerobic ammonium oxidation are not operated in a single stage but can be controlled

separately in two reactors in series. The best-known application is the Sharon/

Anammox process (van Dongen et al, 2001a), the term Sharon referring in this content only to

partial nitritation without addition of any external carbon source ("Half-Sharon"). To prevent

possible confusion, this reactor configuration will be called "partial nitritation/anammox" in this

thesis.

Ammonium and nitrite must be supplied to the anammox reactor in the proper ratio, preferably
with a little ammonium surplus compared with Eq. 8 to prevent nitrite inhibition. Whether

nitrogen is added in a single stream with ammonium and nitrite or in two inlets containing both

separately is of minor importance. Using sludge liquors as the influent, about 55 - 60% of the

ammonium will be oxidized to nitrite in the aerobic reactor without base addition, resulting in an

ideal influent for the subsequent anammox step. Both processes can be run with suspended
biomass (van Dongen et al 2001a), with biofilm systems as presented in Twachtmann (2000) for

two trickling filters in series or even as a combination of both. Nitrite oxidation to nitrate must in

any case be prevented in the aerobic reactor. The feasibility of this reactor configuration was

tested on a laboratory scale (van Dongen et al. 2001b) with more than 80% nitrogen removal at a

load of 1.2 kgNrri d*1. A possible concept for improved wastewater treatment practice including



-17-

anaerobic ammonium oxidation is presented in Jetten et al. (1997b). The first full-scale

application was put into operation in summer 2002 at the WWTP in Rotterdam (NL) and the first

results were expected in spring 2003.

HETEROTROPHIC NITRIFICATION / AEROBIC DENITRIFICATION

The term "aerobic denitrification" is often used to refer to conventional denitrification in aerated

reactors within anaerobic zones in floes or biofilms due to diffusion limitation. However, many

heterotrophic organisms (e.g. Paracoccus pantotropha) can also nitrify and denitrify while

actually sensing oxygen. Heterotrophic denitrifiers are strictly dependent on an organic source of

energy for the co-metabolic conversions because they require energy for the oxidation of

ammonium (Kuenen and Robertson, 1994). In co-cultures with the aerobic nitrifier N. europea,

the heterotrophic nitrifier P. pantotropha could only compete significantly for ammonium at

COD:N ratios above 10 (van Niel et al, 1993). In addition, nitrogen assimilation was even

higher than nitrification by heterotrophs. This means that although feterotrophic nitrifiers may

be of relevance for systems with a high carbon to nitrogen ratio, they are of minor importance in

the treatment of sludge liquors.

COMPARISON OF THE NITROGEN ELIMINATION RATES

The highest observed anammox activity of the Kölliken biofilm organisms (Candidatus
K stuttgartiensis) was 26.5 nmolN2mg"'proteinmin1 (Egli et al, 2001). Similar results were

reported for Candidatus B. anammoxidans (45 - 55 nmol NIL-Nmg"'proteinmin ', Strous et al,

1998; Jetten et al, 1999). The total nitrogen removal including ammonium and nitrite was as

high as 4.8 kgNm'3d~' (van de Graaf et al, 1996). The rate of anaerobic ammonium oxidation by
nitrifying bacteria does not exceed 5% of the activity of Planctomycete- like bacteria. However,

rather high nitrogen elimination rates were achieved with nitrifiers when the air was

supplemented by nitrogen dioxide (NO2). According to Zart and Bock (1998), the average

aerobic-specific ammonia oxidation rate was as high as 290 nmolNH4-Nmg"'Proteinrnin' or

0.46 kgNH4-Nm3d"', with maximum rates of up to 3 kgNH4-Nm3d"'. Some 50 - 80% of the

nitrite produced was denitrified to nitrogen gas and traces of nitrous oxide (N2O) in the same

reactor.

The specific nitrogen elimination rates of these two novel processes are comparable to those for

nitrification/heterotrophic denitrification, but with reduced consumption of resources and hence

lower cost (less energy for aeration and no external COD; however NOx must be available for

the NOx process). Anaerobic ammonium oxidation as well as the NOx process are consequently

very promising alternatives to nitrogen elimination of ammonium-rich waste streams.
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ABSTRACT

Separate biological elimination of nitrogen from the digester supernatant of a municipal wastewater

treatment plant (WWTP) was investigated in pilot and full-scale plants. Denitrification mainly via nitrite

was achieved in a sequencing-batch reactor (SBR) and a continuous-flow reactor (CSTR or

SHARON). Suppression of nitrite oxidation in the SBR was feasible at short aerobic/anaerobic intervals

allowing immediate denitrification of the nitrite produced. Nitrate production could also be stopped by

exposing the biomass to anaerobic conditions for 11 days. Temporarily high concentrations (up to

80 gNH3-Nm3) of free ammonia could not be considered the major reason for inhibiting nitrite

oxidation. In a full-scale SBR plant, 90% of the nitrogen load was denitrified in a total hydraulic
retention time (HRT) of 1.6 days and with a sludge age between 15 and 20 days. Ethanol and methanol

were used for denitrification. The specific average substrate consumption was 2.2 g~1CODd0se(ig"1Nremoved
with an effective biomass yield of 0.2 gCODDiomassg"1CODdosed- No dosing with base was required. In

the SHARON process, full nitrogen elimination was achieved only with a total HRT greater than four

days at 29°C The overall costs were estimated at 1.5 Ckg"1^,^ for the SBR and 1.75 kg"'Nreraoved
in SHARON mode respectively. The SHARON process is simple in operation (CSTR) but the tank

volume has to be significantly greater than in an SBR.

KEYWORDS

Biological nutrient removal, high-strength nitrogen removal, nitritation, reject water, SBR, SHARON

INTRODUCTION

Because of increasingly stringent directives for nutrient release into aquatic environments, many

wastewater treatment plants face the prospect of aeration tank extension and/or introduction of anoxic

zones. In WWTPs with sludge digestion, typically 15 - 20% ofthe nitrogen load is recirculated with the

return liquors from dewatering. Separate treatment of this high-strength flow could considerably reduce

the total nitrogen concentration in the final effluent (van Kempen et al, 2001). Biological techniques
such as classical nitrification/denitrification are more cost-effective than chemical or physical nitrogen
removal (Siegrist, 1996). However, reports on separate full-scale biological elimination of nitrogen from

digester effluents are still rare (e.g. Karsson, 1994; Wert et al., 1998). "SHARON® (single reactor

system for high activity ammonia removal over nitrite) is a novel and promising way of eliminating

nitrogen via nitrite in a continuous-flow reactor without sludge retention (van Kempen et al, 2001).

Denitrification via nitrite instead of over nitrate has the advantage that up to 25% ofthe oxygen and 40%

of the carbon demand can be saved (Turk and Mavinic, 1987; Abeling and Seyfried, 1992). Apart from

the publications of the Dutch inventors, there is only little literature available about the feasibility and

costs of this new process. Based on our pilot and full-scale results, this report compares the nitrogen
removal potential via nitrite for digester supernatant in a sequencing-batch reactor (SBR) and a

SHARON system.
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Sludge digester effluent has a very unfavourable COD:N ratio for denitrification and addition of an

external carbon source is required. For complete nitrification, alkalinity must be added

(e.g. sodium hydrogen, lime) or regained by denitrification. The inhibition mechanisms of nitrite oxidation

have not been fully explained up to now. Selective inhibition of the nitrite oxidisers by free ammonia

(NH3) and nitrous acid (HNO2) is often considered to be the main reason for nitrite accumulation

(Anthonisen et al, 1976), but nitrite oxidisers can become acclimatised to high ammonia concentrations

(Turk and Mavinic, 1989). In many reports, the intermediate hydroxylamine (NH2OH) appeared to

have a major impact on nitratation (e.g. Yang et al, 1992). According to Wiesmann (1994), nitrite-

oxidising bacteria have a higher half-saturation constant for oxygen and are therefore more sensitive to

low oxygen concentrations than ammonia oxidisers. The following conditions would therefore minimise

nitrate production:
i. A low oxygen concentration during nitrification.

ii. Stopping aeration before all ammonium is used up (elevated pH with high concentration of free

ammonia),
iii. Short aerobic/anaerobic intervals for immediate denitritation (Turk and Mavinic, 1989).
iv. Wash-out ofthe nitrite oxidisers as in the SHARON process.

MATERIALS AND METHODS

Pilot and full-scale plants

• A pilot plant for SBR and CSTR operation (4.2 m3) was equipped with membrane aeration,

stirring, control and measuring devices. Sprinklers were installed to counter foaming. Digester effluent

was taken from the top of the storage tank and pre-sedimented in an equalisation basin (1 m3) before

being added to the pilot plant (from the second month onward). Excess sludge was removed with a

floating pump during mixing in SBR operation and the same pump was also used to decant the treated

water. Neither temperature nor pH were controlled. Decanting in the CSTR was performed during filling
by overflow.

• In 1999, the first full-scale SBR application in Switzerland for nitrification/denitrification was

constructed at the WWTP Berne by Cyklar AG (Nyhuis and Blunschi, 2000). Two old grease-removal
tanks (total volume: 2 x 600 rrî, maximum operating volume: 1,000 m3) were converted into two

parallel sequencing-batch reactors. The supernatant from sludge dewatering was collected and

sedimented in an equalisation tank (about 200 m3). No caustic material was added. The reactor was

stirred during denitrification and a floating pump decanted the clarified supernatant after sedimentation.

Both reactors were equipped with sprinklers against foaming. NOx-N, NH4-N, O2, pH and the redox

potential were monitored to control the process.

Operational conditions:

• The SBR pilot plant was operated with six to eight cycles per day. In each cycle, about 20% of the

reactor volume was replaced after sedimentation with reject water and the reactor was aerated for a

fixed nitrification period. For denitrification, methanol was added for a few minutes (regulated manually

according to the nitrogen load) and the reactor was stirred on a time basis. The treated supernatant was

decanted after sedimentation.

• The operational strategy of the SBR full-scale plant is shown in Figure 1. The plant was operated
with three cycles per day divided into different sub-cycles. Sedimentation and withdrawal made up only
15 - 20% ofthe total cycle length. Ethanol, obtained free of charge as a waste product from the medical

industry, and methanol were used for denitrification.
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Figure 1 : Typical cycle with various sub-cycles. 1 = fill and aeration, 2 = aeration, 3 = denitrification with

organic carbon addition at the beginning of the phase, 4 = sedimentation, 5 = withdrawal.

A short aeration period before sedimentation prevented possible COD breakthroughs in the effluent. Both full-

scale SBRs at the WWTP Berne were operated according to this scheme.

• The SHARON process was operated on a pilot scale for 3.5 months. Partial nitritation with

continuous aeration were performed for the first 70 days. The operating mode was then switched to

nitrification and denitrification by means of intermittent aeration (30 - 90 minutes on, 90 - 30 minutes

off).

Sampling and analysis

• Oxygen uptake rate: Experiments were performed in a 2 L lab reactor using sludge from the pilot

plant. Activities were measured in terms of the specific oxygen uptake rate (OUR) for ammonium and

nitrite oxidisers. The pH was maintained at 8.0 by addition of 1 M NaHC03 and the reactor was

equipped with a water jacket for temperature control. The rate of the nitrite oxidisers was determined

after inhibition ofthe ammonium oxidisers by 10 gm"3 Allylthiourea
• In the pilot plant, ammonium, nitrite and nitrate were measured colorimetrically after filtration with a

flow injection analyser. The titrate was also partly analysed on an ionchromatograph with a Dionex

DX300. The alkalinity was determined by titrating the sample with hydrochloric acid to pH = 4.3. The

chemical oxygen demand (COD) was measured with a HACH COD kit. The suspended solids (SS) of

the reactor supernatant and effluent were quantified with Whatman GF/F glassfibre filters (effective pore
width: 0.7 urn). The biomass of the reactor was first centrifuged and then flushed on a paper filter

(Schleicher & Schuell GmbH, 12 - 25 urn).
• At the SBR full-scale application at the WWTP Berne, 24-h composite samples from the influent

and effluent were taken daily. Dr. Lange test kits were used for the total nitrogen (LCK 338) and total

COD (LCK 514). The suspended solids were quantified with paper filters (Schleicher & Schuell

GmbH, 0.8 |J,m). The filtrate was analysed with Dr. Lange test kits for ammonium (LCK 302, 303 or

304), nitrite (LCK 641) and nitrate (LCK 339 or 340).

RESULTS AND DISCUSSION

SBR PILOT SCALE APPLICATION AT THE WERDHÖLZLI WWTP, ZURICH

In the following two SBR experimental phases (lasting 102 and 131 days respectively), the reactor was

inoculated with activated sludge and fed with sludge digester liquid from the Werdhölzli WWTP, Zurich

(370 ±110 gSSm3, 720 ± 80 gNm3, 650 ± 70 gML-Nm3).

In the first experimental phase, start-up was inhibited by high concentrations of suspended solids in

the influent during the first two months (up to 30 kgSSm3). Operational problems also occurred

because of foaming, which was countered by sprinkling water. As long as no excess sludge was

withdrawn, the aerobic SRT was always above 20 days and the mixed-liquor suspended solids
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concentration (MLSS) in the reactor increased up to 10.5 kgm"3. In the following two weeks, the SRT

was controlled and kept in operation between three to five days. As a consequence, the MLSS

dropped to 3.3 kgm"3 and produced high concentrations of ammonia effluent (> 150 gNEL-Nm"3). An

aerobic SRT of three to five days had obviously caused severe activity loss and the SRT had to be kept

higher than expected. The amount of excess sludge withdrawn was reduced again to keep the MLSS

concentration between 5 and 8 kgm"3 for the remaining three weeks of operation. Low ammonium

concentrations (< 20 gNtL-Nm"3) were detected in the effluent at an aerobic HRT of 0.6 d. The

ammonium conversion rate amounted to 1.1 kgNm"3d"' (0.23 gNg"'MLSSd"') and the denitrification

rate was 5 kgNm"3d"' (1.0 gNg'MLSSd"1, T = 29.2 °C, pH = 6.7 - 7.8). Denitrification was always

complete because methanol was added in excess. During the whole experiment, nitrite was the main

intermediate product and almost no nitrate was detected. In order to study the start-up phase again, the

reactor was emptied after 84 days and re-inoculated with activated sludge.

During the first two weeks of operation in this second experimental phase, the HRT was held at

around 3.3 d to achieve complete ammonia oxidation. The pH variations in the SBR cycles were

marginal in the first week of operation but very significant afterwards (Figure 2).

HRT

Figure 2: Total HRT and pH range in the SBR reactor during the first 75 days of the second experimental

phase (the thin lines represent the daily maximum and minimum pH values).

Until t = 35 days, no surplus sludge was withdrawn and biomass was lost only via the effluent.

Consequently, the aerobic sludge age was above 20 days and the oxygen uptake rate of ammonia and

nitrite oxidisers ("OUR,NH" in Figure 4) grew continuously and reached more than

25 kg02m"3d"1 (batch test, pH = 8, T = 30 °C, sufficient aeration, NIL saturation). In contrast to the

first experimental phase, the nitrite was oxidized to nitrate ("OUR,NO").
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Figure 3: Oxygen consumption rate (OUR) measured in batch tests. "OUR,NH" corresponds to the oxygen

consumption of ammonium and nitrite oxidisers including heterotrophic oxygen consumption for endogenous

respiration (0.8 to 1 kg02m"3d"1). "OUR,NO" without ammonium oxidation after Ally Ithiourea (ATU) addition.
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On t = 32 days, 80% of the oxidised ammonium appeared as nitrate after aeration. The following
reduction of the aerobic SRT to 2.5 - 6 days was designed to wash out the nitrite oxidisers but in fact

resulted in a wash-out of all nitrifiers. Stable operation with nitrate as the main intermediate was possible
from t = 60 days to t = 74 days, with an SRT of between six and ten days and an HRT of 1.1 d. A

typical SBR cycle at t = 71 days is shown in Figure 4. Supernatant was added in the first half an hour

and only nitrate was present after the aerobic phase (90 minutes). The oxygen concentration increased

continuously during aeration and reached 3.1 g02m"3 at the end of the aerobic period. Alkalinity as well

as pH dropped during nitrification but increased again during denitrification. The nitrification rate

approached 1.0 kgNFLpNnrM"1 (0.13 gNFL-Ng^MLSSd"1) in the first hour but decreased rapidly due

to ammonia limitation. A denitrification rate of 4.6 kgN03-Nm3d"1 (0.60 gNOs-Ng^MLSSd"1) was

measured.

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Minutes Minutes

Figure 4: Environmental conditions and concentration profiles of soluble inorganic nitrogen compounds

during an SBR cycle (t = 71 days, filling = 30 min, aerobic phase = 90 min, anoxic phase = 45 min and

sedimentation = 50 min).

The two experimental phases discussed above were similar in terms of ammonia concentration,

temperature, HRT, pH and Q>. However, nitrification stopped at the nitrite in the first experiment while

mainly nitrate appeared in the second. The main difference observed during the process was the oxygen

consumption rate, which was only about half as high in the first experiment, so that ammonium oxidation

took place until the end of the aerobic phase (90 minutes). In the second experiment, however, the

ammonium oxidation was already rather low after one hour of aeration and a considerable part of the

aerobic cycle was therefore available for nitrite oxidation under a low ammonia concentration. Turk and

Mavinic (1989) reported that an increase of the aeration time alleviates the stress on nitrite oxidisers.

Therefore, the longer the aerobic periods under low ammonia concentration, the higher the nitrate build¬

up. This is in accordance with our results. However, we cannot say whether the nitrite oxidation is

suppressed by the free ammonia itself or by an intermediate of ammonia oxidation (e.g. hydroxylamine).

After 77 days of operation, the whole reactor was switched off and kept in an anaerobic state without

feed or aeration for 11 days. Two days after restart, the ammonium elimination rate was exactly the

same as before shut-down, but to our surprise nitrite oxidation had completely failed to occur and did

not recover for the remaining 41 days of operation. The oxygen demand was comparable with the first

experiment. Nitrite oxidisers decay somewhat faster than ammonium oxidisers (Grundnitz et al, 2001),
but some nitrate production should still remain after two weeks without feed under anaerobic conditions.

This shows that denitrification over nitrite can be re-established by keeping the biomass under anaerobic

conditions for several days. In this last period of the second experiment, the HRT reached a minimum of

1.1 d and the aerobic SRT could not be reduced below 3 - 5 d. Gupta and Sharma (1996) also

observed that the SRT must be maintained over the values typical for conventional systems in order to

treat high nitrogen loads.
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SHARON PILOT SCALE APPLICATION AT THE WERDHOLZLI WWTP, ZURICH

Experiments in SHARON mode were performed for 3.5 months After 70 days of partial nitritation

(results not discussed in this paper), the experiments started by withdrawing about 3 m3 after

sedimentation and adding of 1 m3 return sludge from the main-stream plant (inoculum) and 2 m3 river

water for dilution The anaerobic HRT was kept around 20 days and denitrification was well

established. The nitrate concentration after aeration was always below 3 gN03-Nm"3 At a total

HRT = 5 d (50% aerobic), the nitrogen was completely removed (Figure 5). Lowenng the aerobic and

anaerobic HRT to below 2 - 3 d and 1 - 2 d respectively resulted in decreased activity. This result

does not meet the design parameters for a full-scale SHARON® system given in van Kempen et al.

(2001) with 1.0 d aerobic HRT and 0.5 d anaerobic HRT respectively. However, protozoa may have

influenced our research Nitrification runs well at short aerobic HRT (1 d), when protozoa are washed

out and at higher aerobic HRT (about 4 d) with a stable community of protozoa and bacteria. However,

the system becomes unstable in the transition range due to this prey-predator interaction (van

Loosdrecht, personal communication).

75 85 95 105

Days

Figure 5: Soluble nitrogen compounds and HRT in the SHARON reactor. For full nitrogen elimination stable

operation was achieved only with a total HRT higher than 4 days. No nitrate was detected.

At the end of the aerated phase, the average NH3 concentration was 0 2 gML-Nm"3. This indicates a

substrate limitation, given the ammonia Monod affinity constant of 0.46 gNH3-Nm"3 reported by

Hellinga et al (1999). Although the reactor was unheated, the temperature remained between 28.5 and

29.5 °C until t = 97 days due to the energy released from the biochemical reactions (influent: 26 3 °C on

average). Afterwards, because of the reduced nitrogen elimination, the temperature in the reactor

dropped to 23 °C

At t = 87 days, a concentration profile of the nitrogen compounds during a SHARON cycle was

measured (Figure 6).

.1-8 0

x
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Figure 6: Concentration profile of nitrogen compounds during a SHARON cycle (day = 87). No nitrate

detected, pH fluctuations due to intermittent aeration, aerobic period = 60 min, anoxic period = 60 min, 28.9 °C,
2.7 g02m3, MLSS in reactor: 885 gm \
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The removal rates during nitritation and denitrification at 28.9 °C were 0.3 kgNHt-Nm^d"1
(0.34 gNHrNg'MLSSd"1) and 0.55 kgNOz-NmM"1 (0.62 gML-Ng'MLSSd"1) respectively.

According to this cycle, an aerobic HRT = 2.2 d and an anaerobic HRT = 1.2 d should be

sufficient for complete denitrification.

SBR FULL-SCALE APPLICATION ATTHE WWTP BERNE

Two parallel full-scale SBRs were put into operation in 1999 at the WWTP Berne. However, this

report focuses mainly on the results from its last 19 months of operation (May 2000 until December

2001). The reactors were filled with activated sludge as the seeding material. The average supernatant
flow was 577 m3d"1 with great variations from zero to almost 900 rrîd"1 depending on sludge

dewatering. The average nitrogen load was 735 kgNd"1. The reactors were operated at an average total

HRT of 1.6 d (50% aerobic HRT, 30% anaerobic HRT and 20% for sedimentation and withdrawal).
The composition of the influent and effluent is presented in Table 1. Problems with foaming were

encountered only during the first months of operation.

Table 1 : Average composition of sludge liquid from the WWTP Berne (SD: standard deviation, n: number of

samples)

Component Unit Influent Effluent

Concentration ± SD n Concentration ± SD n

Total COD gCODrn3 1044 ± 855 488 1423 ± 774 148

TSS gTSSm"3 763 + 921 488 1427+1139 148

Total N gNm"3 1177 ±163 130 128 ± 59 142

NH4+-N gNm"3 840 ± 99 408 19.8 + 15.2 148

NCV-N gNm"3 Negligible - 7.6+10.7 147

NCV-N gNm"3 Negligible - 10.4+10.6 146

The temperature in the reactors varied between 32 and 37 °C with peaks of up to 40 °C The pH

ranged from 6.8 - 9.1 but usually stayed above 7.2. The MLSS concentration at the beginning ofa new

cycle (minimum level) varied between 4.8 and 18.3 kgSSm"3 with an average of 9.9 kgSSm"3
(64% VSS). At high MLSS concentrations, the system was very stable and not susceptible to load and

pH variations, but the oxygenation efficiency was low. Biomass sedimentation was satisfactory over the

whole MLSS concentration range but was best at low contents. Surplus sludge was withdrawn

irregularly in small amounts. For more than 600 days, 91% ammonium removal efficiency was achieved

and the nitrogen balance showed that denitrification accounted to 89% of the total nitrogen
removed. About 7% of the inlet nitrogen was incorporated into biomass and less than 5% was

discarded in soluble form. The average elimination rates during nitrification and denitrification were

1.4 kgNIL-NmM"1 (0.16 gNHt-Ng'MLSSd"1) and 2.2 kgMVNmM"1 (0.24 gNOx-Ng'MLSSd"1)
respectively.
Immediate denitrification of the nitrite produced in the different sub-cycles resulted in an average

specific COD consumption of 2.2 gCODdosedg'Ndemmfied- This is consistent with the 2.28

gCODd0sedg1NO2-Nderatnfied reported for the SHARON process by Hellinga et al. (1999). In the last

300 days of operation, the specific consumption dropped to 1.8 gCODdosedg'1Ndenitnfied (Figure 7), with

mainly nitrite in the effluent (Figure 8 and Table 2 nitrogen concentration profile of t = 508 days).
As long as nitrate accounts for most of the oxidised nitrogen in the effluent (t = 150 - 300 days), the

specific COD consumption is above 2.5 gCODd0sedg"1Ndenitnfied- Abeling and Seyfried (1992) reported
values of 2.08 gCODdoSedg"1N03-N and 1.56 gCODdosedg"1N02-N using acetic acid. Decay products
from hydrolysis of the inlet COD in supernatant and lysis of bacteria grown in the reactor are significant
electron donors for denitrification since the COD demand is expected to be in the range of
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3.3 gCODd0sedg"1NO2-Nden,tnfied and 5.2 gCODdosedg"1N03-Nden1tnfied (van Kempen et al, 2001)

respectively. A value of 0.2 gCODproduCedg"1CODd0sed was determined for the effective biomass yield.

