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Summary 

The progress of discovering and understanding new pathways in nature has been appealing to 

engineers for utilizing the gains in an engineered system. Understanding the carbon cycle and 

nitrogen cycle has always provided a field for research in natural sciences and engineering. 

However, numerous challenges/disadvantages such as using soluble organic carbon for 

denitrification, long sludge retention times and energy intensive treatment due to a combination 

of organic carbon removal and nitrification, as well as intensive sludge treatment remain 

unaddressed. Yet numerous ideas for optimization of activated sludge processes are available, 

however mostly focused on decremental and limited improvements.  

In this PhD the actual challenges in wastewater treatment are postulated as motivation. Carbon 

and nitrogen play a predominant role in the wastewater treatment technology, whereas the 

beneficial inclusion of both the sulphur and iron cycle in the wastewater treatment engineering 

system is still not applied. A specific approach on integration of specific advances from the 

sulphur and iron cycle in one technology for treatment of wastewater was not detected in the 

literature.  

The investigated idea in this research project consists of three process steps from which two 

were experimentally tested. The first step (that was not tested) is anaerobic wastewater 

treatment for organic carbon transformation in methane and carbon dioxide and suspended 

solids retentions with an anaerobic membrane bio reactor. The second step is the nitrification 

with a dense nitrifying biofilm on a carrier in an airlift reactor. The last step of nitrate removal 

is based on degradation of particulate organic matter as electron source, where electrons are 

shifting over iron sulfide or pyrite to perform lithotrophic denitrification. Iron sulfide rings in 

the system act as batteries for the electrons. When organic carbon was abundant, the iron and 

sulfate reducing bacteria produced reduced compounds that were bonded in iron sulfide and 

pyrite (here so-called “electron batteries”). Once the nitrate concentration was higher in the 

inflow, iron hydroxide was precipitated in the granule. 

The focus of the thesis was set on understanding the third reactor (nitrate removal), where 

nitrate shall be removed without adding additional COD as an electron source. The anaerobic 

redox cascade was analyzed with closed electron equivalents mass balance measurements. 

After understanding the redox processes and their syntrophic and competitive processes 

regarding FeS formation and oxidation, the focus was set on long-term operation, development 

of microbial ecology, iron accumulation and biomass degradation. 

Parallel to this, the optimization of the nitrification reactor was investigated. First by designing 

an airlift reactor with minimum energy requirement, looking towards the optimum between the 

energy needed for nitrification with the energy needed for fluidization. Secondly, the conditions 

for the development of a high concentrated nitrifying biofilm were elucidated, by conducting 

experiments with different C/N ratios and different shear force magnitudes dependent on the 

oxygen supply method. A pilot plant was built and operated with real wastewater in order to 

test the airlift reactor design model and validate the predicted water velocity using the three-



Abstract  

iii 

Elucidating the potential of anaerobic wastewater treatment for nitrogen removal with nitrifying airlift reactor 

and lithotrophically denitrifying FeS granules 

phase hydrodynamic model. Towards the end of the research project, the interconnections 

between the process steps were observed as basis for further development of design 

methodology. 

Nitrate removal: The major finding from the anaerobic experiments with the third reactor 

provided the insight that the decayed VSS converted to mg COD is 2.13 mg COD/gVSS/d, or 

264.16 µeeq/gVSS/d. The degradation of organic matter under anoxic (nitrate) conditions 

resulted in 149 µeeq./gVSS/d, whereas the degraded organic matter under sulfate reducing 

conditions resulted in 128 µeeq./gVSS/d. The evidence was provided that iron sulfide and pyrite 

formation with 86 µeeq./gVSS/d  is preferred compared to methane production, if the electron 

donor availability is limited. 