Figure 7: Specific COD consumption in comparison with the "nitrite to oxidised nitrogen" ratio in the reactor

effluent. In the second part of the experiment, mainly nitrite instead of nitrate was detected in the effluent. The

solid lines represent moving averages over 30 days to show trends.

120 n
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Figure 8: Concentration profiles of soluble nitrogen compounds in SBR l.No nitrate was detected in either

SBR.

Table 2 : Operational parameters and degradation rates of both reactors. The degradation rates in these cycles

correspond well to the long-term observations mentioned above. The denitrification rate was calculated at the

beginning of the anoxic period

Parameter Unit SBR1 SBR 2

Temperature °C 33.7 33.2

pH - 7.33 - 8.88 7.20-8.31

Oxygen g02m~3 0-1.9 0- 1.0

NH4 elimination rate kgNH4-Nm"3d"' 1.6 1.4

kgNH4-Nkg"'MLSSd"1 0.14 0.12

NO2 production rate kgN02-Nm~3d~' 1.2 1.1

Denitrification kgN02-Nm"3d"' 2.1 1.8

kgNOrNkg'MLSSd"1 0.19 0.17
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INHIBITION OF NITRITE OXIDISERS

At t = 87 days (Figure 5), sludge from the SHARON reactor was washed, thickened and divided into

four test batches (670 gMLSSm"3). The nitrite was made up to an initial concentration of

100 gN02-Nm"3 in all tests but the free ammonia concentration was varied between 0.06 and

24.0 gNH3-Nm"3 and was increased from 24 to 80 gNH3-Nm"3 at the end of the last experiment. The

ammonia oxidisers were inhibited by Allylthiourea. The temperature was kept constant in all experiments
at 30.1 + 0.1 °C and the pH was maintained at 8.05 ± 0.4 with NaHC03.

The turnover rate of the nitrite oxidisers at 24 gNH3-Nm3 and 80 gNH3-Nm"3 was reduced by about

10% in comparison with the other three batch tests at lower free ammonia concentrations (Figure 9). In

similar experiments, sludge from the SBR pilot plant did not show any decrease in nitrification up to

8 gNH3-Nm"3 (results not shown). These results indicate that at least the brief exposure of nitrite

oxidisers to high concentrations of free ammonia is not a major cause of inhibited nitrite oxidation.
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Figure 9: Influence of high concentration of free ammonia on nitrite oxidisers. All rates were calculated by
linear regression.

Inhibition of ammonia oxidisers

Nitrous acid inhibition was examined in three test batches containing the same biomass without nitrite

oxidisers. Each reactor was supplied with 100 gNHt-Nm"3 but with different nitrite loads corresponding
to average concentrations of 0.006, 0.087 and 0.162 gHN02-Nm"3 respectively (including
nitrite production during nitritation). The oxygen uptake rate as well as the ammonium elimination

rate as a function of the nitrous acid concentration are shown in Figure 10 (pH = 7.0 + 0.05 and

T = 30.0±0.1°C).
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Figure 10 : Influence of nitrous acid concentration on ammonia oxidisers. All rates were calculated by linear

regression.

At 0.162 gHN02-Nm" the ammonium degradation rate decreased by 20 - 25%, a reasonable

value considering the inhibition constant of 0.21 gHN02-Nm"3 reported in Hellinga et al. (1999).



-34-

Nitrous acid inhibition is generally unproblematic because the HN02 concentration remains below

0.05 gHN02-Nm3 as long as the pH exceeds 7.2. Furthermore, finishing the nitritation at a pH around

7.2 prevents ammonia limitation. According to Wiesmann (1994), the Monod ammonia affinity constant

is 0.71 gNH3-Nm"3, which corresponds to 40 gNHpNm3 at pH 7.2 and 35 °C in the effluent. Finally,
ammonia oxidisers can also be inhibited by their own substrate. Wiesmann (1994) reports an inhibition

coefficient of 540 gNH3-Nm3. During stable operation, the ammonium concentration in the reactor does

not exceed 200 gNIL-Nm"3, corresponding to 50 gNH3-Nm"3 (35 °C, pH = 8.5). Some inhibition may

consequently occur just after filling at very high pH (> 9), but nitrification is not continuously inhibited

due to the pH decrease.

Reactor size

The required size of the SBR reactor depends on the influent nitrogen load, the nitrification and

denitrification rates and the sedimentation properties. The average nitrification rate was 1.0 kgNm" d" at

29 - 30 °C in the pilot plant and 1.4 kgNrhM"1 at 32 - 37 °C in a full-scale application These results

are in agreement with Wert et al. (1998), who measured 1.2 - 1.4 kgNm"3d"' in full-scale

operatioa Denitrification was much more efficient in the pilot plant (5 kgNm"3d"') because methanol was

added in excess. With limited COD addition as in the full-scale application at the WWTP Berne, only
2.2 kgNm"3d"' was eliminated (32 - 37 °C). A total HRT of 1.6 d (aerobic 0.8 d, anoxic 0.5 d and

0.3 d for sedimentation) should therefore be sufficient for 90% nitrogen elimination at 35 °C

The volume ofa SHARON reactor is determined by the hydraulic retention time. The minimum aerobic

HRT in our experiments was four days at 30 °C (2 - 3 d for nitritation and 1 - 2 d for denitrification

respectively). At 35 °C, a total HRT of 3.5 d therefore seems to be reasonable (2.0 - 2.5 d and 1.0 -

1.5 d). In comparison with the SBR reactor, this is an increase in reactor size of over 100%. For both

applications, the C02 produced must effectively be stripped, thus limiting the height of the reactor to

approximately 4 - 5 m.

Estimate of costs

The costs of treating sludge digester effluent are given in Table 3 for both applications. According to the

results from the full-scale plant, nitrification over nitrite is feasible in an SBR to the same extent as in the

SHARON system. The investment costs for the SHARON process are higher due to the larger volume

required. Both processes use more or less the same electro-technical equipment. The operation and

control of the SHARON reactor (CSTR) is assumed to be simpler than that of an SBR. The specific
COD addition and sludge production are expected to be lower in the SBR due to the higher sludge age

(denitrification on decay products).

Table 3: Cost estimate for construction and operation of an SBR and a SHARON reactor.

kg-'N SBR SHARON

Investment (repayment, 0.51 0.78

interest)

Operation

Energy 0.28 0.28

Maintenance/repair 0.07 0.07

Control/staff 0.14 0.11

Electron donor (methanol) 0.32 0.32

Sludge disposal 0.19 0.19

Total 1.51 1.75
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In contrast to the data given in the literature, no obvious reason can be seen why the SHARON process

should be more economical than an SBR application, at least as long as a new plant needs to be built

(van Dongen et al (2001) SHARON 09-14 kg 'amoved, other biological techniques 23-

4 5 kg 'Nremoved) Unused tanks m WWTPs are more likely to be available for an SBR with its smaller

specific volume requirements and the operational costs are comparable In any case, separate biological

nitrogen elimination of digester supernatant is considerably cheaper than physical or chemical

applications (45-11 3 kg 'Nremoved, van Dongen et al (2001)

CONCLUSIONS

Separate biological treatment of sludge digester effluents is one of the most economical ways of

removing nitrogen m a WWTP The overall costs were estimated at 1 5 and 1 75 kg 'Nremoved
respectively for nitnfication/demtnfication in a sequencing-batch reactor (SBR) and in a continuous-flow

reactor (SHARON) However, in both processes all the ammonium needs be oxidised, an external

COD source is required for denitrification and excess sludge is produced and must be disposed of With

nitnfication/demtnfication, a nitrogen removal efficiency of over 90% can be maintained in SBR and

SHARON modes An external electron donor for demtiification must be added in the range of

2 2 g'CODd0sedg1NO2-Nremoved but no dosing of base is required The reactor size m the SHARON

process is based on the HRT, so that the nitrogen concentration of the supernatant does not determine

the required tank volume Because of its insensiuvity to high concentrations of suspended solids in the

liquor, the SHARON process is relatively simple to operate
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APPENDIX: ESTIMATE OF COSTS

The cost account given in Table 3 is based on the following assumptions:
Construction of a new tank for 500,000 population equivalents; ammonium concentration:

1200 gNFL-Nm"3; flow: 625 rrfd"1; denitrification target: 85%; Treact0r: 35 °C; 80% denitrification over

nitrite and 20% over nitrate respectively in both applications. HRT (including equalisation tank): SBR:

2.1 d, SHARON: 4.0 d; interest rate: 5%; construction cost: 800 m3, depreciation: 30 years; electro-

technical equipment: 400 m"3 but identical for both applications (depreciation: 15 years); 0.1 kWh"';
specific oxygenation utilization: 10 g02Nm"3m"1; repair/maintenance: 3% of electro-technical works;
staff: 50% position for SBR, 40% for SHARON, 1.6 gmethanoljosedg'NO^N; methanol: 0.20.- kg"1;
effective yield: 0.2 gCODproducedg'COD^ed; half of the sludge produced is eliminated in the digester;

treatment/disposal costs: 800 f'COD.
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ABSTRACT

In wastewater treatment plants with anaerobic sludge digestion, 15 - 20% of the nitrogen load is

recirculated to the main stream with the return liquors from dewatenng Separate treatment of this

ammonium-nch digester supernatant would significantly reduce the nitrogen load of the activated sludge

system Some years ago, a novel biological process was discovered in which ammonium is converted to

nitrogen gas under anoxic conditions with mtnte as the electron acceptor (anaerobic ammonium

oxidation, anammox) Compared to conventional nitnfication and denitiification, the aeration and

carbon-source demand is reduced by over 50% and 100% respectively The combination of partial
nirntation to produce mtnte in a first step and subsequent anaerobic ammonium oxidation in a second

reactor was successfully tested on a pilot scale (3 6 m3) for over half a year This report focuses on the

feasibility of nitrogen removal from digester effluents from two different wastewater treatment plants

(WWTP) with the combined partial nitntation/anammox process Nirntation was performed m a

continuously stirred tank reactor (V = 2 0 m3) without sludge retention Some 58% ofthe ammonium in

the supernatant was converted to mtnte At 30 °C the maximum dilution rate J\ was 0 85 d ', resulting
in mtnte production of 0 35 kgN02-Nm3reactord '

The nitrate production was marginal The anaerobic

ammonium oxidation was earned out in a sequencing batch reactor (SBR, V = 1 6 m3) with a nitrogen

elimination rate of 2 4 kgNm3reactordl during the mtnte-containing penods of the SBR cycle Over 90%

of the inlet nitrogen load to the anammox reactor was removed and the sludge production was

negligible The nitntation efficiency of the first reactor limited the overall maximum rate of nitrogen

elimination

KEYWORDS

Anaerobic ammonium oxidation, anammox, nirntation, mtnte, nitrogen removal

INTRODUCTION

Nitrogen elimination inWWTP

In wastewater treatment plants with anaerobic sludge digestion, 15 - 20% of the inlet nitrogen load is

recycled with the return liquors from sludge dewatenng Separate treatment of this digester supernatant,

containing 600 - 1000 gNH^-Nm3, would significantly reduce the nitrogen load of the mam stream and

improve nitrogen elimination Chemical elimination ofammonium with magnesium-ammonium-phosphate

(MAP) precipitation or with air shipping is feasible but much more expensive than classical nitrification

and denitiification with addition of an organic carbon source (Siegnst, 1996) In the late nineties,

Hellinga et al (1998) presented the SHARON process for nitrogen elimination from concentrated

waste streams At relatively high temperatures (35°C) and without sludge retention, mtnte oxidation was

permanently prevented and mtnte was therefore the only electron acceptor for denitiification As a

result, 25% of the oxygen and 40% of the carbon demand can be saved compared with complete
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nitrification/denitrification. However, an external electron donor for denitrification such as methanol as

well as an effective aeration system are still necessary. So far, only aerobic processes have been

discussed for ammonium oxidation. A novel biological process was also discovered in the nineties in

which ammonium is converted to nitrogen gas under anoxic conditions with nitrite as the electron

acceptor (Mulder et al, 1995). Because ammonium is oxidized in the absence of oxygen, this novel

process has been named anaerobic ammonium oxidation (anammox). This autotrophic process allows

over 50% ofthe oxygen to be saved and no organic carbon source is needed (Figure 1). In addition, the

biomass yield is very low so that little sludge is produced.

1 mol NH„+ 1 mol NH4*

3.4 g CODbiomass

1.9 mol 02

(100%)

1 mol NO,-

57 g CODdosed

17 g CODbiomass

0.45 mol NH4

1.5gCODblomass

0.5 mol N2 + 20 g CODblomass 0.45 mol N2 + 0.1 mol NO3+ 3 g CODbiomass

Figure 1 : Comparison of oxygen and COD consumption of classical nitrification/denitrification (left) and partial
nitritation/anammox (right). Remarkably, more sludge is produced by the conventional process (yield of

heterotrophic denitrification: 0.3 gCOD^^^'CODd,,,,,,!).

ANAEROBIC AMMONIUM OXIDATION (ANAMMOX)

Up to the mid-nineties, oxidation of ammonium had been known to proceed only under aerobic

conditions but high unaccounted nitrogen losses were increasingly observed. Under oxygen-limited

conditions, a considerable part of the nitrogen load was eliminated at the leachate treatment plant of the

landfill in Mechernich (Hippen et al, 1997). Extended nitrogen loss ofup to 70% was also observed in

a nitrifying rotating biological contactor in Kölliken treating ammonium-rich leachate from a hazardous

waste landfill (Siegrist et al, 1998). Heterotrophic denitrification was excluded due to COD removal in

previous processes. It was shown by using batch experiments, mathematical modelling and microbial

analysis that the nitrite produced in the aerobic biofilm layer close to the surface diffuses into the deeper
anoxic layer of the biofilm where it reacts with the remaining ammonium to form nitrogen gas (Koch et

al, 2000).

Although this process was originally discovered in a denitrifying fluidised-bed reactor treating effluent

from a methanogenic reactor (van de Graaf et al, 1990, Mulder et al, 1995), the existence of

anaerobic ammonium oxidation was already predicted over two decades ago (Broda, 1977) on the

basis of thermodynamic calculations. In another fluidised-bed reactor run on a laboratory scale and fed

with sludge digestion effluent from a domestic WWTP and a synthetic nitrite solution, 82% ammonium-

removal and 99% nitrite-removal efficiency was achieved (Strous et al, 1997).
The maximum nitrogen removal capacity in this reactor was 1.5 kgNrri3d"1. Some important

physiological parameters such as the maximum specific rate of ammonium consumption

(45 ± 5 rrmolmg^proteinrnin"1), the maximum specific growth rate (0.0027 h"1, the doubling time 11 days)
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and the biomass yield (0.066 ± 0.01 molCmol'NI-Lt-N) are mentioned in Strous et al (1998). This

report gives the stoichiometry of anaerobic ammonium oxidation as:

1 NH/ + 1.32 N02" + 0.066 HCOs + 0.13 \T -> 1.02 N2 + 0.26 NO,- + 0.066 CH200.5No.,5 + 2.03 H20 (1)

assuming that nitrate is produced from nitrite to generate reducing equivalents for CO2 fixation (van de

Graaf et al, 1996). When supernatant is used as an influent, ammonium is present in abundance but

nitrite must first be produced up to a nitrite/ammonium ratio of about 1.3, as shown in Equation 1.

Stable partial nitritation ofthe supernatant is thus essential for the subsequent anammox step.

Partial nitritation combined with anaerobicammonium oxidation

Stable partial nitritation in a first aerobic reactor can be combined with anaerobic ammonium oxidation

in a second tank to ensure total nitrogen removal throughout an autotrophic process (Jetten et al,

1997). Two aspects are essential in the nitritation step. In the first place, the nitrite oxidisers must be

continuously suppressed, and secondly the nitrite/ammonium ratio produced must be about 1.3

(Equation 1). If too much nitrite is produced, additional supernatant can be added directly to the

anammox reactor to satisfy the stoichiometry. Because nitrite can completely inhibit the anammox

process at concentrations higher than 100 gN02-Nm3 (Strous et al, 1999), ammonium should be

added in slight excess with respect to Equation 1. Not all the process conditions which suppress nitrite

oxidation are currently understood. At temperatures above 30°C, the ammonium oxidisers grow faster

than the nitrite oxidisers so that nitrite oxidation can be prevented by carefully controlling the HRT

(Hellinga et al, 1998). Total inhibition of the nitrite oxidisers by 1 gNH2OHm3 (fiydroxylamine, an

intermediate of the nitrosomonas monooxygenase reaction) is reported in Striven et al, 1992. Free

ammonia begins to inhibit nitrosomonas between 10 - 150 gNH3m"3, whereas nitrobacter activity is

already seriously reduced between 0.1-10 gNH3m3 (Anthonisen et al, 1976).
The production ofthe appropriate nitrite/ammonium mixture depends on the alkalinity/ammonium ratio in

the influent. For oxidation of ammonium to nitrite, two proton equivalents are produced per mole of

ammonium converted. Supernatant contains about 1.2 times more bicarbonate than ammonium on a

molar basis, so about 60% of the ammonium will be oxidised to nitrite, resulting in a nitrite/ammonium

ratio of about 1.5. So no extra base needs be added in the nitritation step. In the second reactor, the

nitrite produced together with the remaining ammonium acting as an electron donor is converted to

nitrogen gas according to Equation 1.

With this reactor configuration, the two processes do not take place in the same reactor (in contrast to

fixed-bed reactors or rotating biological contactors) and can be controlled separately. This publication
focuses on the potential of nitrogen removal from sludge digester supernatant on a pilot scale by

applying partial nitritation combined with anaerobic ammonium oxidation in two different reactors.

MATERIALS AND METHODS

Operation of the pilot plant

The flow scheme of the experimental system is shown in Figure 2. The composition of the supernatant
obtained from the activated sludge digestion facilities of the Werdhölzli WWTP (Zurich) for the first 161

days and the Au WWTP (St. Gallen) for another 30 days is given in Table 1. The supernatant from the

Werdhölzli WWTP was taken from a small buffer tank (about 2 m3) and was therefore up to 10 °C

cooler than in the sludge dewatering facilities. The sludge digester effluent from St. Gallen was brought
to Zurich once a week and stored in a 12 m3 tank.



-42-

Additional supernatant

Supernatant

Overflow to

primary settler

Decanted water

to primary settler

Figure 2: Reactor configuration for partial nitritation (left) and anaerobic ammonium oxidation (right)

Partial nitritation was carried out in an aerated and continuously stirred tank reactor (sludge residence

time equal to hydraulic residence time, total volume 2.5 m\ height 2.5 m, maximum liquid volume

2.1 m3, adjustable by level control). The reactor was inoculated with 1 m3 of activated sludge (approx.

10 kgTSSm3) from the Werdhölzli WWTP at t = 0 and filled with secondary effluent up to a volume of

V = 2 m3. No pH adjustment occurred in the nitritation reactor. Anaerobic ammonium oxidation took

place in a sequencing batch reactor (total volume 2.5 m3, height 2.5 m, maximum liquid volume 2.1 m3,

adjustable by level control). The anammox reactor was inoculated with excess sludge (about

1000 gTSS) collected at the effluent cloth filter system of the Kölliken WWTP at t = 15 days. This

sludge contained anammox organisms closely related to the anammox strain of Candidatus Kuenenia

Stuttgartiensis (Egli et al, 2001). To accelerate the start-up period, the reactor was inoculated again
with excess sludge (1700 gTSS) at t = 26 days. The surface of this anammox reactor (1 nf) was
covered with polypropylene balls (diameter: 25 mm) to reduce the oxygen input. However, this

precaution is not essential as the start-up of another anammox reactor without covering was also

successful. There were obviously already enough ammonium oxidisers in the inoculum to use up the

oxygen imported by stirring. The oxygen concentration in the reactor always remained below detection

levels.

Table 1 : Composition of the two supernatants (grab samples) from the Werdhölzli WWTP (Zurich) and the Au

WWTP (St. Gallen)

Supernatant Werdhölzl 1 (Zurich) Au (St. Gallen)

Unit Mean ± SD Measurements Mean ± SD Measurements

TSS gTSSm"3 344+ 112 15 384+ 137 11

NH, gNm-3 657 ± 56 50 619 + 21 15

N02 gNm"3 0.410.7 46 4.7 ±6.2 15

N03 gNm° 0.2 ± 0.7 44 0.2 ±0.2 14

P04 gPm"3 7.3 + 5.0 46 0.6 ±0.8 6

Alkalinity molm° 56.7 ±6.5 30 53.1 ±2.5 15

pH - 7.78 + 0.07 45 7.37 ±0.15 14

Temp °C 26.4 ± 1.3 5 28.0 ±2.5 4

Alkalinity/NH» - 1.20 ±0.09 30 1.20 ±0.04 15
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The nitrite produced together with the remaining ammonium, including the nitritation biomass from the

first reactor, is used as an influent for the subsequent anaerobic ammonium oxidation. Depending on the

exchange volume (0.3 - 9.5% per cycle), filling occurred in the first 2 to 10 minutes during the pre-set

reaction time (1.5 - 2 h). Mixing was then stopped and the biomass settled for 10 minutes before the

supernatant was decanted by a floating pump a few centimetres below the surface. A fraction of the raw

digester supernatant was added continuously to the second stage to prevent nitrite accumulation. This

supply was regulated manually about every second day (between 0 and 10% of the flow from the

nitritation reactor) with the aim of attaining an ammonium effluent concentration of 10 - 50 gNFLj-Nm3.
The pH in the reactor was controlled at 7.52 ± 0.07 by adding a 2 M HCl solution or by C02 sparging.

The temperature was kept constant in both reactors with the aid of heat exchangers.

ANALYTICAL PROCEDURES

The ammonium and nitrite were measured colorimetrically after filtration with a flow injection analyser

(ASIA, ISMATEC AG, CH-Glattbrugg). The nitrate was analysed on an ion Chromatograph with a

Dionex DX300 (Dionex Corporation, Sunnyvale, CA, USA) and the chromatograms were processed

with the AI450 Model 1 software from the Dionex Corporation. The alkalinity was determined by

titrating the sample with hydrochloric acid to pH = 4.3 using a Mettler-Toledo titrator with an

autosampler (Mettler Toledo, Greifensee, Switzerland). The chemical oxygen demand (COD)

measurement was based on digestion with potassium dichromate in concentrated sulphuric acid for 2 h

at 150°C. The test tubes used were manufactured by the Hach Company (Loveland, CO, USA).

The total suspended solids (TSS) of the supernatant, the nitritation biomass and the effluent of the

anammox reactors were quantified by filtering the sample through a pre-dried Whatman GF/F glass-

fibre filter (effective pore width 0.7 urn). The filter was dried at 105°C and weighed in a desiccator after

cooling. The anammox biomass was first centrifuged and then flushed on a Schleicher & Schuell paper

filter (black ribbon, 591/1, Schleicher & Schuell GmbH, pore width 12 - 25 urn).

RESULTS

Partial nitritation with supernatant fromthe WerdhölzliWWTP, Zurich

The digester supernatant was added continuously, starting with a dilution rate of 0.1 d"1 (Figure 3). Until

t = 49 days, the nitrogen load was increased in steps and then kept constant for over a month at a

dilution rate of Dc = 1/HRT = 0.62 d"1. Up to Dx = 0.85 d"1, the nitrite/ammonium ratio was around 1.4.

A further increase of the influent flow resulted in a rapid decrease of the nitrite concentration, indicating

that the ammonium oxidisers were washed out somewhere between Dx = 0.85 - 0.95 d1 (29.8 ±

0.2°C). The nitrate concentration reached its maximum at t = 8 days (240 gN03-Nm3) and decreased

rapidly thereafter (Figure 3). At t = 29 days it was already below 20 gMVNm3. A favourable

nitrite/ammonium mixture for the anammox process was already obtained at t = 25 days.

The reactor was not covered for the whole experiment. Until t = 28 days, only a low-powered

temperature controller (0.3 kW) was in operation. Consequently the temperature increased rather

slowly up to 26°C, also under the influence of the warm supernatant (24 - 28°C) and the reaction

enthalpy of the biological process. After t = 28 days, a 2-kW heater kept the temperature at

30.4 + 0.3°C. Although the time required to reach an appropriate nitrite/ammonium mixture in this

experiment was then almost a month, the nitrite oxidisers could be washed out even at 24 °C. In order

to maintain the temperature in a full-scale nitritation reactor as high as possible, it is advisable to take the
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supernatant directly from the sludge dewatenng facilities The start-up penod is reduced significantly at

30°C

800

tp 600
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"c 400 H
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o
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Dilution rate

T 1 2

Figure 3: Soluble nitrogen compounds in the effluent of the nitritation reactor and the dilution rate. Supernatant

from the Werdhölzli WWTP was used for the first 165 days, digester effluent from the Au WWTP for the last 30

days. The reactor was still operated between t = 161 days and t = 174 days but no samples were taken. The low

dilution rates at t = 16 days and t = 126 days were caused by a breakdown of the influent pump and aeration failures

occurred on days 82, 95,137 and 144.

No nitrogen loss occurred in the nitntation reactor The sum of the dissolved nitrogen compounds in the

effluent was even a little higher (on average less than 3%) compared with the inlet ammonium

concentration This small deviation could be caused by evaporation in the reactor because dry air is

used for aeration and the air was not recycled into the reactor The concentration of the suspended

solids decreased rapidly dunng the first few days of the expenment Under stable operation, the TSS

concentration in the nitntation reactor (270 ± 70 gTSSm3) was even lower than in the sludge liquor

(344 ±112 gTSSm3), which indicates a substantial biological degradation ofthe particulate inlet COD

The pH was an excellent parameter for monitoring nitntation in order to keep the mtnte/ammomum ratio

close to 1 3 m the effluent When the supernatant descnbed in Table 1 was used with a molar

alkalinity/ammonium ratio of 1 2, the effluent was optimally suited for the anammox process when the

pH was close to 7 (Figure 4) As long as the nitntation was operated below the maximum dilution rate

for the ammonium oxidisers, stable operation was achieved for nearly half a year
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Figure 4: Ratio of nitrite to ammonium and pH in the nitritation reactor. The bold line indicates the optimal

nitrite/ammonium ratio for the anammox reactor according to Equation 1. The lower the pH the more of the

supernatant alkalinity is used up by the nitritation.



-45-

Partial nitritation with supernatant fromthe AuWWTP, St. Gallen

At t = 174 days (Figure 3) the pilot plant was fed with digester supernatant from the Au WWTP for

another 30 days (same reactor configuration) The reactor temperature was 28 7 ± 0 2°C and the

average oxygen concentration remained at 4 5 g02m3 until t = 201 days and then decreased to

2 7 g02m3 Between t = 181 and 186 days, the dilution rate Dx was higher than 1 d1 causing the

mtnte/ammomum ratio to drop below 13 in the effluent of the nitntation reactor and therefore also

producing high ammonium losses m the effluent ofthe anammox reactor (Figure 5) The same effect was

also observed after t = 201 days when the lower oxygen concentration reduced the mtnte production

Because the air flow measurements m these expenments were rather inaccurate, it is impossible to

charactense the influence of air flow on nitntation No major difference was observed to the supernatant

of the Werdholzh WWTP

08i

0 30 60 90 120 150 180 210

Days

Figure 5: Ammonium and nitrite in the influent ("inf") and ammonium in the effluent ("eff") of the anammox

reactor. N,,,,^,,,- is the sum of NH^ and N02jjnf. The nitrate load in the in- and effluent as well as the nitrite in the

effluent were rather low and are therefore not shown.

Anaerobic ammonium oxidation using supernatant from the Werdhölzli WWTP

Nitrogen was initially supplied at between 50 and 100 gNm3reactord '
and the influent flow was gradually

increased as long as the effluent mtnte concentration was close to zero Additional supernatant was

continuously added by a separate pump, resulting in an ammonium surplus in the effluent of the

anammox reactor (38 ± 47 gNHt-Nm3) The temperature was kept constant at 31 1 ±0 7°C At

t = 53 days (nitrogen load 270 gNm3reactord '), the mtnte concentration in the reactor increased to

60 gN02-Nm3 over the weekend for no apparent reason The anammox activity was strongly inhibited

by this mtnte surplus and the influent nitrogen load had to be reduced to nearly 50% during the following

two weeks (Figure 5) Strous et al (1999) reported a complete loss of anammox activity when the

nitrite concentration remained above 5 mM (70 gN02-Nm3) for a longer penod (12 h) In this

experiment, the anammox biomass recovered slowly and the nitrogen load was gradually increased to

650 gNm3reactord '
at t = 139 days (with short load reductions due to pumping failures at t = 85, 127 and

137 days) About 85% of the nitntation effluent was finally treated m the anammox process The cycle

length of the anammox SBR was about 120 minutes with a 90-minute reaction time after subtracting the

settling and décantation tunes At t = 134 days, the added nitrite was degraded withm 20 minutes of a
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cycle which led to a more than fourfold overcapacity of the anammox compared with the nitntation

reactor of identical volume

The total nitrogen elimination was 92 ± 7% and depended strongly on the mtnte/ammomum ratio in the

inlet of the anammox reactor A mtnte surplus m the effluent ofthe nitntation reactor can be balanced by

adding raw digester supernatant directly to the anammox reactor However, a mtnte/ammonium ratio

below 13m the influent (caused by aeration problems m the nitntation reactor, for example) will result in

an ammonium surplus in the effluent of the anammox reactor (Figure 5) According to Equation 1, there

should be significant nitrate production, which would lower the nitrogen elimination efficiency The

average ammonium elimination rate with reference to the total mfluent flow to the anammox reactor was

270 gNFLt-Nm3 The expected nitrate concentration in the effluent should therefore be 26% of the

ammonium inflow or 70 gN03-Nm3 plus the mfrate already produced in the nitntation reactor

(4 gN03-Nm3) However, only 18 gN03-Nm3 was detected It is therefore likely that about

56 gN03-Nm3 was demtnfied by heterotrophs m the anammox reactor (see next section) The TSS

concentration increased from 2 9 kgTSSm3 at t = 90 days to 7 8 kgTSSm3 at t = 151 days (Figure 6)

and remained more or less constant until the end of the expenments because there was no further

increase m the specific nitrogen load The solids concentration never rose above 8 3 kgTSSm3 in our

expenments, but even higher concentrations are possible as long as the sedimentation is good Well-

settling granules (floes) of a brocade colour accumulated m the course ofthe expenment
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Figure 6: Increase of the volume-specific nitrogen elimination rate and of the total concentration of suspended

solids in the anammox reactor

Anaerobic ammonium oxidation using digestersupernatant from the AuWWTP

The results of anaerobic ammonium oxidation using supernatant from the Au WWTP are also shown m

Figure 5 The total nitrogen elimination rate was 95%», depending mainly on the mtnte/ammonium ratio in

the reactor inlet

On t = 204 days about 40 grab samples were taken from the anammox reactor dunng nearly two SBR

cycles to detect the concentration profile of the soluble nitrogen compounds The total cycle length was

130 minutes with a mixed reaction penod of 100 mm (including filling in the first 20 min), followed by

sedimentation (10 min) and décantation (20 mm) As can be seen from Figure 7, the mtnte is depleted

after 40 mm and there is no anammox activity dunng the remaining mixing penod (60 mm) until the

settling penod starts The reactor should therefore either be filled at shorter intervals or the exchange

volume should be enhanced Both approaches were not possible since the capacity of the preceding
limitation step limited the overall maximum rate ofnitrogen elimination
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Considenng only the mixed cycle penod without mtnte limitations of these two cycles, high nitrogen

removal rates of up to 2 4 kgNm3dl were obtained (Figure 7) In this expenment, the average

ammonium and mtnte degradation and the nitrate production yielded a ratio of 1 1 38 0 27 which is

similar to the stoichiometric ratio given in Equation 1(1 1 32 0 26) As long as mtnte was available

dunng the SBR cycle, the pH increased continually It can be easily controlled between 7 5 and 8 by

adding hydrochlonc acid or CO2 gas When all the mtnte in the reactor was depleted, the pH remained

constant If the pH is monitored on-line, the frequency of these acid additions and the length of the

constant penods tell the operator whether he can increase the nitrogen load to the anammox reactor or

not
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Figure 7: Concentration profiles of soluble nitrogen compounds and degradation rates in the anammox reactor

Sludge production in the combined NTTRrrATiON/ANAMMOx process

Nitntation and anammox are both autotrophic processes so that low sludge production can be

expected Dunng the last 30 days (supernatant Au WWTP), no significant TSS accumulation was

observed in the anammox SBR (Figure 6) Table 2 shows the total suspended-solids concentration of

the supernatant and of the effluents of both reactors for this penod All concentrations were m the same

range A fraction ofthe inlet solids was consequently hydrohsed and degraded aerobically in the nitration

reactor as well as anoxically in the anammox stage This assumption is also supported by the nitrate

denitiification m the anammox reactor Accordmg to Figure 7, all the mtnte was used up after 40 minutes

and the ammonium stayed constant for the remaming penod of the cycle Therefore no anaerobic

ammonium oxidation occurred between t = 50 mmutes and t = 130 mmutes, and the nitrate loss must be
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due to conventional heterotrophic denitiification This also explains the low nitrate concentration in the

effluent ofthe anammox process

Table 2: Total concentration of suspended solids in the supernatant (Au WWTP) and the effluents of both reactors.

When a CSTR is used for nitritation, the TSS concentrations in the effluent and reactor are equal. No excess

sludge was withdrawn from the anammox SBR.

TSS [gm3] Mean ± SD Measurements

Supernatant 384+137 11

Effluent nitntation 307 ± 77 8

Effluent anammox 354 ± 204 8

DISCUSSION

Nitntation was performed in a continuously stirred tank reactor without sludge retention inoculated with

normal activated sludge from the Werdhölzli WWTP Even at 24°C it was possible to outperform the

mtnte oxidisers and an appropnate nitnte/ammonium mixture for the anammox process was reached

within a month The volume of the limitation reactor is determined by the reactor temperature, the

ammonium concentration m the digester effluent and the growth rate of the ammonium oxidisers The

maximum dilution rate of the ammonium oxidisers (Dxmax = 0 85 d
'
to 0 95 d

'
at 30 0°C) limited the

mtnte production rate to 0 35 kgN02-Nm3reactord '
or 1 2 kgN02-Nkg 'TSSd '

This is m accordance

with the observations of van Dongen et al (2001), who reported stable nitntation for over two years in

a 10 1 CSTR with Dx = 1 d"1 at temperatures above 30 °C Because their reactor was operated at

elevated temperatures and the supernatant was more concentrated (118 kgNHrNm3), the mtnte

production rate achieved was as high as 0 63 kgN02-Nm3reactord '
van Kempen et al (2001) reported

the stable operation of a full-scale SHARON process with denitiification mamly via mtnte at an aerobic

retention time of 1 5 d (Dx = 0 67 d1) at 35 °C As long as the process is not run at the limit of the

maximum dilution rate of the ammonium oxidisers, stable nitntation was achieved m our expenments,

which ran for almost half a year

Anaerobic ammonium oxidation was earned out in a sequencing batch reactor (SBR) with suspended

biomass inoculated with excess sludge from the Kölliken WWTP Taking mto account only the nmite-

containmg penods, total nitrogen removal rates of up to 2 4 kgNm3d
'
or 0 3 kgNkg 'TSSd '

were ob¬

tained at 30 °C However, the overall nitrogen elimination rate was only about 0 60 ± 0 04 kgNm3d '

due to the limitation of the inlet nitrogen load from the nitntation reactor This is somewhat lower than the

0 75 kgNm3d '
or 0 18 kgNkg'TSSd '

reported m van Dongen et al (2001) dunng a test penod of

110 days in a granular-sludge SBR Helmer et al (2001) achieved a nitrogen elimination rate of

1 5 kgNm3d '
at 28°C m an anoxic batch test with a moving bed, and the same maximum nitrogen

conversion capacity was obtained m a fluidised-bed reactor fed with sludge digestion effluent (Strous et

al, 1997) Provided that the nitntation capacity is high enough, an overall nitrogen elimmation rate of

1 kgNm3d '
m the anammox reactor is consequently feasible, resulting m a hydraulic dilution rate of

1 - 1 5 d
'
On average, over 90% of the nitrogen load was eliminated m the anammox reactor with the

correct mtnte/ammonium ratio of 1 3 m the mfluent The overall sludge production was negligible and a

substantial amount of the produced nitrate was denitnfied by heterotrophs m the anammox reactor

The specific growth rate of the anammox biomass can hardly be determined from the TSS concentration

in the reactor because the solids accumulation from the digester effluent and the nitntation reactor are

unknown In addition, the anammox biomass retention efficiency was not measured However, on the

basis of the mcrease in the specific nitrogen elimmation rate between t = 90 days and 151 days (Figure

6) and an estimated biomass retention efficiency of 95%, the observed specific growth rate is 0 024 d ',

corresponding to a doublmg time of 29 days This value is far below the maximum specific growth rate
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of 0.065 d"1 (doubling time: 11 days) reported by Strous et al, 1998. By using the anammox biomass

of our pilot plant (1.5 m3) as an inoculum for the first full-scale installation (about 500 m3) and assvoming

an average doubling time of29 days, we would obtain a start-up period of about eight months.

Partial nitritation combined with anaerobic ammonium oxidation is feasible and has been thoroughly

tested on a pilot plant with digester supernatant. The proposed compact reactor combination (total

HRT = 2 d) can be easily implemented within the mfrastmcture of existing WWTPs. Further research

with a nitritation SBR would allow the hydraulic dilution rate and the nitrite production to be increased.

Any nitrified supernatant not needed for the anammox reactor can be discharged directly to the primary

settler of the WWTP, where the remaining nitrite is denitrified with the degradable COD of the raw

wastewater. This step has the advantage of allowing successful partial nitritation if the anammox reactor

is not working optimally.

ACKNOWLEDGEMENTS

This research project was financially supported by BUWAL, Entsorgungsamt der Stadt St. Gallen,

Stadtentwässerung Zürich, Gemeindeverband für Abwasserreinigung Region Luzern, the cantons of

Luzern, St. Gallen and Zürich, Gebr. Hunziker AG and EAWAG. The authors are grateful to M. Wehrli

and particularly to A. Hoftnann from the Werdhölzli WWTP for their practical assistance and careful

maintenance of the pilot reactor.

REFERENCES

Anthonisen, A.C., Loehr, R.C., Prakasam, T.B.S. and Srinath, E.G. (1976). Inhibition ofnitrification by

ammonia and nitrous acid. J. Water Pollut. Control Fed. 48(5), 835 - 852.

Broda, E. (1977). Two kinds of lithotrophs missing in nature. Z. Allg. Mikrobiol 17, 491 - 493.

Egli, K., Fänger, U., Alvarez, P.J.J., Siegrist, H., van der Meer, J.R. and Zehnder J. B. (2001).

Enrichment and characterization of an anammox bacterium from a rotating biological contactor

treating ammonium-rich leachate. Arch. Microbiol. 175, 198 - 207.

Hellinga, C, Schellen, A.A.J.C, Mulder, J.W., van Loosdrecht, M.C.M. and Heijnen, J.J. (1998). The

Sharon process: An innovative method for nitrogen removal from ammonium-rich waste water.

Wat. Sei. Tech. 37(9), 135 - 142.

Helmer, C, Tromm, C, Hippen, A., Rosenwinkel, K-H., Seyfried, CF. and Kunst, S. (2001). Single-

stage biological nitrogen removal by nitritation and anaerobic ammonium oxidation in biofilm

systems. Wat. Sei. Tech. 43(1), 311-320.

Hippen, A., Rosenwinkel, K., Baumgarten, G. and Seyfried, CF. (1997). Aerobic deammonification: A

new experience in the treatment ofwastewaters. Wat. Sei. Tech. 35(10), 111 - 120.

Jetten, M.S.M., Horn, S.J. and van Loosdrecht, M.C.M. (1997). Towards a more sustainable

municipal wastewater treatment system. Wat. Sei. Tech. 35(9), 171-180.

Koch, G., Egli, K, van der Meer, J.R. and Siegrist, H. (2000). Mathematical modelling of autotrophic

denitrification in a nitrifying biofilm of a rotating biological contactor. Wat. Sei. Tech. 41(4 - 5),

191-198.

Mulder, A., van de Graaf, A.A., Robertson, L.A. and Kuenen, J.G. (1995). Anaerobic ammonium

oxidation discovered in a denitrifying fluidized bed reactor. FEMSMicrobiol. Ecol. 16,

177-184.

Siegrist, H. (1996). Nitrogen removal from digester supernatant - Comparison of chemical and

biological methods. Wat. Sei. Tech. 34(1 - 2), 399 - 406.

Siegrist, H., Reithaar, S. and Lais, P. (1998). Nitrogen loss in a nitrifying rotating contactor treating

ammonium rich leachate without organic carbon. Wat. Sei. Tech. 37(4 - 5), 589 - 591.



-50-

Strous, M ,
van Gerven, E , Zheng, P , Kuenen, J G and Jetten, M S M (1997) Ammomumremoval

from concentrated waste streams with the anaerobic ammomum oxidation (Anammox) process in

different reactor configurations Wat Res 31(8), 1955-1962

Strous, M , Heijnen, J J, Kuenen, J G and Jetten, M S M (1998) The sequencing batch reactor as a

powerful tool for the study of slowly growing anaerobic ammomum-oxidizing micro-organisms

Appl Microbiol Biotechnol 50, 589 - 596

Strous, M , Kuenen, J G and Jetten, M S M (1999) Key physiology of anaerobic ammonium

oxidation Appl Environ Microbiol 65(7), 3248 - 3250

Stuven, R, Vollmer, M and Bock, E, (1992) The impact of organic matter on mine oxide formation

by nitrosomonas europea Arch Microbiol 158, 439 - 443

van de Graaf, A A, Mulder, A, Shjkhuis, H , Robertson, L A and Kuenen, J G (1990) Anoxic

ammonium oxidation In Chnstiansen, C, Munck, L, Villadsen, J (Eds ) Proc 5th European

Congress on Biotechnology, Vol 1, 388 - 391, Munkgaard International Publishers, Copenhagen

van de Graaf, A A, De Bruijn, P , Robertson, L A, Jetten, M S M and Kuenen, J G (1996)

Autotrophic growth of anaerobic ammonium-oxidizing micro-organisms in a fluidized bed reactor

Microbiology 142, 2187-2196

van Dongen, U, Jetten, M S M and van Loosdrecht M C M (2001) The SHARON®-Anammox®

process for treatment of ammonium nch wastewater Wat Sei Tech 44(1), 153-160

van Kempen, R, Mulder, J W, Uijterlinde, C A and van Loosdrecht M C M (2001) Overview full

scale expenence ofthe SHARON® process for treatment of rejection water of digested sludge

dewatenng Wat Sei Tech 44(1), 145-152



Chapter 4

Stable Nitritation as an Essential

Precondition for Anaerobic Ammonium

Oxidation (Anammox) in a Two-Stage Process

Christian Fux, Konrad Egli, Marc Böhler, Willi Gujer and Hansruedi Siegrist

Manuscript in preparation



Seite Leer /
Blank leaf



-53-

Stable Nitritation as an Essential Precondition for Anaerobic Ammonium

Oxidation (Anammox) in a Two-Stage Process

Christian Fux, Konrad Egli, Marc Böhler, Willi Gujer and Hansruedi Siegrist*

EAWAG, Swiss Federal Institute for Environmental Science and Technology, CH-8600 Dübendorf, Switzerland

*Corresponding author: E-mail: hansruedi.siegnst@eawag.ch Tel:+41 1 823 50 54; Fax:+41 1 823 53 89

ABSTRACT

In the anammox process, ammonium is oxidized anaerobically with nitrite to nitrogen gas. Since

nitrate cannot be used as an electron acceptor, stable nitrite production is indispensable for

treating ammonium-rich wastewater. Partial nitritation of sludge digester effluents containing

600 - 750 gNHt-Nm"3 was investigated in reactors with suspended biomass operated in CSTR or

SBR mode. In continuous-flow stirred-tank reactors (CSTR), about half the ammonium of the

sludge supernatant was oxidized to nitrite at 30 and 35 °C with a minimum retention time of

1.1 - 1.25 d and 0.9 - 1.0 d respectively. The start-up period took only one to two weeks. Nitrite

oxidation could not be prevented at 20 °C. At an influent concentration of 5000 gNHt-Nm"3, the

minimum retention time increased to 3.0- 3.6 d (30 °C). In the sequencing-batch reactor (SBR),

strict minimization of the aerobic periods and a low sludge retention time in the range of 5 - 10 d

led to stable nitrite production at hydraulic retention times below 0.5 d at 30 °C. Long-term

partial nitritation without nitrate production can be achieved in CSTR and SBR mode as long as

the reactor temperature is at least 28 - 30 °C. However, an SBR is recommended in order to

reduce the investment costs.

An obvious shift in the ammonium oxidizing community during start-up with activated sludge

was demonstrated with the help of fluorescent oligonucleotide probes. Initially Nmll-stained

cells from the Nitrosomonas communis lineage predominated in the activated sludge whereas

from the first week onwards ammonium oxidation was mainly assigned to the Nitrosomonas

eutropha/europea lineage (targeted with NEU). Nitrite-oxidizing bacteria from the Nitrospira

genus, which have been detected in many wastewater treatment plants, were present only at the

very beginning.

INTRODUCTION

In the 1990s, a novel microbial process was discovered and developed in which ammonium is

oxidized anaerobically with nitrite to nitrogen gas (van de Graaf et al, 1996). This autotrophic

process, known as anaerobic ammonium oxidation (Anammox), is particularly suited for

nitrogen elimination from ammonium-rich wastewater with a low organic load (e.g. sludge

digester effluents). In a two-stage process, around 55 - 60% of the ammonium should be

oxidized to nitrite in a first aerobic reactor followed by anaerobic ammonium oxidation in a

second tank. Because nitrate cannot be used as an electron acceptor by the Anammox bacteria,

nitrite oxidation must always be prevented in the aerobic reactor. However, the optimal process

conditions for efficient ammonium oxidation and concomitant inhibition of the nitrite oxidizers

are not thoroughly understood.

Nitrite oxidizers are more sensitive to low oxygen concentrations and grow more slowly at

elevated temperatures than ammonium oxidizers (e.g: Knowles et al, 1965; Wyffels et al,

2003). There is no consensus in the literature about free ammonia inhibition of the nitrite

oxidizers. According to Anthonisen et al (1976), NH3 begins to inhibit at 0.1 - 1 gNHjtn"3
whereas Wiesmann (1994) reports an inhibition coefficient of 10400 gNHt-Nm"3 at pH 8 and

20°C (corresponding to 380 gNH3-Nm"3). In addition, many researchers observed a strong

inhibition at low concentrations in a first research period followed by adaptation to high free

ammonia over time (Turk and Mavinic, 1989). The inhibition coefficient for free nitrous acid is
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comparable for ammonium and nitrite oxidizers (Wiesmann, 1994; Hellinga et al, 1999). Free

hydroxylamine (NH2OH), an intermediate in nitritation, also has a major impact on incomplete
nitrification (Stüven et al, 1992) but its effect over time has not yet been documented.