Nitrate was converted to nitrogen gas and ammonia. 53 % or 54 µeeq.N-NO3
-/gVSS/d ended 

up as ammonia, whereas only 47 % or 47 µeeq.N-NO3
-/gVSS/d ended up as nitrogen gas in the 

gas phase. Sulfate has been produced with 0.9 µmols S/gVSS/d, which results in 

7.2 µeeq./gVSS/d, or around 15 % of the nitrate removal to nitrogen gas. However, a strict 

distinction between the nitrate and sulfate as electron acceptors cannot be provided, due to the 

possibility of sulfate recycling by the sulfate reducing bacteria. During the 546 days of 

operation, an average continuous removal of nitrate of 0.25 mgN/gVSS/d with a removal 

efficiency of 32 % was observed, whereas the biomass degradation over 546 days was 

1.49 mg VSSDEC./g VSS/d with Deltaproteobacteria (DNRA) rising from 30 % to 50 % during 

the experimental period. 

Nitrification: The three-phase hydrodynamic model predicts a range of superficial air velocities 

(0.009 – 0.013 m/s), under which the airlift bioreactor was fluidized. Three superficial air 

velocities (0.009 m/s, 0.011 m/s and 0.013 m/s) were experimentally tested in the pilot plant 

and the obtained circulation velocities were compared with the predicted design scenarios. The 

predicted velocity was in agreement with the measured velocity. The aim of the mathematical 

model and the calculations of different geometry scenarios was to define the optimal geometry 

design for the physical model. The results show that the ratio of the cross-sectional area between 

the riser and the downcomer of 1.33 resulted in the lowest superficial liquid velocity of 

0.076 m/s in the riser at a relatively low superficial air velocity of 0.011 m/s and a carrier 

density of 1,030 kg/m3. This bioreactor design enabled the longest retention time of particles in 

the oxygenated riser. 

Minimum drag force enhanced the nitrifying biofilm enrichment with 74 % nitrifying cell 

population volume of the total biofilm volume. In comparison, the aerated systems resulted in 

a thinner nitrifying biofilm with 45 % nitrifying cell population volume of total biofilm volume. 

The specific average ammonium removal rate with H2O2 was 1.1 gNH4
+-N/m2/d and 36 % 

higher than operation with aeration. At relative higher C/N ratios and higher drag forces, the 

nitrifying share dropped to 10 % of the cell population volume of the total biofilm volume, 

regardless of the shear force, suggesting that limitation of the COD is crucial for enhancing a 

dense nitrifying biofilm.   
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Zusammenfassung 

Die Fortschritte beim Entdecken und Verstehen neuer Stoffwechselwege in der Natur haben 

Ingenieure dazu bewogen, die Vorteile in einem technisierten System zu nutzen. Das 

Verständnis des Kohlenstoff- und Stickstoffkreislaufs war schon immer ein Feld für 

naturwissenschaftliche und technische Forschung. Zahlreiche Herausforderungen/Nachteile 

wie die Verwendung von löslichem organischem Kohlenstoff für die Denitrifikation, lange 

Schlammverweilezeiten und energieintensive Behandlung aufgrund einer Kombination von 

organischer Kohlenstoffentfernung und Nitrifikation sowie eine intensive Schlammbehandlung 

bleiben jedoch unbeantwortet. Dennoch liegen zahlreiche Ideen zur Optimierung von 

Belebtschlammprozessen vor, die sich jedoch meist auf dekrementale und begrenzte 

Verbesserungen konzentrieren.  

In dieser Doktorarbeit werden die aktuellen Herausforderungen in der Abwasserreinigung als 

Motivation postuliert. Kohlenstoff und Stickstoff spielen eine vorherrschende Rolle in der 

Abwasserbehandlung, während die vorteilhafte Einbeziehung sowohl des Schwefel- als auch 

des Eisenkreislaufs in dem Abwasserreinigungssystem noch nicht verwendet ist. Ein 

spezifischer Ansatz zur Integration konkreter Vorteile aus dem Schwefel- und Eisenkreislauf 

in eine Technologie zur Abwasserbehandlung wurde in der Literatur nicht gefunden.  