As a result, stable nitritation in a CSTR can be attained by careful operation of the dilution rate at

mesophilic temperatures (wash-out of nitrite oxidizers), partly supported by low oxygen

concentration and free ammonia as well as free hydroxylamine inhibition. According to the

literature, however, stable nitrite production has also been frequently observed in SBR reactors

despite high sludge retention times (Pollice et al, 2002; Fux et al, 2002a; Wert, 2001).

In this research special emphasis is given to stable partial nitrite production as well as to the

determination of the required reactor size and the operational conditions for:

(i) A continuous-flow stirred-tank reactor (CSTR) with suspended biomass at temperatures
from 20 - 35 °C. The ammonium inlet concentration was in the range of 650 - 4800

gNHt-Nm3 (enriched supernatant). Special attention was given to the start-up phase.

(ii) A sequencing-batch reactor (SBR) with suspended biomass and strict control of the

aerobic periods. Only supernatant was used as the influent.

In order to gain an insight into the different types of nitrifying microorganisms involved and to

detect possible changes over time, a population analysis with fluorescence in situ hybridization

(FISH) was performed on some selected reactors.

MATERIALS AND METHODS

Laboratory and pilot plants

All reactors were equipped with aerators as well as stirring and measuring devices (pH, O2, T).
The target temperature was kept constant but no pH controller was installed.

Two laboratory plants (2.8 L and 4.0 L) and two pilot plants (2.1 m3 and 2.0 m3) were run in

CSTR mode with suspended biomass for a total of over 1200 days. The influent to the laboratory

reactors (synthetic or sludge liquors) was taken continuously at room temperature from an

unstirred storage tank which was refilled at least every 20 days. No change in nitrogen or

alkalinity composition was observed during storage. For the pilot plant, the digester supernatant

was taken directly from the sludge dewatering facilities and pre-sedimented in an equalization
basin (1 m3). In a laboratory-scale application, the biofilm growth on the sensors and reactor

walls was removed once weekly by washing with 1 M HCl and a 3% NaCIO solution after

transferring the suspended biomass to another basin.

Partial nitritation in an SBR was carried out on a pilot scale (Vmax = 2.1 m
,
T = 30.6 ±1.8 °C)

for almost 300 days. The total cycle duration varied from 90 - 210 minutes, 3 - 32% of the

volume being exchanged. Each cycle consisted of a stirred and partly aerated phase including
excess sludge removal followed by sedimentation (5-15 minutes) and withdrawal of the

ammonium/nitrite solution. The aerobic period was kept as short as possible by turning off the

air supply whenever a minimum pre-set pH was reached (see also Figure 9). Between 4 - 25%

excess sludge was removed per day.

Influent medium

The synthetic influent contained in 1 L demineralized water was made up of: 3.38 - 11.28

g NH4HCO3, 17.5 mg Na2HP04-2H20, 13.9 mg KH2P04 and 0.1 mL trace element solution 1.

Trace element solution 1 (per liter demineralized water): 10.1 g NTA, 14.46 g MgS04-7H20,
3.33 g Cad2-2H20, 9.8 mg (NHOe Mo7024, 99.3 mg FeS04-7H20 and 10 mL trace element

solution 2. Trace element solution 2 (per liter demineralized water): 12.5 g EDTA,
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54.8 g ZnS04-7H20, 45.7 g FeS04, 7.7 g MnS04H20, 1.97 g CuS04-5H20, 1.03 g CbCo-ô^O,

0.89 g Na2B407TOH20, 2.5 g NiCl2-6H20 and 0.5 mL 98% H2S04. To prevent any unexpected
limitations due to a lack of trace elements or growth factors, a yeast product (approx.
1 gCODg"1 yeast) was added in the range of 0.05 - 0.1 g per liter influent. The ammonium

concentration varied between 600 - 5000 gNHt-N and the ratio of ammonium to alkalinity was

one on a molar basis. All chemicals used were of analytical grade and were ordered from

FLUKA or MERCK (Switzerland).

The composition of the sludge liquors was well balanced throughout all the experiments with

550 - 750 gNFLtm"3 and 45 - 65 mM alkalinity (mostly due to bicarbonate) and negligible

amounts of nitrite and nitrate. Figure 1 presents a charge balance on the basis of the main

components of the sludge liquors. All supernatant was obtained from the sludge dewatering
facilities of the Werdhölzli WWTP (Zurich). Neither phosphorus nor trace elements were added.
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Figure 1: Average composition of the sludge liquors used The concentration of all substances is relative to

their charge. Consequently, the effective calcium and magnesium concentrations were only 2.2 mM Ca and

1.2 mM Mg2+ respectively. Only the most abundant components (> ImM) are presented. The alkalinity was

determined by titration to pH 4.3, but no anions other than HCO3" were protonated in significant amounts

(phosphorus and nitrite < ImM). Average of five measurements taken within three months. Error bars

represent standard deviations.

Determination of the temperature dependency of the ammonium oxidizers

The temperature dependency was investigated in four sets of experiments:

CSTR: The maximum observed dilution rate in different CSTR reactors was determined at 20 °C,

30 °C and 35 °C, respectively. Sludge liquors were used as the influent.

Batch 1: Nitrifying sludge from the 2.1 m3 pilot plant was removed (20 L) and used for

seven separate batch experiments (2 L). The oxygen consumption rate was determined in the

range of 15 - 40 °C. No nitrate was produced. The pH was controlled at 8 by a dosage of 1 M

NaOH. Ammonium was provided by supernatant addition.

Batch 2 and Batch 3: The pilot plant was run in nitritation/denitritation mode (Fux et al, 2002a).
On two different days, sludge was removed and filled into a batch reactor (2 L). The respiration
rate was determined by varying the temperature in the range of 8 - 44 °C within

2-4 hours. NH4HCO3 was used as an ammonium source. The pH was controlled at 8 (1 M

NaOH). No nitrate was detected.

Analytical procedures

Ammonium, nitrite and phosphate were measured colorimetrically after filtration with a flow

injection analyzer (ASIA, Ismatec AG, CH-Glattbrugg). Nitrate, chloride and sulfate were

analyzed on an ion Chromatograph with a Dionex DX300 (Dionex Corporation, Sunnyvale, CA,

USA) and the chromatograms were processed with the AI450 Model 1 software from the Dionex
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Corporation Sodium, potassium calcium and magnesium were determined by ICP-OES

(Inductively Coupled Plasma - Optical Emission Spectrometer, Spectro Analytical Instruments,

Kleve, Germany) The alkalinity was analyzed by titrating the sample with hydrochlonc acid to

pH 4 3 using a Mettler-Toledo titrator with an autosampler (Mettler Toledo, Greifensee,

Switzerland) The chemical oxygen demand (COD) was determined with a HACH COD kit The

activity of the heterotrophic biomass alone was determined by respiration measurements after

inhibiting ammonium oxidizing bacteria with 10 gm3 Allylthiourea (ATU) No nitrite oxidizers

were present at that time The protein measurement was performed as described in Egli et al

(2001)

Fluorescence in situ hybridization (FISH) and microscopy

Sample preparation, hybridization conditions and visualization of the oligonucleotide probes
with an epifluoresence microscope were performed as descnbed in Egli et al (2001) For

increased selectivity, a competitor was used when needed The amount of bacteria stained

specifically with FISH was compared with cell numbers determined with 4,6-di-amidmo-2-

phenyhndole (DAPI)

Table 1 : Probes used for FISH analysis

Probe Sequence (5'-3') Competitor Target organisms Ref*

Nsol225

NEU

Ntspa662

Nit3

Nmo218

Nmll

CTE

Comp-Ntspa662

cNit3

cgccattgtattacgtgtg

cccctctgctgcactcta

ggaattccgcgctcctct

cctgtgctccatgctccg

cggccgctccaaaagcat

ttaagacacgttccgatgta

ttccatccccctctgccg

ggaattccgctctcctct

cctgtgctccaggctccg

CTE

Comp-Ntspa662

cNit3

Ammonia -oxidizing ß-proteobactena

Halophilic and halotolerant members of the

genus Nitrosomonas (e g Nitrosomonas

europea/eutropha Nitrosococcus mobilis)

Genus Nitrospira

Genus Nitrobacter

Nitrosomonas ohgotropha lineage

Nitrosomonas communis lineage

l}Mobarrye*a/, 1996 2)Wagner et al, 1995

5)Pommenng-Roser et al, 1996 6)Wagner et al, 1996

JJDaims et al, 2000 4,Gieseke et al, 2001*References

RESULTS AND DISCUSSION

Start-up of partial nitritation with conventional activated sludge

Vanous start-ups were performed at laboratory and pilot scales, the results of a typical

expenment being presented in Figure 2 A 2 8 L reactor was filled with common activated sludge

(18 7 °C) and continuously fed with sludge liquors (680 ± 40 gNFLt-Nm"3) The hydraulic
retention time (HRT) and the sludge retention time (SRT) were equal (CSTR operation) The

temperature was increased step by step up to 30 °C in the first three days and kept more or less

constant afterwards (Figure 2A) The sludge dilution rate averaged 0 27 d"1 for the first week and

reached a maximum of 1 45 d"1 at the end of the experiment

Fate of the heterotrophs and solids concentration: The sludge liquor used contained roughly
400 gCODm"3, which was only partly bio-degradable Consequently, the heterotrophic biomass

from the inoculation was rapidly washed out and the COD concentration in the reactor decreased

from 2800 gCODm3 to 460 gCODm"3 (Figure 2B) The remaining biomass production,
onginatmg mostly from nitntation, was around 100 gCODm"3infiuent, resulting m an average
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protein content of 43 ± 10 gm"3 from the first week onwards. At that time, the influent and

effluent from the nitritation reactor could hardly be distinguished optically.

Fate of nitrite oxidizers: Within 3-4 days of operation, the net nitrate production ceased due

to decay/inactivation and any further change in nitrate concentration was due only to dilution

(Figure 2C). A FISH analysis detected nitrite-oxidizing bacteria from the Nitrospira genus only
in the first period of the experiment, thus explaining the loss of nitrate production. The nitrite

oxidizers had obviously been washed out within half a week. Other experiments in the same

temperature range showed that suppression of nitrate production even occurred after two days
when a higher initial dilution rate was chosen (Dx = 0.35 d1 instead of 0.28 d"1 as in this

experiment).

T 150

E
D)

cr

o
ü

x2500

Figure 2: Typical start-up experiment of a CSTR nitritation reactor. Supernatant with 680 + 40 gNHt-Nm"
was used as influent. (A) Reactor temperature and dilution rate Dv (B) Total COD and protein concentration

of the sludge. The COD increase due to nitrite was subtracted. (C) Soluble nitrogen compounds in the

effluent. (D) Oxygen consumption rate (Respiration) and pH.

Fate of ammonium oxidizers: The changes in the bacterial community discussed so far were

quite obvious from the COD and nitrate measurements. However, there was also a shift within

the ammonium oxidizing bacteria in this start-up period which was not directly visible by

nitrogen or COD analysis. In this experiment, the sludge population was monitored semi-

quantitatively by FISH probing, only Nso 1225 and NEU being applied. At the beginning,
Nso 1225-stained cells were more numerous than NEU-stained bacteria. Since NEU is a more

specific probe than Nso 1225, other ammonium oxidizers must also have been present which

were not detectable with the NEU probe. In the last week, however, the numbers of Nso 1225 and

NEU-stained cells was rather similar, indicating that mostly N. eutropha/europea-\ike bacteria

were present. Accordingly, the amount of N. eutropha/europea increased significantly. This

community shift was observed in many similar experiments, and also at lower temperatures, as

no ammonium-oxidizing bacteria from the N. oligotropha lineage, Nitrosospira spp. or

Nitrososococcus mobilis lineage were detected after startup (Egli, 2002). Logemann et al. (1998)

already reported that the dominant clone in a nitrifying reactor without sludge retention was

highly similar to N. eutropha. In activated sludge communities, however, mainly other

ammonium-oxidizing bacteria from the N. communis or N. urea/oligotropha lineage (stained
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with Nmll, Nmo218, Table 1) were found (Egli, 2002). This shift in the ammonium-oxidizing

community also explains the significant decrease in the respiration rate between t = 3 - 6 days

(Figure 2D). The wash-out of the first population could not initially be compensated by the

growth of iV. eutropha/europea. The overall concentration of the ammonium-oxidizing bacteria

consequently decreased, leading to lower respiration rates. During this transitional period, the pH

rose from 6.6 to 7.9 because the supplied alkalinity exceeded the number of protons to be

neutralized from nitritation. After about six days of operation, sufficient N. eutropha/europea-
like bacteria were present to oxidize the accumulated ammonium to nitrite. For the following

days, the nitrite to ammonium ratio in the effluent was around 1.4 gN02-Ng"1NH4-N as long as

the maximum dilution rate was not exceeded. No further population shift was detected over

several months in similar experiments. FISH analysis also revealed the presence of solely NEU-

stained ammonium oxidizers when very ammonium-rich wastewater (up to 5000 gNFLi-Nm" )
was treated.

Population change in SBR operation: Broadly similar results were also obtained in SBR

operation. At start-up, mainly Nmll-stained cells were found (in the range of 20% of all cells)

indicating the presence of ammonium oxidizers from the N. communis lineage. NEU-stained

Nitrosomonas species were present only in low numbers (less than 5%). Within a month the

relative number of Nmll-stained cells continuously decreased below detection level whereas

NEU-stained bacteria accumulated. Nitrite-oxidizing bacteria were not observed (no

hybridization signal with Nit3 and Ntspa662) in the course of the experiment. They had

obviously been washed out.

Conclusion: The change in the bacterial composition was considerable. All the established

populations from the activated sludge had been washed-out and a secondary group of

N. eutropha/europea-like bacteria gained prevalence. The start-up period should not be aborted

too quickly even if the ammonium oxidation capacity decreases during the first few days.

Maximum dilution rateand stable nitrite production as a function of

temperature in CSTR mode

Temperature dependency: The minimum required reactor volume is inversely proportional to

the maximum growth rate of the ammonium oxidizers. The influence of temperature on the

bacterial activity is assumed to be exponential (ee<T"To*) with 0 being the temperature coefficient.

The temperature dependency of ammonium-oxidizing bacteria derived from a variety of

our experiments is compared with the results from the literature in Figure 3. Generally, 6 is

between 0.095 - 0.11 °C"' (activity increases 10 - 12% per °C) up to 25 - 30°C. Although the

experiments differ significantly at elevated temperatures, 0 tends to be only half as high in the

range of 30 - 35 °C. The maximum nitrite production rate lies in the range of 36 - 40 °C,

whereas the activity drops dramatically at about 42 °C. In order to take advantage of these high

specific nitritation rates, the reactor should be operated at above 30 °C but below 40 °C.

-•— CSTR

- Batch 1

Batch 2

+ Batch 3

-o Helhnga et al, 1999

Knowles et al
,
1965

10 15 20 25 30 35 40 45

Temperature [°C]

Figure 3: Temperature dependency of the ammonium oxidation rate relative to the rate at 20 °C (r-r/r2o°c)-
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Running the nitrifying reactors at high temperatures has a second even more important

advantage. At ambient temperatures in wastewater treatment plants, the nitrite oxidizers grow

more quickly than the ammonium oxidizers, resulting in nitrate as the final product. However,

the reverse is the case at elevated temperatures. Above a critical temperature, therefore, the

nitrite oxidizers can be washed out and the ammonium oxidizers retained by carefully selecting
the sludge retention time. In order to prevent nitrite oxidation permanently, the temperature for

this change in maximum specific growth rate should be known quite accurately, but reported
values lie between 14 - 29 °C (Hellinga et al, 1998; Knowles and Downing, 1965). In any case,

stable nitrite production was achieved in CSTR operation at 35 °C at an aerobic hydraulic (or

sludge) retention time of one day (Hellinga et al, 1998).

In the following CSTR experiments, we focus (i) on long-term stable nitrite production and (ii)
on the maximum dilution rate at which the ammonium oxidizers are not yet washed out. Because

sludge liquors and other nitrogen-rich wastewaters are often cooler than 35 °C, we carried out

the experiments in the range of 20 - 35 °C.

Partial nitritation in CSTR mode at 20 °C was performed in a laboratory reactor inoculated

with activated sludge. Sludge liquor with 630 ± 80 gNFLt-Nm3 was used as the influent. Further

operational conditions as well as the main results are presented in Figure 4. The start-up period
until a high effluent nitrite concentration was reached lasted about four weeks because the

average temperature was only 20 °C. After start-up, the ratio of the oxidized ammonium (N02

and NO3) to the remaining ammonium was 1.30 ± 0.15 gNOx-Ng"'NH4-N with Dx below 0.45 d"1

for over 100 days of operation (Figure 4 A,B). A further increase of Dx up to 0.52 d1 was

possible but it already took a couple of days until the pH decreased to 7 again. At Dx > 0.55 d"1

both the ammonium and nitrite oxidizers were washed out (Figure 4C, high ammonium

concentration after t = 123 days, accompanied by a low respiration rate and high pH).

600

60 90

Days

150

Figure 4: Nitritation in a CSTR at 20 °C. Supernatant with 630 ± 80 gNHt-Nm"3 as influent. (A) Reactor

temperature and dilution rate Dv. (B) Soluble inorganic nitrogen compounds in the effluent (aeration
breakdown at t = 58 days). (C) Oxygen consumption rate (Respiration) and pH.
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The nitrate production vanished between t = 14 - 23 days at Dx = 0.17 - 0.2 d1 but high nitrate

concentrations up to 250 gN03-Nm"3 occurred subsequently as long as Dx was below 0.47 d"1 (t =

118 days). Whether the original nitrite oxidizers adapted to the new conditions before being
washed out or another culture grew is unknown. No nitrite oxidizers were detected with FISH in

the inlet sludge water but they could still be present in low numbers, leading to continuous

inoculation. Because ammonia oxidation also became unstable at Dx = 0.5 d1, both organisms
have approximately the same growth rates under the given environmental conditions. There was

no way of selectively retaining the ammonium oxidizers. As a result, a higher temperature with a

higher dilution rate must be chosen. In a separate experiment at T = 24 - 26 °C, no nitrate was

produced at Dx = 0.57 d1 for two months, but this period is too short to infer any long-term
stability.

Partial nitritation at 30 °C: Seven independent experiments in CSTR mode lasting from 18

days to over 20 months were carried out at about 30 °C. The start-up phase was followed by
stable nitritation as long as the ammonium oxidizers were not washed out. In a long-term

experiment over 600 days on a pilot scale, the nitrite to ammonium ratio was 1.58 ± 0.32

gN02-Ng"1NH4-N at 32.4 ± 1.8 °C and pH 6.6 ± 0.4. The oxygen concentration was generally as

high as 5.9 ± 0.8 g02m" due to continuous vigorous aeration, but the nitrate concentration in the

effluent never exceeded 10 gN03-Nm"3 although a little nitrate production always occurred

(3.3 ± 3.5 gN03-Nm"3). Further nitrate production was permanently prevented at an average

dilution rate D = 0.8 ±0.2 d"1. This is consistent with successful stable nitrite production at

30 °C as presented in our earlier report (Fux et al, 2002b).

The critical permissible dilution rate for stable nitrite production was determined several times

by increasing the inflow in steps. At a certain dilution rate, the net growth of the bacteria is

insufficient to compensate for the biomass loss in the effluent. Whenever this maximum

dilution rate (DX;max) was exceeded, the nitrite to ammonium ratio in the effluent dropped below

1.3 gN02-Ng"1NH4-N accompanied by high pH values because of bicarbonate accumulation. In

the expenment shown in Figure 2, the mtnte to ammonium ratio was 1.3 gN02-Ng"1NFLt-N at

Dx = 1.25 d"1 and 28.8 °C. A further increase in the dilution rate up to 1.3 - 1.45 d"1 caused a

washout of the ammonium oxidizers. The respiration rate dropped and the nitrite to ammonium

ratio fell below 1.0 gN02-Ng"'NHt-N with a decreasing tendency. In two other experiments
under comparable environmental conditions, Dxrnax was already achieved between 0.8 - 0.9 d"1 at

29.7 - 30.2 °C. The reason for this difference is not really known but protozoa were observed in

many of our reactors run around 30 °C (Figure 5). Protozoa graze on available bacteria and thus

have a negative impact on ammonium oxidation. Van Dongen et al (2001) observed that

protozoa burst under oxygen-free conditions and suggested introducing non-aerated periods. By
all accounts, stable partial nitritation can be maintained at 30 °C, but the dilution rate should be

kept below 0.8- 0.9 d'1.

Figure 5: Phase-contrast micrograph showing protozoa in the nitritation reactor. The white bar represents

100 U.m. (Photograph: Thomas Hug, EAWAG)
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Partial nitritation at 35 °C in CSTR mode: Nitntation without nitrate production was achieved

for the whole expenmental period presented in Figure 6 Sludge liquors with

670 ± 50 gNFLt-Nm"3 were used as the influent The maximum dilution rate without activity loss

was observed after 35-40 days at Dx,max = 1 6 d"1 However, this value could not be verified in

the course of the expenment Up to Dx = 1 0 - 1 Id1 mtnte production was always sufficient but

the ammonium oxidizers were repeatedly washed out at Dx m the range of 1 1 - 1 5 d"
, although

no changes in the environmental conditions were observed (eg t = 73 - 79 days, t = 88 - 96

days) This shows that stable mtnte production can easily be achieved, but the dilution rate

should be kept below 1 0 - 1 1 d"1 in order to prevent a washout of the ammonium oxidizers

This recommendation is in accordance with the results from the literature, where stable partial
nitntation was performed at 35 °C and a sludge dilution rate of 1 d

'

(van Dongen et al, 2001)
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Figure 6: N02-N : NH,-N in the effluent of a CSTR operated at 35.1 °C and 2.2 - 4 g02m\ The ammonium

oxidizers were repeatedly washed out at dilution rates Dx > 1.1 d1. Almost no nitrate was detected.

Overview of stable partial nitritation: Figure 7 summarizes our CSTR experiments in the

range of 20 - 35 °C using supernatant as the influent (600 - 750 gNHt-Nm"3) The maximum

observed dilution rate "Dxmaxhmit" represents the highest dilution rate ever observed without

activity loss However, the ammonium oxidizers were also frequently washed out at lower

dilution rates but comparable environmental conditions We therefore define

"Dx max
recommended" as the maximum recommended dilution rate at which the ammonium

oxidizing activity was never lost m our experiments
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Figure 7: Summary of the observed maximum dilution rates of the ammonium oxidizers as a function of the

temperature in CSTR mode

Stable nitntation was always successful at temperatures above 30 °C and dilution rates above

0 8 d"1 and might also be feasible between 25 - 30 °C (dotted line) To prevent further mtnte

oxidation, the aerobic dilution rate should be kept close to the recommended rate, e g by

switching off the air supply when ammonium is used up and oxygen is consequently no longer
needed However, ntrate production is likely to occur at 20 °C The maximum permissible
dilution rate for full-scale operation thus ranges from 0 8 to 1 0 d1 between 30 - 35 °C As a
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result, rather large reactors are required. Higher specific nitrite production rates can be obtained

only by decoupling the sludge age from the HRT as will be discussed further on below for a

sequencing batch reactor.

CONTROL OF PARTIAL NITRITATION IN CSTR OPERATION

The operation of the nitritation reactor plays a decisive role in the overall performance of the

nitrogen elimination. For the subsequent anaerobic ammonium oxidation, about 1.3 - 1.4 moles

of nitrite are required per mole of ammonium. If too much ammonium is oxidized, nitrite will be

present in excess in the anammox reactor, leading to severe inhibition of the anammox bacteria.

In this case, direct supernatant addition is essential to obtain a suitable nitrite to ammonium ratio.

On the other hand, insufficient nitrite production causes an oversupply of ammonium, resulting
in increased ammonium concentrations in the effluent of the anammox reactor. Fortunately,
ammonium at least has no inhibitory effect on the anammox bacteria but causes decreased

nitrogen elimination. The effluent from partial nitritation should consequently contain

1.3 - 1.4 gN02-Ng"'NFl4-N at best and must be properly monitored. Instead of measuring the

nitrogen compounds, the process can also be roughly controlled by monitoring the pH value and

the alkalinity. Determination of alkalinity by titration to pH 4.3 also includes a 10% protonation
of nitrite to nitrous acid (pKs = 3.3 at 25 °C). We therefore corrected the alkalinity measurements

when nitrite was present.

The alkalinity to ammonium ratio in our sludge liquors was around 1.2. About 60% of the

ammonium can thus be oxidized during nitritation, resulting in 1.5 gN02-Ng" NHt-N, until most

ofthe alkalinity is used up (Figure 8). Concomitantly, the pH dropped to 5.5 - 6.0. At pH values

below 7.0 (and alkalinity below about 3 mM), nitrite was generally produced in excess. As the

bicarbonate buffer diminished at increasing nitrite to ammonium ratios, the pH and alkalinity
measurements showed remarkable scatter. The remaining buffering compounds were not

determined separately (phosphate, humic acids etc.). On the other hand, whenever the nitritation

was run at pH values higher than 7.5, this always indicated a washout of the ammonium

oxidizers (or an aeration breakdown). Concomitantly, the alkalinity was above 10 mM. In this

case, the inflow must be immediately reduced because the maximum permissible dilution rate is

exceeded. In our experiments, the optimal pH and alkalinity for partial nitritation was in the

range of 7.0 - 7.2 and 3-7 mM respectively. In CSTR operation, this can be achieved by
intermittent aeration as long as the permissible dilution rate is considered. Although pH and

alkalinity data are very helpful for convenient operation, direct nitrite and ammonium

measurements in the anammox reactor should still be performed at least twice per week.

8 5 n T 50

Figure 8: Ratio of nitrite to ammonium as a function of alkalinity and pH. This diagram includes

measurements from many different CSTR laboratory experiments fed with sludge liquors and run between

25 - 35°C. The oxygen concentration was kept between 2-4 g02in"3 by intermittent aeration. The trend

lines were drawn for illustration.
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PARTIAL NITRITATION IN CSTR MODE AT HIGH AMMONIUM CONCENTRATION

Digester supernatant generally contains 600 - 1000 gNHt-Nm"3 and rarely 1500 gNHt-Nm"3.
However, numerous high-strength streams such as slaughterhouse effluents or source-separated
urine have ammonium concentrations up to 5000 - 10,000 gNHt-Nm"3 (Udert et al, 2003). In

these cases, the maximum dilution rate Dxmax for ammonia oxidation is reduced due to the

inhibitory effect of free ammonia (NH3), free nitrous acid (HN02) and the high salt content.

Ammonium bicarbonate (NFL1HCO3) was added to sludge liquors and fed to a CSTR operated at

29-31 °C. Significant evaporation up to 25% occurred due to the low dilution rate and high air

flow. The sum of ammonium and nitrite in the effluent given in Table 2 is consequently higher
than the ammonium concentration of the influent. In all four experiments, the dilution rate was

maintained for at least half a week in the range given for D^max.

Table 2: Maximum dilution rate as a function of the ammonia concentration of the feed

Influent Effluent Dx?rnax Temperature

Nitrogen source gNH4-Nm"3 gNH4-Nm"3 gN02-Nm"3 [d"1] [°C]

Supernatant 650 + 20 320 ±3 380 ± 20 0.80--0.95 29.4 ±0.2

Supernatant 700 ± 40 280 ± 20 420 ± 40 0.83--0.94 29.3 ±0.7

Supernatant & NH4HCO3 1430±30 880 ± 70 1020± 130 0.45--0.55 30.1 ± 1.0

Supernatant & NH4HCO3 4830±280 3080 ±90 3230 ±260 0.28--0.33 29.5 ±0.4

Compared to supernatant as the influent (650 - 700 gNHt-Nm"3), the maximum dilution rate was

only half as high with 1400 gNHt-Nm"3 in the influent and about a third with 4800 gNm"3,
respectively. It is obvious that partial nitritation of extremely ammonium-rich wastewaters in

CSTR mode requires significantly larger hydraulic retention times.

Increased nitrite production in a Sequencing Batch Reactor (SBR)

Process control: In contrast to CSTR operation, HRT and SRT are decoupled in an SBR.

Despite higher sludge ages, the nitrite oxidizers can be washed out permanently by appropriate

process control. In our experiments, the aerobic periods were kept as short as possible by turning
the air supply off whenever a minimum pre-set pH was reached. A typical SBR cycle after 160

days of operation is shown in Figure 9. Although 165 minutes were provided for nitritation, the

aeration was already switched off after 50 minutes because the pH dropped below the pre-set
value of 6.9. Although this meant a three-fold overcapacity, the nitrogen load could not be

increased due to limited performance in the subsequent anaerobic ammonium oxidation step.
Whenever the pH increased above 6.9 in the course of the cycle, aeration started again for a few

seconds. In the last month of the experiment, the aeration was stopped at pH 7.0 - 7.2 because

the nitrite to ammonium ratio in the effluent was best in this pH range (Figure 8). Thanks to

effective aeration, the pH increased only slightly during supernatant addition. Excess sludge
removal always occurred during the mixed period to achieve better control of the sludge age. For

a more continuous feeding of the anammox reactor, the effluent withdrawal was increased up to

100 minutes per cycle in the last three months of the experiment (Chapter 5).
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Figure 9: Process control in SBR mode after 160 days of operation. The aeration was switched off at pH = 6.9

Performance and reactor design: The SBR was operated for almost 300 days. The average

composition of the sludge liquors as well as the effluent characteristics are given in Table 3. The

overall nitrite to ammonium ratio in the effluent was 1.48 ± 0.14 gN02-Ng"'NH4-N, with higher
values at the beginning of the experiment when the minimum pH was set to 6.3. The nitrate

production was always below 1.5 gN03-Nm"3 and therefore even lower than in CSTR mode. The

oxygen consumption for heterotrophic COD degradation (determined separately, not

shown) was below 1% and thus negligible. No instabilities were observed throughout the

experiment. During the aerated period presented in Figure 9, the nitrite production rate

was 2.4 kgN02-Nm"3d"' (30.5 °C). In general, the nitrite production rate was at least

2.0 kgN02-Nm"3d"' in the range of 29 - 32 °C. The maximum operated hydraulic dilution rate

was 2.1 d1, but this could be enhanced up to 3 - 4 d"1 in view of the idle periods without

aeration. An HRT of 0.3 d is already sufficient at 30 °C when using sludge liquors as the influent

with 700 gNHt-Nm"3 and assuming 20% of the SBR-cycle length for sedimentation and

withdrawal.

Table 3: Composition of the sludge liquors and the effluent of the nitritation reactor in SBR mode (grab

samples). Total suspended solids in the reactor at 3 kgTSSm" (strongly influenced by the solids concentration

in the influent).

Parameter Influent (sludge 1îquors) Effluent

Unit Mean ± SD Measurements Mean 1 SD Measurements

NH4 gNm-3 675 ± 46 48 276 1 22 47

N02 gNm"3 2.1 ±3.6 44 407 1 30 47

N03 gNm"3 0.4 ± 1.1 34 0 5 1 0.3 45

Alkalinity molm"3 54.7 ±5.2 22 4.1 12.5 34

pH - 7.7 ±0.08 45 6.3-7.1 pre-set

Temp °C 26.7 ±2.4 44 30.6± 1.8 70

Alkalimty/NH4 - 1.1610.06 22 Not relevant

NOz-N/NRj-N - Not relevant 1.4810.14 47

Sludge age: Ammonium oxidizing bacteria were withdrawn by excess sludge removal as well as

in the clarified effluent. In a separate batch experiment, the oxygen consumption rate of this

effluent was 3 - 4% compared with the reactor content. In conjunction with 4 - 25% excess

sludge removal per day, the aerobic sludge age was always below 10 d but generally below 5 d.

Permanent suppression of nitrite oxidation despite increased sludge retention times is also

reported in the literature. Ammonium and nitrite oxidation do not occur simultaneously but

nitrite oxidation lags behind ammonia oxidation, leading to significant nitrite accumulation in
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intermittently aerated SBRs (Turk and Mavinic, 1989). No nitrate production was measured in an

SBR with 10 minutes aeration every 20 minutes at a sludge age of 24 days (Pollice et al, 2002).
This is in accordance with the 97 - 98% ammonium oxidation to nitrite for the full-scale

rejection-water treatment at the WWTP Salzburg (Austria) at a sludge retention time of 10 d

(Wett, 2001). At the WWTP Berne (Switzerland) too, sludge liquors are mainly denitrified via

nitrite at elevated sludge ages (Fux et al, 2002a). So sludge retention does not necessarily
exclude stable nitrite production.

CONCLUSIONS

Stable nitritation in CSTR and SBR modes is based on the higher growth rate of the ammonium

oxidizers at elevated temperatures in comparison with the nitrite-oxidizing bacteria. The SRT is

either controlled by the aerobic HRT in CSTR operation or by excess sludge removal as in SBR

mode. The operational stability under practical conditions is consequently a relevant selection

criterion. Rather large reactors are required in CSTR operation but little control is needed apart
from the aerobic HRT. Due to biomass retention, the reactor volume is significantly reduced in

SBR mode, but limits are set by the intense aeration requirement and the biomass retention,
which depends essentially on the solids content in the influent. A detailed analysis of the sludge

digester production and composition as well as of the type of the following anammox reactor

must be performed in advance.
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ABSTRACT

The feasibility of anaerobic ammonium oxidation is demonstrated on a pilot scale by using

partially mtnfied sludge liquors A sequencing batch reactor (SBR) was operated at a long-term

average specific removal rate of 0 8 - 0 9 kgNm3d_1 or 0 12 - 0 16 gNg^TSd"1 At a hydraulic
dilution rate of 15 d"1, between 87 - 89% of the nitrogen was removed (30 °C) Reddish

granules 1-2 mm in diameter were produced, but these particles contnbuted only to a minor

extent to the overall anammox activity The only chemical dosed was hydrochloric acid

(0 09 molHClmor'NHt-Nremoved) to maintain an optimal pH of 8 0 The conductivity but not the

redox potential proved to be a suitable parameter for process control Permanently increased

mtnte concentrations have a toxic effect on anammox bactena, but no detnmental influence

could be detected at the recurrent 60 - 70 gNC>2-Nin3 caused by the SBR mode Although
efficient biomass retention was maintained, the nitrogen removal performance could only be

doubled withm a month Start-up with activated sludge will consequently take up to half a year

provided a minimum sludge age of two months is maintained The minimum hydraulic retention

time required for partial nitntation with subsequent anaerobic ammonium oxidation is around 1 5

days depending on the ammonium concentration of the supernatant and excluding preceding

storage facilities in case of intermittent sludge dewatenng

INTRODUCTION

Due to more stringent effluent requirements and taxes on nitrogen, many wastewater treatment

plants (WWTP) face the prospect of plant extension Such a cost-intensive project could be

circumvented or delayed by separate biological treatment of the return liquors from sludge

dewatenng, which amount to 15 - 20% of the nitrogen load to the mam stream Up to now only a

couple of applications have been implemented and all of them operate on the basis of

conventional nitrification/denitrification (eg Fux et al, 2002a, Wert et al, 1998, Karsson,

1994) Due to the very unfavorable COD N ratio of the sludge supernatant, an external electron

donor such as methanol is always required even if denitrification is run over nitrite as in the

Sharon process (van Kempen et al, 2001)
Since the discovery of the anammox process - in which ammonium is converted to nitrogen gas

with nitrite as the electron acceptor (van de Graaf et al, 1996) - completely autotrophic nitrogen

removal without COD addition and minimum sludge production has been possible Partial

nitntation and anaerobic ammonium oxidation can be implemented in a single reactor under

oxygen-limited conditions (Helmer-Madhok et al, 2002, Sliekers et al, 2002), but also m two

separate processes in senes as discussed in this study (partial nitritation/anammox) Stable partial
nitntation in different reactor systems was already discussed in Chapter 4 In this report, special

emphasis is placed on the feasibility of anaerobic ammonium oxidation in sequencing batch

reactors with suspended biomass Suitable process-control parameters as well as a start-up

procedure are descnbed Design parameters for an overall application with partial
nitritation/anammox are also presented
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MATERIALS AND METHODS

Design and operation of the pilot plants

Two anammox pilot plants (hereafter called PI and P2; Vmax = 1.7 and 1.2 m3 respectively) were

run in SBR mode with suspended biomass, both in combination with preceding partial nitritation

(Chapter 4). Sludge liquors from the Werdhölzli WWTP (Zurich) were used as the influent.

None of the reactors were covered, resulting in oxygen input by stirring but also via the feed.

The pH was controlled at 7.9 ± 0.1 with 2 M HCl. The anammox reactors were inoculated with

excess sludge from the Kölliken WWTP which already contained anammox bacteria (Egli et al,

2001).

The design and start-up of PI are described in detail in Fux et al 2002b. In these experiments,

partial nitritation and anaerobic ammonium oxidation were both run in SBR mode. Two

operational settings were tested according to Figure 1. For the first 180 days, up to 25% of the

anammox reactor volume was replaced per cycle within 30-40 minutes (rapid filling), leading
to 60 - 70 gN02-Nm"3 after filling. After serious inhibition, the anammox biomass from PI and

P2 (see below) was completely exchanged. At the second setting (slow filling), the décantation

period of the nitritation reactor was increased by a factor of five for another three months.

Subsequently, the nitrite supplied did not accumulate (< 10 gN02-Nm" ) in the anammox reactor.

Rapid filling mode Slow filling mode

/ level

/

L

Filling

Stirring/anammox reaction ss-a,-*, «.«

Sedimentation

Withdrawal (to WWTP)

Figure 1: Operation of Plin SBR mode. One cycle for both experimental settings is shown. Due to rapid

filling (left), the nitrite concentration was initially rather high. Décantation from the preceding nitritation

step was thus performed over an extended time period (another three months, slowfilling, right). The nitrite

concentration was consequently always rather low. The second filling within both cycles represents the

excess sludge removal from the nitritation reactor, which was also pumped to the anammox step.

Pilot plant P2 was operated for more than 1.5 years and served as an anammox biomass pool in

case of problems in PI so that all the biomass would not be lost at once. P2 consisted of

continuous partial nitritation in a 2 m reactor followed by a small storage tank (0.1 m3) for the

removal of suspended solids and oxygen depletion. The subsequent anammox SBR was filled

continuously for four hours with clarified water from this storage tank and some additional raw

supernatant. Thereafter, the stirrer and the influent pumps were switched off for one hour before

a motor-driven valve opened for 12 minutes to induce effluent withdrawal by gravity.

Activity tests of thedifferent sludge fractions

The anammox sludge consisted of a brown fraction and reddish clusters. First, biomass from PI

was used to measure the reference activity (4.6 kgCODm3). In a second experiment, the nitrogen
elimination rate of the brownish cluster-free suspension was determined. Within five

sedimentation steps in series, the brown fraction was retained and the reddish granules were

discarded. Due to this preparation procedure, the brown sludge fraction used in the activity test

(4.6 kgCODm ) had a 6% higher concentration than in the reference. The third batch experiment

NO,
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contained only concentrated reddish particles (2.6 kgCODm"3) collected from 20 liters of

reference sludge. All activity tests were performed in a separate airtight glass batch reactor

mixed with a magnetic stiner. After filling with sludge, 40 - 60 gNFLj-Nrh3 and 50 - 70

gN02-Nm"3 were added, followed by N2 sparging for 2 - 3 minutes. The pH was kept constant at

7.8 by 0.1 M HCl titration.

Analytical procedures

Analytical procedures were performed as described in Fux et al, 2002b. Analytical test strips
were used for rapid semi-quantitative nitrite and ammonium determination (Merck,
10 - 400 gNFUm"3 and 2-80 gNQjm"3 respectively). Total solids (TS) were determined by

evaporation at 105 °C until a constant weight was reached. In contrast to the concentration of

total suspended solids (TSS), which is based on filtration, the total solids included the salts. In

earlier experiments with sludge liquors from the same WWTP, the salts made up 0.75 kgTSrri3.

RESULTS AND DISCUSSION

Nitrogen elimination performance in rapid and slow filling modes

The operational parameters and results for PI are given in Table 1. Although the average nitrite

concentration in the rapid filling mode was considerably higher than in the slow filling mode

(Figure 1), the nitrogen elimination potential was quite similar. No better performance could be

demonstrated by preventing temporarily increased nitrite concentrations, although this might
have been expected (Strous et al, 1999).

Table 1: Operational parameters and results for anaerobic ammonium oxidation in pilot plant PI. Average
values are given in brackets. For better comparison of the two operational settings, only the last 87 days were

considered for the rapid filling mode (Av. = average).

Parameter Unit Rapid filling Slow filling

Duration Days 87 88

Influent Effluent from nitntation [m3d-'] 0-3.0(2 1) 0-3 4(2 1)

Raw sludge liquors [mV] 0-0 48(0 21) 0-0 52(0.25)

Total influent [nrV] 0-3 2(2 3) 0-3 9(2.3)

Ammonium gNm"3 282 ± 33 280 ± 21

Nitrite gNm"3 409 ± 52 396 ± 34

Nitrate gNm"3 05±03 05±02

N02-N NH4-N ratio [-] 1 52 ±0 13 1 42±0.13

Reactor Total solids at V = 1 4 m3 [kgTSm"3] 3.9-8 3(5 7) 5.1-8 6(7 1)

Temperature [°C] 30.9±2 0 288± 1.1

pH [-1 7.9 ± 0 1 79±0.1

Sedimentation [mincycle"1] 15-30 30

Effluent Ammonium gNm"3 60 ±32 51 ±32

Nitrite gNm"3 20±27 0.5 ±04

Nitrate gNm"3 30± 12 26 ± 11

Performance Av specific N elimination gNgTS-'d"1 016 0 12

Av specific N elimination gNm"3d"' 910 840

Av percentage ofN elimination [%] 87 89

Av hydraulic dilution rate (E>h) [d"1] 1 5 1 4

Maximum E>h [d'] 1 9 2.4
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In both experimental settings, 87 - 89% of the nitrogen was removed. This could be enhanced to

90 - 95%o with optimized addition of the raw sludge liquors. Higher elimination rates cannot be

achieved due to nitrate production in the anammox step. In addition, ammonium must always be

added in excess to prevent nitrite accumulation. The specific nitrogen elimination rate was 0.12 —

0.16 gNg^TSd"1 on average. A maximum hydraulic dilution rate of 1.9 - 2.4 d" could not be

exceeded.

After 170 days of operation in the rapid filling mode, a hydraulic dilution rate of 1.9 d"1 was

achieved but 10 - 40 gN02-Nm3 remained in the effluent throughout the following week despite
the dilution rate being decreased to 0.2 d"1 in steps. Between 80 - 90% of the anammox activity
was lost within one week without significant changes in the total solids concentration (Figure 2,

days 170 - 177, arrows indicating nitrite-containing effluent). The anammox activity did not

recover in the following month. Whether this serious performance loss was due to repeated
increased nitrite concentrations up to 60 - 70 gN02-Nrh3 after filling or was caused by

permanent nitrite concentrations of at least 10 gN02-Nrn3 for a week was not yet evident.

Accordingly, the anammox contents from PI and P2 were exchanged and PI was run for an

additional three months in the slow filling mode. Howe\er, the total potential of the nitrogen
removal could not be enhanced as discussed above.

^
^J[J, nitrite in effluent rj, ^ |

— 2 - rapid filling slow filling

o *

*- 0 -I 1 1 1 1 1 1

0 50 100 150 200 250 300

Days

Figure 2: Total solids concentration in PI for both operational settings. The thin arrows indicate when

nitrite was measured in the effluent (< 20 gN02-Nm" , grab samples). The thick arrows show the extended

nitrite-containing period at the end of the first investigation period.

Suspended solids in the sludge liquor andsludge composition in the anammox

reactor

The concentration of suspended solids in our supernatant was generally below 0.5 kgTSSm .

The particles consisted of single microorganisms, fractions of filamentous bacteria, small flocks

and anorganic matter (Figure 3, left). No further sedimentation took place even after several

hours. The amount of these small particles was significantly reduced in the nitritation reactor but

also in the anammox step, most probably due to degradation and adsorption. However, a major
fraction passes the reactors without interaction, making it rather difficult to determine the

anammox sludge-retention efficiency. The formation of biomass with high sedimentation

velocities in the anammox SBR contrasted with the very poor sedimentation capacity of the

suspended solids from the sludge liquors and led to the selective retention of solids.
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Figure3: Phase-contrast micrographs from sludge liquor (left) and a granule in the anammox reactor

(right). White bars represent 100 u,m in both pictures.

Figure 4 shows the composition of the anammox sludge after sedimentation for 30 minutes in a

1 L cylinder. A small volumetric fraction (always below 3%) of reddish granules at the bottom is

of special interest. These dense clusters (Figure 3, right) were up to 1 - 2 mm in diameter and

sedimented quite quickly. This was followed by a brown sludge layer also containing some red

granules of smaller size. This fraction resembled activated sludge and comprised a much higher
volume. The amount of floating sludge varied considerably and often contained gas bubbles. As

soon as this biomass was partly lost by withdrawal, the concentration of solids in the reactor and

the nitrogen elimination rate decreased. In any case, the input of solids from the nitritation step

originating from supernatant or nitrifiers should be minimized as far as possible in order not to

hamper sludge retention in the anammox SBR reactor.

Floating sludge: 3.5 %

(containing only few clusters)

Treated supernatant: 64 %

(low solids concentration)

Sedimented sludge: 31 %

(brown, some clusters)

Clusters: 1.5% (red)

Figure 4: Fractions of anammox sludge after sedimentation for 30 minutes in a 1 L cylinder. The red

granules made up only 1 - 3% of the total volume.

The literature leads us to expect that the anammox activity should be found mainly in the red

cluster fraction (Strous et al, 1998). The formation of granulated sludge is an essential

precondition for the compact IC anammox reactors (internal circulation reactors). However, this

assumption could not be confirmed in our batch experiments. The nitrogen removal rate of the

reference sludge was equal to that of the brown fraction (Table 2), both of them being more

flocculent than granular. The specific volumetric degradation rate of the red granules was less

than 2% of the overall activity. Also referred to the biomass concentration, the degradation rate

of the red clusters was only 0.11 ± 0.04 gNg'CODd"1 compared to 0.37 ± 0.01 gNg'CODd"1 of

the reference. These findings were confirmed by an additional control experiment in which the

red particle activity was again only 0.21 + 0.01 gNg"'TSSd"'. In addition, we often observed a

disappearance of the clusters without activity loss when filling new reactors with anammox

biomass. The granules probably broke apart and were no longer visible to the naked eye but

remained in the brown fraction. This would also explain the activity decrease which led to the

loss of floating brown sludge during the withdrawal.
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Table 2: Specific elimination rates of the different sludge fractions in PI (sum of NH4-N and NO2-N

degradation).