Die untersuchte Idee in diesem Forschungsprojekt besteht aus drei Prozessschritten, von dennen 

zwei experimentell getestet wurden. Die erste Stufe (nicht getestet wurde) ist die anaerobe 

Abwasserbehandlung zur Umwandlung von organischem Kohlenstoff in Methan und 

Kohlenstoffdioxid sowie die Rückhaltung von Feststoffen mit einem anaeroben Membran-

Bioreaktor. Der zweite Schritt ist die Nitrifikation mit einem dichten nitrifizierenden Biofilm 

auf einem Träger in einem Airlift-Reaktor. Der letzte Schritt der Nitratentfernung basiert auf 

dem Abbau von partikelförmigem organischem Material als Elektronenquelle, wobei 

Elektronen über Eisensulfid oder Pyrit verschoben werden, um eine lithotrophe Denitrifikation 

durchzuführen. Eisensulfidringe im System fungieren als Batterien für das Elektronen. Als 

organischer Kohlenstoff im Überfluss vorhanden war, produzierten die eisen- und 

sulfatreduzierenden Bakterien reduzierte Verbindungen, die in Eisensulfid und Pyrit gebunden 

wurden (hier so genannte „Elektronenbatterien“). Sobald die Nitratkonzentration im Zufluss 

höher war, wurde das Eisenhydroxid im Granulat ausgefällt. 

Der Schwerpunkt der Arbeit lag auf dem Verständnis des dritten Reaktors (Nitratentfernung), 

in dem Nitrat entfernt werden soll, ohne zusätzlichen CSB als Elektronenquelle hinzuzufügen. 

Die anaerobe Redoxkaskade wurde mit geschlossenen Elektronenäquivalenten 

Massenbilanzmessungen analysiert. Nach dem Verständnis der Redox-Prozesse und ihrer 

syntrophischen und kompetitiven Prozesse bezüglich FeS-Bildung und Oxidation wurde der 

Schwerpunkt auf den Langzeitbetrieb, die Entwicklung der mikrobiellen Ökologie, die 

Eisenakkumulation und den Biomasseabbau gelegt. 

Parallel dazu wurde die Optimierung des Nitrifikationsreaktors untersucht. Zunächst wurde ein 

Airlift-Reaktor mit minimalem Energiebedarf entworfen, wobei das Optimum zwischen der für 
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die Nitrifikation benötigten Energie und der für die Fluidisierung benötigten Energie gesucht 

wurde. Zweitens wurden die Bedingungen für die Entwicklung eines hochkonzentrierten 

nitrifizierenden Biofilms durch Experimente mit unterschiedlichen C/N-Verhältnissen und 

unterschiedlichen Scherkraftgrößen in Abhängigkeit von der Sauerstoffzufuhrmethode 

erläutert. Eine Pilotanlage wurde gebaut und mit echtem Abwasser betrieben, um das 

Auslegungsmodell des Airlift-Reaktors zu testen und die vorhergesagte 

Wassergeschwindigkeit mit Hilfe des dreiphasigen hydrodynamischen Modells zu validieren. 

Gegen Ende des Forschungsprojektes wurden die Zusammenhänge zwischen den 

Prozessschritten beobachtet, die als Basis für eine weitere Entwicklung einer Designsmethodik 

dienen sollten. 

Nitrat Entfernung: Die wichtigste Erkenntnis aus den anaeroben Experimenten mit dem dritten 

Reaktor lieferte die Erkenntnis, dass das in mg CSB umgerechnete zerfallene VSS 

2,13 mg CSB/gVSS/d oder 264,16 µeeq./gVSS/d beträgt. Die Abbau organische Substanz 

unter anoxischen (Nitrat-)Bedingungen ergab 149 µeeq./gVSS/d, während die abgebaute 

organische Substanz unter sulfatreduzierenden Bedingungen 128 µeeq./gVSS/d ergab. Den 

Nachweis wurde erbracht, dass Eisensulfid- und Pyritbildung mit 86 µeeq./gVSS/d gegenüber 

der Methanproduktion bevorzugt wird, wenn die Verfügbarkeit des Elektronendonors begrenzt 

ist. 

Nitrat wurde in Stickstoffgas und Ammonium umgewandelt. 53 % oder 

54 µeeq. N- NO3
- /gVSS/d endete als Ammonium, während nur 47 % oder 

47 µeeq. N- NO3- /gVSS/d als Stickstoffgas in die Gasphase gelangten. Sulfat wurde mit 

0,9 µmol S/gVSS/d hergestellt, was zu 7,2 µeeq./gVSS/d oder etwa 15 % der Nitratentfernung 

zu Stickstoffgas führt. Eine strenge Unterscheidung zwischen Nitrat und Sulfat als 

Elektronenakzeptoren kann jedoch aufgrund der Möglichkeit des Sulfatrecyclings durch die 

sulfatreduzierenden Bakterien nicht gegeben werden. Während der 546 Betriebstage wurde 

eine durchschnittliche kontinuierliche Entfernung von Nitrat von 0,25 mgN/gVSS/d mit einer 

Entfernungseffizienz von 32 % beobachtet, während der Abbau der Biomasse über 546 Tage 

1,49 mg VSSDEC./g VSS/d betrug, wobei die Deltaproteobakterien (DNRA) während des 

Versuchszeitraums von 30 % auf 50 % anstiegen. 

Nitrifikation: Das dreiphasige hydrodynamische Modell prognostiziert eine Bandbreite von 

Leerrohrgeschwindigkeiten (0,009 - 0,013 m/s), unter denen der Airlift-Bioreaktor fluidisiert 

wurde. Drei oberflächliche Luftgeschwindigkeiten (0,009 m/s, 0,011 m/s und 0,013 m/s) 

wurden in der Pilotanlage experimentell getestet und die erhaltenen 

Zirkulationsgeschwindigkeiten mit den vorhergesagten Auslegungsszenarien verglichen. Die 

vorhergesagte Geschwindigkeit stimmte mit der gemessenen Geschwindigkeit überein. Ziel des 

mathematischen Modells und der Berechnungen verschiedener Geometrie-Szenarien war es, 

das optimale Geometrie-Design für das physikalische Modell zu definieren. Die Ergebnisse 

zeigen, dass das Verhältnis der Querschnittsfläche zwischen dem Steig- und dem Fallrohr von 

1,33 bei einer relativ geringen oberflächlichen Luftgeschwindigkeit von 0,011 m/s und einer 
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Trägerdichte von 1.030 kg/m3 zu der niedrigsten oberflächlichen Flüssigkeitsgeschwindigkeit 

von 0,076 m/s im Steigrohr führte. Dieses Bioreaktordesign ermöglichte die längste Verweilzeit 

der Partikel im sauerstoffhaltigen Steigrohr. 

Minimale Scherkraft verstärkte die Anreicherung des nitrifizierenden Biofilms mit 74 % 

nitrifizierendem Zellpopulationsvolumen des gesamten Biofilmvolumens. Im Vergleich dazu 

führten die belüfteten Systeme zu einem dünneren nitrifizierenden Biofilm mit 45 % 

nitrifizierendem Zellpopulationsvolumen des gesamten Biofilmvolumens. Die spezifische 

durchschnittliche Ammoniumentfernungsrate mit H2O2 betrug 1,1 gNH4
+-N/m2/d und war 

36 % höher als beim Betrieb mit Belüftung. Bei relativ höheren C/N-Verhältnissen und höheren 

Widerstandskräften sank der nitrifizierende Anteil unabhängig von der Scherkraft auf 10 % des 

Zellpopulationsvolumens des gesamten Biofilmvolumens, was darauf hindeutet, dass die 