Experiment Concentration Specific elimination rates

Reference 4612±6gCODm3 1710±40gNm3d' 0 37 ±0 01 gNg 'CODd'

Brown fraction 4338±56gCODm3 1680±50gNm3d' 0 39 ±0 01 gNg 'CODd'

Reddish granules 274±56gCODm3 30±10gNm3d' 0 11 ± 0 04 gNg 'CODd'

Growth rate and solids retention

The maximum specific growth rate (Umax) of the anammox bacteria is rather low In pilot plant
PI with an estimated biomass retention efficiency of 95% we calculated Li = 0 024 d" (Fux et al,

2002b) In another expenment in the same reactor, we discharged half the sludge volume and

observed a remaining nitrogen elimination rate of 1 33 kgNrri3d '
After eight days of operation

2 2 kgNm3d '
were achieved (+ 65%) with a concomitant solids increase corresponding to |_i =

0 063 d"1 This value is in accordance with the u. = 0 065 d"1 reported m Strous et al, 1998, but

still low compared with nitrifiers At lower temperatures around 25 °C m pilot plant P2, about

three to four weeks were necessary to double the load of removed nitrogen Effective biomass

retention is consequently essential for successful operation and the sludge age should be around

two months at least

In both experimental modes, a sludge concentration of 9 0 kgTSm3 could not be exceeded

(Figure 2) although no excess sludge was withdrawn Whenever no mtnte was detected m the

effluent, the nitrogen load was increased, leading to biomass accumulation (eg t = 19 - 66 or

141 - 162 days) The effluent withdrawal pipe was installed 10 - 50 cm below the water surface

to keep the floating sludge in the reactor Sedimentation often deteriorated during penods
overloaded with surplus nitrite (mostly just after increased loading) Nitrogen gas bubbles

produced dunng sedimentation attached to the sludge, leading to flotation when withdrawal was

already active However, no definite correlation could be determined between nitrite

concentration and loss of biomass Good sedimentation without flotation was also observed

when the reactor contained up to 10 gNÛ2-Nm3 On the other hand, the biomass concentration

also decreased when no mtnte at all was present dunng the sedimentation phase (t = 238 - 249

days)

Acid consumption

Many factors have a major impact on the process pH Autotrophic and heterotrophic
demtnfication increase the pH while our expenments showed that the poorly buffered feed from

the nitntation step had an acidifying effect The amount of acid addition depends on the pH
selected m the anammox reactor In a separate expenment with no acid supply, the pH increased

to 9 3, causing complete loss of activity (Chapter 4) In our long-term expenment m the rapid

filling mode, about 0 09 mole of hydrochlonc acid was added per mole of ammonium removed

to keep the pH between 7 8 and 8 0, which is less than the 0 13 molHClmoI^NIdVN reported m

Strous et al, 1998 As long as the alkalinity to ammonia ratio m the sludge liquors lies m the

range of 1 1 - 1 2, the addition of the approximately 0 1 molHClmol'NHi-N removed m the

anammox reactor should be sufficient to keep the pH around 8 0 In relation to the ammonium

present in the sludge liquors, a dosage of about 0 05 molHClmor'NFLt-Nremoved (corresponding to

0 13 gHClg'NFL;-Nremoved) is required
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CONTROL OF THE ANAMMOX PROCESS

Nitrite and ammonium: The anammox process can be sufficiently controlled by daily semi¬

quantitative ammonium and nitrite measurements with simple test strips during sedimentation or

withdrawal. Although these strips do not provide a very accurate analysis, they deliver a rapid

insight into the momentary state of the process. Prolonged nitrite accumulation must be

prevented in any case due to its toxic effects on anammox bacteria. Unlike manual random

sampling, on-line nitrite analysis in the effluent would allow permanent monitoring. The influent

could be switched off automatically as soon as more than 5-10 gN02-Nm~ were measured.

However, the ammonium and nitrite concentrations in the effluent must always be evaluated

together. The detection of nitrite but no ammonium is due to an unfavorable nitrite to ammonia

ratio in the influent which can be prevented by proper aeration control on a pH basis in the

nitritation reactor (Chapter 4). The accumulated nitrite can be removed by direct addition of raw

sludge liquors and there is no need for dilution with nitrogen- free processing water. On the other

hand, whenever nitrite and ammonium are both present in large amounts in the effluent (each
> 5 - 10 gNm3), the reactor is overloaded and the nitrogen input must be reduced or even

switched off immediately.

pH: The pH must be controlled at about 8.0 by acid addition. Complete loss of activity by

permanent acid dosage due to a broken pH sensor must be avoided. Accordingly, it is strongly
recommended to install a second monitoring sensor which stops the acid pump at, say, pH = 7.0

under all circumstances.

Total solids: Proper sedimentation must be guaranteed in sequencing-batch reactors. A

decreasing tendency in the solids concentration can be due to an insufficient sedimentation phase
or inefficient effluent withdrawal facilities. Such technical deficiencies must be corrected as

quickly as possible. During the start-up period with activated sludge (see below), the biomass

concentration will naturally decrease due to washout and decay of heterotrophic bacteria.

Conductivity: On-line conductivity measurements correlated well with the ammonium

concentration (Figure 5). The minimum conductivity observed in the absence of ammonium was

1.0 mScm1. However, many other ions such as nitrite, nitrate or bicarbonate interfere with the

measurements. Theoretically, 100 gNFLt-Nm"3 conespond to 0.53 mScrh1 at 25 °C

(CRC Handbook, 1995) but according to Figure 5 the conductivity rose by 0.74 mScm1 per

100 gNHi-Nrrï in our experiments because an ammonium increase is also accompanied by

higher bicarbonate concentrations.
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Figure 5: Correlation of ammonium concentration and conductivity in the anammox reactor using

supernatant as influent. The conductivity rose by 0.74 mScm"1 per 100 gNH^-Nm" (25 °C).

The ammonium concentration and conductivity measurements for an SBR cycle in rapid filling
mode are shown in Figure 6 (left). The nitrogen elimination rate can be described by a
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conductivity gradient, indicated by "rcor,d" for this cycle. This gradient decreases whenever the

anammox process is inhibited. As an illustration, a two-week period at the end of the rapid filling

experiment is shown in Figure 6 (right). The nitrogen loading was increased on t = 165 days,

resulting in a lower conductivity gradient for unknown reasons. For the following six days, this

activity loss could not be detected with nitrite analysis in the effluent because enough excess

capacity still remained, leading to complete nitrite reduction. However, after losing

approximately 40% of the performance, nitrite appeared (Figure 6, right, t = 171 days).

Consequently, the conductivity gradient can be used as a warning indicator before nitrite is

measured in the effluent. Unfortunately, this gradient is not directly apparent from on-line data.

Figure 6 (left) shows that the conductivity remained constant whenever the anammox process

stopped due to nitrite depletion. The length of this constant period also correlates with the excess

capacity of the anammox process. A continuous reduction of this idle period indicates activity
loss and is directly visible on conductivity diagrams. Although conductivity measurements help
in operation, automatic process control will be difficult due to variations of the background ion

composition.
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Figure 6: Ammonium concentration and conductivity measurements during an SBR cycle in rapid filling
mode (left). "rcond" shows the conductivity gradient for this cycle. The measured gradient for each SBR cycle
as well as the inlet flow are shown for a period of 14 days on the right. No conductivity gradient exists in

slow filling mode.

Redox potential: The nitrite concentration could not be estimated by redox potential
measurements because some nitrate was always present. The redox potential would only drop

significantly in case of nitrite and nitrate depletion, which is a very unusual case (e.g. during
anaerobic sludge storage). The nitrate production has the advantage of ensuring that sulfate

levels will never be reduced, which would be rather toxic for anammox bacteria (van Dongen et

al, 2001).

Partial nitritation/anammox: Choice of reactors and process design

A possible flow sheet for partial nitritation/anammox in SBR mode is shown in Figure 7.

Whether a preceding buffer tank [A] is required or not depends on the operation of the sludge

dewatering facilities and on the size of the nitritation reactor. In any case, the sludge liquors
should be kept as warm as possible in order to take advantage of the higher growth rate of

ammonium oxidizers compared with nitrite oxidizers for stable nitritation (Hellmga et al, 1998).

Comprehensive guidelines for full-scale nitritation design in various reactor systems (CSTR,

SBR) are given in Chapter 4. As an option, an SBR with an HRT of 0.25 - 0.5 d, depending on

the ammonium concentration in the influent, is presented in Figure 7.

Anaerobic ammonium oxidation applications with suspended biomass are very promising with

regard to high degradation rates as well as simple and stable operation. In both our SBR pilot

plants, the minimum HRT was attained at 0.5 d at 25 - 30 °C and 600 - 700 gNm3 in

the influent. The highest nitrogen elimination rates measured at 30 °C were around
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2.5 kgNm3reactord"1 or 0.3 kgNkg"1TSd"1. For long-term operation, however, the HRT was in the

range of 0.5 - 1.0 d. Apart from the specific nitrogen elimination rate, the required reactor size is

even more dependent on successful biomass retention. Given a sludge age of two months, an

HRT of 1 d is appropriate for full-scale SBR design at 30 °C (Figure 7, [C]). Basically, no

storage tank is needed in front of the anammox step as initial nitrite concentrations after filling in

the range of 60 - 70 gN02-Nrh3 have no negative effects.

As an option for a simple construction, two identical reactors each with an HRT of 1 day could

be built. The first tank is divided for storage and partial nitritation, anaerobic ammonium

oxidation taking place in the second reactor. All sediments as well as the decanted water are

finally treated in the activated sludge tank of the WWTP. In case the anammox reactor is

temporarily in a poor state, partially nitrified sludge waters could also be conveyed directly to

the main stream.

optional

Cß>

Reactors (HRT)
A: (Insulated) buffer tank (0.5 d)

B: Nitritation SBR (0.25 - 0.5 d)

C: Anammox SBR (1 d)

D: Acid storage

Flows

1: Sludge liquors (0.5- 1.5 kgNftrNm3)
2: Influent for nitritation

3: By-pass to fulfill stoichiometry

4: N02:NH4 mixture

5: By-pass to activated sludge system

6: Acid addition

7: Sedimented solids

8: Excess sludge (controlled)

9: Excess sludge (few/none)

10: To activated sludge system or

primary clarifier

Figure 7: Proposed reactor configuration for partial nitritation and anaerobic ammonium oxidation in two

separate reactors in series both in SBR mode. Buffer tank (A] is optional depending on sludge dewatering.

All other anammox applications tested had various disadvantages. We operated a standard

activated sludge system for a couple of months but biomass retention was often poor due to

floating sludge on the secondary clarifier. On the other hand, no biomass was lost in the

membrane reactors, resulting in high specific degradation rates (Joss et al, 2001). In contrast to

the SBR, however, the solids from the sludge liquors were not washed out selectively but

completely retained. Depending on the concentration of solids in the supernatant sludge,
accumulation of inert material in the reactor may be problematic, necessitating extensive

removal of excess sludge and consequently leading to a low anammox sludge age. In addition,
the investment and operational costs are rather high for membrane reactors, which have no

significant advantage over an SBR. Similarly, economic considerations and operational aspects

(mixing problems, local nitrite toxicity) provide arguments against a fixed-bed application

(Chapter 4).

The Dutch inventors strongly favor reactors which support anammox granule formation such as

"expanded granular sludge bed reactors" (EGSB reactors) or 'Internal circulation reactors" (IC

reactors). The first full-scale IC application was put in operation in the summer of 2002 in

Rotterdam (NL) and further plants are planned for the near future. In the last ten years, various

patents have been published on partial nitritation/anammox: the application numbers of the most

relevant are "97202539.9" (Heijnen and van Loosdrecht, 1997), "09/237,603" (Heijnen and van

Loosdrecht, 1999) and "PCT/NL99/00446" (Dijkman and Strous, 1999).
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Start-up of partial nitritation/anammox

Stable nitritation can be achieved within two weeks, as described in Chapter 4. No major

problems are expected. The start-up of anaerobic ammonium oxidation is more complicated due

to the low specific growth rate, the oxygen and nitrite sensitivity as well as the small number of

anammox bacteria present in the activated sludge (Egli et al, 2003). Inoculation with nitrifying
low-loaded activated sludge combined with careful feeding with partially nitrified digester
effluent as described in van Dongen et al (2001) consequently takes a few months for an

enriched anammox culture to be obtained. As long as no full-scale plant is available for efficient

inoculation, no other method exists for start-up. In our case, all the pilot plants were inoculated

with excess sludge from the Kölliken landfill WWTP, which already contains the target culture

(Egli et al, 2003).

CONCLUSIONS

Compared to classical nitrification/heterotrophic denitrification, the energy and COD

consumption can be significantly reduced and almost no excess sludge has to be disposed of by
anaerobic ammonium oxidation. The only chemical needed is some acid to keep the pH constant.

The anammox process is very efficient for removing nitrogen from high-strength wastewater as

long as the following basic conditions are fulfilled:

• No nitrite accumulation (> 20 - 40 gN02-Nm"3) over extended time periods (> 24 h) and

oxygen-free conditions.

• Good biomass retention (sludge age at least two months). The input of solids into the SBR

should consequently be minimized as far as possible.
• Finally, considerable patience is required during the start-up period.
The use of anammox in the main stream of the WWTP still represents a challenge for future

research due to the low ammonium concentration, the bw temperature and the high solids and

COD content of the wastewater.
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ABSTRACT

The feasibility of anaerobic ammonium oxidation (Anammox) in fixed-bed reactors was

evaluated on laboratory and pilot scales. Using synthetic wastewater, the specific nitrogen
removal rate was increased from 0.05 - 0.1 kgNm^eactord"1 to 0.35 - 0.38 kgNm^reactord"1 within

a year (T = 22 - 27 °C) in all applications. However, the anammox activity was seriously and re¬

peatedly inhibited at prolonged high nitrite concentrations (e.g. six days at 30 - 50 gN02-Nm"3)
and recovery was always a lengthy process. But even at a moderate nitrite concentration

(11 ± 10 gN02-Nm3), the observed specific growth rate was only 0.018 d1 at 26.4 ± 0.8 °C,
which corresponds to approximately 0.025 d at 30 °C (doubling time: 28 days). In order to

prevent toxic alkaline conditions (pH > 9.0), the bulk pH was controlled at 7.7 with hydrochloric
acid addition (0.12 molHClmor'NELi-Nremoved)- m a second experimental period for another 250

days, one of the laboratory reactors was fed with partially nitrified sludge liquors from a

domestic wastewater treatment plant (WWTP). In this case, the specific elimination rate was as

high as 3.5 kgNmRetord"1 at 26 - 27 °C. Independently of the feed, the average nitrogen
elimination rate lay between 80 - 85% in all applications because ammonium was generally
added in excess, but even more nitrogen could be eliminated with an optimized nitrite-to-

ammonium ratio in the influent. In any case, an appropriate hydraulic design is essential to

prevent clogging and local nitrite inhibition in fixed-bed reactors.

KEYWORDS

Anammox, nitrogen elimination, fixed-bed reactor, ammonium-rich wastewater

INTRODUCTION

Sustainable nitrogen elimination from ammonium-rich wastewater with a low biodegradable
COD content seems to be feasible via anaerobic ammonium oxidation - a novel process in which

ammonium is converted to nitrogen gas with nitrite as the electron acceptor (van de Graaf et al,

1996). Given long-term stable operation, this anammox process offers remarkable advantages.
The required oxygen demand for nitrification is reduced, no organic carbon source is needed and

relatively low excess sludge production with marginal disposal costs can consequently be

expected (Strous et al, 1997). The reported maximum specific growth rate for the anammox

bacteria is only 0.065 d1 (Strous et al, 1998), conesponding to a doubling time of 11 days.
Hence efficient sludge retention, which can be successfully achieved in biofilm applications, is

essentiaL

In this report, we focused on the potential of anaerobic ammonium oxidation in fixed-bed

reactors fed with a synthetic medium or partially nitrified sludge-digester effluents. Special
attention was given to the start-up period and long-term operation to ensure stable nitrogen
elimination at high specific rates.
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MATERIALS AND METHODS

Laboratory and pilot plants

Two laboratory fixed-bed reactors (hereafter called FBR 1 and FBR 2) and a pilot plant (FBR 3)
were used in these experiments. All non-transparent reactors were inoculated with anammox

bacteria containing sludge which was scraped off from a rotating biological contactor treating
leachate from a landfill in Kölliken (Switzerland, Egli et al, 2003). The leactor sizes, carrier

material and specific surfaces are presented in Table 1. All three reactors were intermittently

sparged with N2 for anaerobiosis (between 15 - 240 seconds every 2-4 hours). Mixing was

provided by an external recirculation pump. For the first 1-3 months of operation, the reactors

were operated manually in batch mode, and ammonium, nitrite and minerals were added after

depletion. Thereafter, a synthetic influent was continuously taken at room temperature from non-

stirred storage tanks which were also sparged with N2 for the laboratory reactors. The tubes and

plugs were made of butyl and nitrile rubber. In a second phase, FBR 2 was supplied with oxygen

containing effluent from a nitritation reactor (Fux et al, 2002), but some supernatant was

directly added to prevent nitrite accumulation. In all experiments, the pH was kept constant at a

pre-set value by the addition of 0.1 - 1 M HCl. The temperature was monitored but not

controlled (room temperature).

Table 1 : Laboratory and pilot-plant reactor used in our experiments. All reactors were continuously fed. The

carrier material was obtained from VA TECH WABAG (Switzerland). PP = polypropylene, PVC = polyvinyl

chloride, syn
= synthetic medium, liq = sludge liquors.

Reactor FBR1 FBR 2 FBR 3

Hydraulic volume [L] 3.5 3.5 120

Fixed bed volume [L] 2.54 2.54 70

Carrier material PVC° PVC0 pp2)

Specific surface [m2m"3] 250 250 90

Feed syn syn/liq syn

Generally used for
'

'trickling filters or 'fixed-bed reactors

Influent medium

The synthetic influent contained in 1 L tap water comprised 0.19 - 1.4 g NH4CI, 0.25 - 2.0 g

NaN02, 17.5 mg Na2HP04-2H20, 13.9 mg KH2P04 and 0.1 mL trace element solution 1. Trace

element solution 1 (per liter demineralized water): 10.1 g NTA, 14.46 g MgS04-7H20, 3.33 g

CaCl2-2H20, 9.8 mg (NH06 Mo7024, 99.3 mg FeS04-7H20 and 10 mL trace element solution 2.

Trace element solution 2 (per liter demineralized water): 12.5 g EDTA, 54.8 g ZnS04-7H20,

45.7 g FeS04, 7.7 g MnS04H20, 1.97 g CuS04-5H20, 1.03 g CtCo-6H20, 0.89 g

Na2B4O7T0H2O, 2.5 g NiCl2-6H20 and 0.5 mL 98% H2S04. For FBR 3, the phosphorus content

in the influent was increased to 240 mg Na2HP04-2H20 per liter after 65 days of operation. The

tap water contained 5 mM alkali and 3 gN03-Nrn3 on average. In addition, the influent to the

laboratory reactors (FBR 1 and FBR 2) also included 3 gm"3 of a yeast product (approx.
1 gCODg"'yeast). All chemicals used were of analytical grade and were ordered from FLUKA or

MERCK (Switzerland).

The sludge liquors were obtained from the sludge dewatering facilities of the Werdhölzli waste¬

water treatment plant (WWTP) in Zurich. The composition of the supernatant was similar to that

described in Fux et al, 2002. The ammonium concentration ranged from 500 - 750 gNHt-Nm3,
about 50 - 60% of it being nitrified to nitrite. No nutrients were added.
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ANALYTICAL procedures

Analytical procedures for ammonium, mtnte, nitrate and alkalinity were performed as descnbed

in Fux et al 2002 The phosphate concentration was measured colorimetrically by means of flow

injection analysis (FIA) The inflow for the laboratory reactors was calculated by weighing the

storage tanks at specific intervals, the density of both feeds being assumed to be

1000 kgm"3

CALCULATIONS

All calculated specific nitrogen elimination rates (kgNrri3reactord"1) are based on the fixed-bed

volume and not on the hydraulic size of the reactor The observed anammox growth rate is based

on exponential fits to the nitrogen turnover rates according to Equation 1

(1)
p. t

r =r e
l

Ni,t Ni,t0

where r Elimination (NH4-N, NO2-N, Ntotai) or production rate (NO3-N) at a

defined time t

rNl t0
Initial elimination or production rate Not relevant in this context

p. Calculated observed growth rate of the bacteria with respect to any

nitrogenous species 1

RESULTS AND DISCUSSION

Nitrogen elimination with synthetic feed

All fixed-bed reactors were run up to three months m semi-batch mode for biomass attachment

of the inoculum Thereafter, continuous feeding was installed In the course of the experiment,
the nitrogen load was enhanced either by increasing the inflow or the ammonium and mtnte

concentrations The improvement of the nitrogen removal activity was much slower than

expected and the elimination rates were rather modest even after a year of operation No more

than 0 35 - 0 38 kgNm3reactord '
was removed m all three reactors (Table 2) The temperature

ranged from 22 °C to 27 °C

Table 2: Anaerobic ammonium oxidation in fixed-bed reactors. Only the periods fed with synthetic influent

are presented. The ammonium effluent concentration always averaged 20 - 40 gNHj-Nm3.

Reactor FBR1 FBR 2 FBR 3

Duration Days 383 331 245

Influent concentration gNH4-Nm
D

50 - 220 50- 190 170- 370

gN02-Nm
3

50 - 260 50 - 240 200-400

Influent load gNm3reactord' 80 - 420 70 - 550 140-440

Temperature °C 27 ± 1 25 ± 1 22 ±3

pH (controlled) - 73-79 73-79 7 8± 0 1

Phosphorus gPmJ 3 6± 1 0 36± 1 2 33 ± 14

Alkalinity mM 3 3+11 34±07 23±05

Nitrite in effluent gN02-NmJ 21 ± 21 18± 17 45±34

Initial elimination rate gNm3reacord1 50- 100 50 - 100 60

Maximum elimination rate gNm Reactord' 350 380 350

Nitrogen turnover [NH4-N degradation 1 1 38 ±0 15 1 1 34±0 12 1 1 23 ± 0 05

N02-N degradation NO3-N production] 0 19 ±0 06 0 1810 05 0 20 ± 0 02
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The overall stochiometrical ratio of ammonium and nitrite consumption and nitrate production
was 1:(1.32±0.08):(0.19+0.01), which is rather similar to the 1:(1.31±0.06):(0.22±0.02) reported

by van de Graaf et al, 1996. In order to maintain an optimal pH of around 8.0 (Egli et al, 2001 ;

Strous et al, 1997), hydrochloric acid was dosed. In FBR 3 the acid consumption was measured

for 130 days of operation, 0.12 ± 0.01 molHCl being consumed per mole of ammonium removed

(average pH = 7.7). This is in accordance with Strous et al, 1998, who reported an overall

anammox equation with a proton consumption of 0.13 molH+mor1NH4-Nremoved to keep the pH
constant. In several preliminary experiments without acid addition, the pH increased to 9.3,

resulting in complete loss of activity.

The low increase of the nitrogen elimination rate is mostly due to severe and irreversible nitrite

inhibition as shown in Figure 1 for FBR 1 and FBR 2, and similar results were also obtained for

FBR 3 (not shown). In FBR 1, recunent nitrite concentrations above 50 gN02-Nm3 caused a

rather modest performance during the first eight months of operation. The negative influence of

high nitrite concentrations was even more obvious in FBR 2. After 130 days of operation, about

80% of the anammox activity was lost at 80 gN02-Nm3. In the course of the experiment, the

nitrogen removal rate could only be re-established after a significant decrease of the nitrite

concentration. Similar effects were observed again after 200 and 300 days of operation.
However, it is rather difficult to conclude from these experiments whether the absolute nitrite

concentration, the exposure time or a combination of both was responsible for the inhibitory
effects.

Figure 1 : Nitrogen elimination rate and nitrite concentration in FBR 1 and FBR 2. Only the periods with

continuous feeding are presented for both reactors.

For no apparent reason, the nitrogen removal rate never exceeded 0.4 kgNrri^eactord"1. Phosphate
limitation was excluded because no better performance was achieved in FBR 3 even at around

40 gPm .
It is evident that not all the bacteria in the fixed bed experience the same

environmental conditions. Depending on the hydraulics, the thickness and density of the biofilm

and the different biological reactions involved, significant substrate gradients occur within the
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biofilm. Due to the anammox process, the pH might rise to sub-optimal levels in the deeper
layers. The pH in the bulk of FBR 1 and FBR 2 consequently decreased to 7.3 after 229 and 302

days respectively. However, the subsequent increase of the anammox activity was due to the low

nitrite concentration rather than to the pH change. In both cases, the increase in nitrogen
elimination was very similar to that recorded in earlier periods of the experiments at low nitrite

concentration (e.g. t = 20 - 70 days in FBR 2). Thus the long-term effects of a lower pH seemed

to be of minor importance. Because the limiting performance could be due to the synthetic
influent medium (missing trace elements or growth factors), the feed to FBR 2 was replaced by
partially nitrified sludge liquors for another 250 days while the other two reactors were stopped.

Using effluent from partial nitritation as influent to FBR 2

Approximately 100 days passed without any improvement in nitrogen elimination performance
(Figure 2). The inflow was switched off at times, whenever no partially nitrified water was

available, but we also had to reduce the flow repeatedly to get rid of the remaining nitrite.

Thereafter the nitrogen input could be increased continuously. After 120 days of operation, the

nitrogen removal rate was in the range of 0.5 - 1.5 kgNm^eactord"1 for more than two months

before a breakdown of the raw supernatant pump led to nitrite accumulation. The duration of the

high nitrite-containing period cannot be determined precisely, but was about 2-3 days. The

maximum concentration did not exceed 50 gN02-Nm"3. Fortunately, the anammox bacteria were

not seriously inhibited because the original activity was re-established within days. The influent

was increased for the last five weeks of operation, resulting in a final nitroge n elimination rate of

approximately 3.5 kgNm^eactord"1 at 26 - 27 °C. The overall nitrogen elimination performance
was 80% because the separate supernatant addition was not optimized. The ammonium effluent

concentration was thus 90 gNFLt-Nm"3 on average, with peaks up to 200 gNFL-Nrn3.
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Figure 2: Nitrogen elimination rate and nitrite concentration in FBR 2 fed with partially nitrified sludge

digester effluent

The amount of the acid addition required depends on the selected pH in the reactor. In this

experiment, the pH was controlled at 7.3, resulting in a rather high consumption of 0.21 mole

HCl per mole ammonium removed. This is significantly more than the 0.12 molHClmol'NHzt-N
described above to maintain the pH at 7.7.

Growth rate of the anammox bacteria

Anaerobic ammonium oxidizers grow about ten times more slowly than nitrifiers under optimum
conditions. Strous et al, (1998) reported a maximum specific growth rate for anammox bacteria

of 0.065 d"1, corresponding to a doubling time of 11 days. However, the growth rates observed in

our experiments were even lower. Figure 3 presents the calculated rates for nitrite and

ammonium elimination and nitrate production in FBR 1 for a period of 100 days at a low nitrite

concentration (11 ± 10 gN02-Nm"3). The total nitrogen elimination rates comprise ammonium



and nitrite elimination minus nitrate production and are also depicted in Figure 1. The dashed

lines are based on exponential fits for the calculated growth rates according to Equation 1. The

average temperature was 26.4 ±0.8 °C.
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Figure 3: Enrichment of anammox bacteria in FBR 1. The observed growth rate at 26.4 °C amounted to

0.018 <T (doubling time: 39 days;), which corresponds to 0.025 d"1 at 30 °C. This rate is still 2-3 times

slower than reported in Strous et al., 1998 (30 °C). The dashed lines represent the exponential fits for the

different nitrogenous species. The total nitrogen elimination rate comprises ammonium and nitrite

elimination minus nitrate production.

The observed growth rate was only 0.018 d1 for all inorganic nitrogen compounds at 26.4 °C.

Assuming an exponential influence of the temperature on the kinetics with a 10% increase per

degree centigrade, the growth rate amounted to 0.025 d"1 at 30 °C (Figure 3, thin solid line). The

conesponding doubling time is thus 28 days, which is 2 - 3 times longer than reported in Strous

et al, 1998. The wash-out of the anammox bacteria from the fixed film was assumed to be

negligible, but it could also have made some contribution to the low observed growth rate. On

the other hand, our anammox bacteria, which are similar but not identical to the reported

archetype (Egli et al, 2001), could indeed have a lower growth rate. It was rather difficult to run

an anammox fixed-bed reactor without nitrite limitation and inhibition throughout the whole

biofilm. The expected doubling time for full-scale operations will therefore probably be closer to

a month than to 10 days.

CONCLUSIONS

Anaerobic ammonium oxidation in fixed-bed reactors is feasible. High specific nitrogen
elimination rates were achieved (3.5 kgNm^ectord"1), but the start-up period took more than a

year. High nitrite concentrations over a prolonged period certainly have a detrimental effect on

anammox bacteria. However, further experiments should be performed to evaluate the critical

concentration and/or exposure time. Although an external recycle pump was installed for

vigorous mixing, many sectors of the fixed bed were clogged with solids when the reactors were

dismantled. Nevertheless, a suitable hydraulic design is essential to prevent local nitrite

inhibition (e.g. close to the dosage area) or anaerobic zones with toxic sulphate reduction (van

Dongen et al., 2001). These problems could actually be solved with a moving-bed biofilm

reactor. However, biomass retention could deteriorate due to increased shear stress and the

investment costs for the biofilm carriers must also be considered. Because the anammox process

was also performed successfully in sequencing batch reactors with suspended (Chapters 3 and 5)
or granulated biomass (Strous et al 1998), fixed-film applications are not recommended for the

treatment of ammonium-rich wastewaters as sludge digester liquids. Nonetheless, biofilm

applications should not be excluded for anaerobic ammonium oxidation of cold and low- loaded

wastewater as proposed for nitrogen elimination from the main stream of municipal wastewater

treatment plants (Jetten et al, 1997).
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ABSTRACT

Cost-effective nitrogen elimination from ammonium-rich sludge digester liquids can be achieved

with anaerobic ammonium oxidation (anammox) Various physiological parameters of this novel

process were investigated in this study Of major interest is the irreversible inhibition of the

anammox bacteria at prolonged exposure to high nitrite concentrations Within 11 days at 42 ±

30 gN02-Nm" ,
over 87% of the activity was lost, but no negative effects were observed during

several hours exposure at 200 gNCh-Nm3 Although rentier nitrate nor ammonium affected the

anammox activity, nitrate can be reduced to nitrite, resulting in mtnte inhibition under

ammonium-free conditions In the absence of nitrate and without any substrate supply, the

nitrogen removal rate decreased by no more than 30% within a month Temporarily high oxygen

concentrations (1 h) had no negative impact Anaerobic ammonium oxidation took place m the

entire temperature range considered (15-44 °C) with the highest removal rates around 35 °C

The observed pH optimum lies in the range of 8 - 8 5 with rapid activity loss at lower and higher
values The measured ammonium, mtnte and acid consumption as well as the nitrate production
could mostly be explained by the anammox reaction and heterotrophic denitrification. On the

basis of nitrogen and charge balances, however, another unknown process is postulated which

removes nitrite and protons and releases nitrate

INTRODUCTION

In the anammox process, nitrite and ammonium are consumed to produce dmitrogen gas (van de

Graaf et al, 1996) This novel biological process offers new opportunities for efficient and

sustainable nitrogen removal m wastewater treatment, particularly for ammonium-rich streams

such as sludge digester liquids Various reports record the successful implementation of the

anammox process on laboratory and pilot scales (Chapters 3, 5 and 6 or van Dongen et al,

2001), but further optimization is dependent on an in-depth knowledge of some basic

physiological parameters Little information is available on this subject apart from several

specific experiments by the Dutch inventors (Strous et al, 1999, Jetten et al, 1999) In addition,
the observed nitrogen and acid turnovers from our own and published experiments with rather

ennched anammox bacteria do not correspond exactly to the theoretically expected stochiometry
of the anammox process None of the experiments were conducted with a pure anammox culture

(which does not actually exist), so that vanous other microbial processes (e g heterotrophic

denitrification) may be involved m nitrogen elimination under anaerobic conditions Better

insight into the vanous relevant processes would facilitate and improve the future

implementation of anaerobic ammonium oxidation

In the present study, special emphasis was placed on short and long-term nitrite toxicity for

anammox bacteria, but we also investigated the influence of oxygen, ammonium and nitrate The

physiological temperature and pH ranges were determined The activity loss caused by extended

anaerobic penods without a substrate supply was assessed In the last part of this report, a

number of possible relevant microbial reactions are elucidated with the help of mass balances

and further theoretical considerations
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MATERIALS AND METHODS

Origin of anammox biomass

The long-term temperature dependency of anammox is based on the results of the two pilot

plants (PI and P2) described in Chapter 5. Both reactors were run in SBR mode, with PI at 30°C

and P2 in the range of 20 - 30 °C. The suspended biomass for all laboratory experiments was

taken from PI except for the determination of the anaerobic biomass decay, for which a

laboratory fixed-bed reactor (FBR 1 in Chapter 6) was taken out of operation after 400 days.

Batch experiments

Temperature dependency: 10 L of anammox sludge were taken from PI, which was adapted to

30 °C. This sludge, stored at 4 °C, was used as the origin for seven batch experiments in the

range of 15 - 40 °C. On three consecutive days 1.8 L were taken for 2 - 3 experiments per day.
The contents of an airtight glass batch reactor were mixed with a magnetic stirrer. After filling it

with sludge, 40 - 60 gNFLt-Nm"3 and 50 - 70 gN02-Nm"3 were added, followed by N2 sparging
for 2 - 3 minutes. Each experiment took between 45 - 205 minutes and at least seven samples
were taken for nitrogen analysis (NH4-N, NO2-N, NO3-N). The biomass concentration was in the

range of 4.7 - 4.9 kgCODm3 in all tests. The pH was kept constant at 7.8 by 0.1 M HCl titration

with a pH-statbioassay (MAIA - Rozzi et al, 2001). The amount of acid used was continuously

logged. The gas production rate was calculated from the amount of displaced water measured on

a precision balance (± 0.01 g) comparable to that described in Strous et al (1998).

pH dependency: Seven batch experiments lasting 160 - 260 minutes each were performed in a

2 L reactor during two days. Each run was started with new biomass from pilot plant P2. The

stined batch reactor was continuously but gently sparged with N2. The pH was adjusted between
6 and 9 with 0.1 M HCl and 0.1 M NaOH respectively. The temperature was controlled at 25 °C.

Ammonium was already present in excess but nitrite was added to an initial concentration in the

range of 50 - 75 gN02-Nm3.

Short-term nitrite inhibition: The experimental setting and test procedure were as described

above for the temperature dependency. Three independent experiments were performed (29.4 ±

0.3 °C). Ammonium was always present in excess. At the beginning of each experiment, nitrite

was added to reach an initial concentration of 40 - 55 gN02-Nm"3 for the determination of the

reference ammonium and nitrite degradation rate (gNg'CODtotai)- In a second step, the anammox

activity was measured, initially with 220, 500 and 1050 gN02-Nmf3 respectively. The

elimination rates obtained were always compared with those of the preceding reference tests at

low nitrite concentration.

Long-term nitrite inhibition: Anammox sludge (10 L, from PI) was transferred to a 16 L

reactor which was fixed onto a shaker to keep the biomass in suspension (T = 28.2 ± 2.3 °C). For

11 days, the nitrite concentration in the reactor was maintained at 42 ± 30 gN02-Nm"3 with

manual NaN02 addition whenever the nitrite concentration in the grab samples decreased to

10-20 gN02-Nm"3 (due to heterotrophic denitrification). Sporadic N2 sparging guaranteed an¬

aerobic conditions. The pH was maintained between 7.6 - 8.5 by 0.1 M HCl dosing. Every
second day, the anammox activity of the sludge was determined in a separate batch reactor as

described above (30.9 ± 0.1 °C).
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Sludge storage underanaerobic conditions with and without nitrate

Test A: A 4 L batch reactor was filled with anammox sludge from PI (3700 gCODm ). In

contrast to the three experiments described below (Tests B - D), sodium nitrate (NaNOs) was

added, resulting in 140 ± 30 gN03-N for the first week and 450 ± 40 gN03-N afterwards. In this

reactor, the ammonium and nitrite degradation rate (gNgCODd"1) was determined five times

within four weeks with NH4CI and NaN02 addition. Nitrite was completely used up in all these

short-term activity tests, but ammonium remained up to 15 gNFLi-Nm"3. However, all this

ammonium was removed before the next batch experiment was carried out. After ammonium

depletion, nitrite accumulated up to 20 gN02-Nm"3, presumably due to heterotrophic nitrate

reduction. Sampling reduced the final biomass volume to 2.4 L. The COD concentration de¬

creased by approximately 10%. The temperature and pH were controlled at 31.4 ± 0.4 °C and

8.0 ± 0.4 respectively.
Test B: The inlet pumps and the stirrer of pilot plant PI were switched off for 40 days, keeping
the biomass in the reactor at 10 - 15 °C. The nitrite elimination rate was measured just before (at
29.6 °C) and after (22.1 °C) this shut-down period.
Test C: The influent to fixed-bed reactor FBR 1 was switched off after 400 days of operation.
Thereafter ammonium and nitrite were added once per week. All the added nitrite was used up

within 5-7 hours. The nitrogen elimination rate was calculated on the basis of 8 - 13 grab

samples (T = 25.5 °C, pH = 7.3 - 7.6).
Test D: The experimental setting was identical to that for "long-term inhibition by nitrite" but

the storage reactor was stirred magnetically and not shaken. The anammox sludge contained

clusters (see below) which were partly destroyed by magnetic mixing during a month of

operation (T = 24.5 - 25.5 °C, pH = 7.5 - 7.8).

Analytical procedures

Analytical procedures were performed as described in Chapter 3. However, the ammonium,

nitrite and nitrate were measured with Dr. Lange test kits in the batch tests to determine the pH

dependency. Total solids (TS) were analyzed by evaporation at 105 °C until a constant weight
was reached.

RESULTS AND DISCUSSION

Temperature dependency of the anammox bacteria

Short-term temperature dependency: In short-term batch experiments, the highest activity was
achieved at 35 °C (Figure 1). The influence of the temperature on the activity is assumed to be

exponential F(T) = ee^"r°', where 0 is the temperature coefficient. Its value was 0 = 0.085 °C"' in

the range of 20 - 30 °C, but only approximately 0 = 0.04 °C"' between 30 - 35 °C. The literature

recorded a maximum elimination rate at 40 ± 3 °C according to Strous (2000) or 37 °C according
to Egli et al (2001). To ensure process stability, full-scale plants should be operated in the range

of 30 - 35 °C, which is also optimal for the preceding nitritation step. In contrast to Strous et al

(1997a), no decoupling of the ammonium and nitrite conversion rate was observed. The overall

stoichiometry was 1:1.46(±0.05):0.25(±0.05):1.15(±0.12):0.158(±0.005) for ammonium and

nitrite degradation, nitrate and gas production and HCl consumption respectively.
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Figure 1 : Nitrogen turnover and acid consumption as a function of temperature. The highest activity was

achieved around 35 °C.

Long-term operation in the range of 20 - 30 °C: Long-term operation of pilot plant PI at

30 °C for more than half a year was already reported in Chapter 3 The highest nitrogen

elimination rates measured at 30 °C were around 2 5 kgNrri3reactord"1 and 0 3 kgNkg_1TSd"'
respectively The maximum hydraulic dilution rate was maintained in the range of 1 9 - 2 4 d"1

with an average of 1 5 d"1 The second pilot plant (P2) was operated for more than a year at lower

temperatures between 20 - 30 °C The maximum hydraulic dilution rate was 1 7 d"1 at 25 5 °C,
but the sludge concentration m P2 was approximately twice as high as in PI at 30 °C In a

separate batch experiment in P2 at 21 °C, the nitrogen elimination rate was 1 5 kgNm reactord or

0 09 kgNkg_1TSd As expected, the nitrogen elimination rate also decreased for long-term

operation at lower temperatures, but stable operation could still be achieved in the range of 20 -

30 °C The operating temperature depends on the reactor insulation as well as on the temperature
of the influent Because the preceding nitntation reactor must be operated at least close to 30 °C

(Chapter 4), the temperature in the anammox reactor will hardly drop below 25 °C

PH dependency

The anammox activity in the batch experiments is presented in Figure 2 as a function of pH Due

to high background concentrations of ammonia, the standard deviations at pH 8 5 and 9 were

rather high The observed optimum lies in the range of 8 - 8 5 with rapid activity loss at lower

and higher values The pH should therefore be maintained around 8 by acid addition to allow

operation at maximum specific elimination rates The pH increases due to the anammox process

In four experiments without acid addition, the pH rose to 9 3 (not shown), resulting in complete
activity loss The reduced activity at pH 7 5 and below is of minor importance because the

process will not be run in this range in order to save acid Egli et al (2001) as well as Strous et

al (1997a) reported similar pH dependencies with best results at pH 8 0

15 -,

Figure 2: Relative substrate conversion rates (sum of ammonium and nitrite consumption) of the anammox

sludge as a function of the pH. The error bars represent standard deviations.
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INHIBITION BY OXYGEN

In a separate expenment, we inoculated a batch reactor with anammox biomass from PI and

aerated it for an hour with an oxygen concentration > 5 gÛ2m3 Anaerobic conditions were re¬

established with N2 sparging and the nitrogen elimination rate was at least 90% of that before

aeration Temporarily high oxygen concentrations (e g by transferring the biomass to another

reactor) consequently have no irreversible effects Under normal operating conditions, the

oxygen input into the anammox reactor is of minor importance The oxygen concentration in all

our anammox reactors was below the detection limit (0 05 - 0 1 gÜ2m3) despite the oxygen

input from the aerobic effluent of the nitntation step (< 1 g02m"3 after sedimentation) and from

surface aeration (< 15 g02m3lnfiuent) The activity of the mtnfiers imported from the preceding
nitntation step most probably kept the reactor anaerobic The potential nitrite production by

oxygen input amounted to a maximum of 5 gN02m"3irinuent, which was negligible compared to the

400 gN02m"3 in the influent The reversibility of the oxygen inhibition is also described in the

literature Strous et al (1997b) ran a reactor under alternating aerobic and anaerobic conditions

(2 h / 2 h) for 20 days wrthout noting any decrease of the ammonium elimination rate during the

anaerobic periods However, no anammox activity was observed at a permanent 0 5% air

saturation (0 05 g02m"3)

NITRITE INHIBITION

Short-term nitrite inhibition: Nitrite inhibition on anammox organisms is not only dependent
on the nitrite concentration per se but dommantly also on the exposure time (Chapter 6 or Strous

et al, 1999) In separate batch expenments, we observed no immediate inhibition as long as the

initial nitrite concentration was below 200 gN02-Nrn3 (Figure 3) The stoichiometry of the

ammonium and mtnte consumption remained constant between 13 - 1 35 gN02-Ng" NH4-N

When the batch expenment was started with 500 gN02-Nrri3, the nitrogen elimination rate was

decreased compared to 200 gN02-Nm"3 However, nitrogen removal occurred at a constant rate

until the N02 was depleted withm 28 hours In the last test with 1050 gN02-Nrri3, no nitrogen

was eliminated on the first day and more than 300 gN02-Nm3 remained even after two weeks of

operation In addition, the stoichiometry was rather distorted (Figure 3) and little nitrate was

produced Other internal electron donors for nitrite reduction must therefore have been present m

addition to ammonium only (e g biomass, decay products)
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Figure 3: Short-term anammox inhibition as a function of the initial nitrite concentration of the batch

experiments. "N02-N:NHj-N" represents the ratio of nitrite to ammonium consumption.

Long-term nitrite inhibition: If sludge liquors are used as the influent for nitntation, the mtnte

concentration will never increase to 500 gN02-Nrri3 in the anammox reactor However,

prolonged exposure at much lower concentrations already had detrimental effects (Chapter 6) In

a separate experiment, mtnte was maintained at 42 ± 30 gN02-Nm"3, and over 87% of the

anammox activity was lost within 11 days (Figure 4) This inhibition was not reversible when the
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nitnte load was reduced The original nitrogen elimination potential could only be recovered

withm several weeks at a low nitrite concentration The anammox biomass can obviously cope

with transient or even repeated nitrite accumulation, as in SBR mode after filling (Chapter 5), but

senous inhibition occurs within days at a permanent 40 gN02-Nm"
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Figure 4: Loss of anammox activity due to prolonged exposure to nitrite. In this reactor, the nitrite

concentration was maintained at 42 ± 30 gN02-Nm3 by manual NaNÛ2 addition. The anammox activity of

this sludge was determined in a batch experiment approximately every second day. Ammonium, nitrate and

hydrochloric acid were consumed, nitrate was produced.

Inhibition by nitrateand ammonium

We earned out no separate batch expenments for ammonium inhibition, but no negative effect

was observed in our laboratory and in pilot plants up to 200 gNFL-Nrn3, even at a couple of days

exposure time Nitrate inhibition was investigated in the "Test A" expenment shown in Figure 5

The biomass was permanently exposed to 100 - 500 gN03-Nm"3 for a month Nitrate reduction

led to the production of nitrite which accumulated up to 17 gN02-Nm3 after the remaining

ammonium was removed from the preceding activity test and from biomass decay

Consequently, the considerable activity decrease by 90% within three weeks (Figure 5) must be

interpreted with care It could also be partly caused by nitrite inhibition even though the

concentration was lower than described above for long-term inhibition by mtnte However, no

obvious negative effects were detected up to 75 gN03-Nm"3 under operational conditions in our

biofilm laboratory reactors (Chapter 6) According to Strous et al (1999) neither nitrate nor

ammonium affected the anammox activity up to 1000 gNm3

SLUDGE STORAGE OVER EXTENDED PERIODS OF TIME

Modifications in the sludge digestion and dewatering facilities of the WWTP may cause a

temporary supernatant shortage It may not be possible to add any partially nitrified sludge

liquors to the anammox reactor and the remaining nitrate may then be demtnfied within hours,

leading to anaerobic conditions The influence of this anaerobic environment on the anammox

activity was determined in several sets of expenments lasting several weeks (l) Operation of

pilot plant PI was stopped for 42 days The biomass remained m the reactor at 10 - 15 °C Just

before shut-down, an activity of 1 48 ± 0 06 gN02-Nm"3d"1 was observed at 29 6 °C Two days
after re-start, the remaining degradation rate was 0 83 ± 0 01 gN02-Nm"3d"1 at 22 2 °C (the
biomass had not yet heated up) On the basis of our calculated temperature dependency
coefficient of 0 = 0 085 °C \ this activity corresponds to 1 56 gN02-Nm3d '

at 29 6 °C No

activity was therefore lost within 42 days (Figure 5, Test B) and no problems were encountered

dunng the re-start phase (n) In two additional sets of experiments at 25 °C (Tests C and D,

laboratory scale), the anammox activity decreased by no more than 30% within a month After
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about 50 days of storage, an unpleasant putrid smell developed in "Test C" together with a rapid
decrease in activity. Nitrate addition would prevent anaerobic conditions with concomitant

sludge fouling or even sulfate reduction. However, ammonium should always be present for

oxidation of the nitrite originating from the incomplete denitrification of nitrate. Otherwise, the

produced nitrite has a detrimental effect on anammox activity (Figure 5, Test A). Minor

modifications on full-scale plants lasting only a few days or even weeks are unproblematic, but

synthetic feeding over several months is inevitable for major reconstructions.

Test A

Figure 5: Decrease of anammox activity during storage under anaerobic conditions. In "Test A"

100 - 500 gN03-Nm"3 and up to 17 gN02-Nm"3 were present. Neither nitrate nor nitrite was available in the

other three experiments. The low anammox activity in "Test C" after 58 days is most probably caused by

sludge putrefaction.

STOICHIOMETRY

According to the basic catabolic anammox equation NFL+ + NO2" —> N2 + 2 H2O, equimolar
amounts of ammonium and nitrite are used. In order to generate reducing equivalents for CO2

fixation, anammox organisms oxidize nitrite to nitrate (van de Graaf et al, 1996). Assuming a

biomass yield of 0.066 molCmol'NFL-N (Strous et al, 1998), the overall process with CH2O for

biomass production has the following form:

NHV +1.132 N02" + 0.066 HCCV + 0.066 H+ -» N2 + 0.132 N03" + 0.066 CH20 + 2 VkO (1)

In comparison to Equation 2 reported in Strous et al (1998), considerably more nitrite and

protons should be used and more nitrate produced:

NH/ + 1.32 N02" + 0.066 HC03" + 0.13 H+ -> 1.02 H + 0.26 N03" + 0.066 CH2O05N015 + 2.03 HO (2)

Equation 2 also includes the ammonia uptake into the biomass, but not even 1% of the ammonia

input to the anammox reactor will be incorporated. A closer look at the nitrogen balances in

Table 1 and Equation 2 suggests that various additional processes must be taken into account.