Begrenzung des CSB für die Verbesserung eines dichten nitrifizierenden Biofilms entscheidend 

ist. 
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1 Introduction 

After decades of industrialization and major focus on the economic growth, the environment 

has become a major topic of interest during the last decade. It is well understood that a healthy 

sustainable economy can only be achieved with a healthy environment. Therefore, in the last 

decade, not only has it been sufficiently debated, but also major commitments have been 

brought forward. Namely the Paris Agreement within the United Nations Framework 

Convention on climate Change (UNFCCC); this is a major step towards protecting our 

environment. Although dealing with greenhouse-gas-emissions is only one step, the statement 

regarding a sustainable environment is of major significance. In the big environmental puzzle, 

the wastewater treatment technology is only one, but nevertheless one important part.  

Carbon (C) and nitrogen (N) play a predominant role in the wastewater treatment technology. 

In this study the beneficial inclusion of the combination of both sulphur (S) and iron (Fe) cycle 

in the wastewater treatment engineered system was included. The complexity of the interaction 

between the four named cycles was first understood in natural systems such as oceans, marine 

sediments, lakes, lake sediments and wetlands, and presented in the literature review. 

The available knowledge of the four cycles in the nature was used to promote regulation of the 

biochemical processes in granules for removal of nitrate. The biogeochemical cycles of major 

elements such as carbon (C), nitrogen (N), sulphur (S) and iron (Fe) are driven by redox 

processes, which affect its bioavailability in the environment. Spatial and temporal stratification 

of these processes can manifest at vastly different scales, from the small scale of the microbial 

mats [Babauta et al. 2014] to winogradsky columns [Babcsányi et al. 2017], to landmarks like 

the Grand Prismatic Spring in Yellowstone National Park [Gonsior et al. 2018]. These stratified 

processes can be governed by natural laws, such as thermodynamics, or physiological principles 

of the prevalent biota and their genetic potential. 

In order to evaluate the idea of regulation of the lithotrophic denitrification in granule 

containing iron and sulphur in the core, first the relevant theoretical background for the 

nitrogen, sulphur and iron as well as pyrite formation was systemized. 

1.1 Literature review 

1.1.1 Nitrogen cycle 

Organic compounds like amino acids or inorganic compound such as ammonia, nitrite, and 

nitrate are the major forms of nitrogen in the wastewater treatment. The nitrogen is one of the 

major nutrients in nature. This important role enabled a broad diversity in the reaction among 

nitrogen compounds with other elements. An overview of the already known processes (up to 

2020) is presented in Figure 1. Ammonia is oxidized by chemolithoautotrophic bacteria to 

nitrite and subsequently to nitrate, known as the nitrification process (1, Figure 1). The first 

stage in ammonia oxidation is the endergonic conversion to hydroxylamine 
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(ΔG°=+17 kJ mol- 1 ) [Prosser 1990]. This reaction is carried out by a membrane-bound 

ammonia monooxygenase. Hydroxylamine is oxidized to nitrite via intermediates by soluble 

enzyme hydroxylamine oxidoreductase which has a complex structure and probably resides in 

the periplasm [Prosser 1990]. The Nitrosomonas europaea and Nitrobacter winogradskyi are 

the most known ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) 

[Wiesmann 1994]. 

 

Figure 1. Nitrogen microbial mediated redox and abiotic reaction 

These organisms grow very slowly, obtaining their carbon from dissolved carbonate and are 

therefore classified as autotrophic or chemolithotrophs. 80 % of the energy generated by 

autotrophs is used to fix carbon dioxide. The importance of the carbon dioxide in the 

nitrification process is with municipal wastewater [Denecke and Liebig 2003] as well as 

industrial wastewater [Steuernagel et al. 2018] is well elaborated. Recent studies promote one 

microorganism called comammox that is responsible for both, ammonia oxidization and nitrite 

oxidization. The genes affiliated with phylogenetically distinct ammonia monooxygenase and 

hydroxylamine dehydrogenase genes of nitrospira were retrieved on nitrospira-contigs in new 

metagenomes from an engineered system [Daims et al. 2015]. 