Complete or partial denitrification and probably some kind of nitrite removal process (to keep
the concentration of the toxic nitrite as low as possible = nitrite detoxification) are the most

relevant.

None of the experiments listed in Table 1 were conducted with a pure anammox culture.

Heterotrophic denitrification was also observed under anaerobic conditions with nitrate and COD

supplied either from the inlet or from biomass decay. The nitrate loss shown in Figure 6 cannot

be explained by any other process. Although sludge liquors may contain up to 1000 gCODrri ,

only a minor but indefinite fraction will be biologically available after the nitritation step. The

autotrophic biomass production in both reactors accounts for a maximum of 150 gCODm mfluent

with 700 gNFL-Nm"3 in the sludge liquors. Only a part of the biomass decay products will be

biologically available for denitrification. According to Table 1, the nitrate production was

actually lower when sludge liquor was fed instead of a COD-free mineral medium. Helmer et al
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(2001) reported 94% N2 production by anaerobic ammonium oxidation and 6% N2 formation by
classical denitrification in a batch experiment supplied with 15N-labelled nitrite.

Table 1: Stochiometric nitrogen conversion and acid consumption for various anammox experiments. The

stoichiometry always refers to ammonium on a molar basis (e.g. molN02-Nmor1NH4-N). (+) production, (-)

consumption, (±) standard deviation.

Our experiments Influent NH4-N NOj-N NO3-N IC

Long-term
' Mineral medium -1 -1.32 ±0.08 +0.19 ±0.01 -0.12 ±0.01

Long-term2* Supernatant -1 -1.42+0.14 +0.09 ± 0.03 -0.09 ±0 01

Laboratory batch tests Mineral medium3' -1 -1.44± 0.17 +0.22 ± 0.06 -0.22 ±0.09

Literature

van de Graafet al. (1996) Mineral medium -1 -1.31 ±0.06 +0.22 ± 0.02

Strous et al. (1998) Mineral medium -1 -1.32 +0.26 -0.13

van Dongen et al. (2001) Supernatant -1 -1.27 +0.09

Helmer et al. (2001) Mineral medium -1 -1.37 +0.16

1'Experiments from Chapter 6

2)Expenments descnbed in Chapter 5

3>Pnor to the batch tests, the sludge was fed with supernatant. The expenments totaled 48.

Our results for heterotrophic denitrification in pilot plant PI were rather inconsistent. As long as

nitrite was available, the nitrate increased due to anaerobic ammonium oxidation as expected

(Figure 6). In the following idle period, nitrate reduction occurred but ranged widely from no

elimination at all up to 100 gN03-Nm"3d"'.
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Figure 6: Example of heterotrophic denitrification in pilot plant PI in SBR mode with rapid filling.
Ammonium was present in excess.

With 400 gN02-Nm3 in the influent to the anammox reactor, the expected nitrate effluent

concentration amounts to 80 gN03-Nm3 (Equation 2). However, only 30 gN03-Nm~3 was

measured on average (Chapter 5), which obviously also depended on the duration of the idle

SBR period under nitrite limitation. During heterotrophic denitrification, NO3 is reduced to N2

via the intermediates NO2, NO (nitric oxide) and N2O (nitrous oxide). So the nitrate removed

may be reduced to N2, but denitrification could also have stopped at one of the intermediates. In

fact, a slight nitrite production as shown in Figure 3 was often observed in the course of the

SBR cycle. However, if all the nitrite produced from nitrate were reduced with ammonium, the

N02-N:NH4-N ratio in Table 1 would be expected to be below 1.3 gN02-Ng"'NH4-N, which is

not the case. This indicates that heterotrophic denitrification did not stop at nitrite but must also

have produced N2 or N2O.

Nitrous oxide (N2O) as well as nitric oxide (NO) and nitric dioxide (NO2) are unwanted and

ecologically harmful by-products. None of these gases are known as an intermediate of the

anammox process but all of them occur during heterotrophic denitrification. Autotrophic and

heterotrophic denitrification occur simultaneously in the same reactor and the release of these
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gaseous intermediates is highly dependent on the influent used and the reactor operation

Consequently, the factors responsible cannot be easily defined and the reported values vary

considerably NzO accounted for 2 - 6% in the rotating biological contactor on the WWTP in

Kolhken (Siegnst et al, 1998) and Gaul et al (2002) even observed up to 12% N2O production
in a deammomfying biofilm on moving-bed earners On the other hand, Sliekers et al (2002)
detected only 0 05%> of the gas produced to be NO and N2O in an anammox reactor with

granulated biomass The production of these intermediates is minimal when the nitntation is

earned out in a first aerobic reactor without oxygen limitation followed by an anaerobic step for

the anammox process In this separate operation, Strous (2000) reported only N2O = 0 03 -

0 06%, NO = 0 00025 - 0 0005% and NO2 < 0 00005% of the total nitrogen turnover for

anaerobic ammonium oxidation In another culture - enriched with biomass from the WWTP of

Kolhken as for the experiments descnbed in this paper - the qualitative N2O release came to a

maximum of 1% (Egli, personal communication) On the basis of these results, it may be

concluded that N2O, NO and NO2 are of minor importance for the overall anammox

stoichiometry
The significant nitrite oxidation to nitrate m Equation 2 cannot be fully explained by anammox

biomass production Aerobic ammonium and/or nitrite oxidation must be excluded because the

stoichiometry given in Equation 2 was determined under anaerobic conditions The nitrate

production in our long-term experiments run with a mineral medium was also higher than

0 13 molNOs-Nmor'NHt-Nremoved An additional reaction according to Equation 3 is thus

postulated, in which mtnte is removed in order to minimize its inhibiting effects within the

anammox cell

5 N02 + 2 If -» 3 N03 + H + 140 (AG° = -61 kJmofNO;,) (3)

This detoxification with respect to nitrite would explain most of the differences between

Equations 1 and 2 Not only are nitrate and nitrogen gas produced, but nitrite and protons are

also consumed However, although this reaction is exergonic (AG° = -61 kJmor'N02), there is

no evidence that it is either biologically mediated or takes place at all With the present

knowledge about anaerobic ammonium oxidation, the anammox process can already be modeled

with very reasonable results (Koch et al, 2000, Hao et al, 2002) For more sophisticated

models, however, the basic metabolic pathway must be known in more detail In addition, the

contnbution of the heterotrophic denitrifiers as well as the composition of the gas produced must

be determined

CONCLUSIONS

• Prolonged high mtnte concentrations (> 20 - 40 gN02m3, > 24 h) must be prevented under

all circumstances in order to avoid irreversible inhibition of the anammox bacteria However,
transient (several hours) mtnte accumulation up to 200 gN02-Nm"3 has no negative impact

• Intermittent sludge dewatenng and minor modifications in the sludge dewatering facilities

may cause a temporary absence of digester effluents However, prolonged periods without

feeding even up to 1 - 2 weeks do no harm to the anammox bactena when this is stored

under mtnte-free conditions

• A temporarily high oxygen concentration (eg 5 g02m"3, caused by transfernng the biomass

from one reactor to another) does not reduce the capacity for nitrogen removal

• The observed pH optimum lies in the range of 8 - 8 5 Because the pH increases due to the

anammox process, leading to a concomitant activity loss, acid addition is essential to run the

reactor at maximum specific elimination rates

• The highest anammox activity was achieved at 35 °C The preceding nitritation reactor of a

two-stage system (partial nitritation/anammox) must also be run at elevated temperatures to

wash out the slow-growing mtnte oxidizers Anaerobic ammonium oxidation will
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consequently be operated in an optimal temperature range when partially nitrified sludge

liquors are treated.

• The observed stoichiometry could not be fully explained. The acid and nitrite consumption as

well as the nitrate production are in fact higher than theoretically expected but they have no

significant effect on process operation. Only the increased nitrite consumption must be

considered in order to provide a suitable nitrite-to-ammonium ratio in the effluent of the

nitritation reactor in a two-stage system.
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Cost Estimate for Partial Nitritation/Anammox and Conventional

Nitrification/Denitrification

SUMMARY

A cost analysis is performed for the separate treatment of sludge digester effluents for a WWTP

with 100,000 population equivalents Two applications are considered conventional

nitrification/denitrification and the novel application consisting of partial nitritation/anammox

The operational costs for heterotrophic denitrification are heavily dependent on the biomass

yield (Y) and the electron acceptor (mtnte or nitrate) Two different yields (0 2 and

0 4 gCODbmmassg^CODdosed) and denitrification only via mtnte or nitrate respectively are

therefore considered The overall costs estimated for a full-scale plant are 2 50 kg"'Nremoved for

partial nitritation/anammox, and 3 0-40 kg 'Nremoved for the nitnfication/demtnfication

alternative Conventional extension of the activated sludge system consisting of introducing
nitrification and providing additional anaerobic volume for demtnfication amounts to

8 0 kg 'Nremoved Consequently, separate treatment with either of the proposed biological

applications is definitely more cost-effective for this size of plant than conventional extension of

the activated sludge system

COST ESTIMATE FOR A PLANT WITH 100,000 POPULATION EQUIVALENTS

A generally valid cost analysis does not exist and site-specific factors must always be taken into

consideration Expenditures for reactor volume m particular might differ considerably if unused

tanks in good physical shape already exist An estimate of costs is presented m Table 1 for

"partial nitritation/anammox" compared with conventional "nitnfication/denitrification" based

on the further assumptions given m the appendix Partial nitntation and anaerobic ammonium

oxidation are both carried out in SBR mode (rapid filling) Nitrification/denitrification is also

operated in SBR mode, but only m a single reactor with intermittent aeration The new

construction is planned for 100,000 population equivalents (p e ) with 1 5 gNpe"1 We assumed

an ammonium concentration of 1000 gNFL-Nm"3 in the sludge liquor, resulting m 150 m3d '
The

nitrogen elimination efficiency is assumed to be 85% The total required reactor size including a

preceding buffer tank (HRT = 0 5 d) amounts to 260 - 280 m3 for both applications

Table 1 : Cost estimate and comparison for the two applications "partial nitritation/anammox" and

"nitrification/denitrification" based on a new construction for 100,000 population equivalents. The required
methanol addition as well as the sludge production depend significantly on the observed biomass yield (Y)
and the amount of denitrification over nitrite. Reference temperature: 35 °C. The new process turns out to be

the most economical.

feKg ^eliminated
Nitritation/

Anammox

Nitrification/

Denitrification

V [m3] (Buffer/Nitntation/Anammox) 75/55/150 75 (Buffer)/190 (Nitrification/Denitrification)

Y [gCODg 'COD], over nitrite [%] - 02,100 0 2,0 0 4,100 0 4,0

Investment (repayment, interest) 1 30 1 35 135 135 135

Operation 1 15 125 135 125 135

Energy 0 15 0 25 0 35 0 25 0 35

Maintenance/Analysis 0 70 0 70 0 70 0 70 0 70

Replacement/Repair 0 30 0 30 0 30 0 30 0 30

Chemicals (Acid/Methanol) 0 05 0 30 0 50 0 40 0 65

Sludge disposal 0 00 0 15 0 30 0 45 0 75

Total costs 2.50 3.05 3.50 3.45 4.10
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Our cost evaluation shows that partial nitritation/anammox is always more economical than

nitrification/denitrification even if nitrite is the intermediate product and all electron donors are

obtained free of charge. However, the overall costs of a WWTP for 100,000 p.e. can hardly be

reduced below 2.50 kg"'Nremoved as long as a completely new construction is needed. Despite
this, separate biological treatment of the sludge liquors is still considerably cheaper than an

extension of the activated sludge system of the main stream, which amounts to 8.0 kg"'Nremoved
(BUWAL, 1996).

The specific costs calculated here for nitrification/denitrification (3.05 kg" N) are considerably
higher than the 1.51 kg~'N reported in Fux et al (2002), because 100,000 p.e. were assumed

instead of 500,000 p.e. Separate supernatant treatment becomes more economical for larger
WWTPs because the specific costs involving manpower decrease. The absolute expenditures for

maintenance and repair are similar, ^respective of reactor size. Moreover, the investment costs

presented in this calculation are based on several cost estimates for different full-scale

applications. These were ultimately higher than the specific volumetric costs used in Fux et al

(2002).

DISCUSSION OF THE COST ACCOUNT

The calculated investment costs are similar, with minor advantages for the new process despite
major differences. In order to keep the temperature of the sludge liquors above 30 °C, an

insulated buffer tank was chosen for partial nitritation/anammox. Insulation is not essential but is

advantageous for classical nitrification/denitrification, as nitrate can also be denitrified.

Nitrification/denitrification takes place in a single basin with fewer pumps, pipes and sensors. An

acid dosing system and a storage tank must be planned for the anammox process, but a larger
installation for methanol addition is required in view of the heterotrophic denitrification.

Whether a preceding buffer tank is needed or not depends mainly on the operation of the sludge

dewatering facilities at the main plant. Another option (particularly in CSTR operation, such as

in the Sharon process) is to enlarge the nitrifying volume, including storage and nitrification, in

the same tank. The construction of a single larger reactor is generally cheaper than two smaller

tanks of approximately the same total size.

Conventional nitrogen elimination requires a more powerful aeration system for comprehensive
ammonium oxidation. However, the specific oxygen consumption rate for ammonium oxidation

is considerable and should not be underestimated in either application. At a specific nitrite

production rate of 2 kgNm d"
,
the specific oxygenation capacity under operational conditions

amounts to approximately 7 kg02m"3d"'. Also, depending on the mass transfer coefficient for

sludge liquors, the HRT in SBR applications can easily become limited by the aeration time

needed and not only by the amount of nitrifying biomass available or its sludge sedimentation

properties.

The energy costs are mainly accounted for by aeration but also include mixing and pumping
costs. In the nitritation/anammox process, about half the ammonium must be oxidized, but only
to nitrite. However, moderate savings are achieved as long as electricity remains at its currently

cheap level (0.1 kWh"'). Both applications are highly automated, but a half-time position will

be needed for general monitoring, sensor control, sample analysis and for replenishing the

methanol and acid as necessary. Maintenance will consequently account for up to 30% of the

total costs.

The crucial economic difference between these two applications concerns the external demand

for chemicals and the sludge disposal. The required organic carbon dosage (e.g. methanol)
depends significantly on the electron acceptor (nitrite or nitrate) and on the biomass yield, which

can vary from 0.2 - 0.4 gCODproducedg CODdosed (Fux et al, 2002; Siegrist, 1996). In this

calculation, the costs for methanol were assumed to be 0.2 kg"', but prices have ranged between
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0.05 - 0.5 kg" in recent years, thus influencing the overall cost balance for

nitrification/denitrification by another ± 10%. In addition, taxes on CO2 may even incur further

significant costs in future if WWTPs are not excluded from this charge. However, the

expenditures for organic carbon could be circumvented or reduced by the use of an industrial

waste product which is biologically degradable. The acid addition is not a major cost factor in

anaerobic ammonium oxidation and autotrophic bacteria produce negligible amounts of sludge.
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APPENDIX: COST ESTIMATE

General:

Nitrogen elimination: 85% (anammox process: remaining 10% as NO3-N and 5% as surplus
NH4-N. Conventional denitrification: 5% NOx-N, 5% NH4-N and 5% incorporated into

biomass). Treactor: 35 °C.

Reactor volume:

Partial nitritation/anammox: Isolated buffer unk = 75 m3 (HRT = 0.5 d; 800 rn3), nitritation

reactor = 55 m3 (HRT = 0.4 d, 800 m~3, nitritation rate 2.0 kgNm3d"', 20% of cycle length for

sedimentation and withdrawal). Anammox reactor = 150 m3 (HRT = 1.0 d, 800 m"3, 20% of

cycle length for sedimentation and withdrawal). Total reactor size: 280 m3.

Nitrification/denitrification: Buffer tank without insulation = 75 m3 (HRT = 0.5 d, 600 m~3),
reactor size = 190 m3 (HRT = 1.3 d, 800 m"3, nitrification rate 1.5 kgNm3d"', denitrification

rate: 2.0 kgNrri3d"', 20% of cycle length for sedimentation and withdrawal). Total size: 265 m3.

Investment costs:

Including concrete tanks, aeration installation, pumps and pipes, sensors, methanol or acid

dosing station, control system and electro-technical work. Interest rate: 5%. Depreciation: 30

years for reactor volume, 15 years for electro-technical equipment. The annuity method was used

to calculate specific investment costs.

Energy costs:

Specific oxygen consumption for nitrite production: 3.43 g02g~'N02-N and nitrate production:
4.57 g02g"'N03-N. Oxygenation efficiency under operational conditions: 1.7 kg02kWh"'.
Electricity costs: 0.1 kWh"'. Energy input for mixing: 3 Wm3reactor- Pumping and other: + 10%.

Maintenance/analysis :

Staff: Half-time position. Assumed expenditures for full-time position: 70,000 per year.

Replacement/repair:
0.5% for civil engineering and 3% for electro-technical work.

Chemicals:

Partial nitritation/anammox: Hydrochloric acid (HCl, 33%>, -10 M, technical grade). Acid

demand: 0.1 molHClmol'NH^-N (for the ammonium removed in the anammox reactor) or
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0.1 gHClg"'NH4-N (for the ammonium in the sludge liquor). 0.2 6kg"1 HCl. Nitrification/

denitrification: Methanol as electron donor (1.5 gCODg'CHîOH, 0.2 6kg ). Observed biomass

yield: 0.2 - 0.4 gCODproducedg"'CODdosed-

Sludge disposal:
Half of the sludge produced is eliminated in the anaerobic digester. Treatment/disposal costs:

800 t" COD. The biomass production from the completely autotrophic nitritation/anammox

process is neglected.
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CONCLUSIONS

GENERAL

• Thanks to the separate treatment of ammonium-nch return liquors, a cost-intensive tank

extension of an overloaded WWTP can be circumvented or deferred However, separate

biological elimination of nitrogen is always associated with additional expenditures as well

as the provision of know-how in terms of operation and maintenance Before considering a

new application, therefore, pnonty should be given to optimizing the operation of existing
facilities

• Nitrification/denitrification and partial nitritation/anammox are both suitable

compact applications assunng 85 - 90% nitrogen removal The new anammox process has

some substantial advantages (reduced oxygen consumption, no external organic carbon

needed, little excess sludge production), but conventional nitrification/denitrification is also

appropriate provided that a suitable organic carbon source is available as a waste product
from nearby industry

NITRITATION

• Sludge liquors are a highly suitable influent for both applications (although the COD N ratio

is too low for heterotrophic denitnfication) The elevated temperature (> 30 °C) is an

essential pre-condition for stable nitrite formation, which is further supported by the high
ammonium concentration However, the anammox process itself is not necessarily dependent
on warm and concentrated wastewater (as often assumed), and is even severely inhibited at

increased nitrite concentrations Of further paramount importance is the favorable

bicarbonate (or alkalinity) content of the sludge liquors required to buffer the protons

produced during nitnfication Digester supernatant generally comprises about 11-12 times

more bicarbonate than ammonium on a molar basis, so that some 55 - 60% of the ammonium

is converted to mtnte, resulting in an optimal wastewater composition for the subsequent
anammox reactor Complete nitrogen elimination can also be achieved by nitnfication/

denitrification because the missing alkalinity is recovered by denitrification when organic

carbon is added

• The change of the bacterial composition m the nitntation reactor is considerable when the

process is inoculated with domestic activated sludge The nitrite oxidizers and the

heterotrophic bactena are washed out withm 1-2 weeks With the aid of fluorescent in situ

hybridization (FISH), however, we also observed an obvious shift in the ammonium

oxidizing community towards eutropha/europea-hke bacteria So the start-up period should

not be aborted too quickly, even if ammonium oxidation decreases within the first few days

• Stable (partial) nitrite production can be achieved in SBR and CSTR operation, although
the inhibition mechanisms of mtnte oxidation are not yet fully understood The following
conditions minimize nitrate production
• At elevated temperatures and when fed with ammonium-rich wastewater, the ammonium

oxidizers grow faster than the nitrite oxidizers, resulting m selective wash-out of the

mtnte oxidizing bactena at low sludge retention times Stable mtnte production is

consequently achieved at 30 - 35 °C (but not at 20 °C)
• Free ammonia (NH3) inhibition of the mtnte oxidizing bacteria cannot be considered as

the ultimate cause of continuous nitrite production Nitnte oxidizers, which are

accustomed to low ammonium concentrations (e g activated sludge), are definitely
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inhibited when suddenly exposed to high NH3 levels. However, a certain acclimatization

over time is indisputable, which also explains nitrate production even at levels as high as

80 gNH3-Nm3.
• In SBR mode, conventional nitrification/denitrification over nitrite is achieved by short

aerobic/anaerobic intervals allowing for immediate denitrification of the nitrite produced.
• Decay/inactivation of nitrite-oxidizing bacteria by extended exposure to anaerobic

conditions (11 days in our experiments).
• In many reports, hydroxylamine (NH2OH) - an intermediate of ammonium oxidation -

appeared to have a major impact on nitrite oxidizers. However, it was not considered in

this thesis.

• Simple control of partial nitritation is based on pH and alkalinity (bicarbonate)
measurements. Both parameters decrease due to nitrification, so that high values indicate an

aeration breakdown or wash-out of the ammonium oxidizers. In SBR mode, the aerobic

sludge retention time should be kept as short as possible to prevent nitrite oxidation. The air

supply should therefore be turned off after filling whenever a minimum pre-set pH value

(e.g. 7.0 - 7.2) is reached due to successful nitrification.

ANAEROBIC AMMONIUM OXIDATION

• Unexpectedly high nitrogen losses should be clarified with the aid of fluorescent

oligonucleotide probes which identify the responsible bacteria. Two genera of anaerobic

ammonium oxidizers belonging to the order Planctomycetales are cunently known:

Candidatus Brocadia anammoxidans and Candidatus Kuenenia stuttgartiensis. Moreover,
common nitrifiers can also be involved in nitrogen removal.

• The growth rate of the anammox bacteria is indeed rather low. Under operational
conditions, the nitrogen potential will duplicate approximately once monthly, demanding

very efficient sludge retention (SBR, biofilm). Anammox bacteria were observed in many

WWTPs, but only in rather small numbers. It consequently takes months to start up a new

reactor with activated sludge, but subsequent applications can be efficiently inoculated.

• The feasibility of anaerobic ammonium oxidation was demonstrated in fixed-bed as well as

sequencing batch reactors with suspended biomass. Stable operation invariably implies
excellent biomass retention (sludge age at least 30 - 50 d) and prevention of toxic nitrite

accumulation. Process interruptions for more than a week cause no significant activity loss

under anaerobic conditions. Anaerobic ammonium oxidation can be simply supervised by

daily ammonium and nitrite analysis and on-line pH as well as conductivity measurements.

• No full-scale anammox plant with reasonable nitrogen elimination exists as yet, despite the

publication of first reports of anaerobic ammonium oxidation about eight years ago. Some

major reasons for this slow development are:

• little incentive for investment because no relevant emission limits for nitrate exist.

• the low growth rate of the anammox bacteria

• the distinctive nitrite sensitivity of the anammox bacteria

• the lack of experience in constructing and operating this novel process

• the many different patents for both partial nitritation and anaerobic ammonium oxidation.

• Thanks to its sustainability and consequent low operational costs, anaerobic ammonium

oxidation will be the future process of choice for the treatment of ammonium-rich sludge
liquors. However, its application in the cold main stream of the WWTPs at low ammonium

concentration but high solid and COD content represents a challenge for future research
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