Recent studies also provide a new pathway of oxidation of ammonia with Fe3+ as oxidizing 

agent (2, Figure 1), so-called feammox process [Ding et al. 2019, Shuai and Jaffé 2019, Yang 

et al. 2012]. However, the metabolic and enzymatic pathway requires clearance, which provides 

space for debate, whether the iron is only used as a cycling element in the nitrogen loss [Li et 

al. 2018a]. Another pathway is sulfate-dependent anaerobic ammonia oxidation (3, Figure 1). 

However, until today, pathways 2 and 3 have (2020) not been discovered [Zandt et al. 2018]. 

Denitrification is considered as the assemblage of nitrate respiration (4, Figure 1), nitrite 

respiration (5, Figure 1) combined with nitric oxide (NO) reduction and nitrous oxide (N2O) 

respiration to nitrogen gas. The most common group of denitrifiers belong to Proteobacteria, 

where  nitrate reductase (nar) (also over periplasmatic activity) and nitrite reductase (nir) are 

key enzymes [Zumft 1997]. A bacterium is either denitrifying or ammonifying. The 
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ammonifying pathway in form of dissimilatory nitrate reduction to ammonia (DNRA) is mostly 

not electrogenic, detoxifies nitrite and serves as an electron sink. The aspects of physiology, 

ecology and biochemistry, as well as genetic information are covered by Cole [Cole 1990]. 

An alternative metabolic pathway to the conventional nitrification/denitrification is the 

Anammox process [Mulder et al. 1995]. In the anammox process the nitrite is reduced with 

ammonia (6, Figure 1) including few intermediate processes over hydroxylamine and hydrazine 

[Jetten et al. 2009]. Oxygen and carbon requirements for the biological nitrogen removal 

including nitrification, nitritation and anammox is provided by Daigger [Daigger 2014]. An 

undiscovered pathway is the nitrate-dependent ammonia oxidation (7, Figure 1), providing 259 

kJ/mol NH4
+. 

 

 5𝑁𝐻4
+ + 3𝑁𝑂3

− → 4𝑁2 + 9𝐻2𝑂 + 2𝐻
+ (∆𝐻° = −259 kJ/mol 𝑁𝐻4

+) (1) 

 

A recent discovery of the nitrate-dependent anaerobic methane oxidation (8, Figure 1) [Haroon 

et al. 2013] provided a perspective on the nitrate removal. The Methanoperedensnitroreducens 

as ANME-2d oxidizes the methane with nitrate to nitrite, where it is hypothesized that archaea 

are then responsible for further reduction of nitrite coupled with methane (9, Figure 1). 

However, this discovery opens up the possibility for coupling it with anammox [Winkler et al. 

2015]. The pathways where inorganic compounds are used as electron donors (10, 11 and 12, 

Figure 1) are further discussed in section 1.1.2 and 1.1.3. 

1.1.2 Sulphur cycle 

In the case of autotrophic denitrification, sulphur-oxidizing bacteria can use molecular 

hydrogen instead of organic substances or reduced sulphur compounds for the nitrate reduction. 

The ability to grow lithotrophically on reduced sulphur compounds is widespread among 

organisms in the phylum Proteobacteria.  

Monosulfidic compounds (e.g. hydrogen sulfide H2S) or intermediates in the oxidation to 

sulfate (e.g. elemental sulphur S0, thiosulfate S2O3
2-) in form of a reduced sulphur compound 

can be used as an electron donor (10, Figure 1). The oxidation of these substrates generates 

sulphuric acid (H2SO4). Therefore, several thiobacilli are acidophilic microorganisms 

[Madigan; et al. 2012]. The most frequently examined representatives of the autotrophic 

denitrifiers are Thiobacillus denitrificans [Beller et al. 2006]. As early as 1954, Baalsrud in 

‘Theoretical Foundations 14’ published a study on Th. Denitrificans, which proves that this 

type of bacteria can reduce nitrite down to nitrogen monoxide with the simultaneous oxidation 

of thiosulfate [Baalsrud and Baalsrud 1954]. 
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  (2) 

 

The reduced sulphur compounds can be produced by the sulphur reducing bacteria (SRB) that 

mostly use organic carbon as an electron donor to reduce sulfate [Barton and Fauque 2009]. 

Microbial transformation of sulphur (S) is even more complex than those of nitrogen, because 

of the large number of oxidation states of S. Moreover, the S-cycle can be more complex as 

abiotic transformations are also possible [Böttcher 2011]. However, mainly three oxidation 

stages play a major role in nature (-2, 0 and +6). SRB are a large and highly diverse group and 

are widespread in nature. Sulfate reduction is generally C limited in natural systems and 

becomes important when organic carbon is abundant, such as in wastewater. Species in the 

genus Desulfovibrio have been widely used for the study of sulfate reduction [Huisingh et al. 

1974]. The sulfate reduction mechanism with the respective intermediate steps is visualized in 

Figure 2 [Cypionka 2011]. 

 
 

Figure 2. Sulfate reduction mechanism acc. to Cypionka 2011(left); The pathway of thiosulfate 

and elemental sulphur disproportionation, modified from Frederkisen 2003 (right) 

A novel type of energy metabolism involving fermentation of inorganic sulphur compounds in 

sulfate and hydrogen sulfide provided new insights in the microbiological sulphur 

disproportionation [Bak and Cypionka 1987]. Here, for the first time was presented the idea of 

cycling of electrons by the SRB within the delta subclass of Proteobacteria [Finster 2008]. In 

environments with low sulfate concentration, the reduction of sulfate by the SRB is 

accompanied by oxidation of sulfide back to sulfate [Pellerin et al. 2014]. The cryptic sulphur 

electron cycling may play an important role in the carbon sink effect in sulfate poor 

environments [Pester et al. 2012].  

𝐻𝑆− + 1.6𝑁𝑂3
− + 𝐻+ → 𝑆𝑂4

2− + 0.8𝑁2 + 0.8𝐻2𝑂 ∆𝐺𝑟
0 = −784  𝑘𝐽/𝑚𝑜𝑙  
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The enzymatic pathways of elemental sulphur and thiosulfate disproportionation providing two 

distinct pathways was provided by Frederiksen [Frederiksen and Finster 2003]. The first 

pathway seems to be the reverse sulfate reduction, involving APS reductase and ATP 

sulphurylase. The second pathway is the direct oxidation of sulfide to sulfate by sulfite 

oxidoreductase. The factors such as availability of sulphates, uptake rates, organic matter 

availability and organic matter mineralization (redox cascade) are main factors driving the 

cryptic sulphur cycle [Holmer and Storkholm 2001]. 

The cryptic S-cycling coupled to Fe reduction appeared to provide a hidden source of sulfate to 

drive anaerobic oxidation of methane in freshwater sediments [Weber et al. 2016]. In the study 

of Ng et al., low relative abundance of known iron reducing bacteria raised the possibility of 

abiotic ferric iron (Fe) reduction driving sulfide reoxidation to intermediate-valance sulphur 

forms, and archaea comprising up to 25 % of the microbial community could include consortia 

capable of anaerobic oxidation of methane [Ng et al. 2020]. In this study the interconnecting 

processes in the granule were investigated.  

1.1.3 Iron cycle 

After oxygen, Fe is the most abundant element in the Earth’s crust [Emerson et al. 2012]. On 

the surface of Earth, Fe exists naturally in two oxidation states, ferrous (Fe2+) and ferric (Fe3+). 

A third oxidation state Fe0 is abundant in Earth’s core and is usually a major byproduct from 

human activities, such as iron ores to form cast iron. [Madigan; et al. 2012]. Fe3+ is an electron 

acceptor for energy metabolism in certain chemoorganotrophic and chemolithotrophic 

prokaryotes. Fe3+ is abundant in nature and its reduction supports a major form of anaerobic 

respiration, which couples it to an oxidation of several organic electron donors [Madigan; et al. 

2012]. Geobacter has been a model for studies of the physiology of Fe3+ reduction. Geobacter 

oxidizes acetate with Fe3+ as an acceptor in a highly exergonic reaction [Caccavo et al. 1994]. 

Geobacter can also use H2 or other organic electron donors. This is of environmental 

significance, because in iron rich environments, Geobacter can remove the organic carbon in 

order to reduce the Fe3+ and produce Fe2+. The Fe2+ can later be used as an electron donor for 

the reduction of nitrate. In case of presence with S-, FeS can be precipitated and used as a 

battery, in order to keep electrons that might leave the system under low nitrate concentration. 

In addition to autotrophic denitrification with simultaneous sulphur oxidation, Th. Denitrificans 

is also able to carry out nitrate-dependent iron oxidation (NDFO) [Beller et al. 2006]. However, 

the ability to reduce nitrate via iron oxidation is generally less represented in lithoautotrophic 

bacteria, but has rather been observed in lithoheterotrophic bacteria that require an organic co-

substrate for the synthesis of cell components [Picardal 2012]. This microbial community has 

been estimated to be proportionately around 0.8 % of the nitrate-reducing bacteria [Straub and 

Buchholz-Cleven 1998]. The complex iron forms in aquatic chemistry represents a challenge 

for the measurements of iron oxidizing bacteria [Emerson and Floyd 2005]. The oxidation of 

iron can be microbially accelerated [Wang et al. 2009b] by a variety of mechanisms up to four 

orders of magnitude compared with the rate of strictly abiotic oxidation [Søgaard et al. 2001]. 
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The cycling of iron in nature is predominantly between Fe2+ and Fe3+. Iron is a micronutrient 

that plays an integral role in the ocean biochemistry as part of cycling processes and linkages 

with carbon and nitrogen cycles [Tagliabue et al. 2017]. The evidence for microbial iron cycling 

showed with internal Fe2+ source coupled to active Fe3+ reduction, by providing the composition 

of Fe redox cycling microbial community at neutral pH groundwater seep [Roden et al. 2012]. 

The so called “microbial ferrous wheel” turns by coupling the activities of lithotrophic iron 

oxidizing microorganisms (FeOM) and dissimilatory iron reduction microorganisms (FeRM) 

across scale redox gradients [Roden et al. 2012]. 

 

Figure 3. Possible mechanisms for an energetic benefit from iron oxidation coupled to nitrate 

reduction. (A) oxidoreductase accepts electrons, (B) Nar accepts electrons from Fe 

(II) and reduced nitrate, (C) the cytochrome bc1 accepts electrons from Fe and reduces 

quinone pool, (D) more protons are pumped to Nar via electron, then other nitrogen 

oxide reductase. Nar, nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide 

reductase; Nos, nitrous oxide reductase; QH2, reduced quinone; Q, oxidized quinone; 

bc1, cytochrome bc1; cyt c, cytochrome c. (after Carlson 2012) 

10𝐹𝑒𝑆 + 22𝑁𝑂3 + 52𝐻+ → 10𝐹𝑒3+ + 11𝑁2 +  26𝐻2𝑂 + 10𝑆𝑂4
2− 

 ∆𝐺𝑟
0 = −1093  𝑘𝐽/𝑚𝑜𝑙  
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The abiotic reaction between Fe2+ and nitrate is slower compared to the abiotic reaction between 

Fe2+ and nitrite [Picardal 2012]. The relative competition between abiotic iron oxidation and 

microbiologically oxidation remains an unanswered question until today [Klueglein and 

Kappler 2013].  

The anaerobic oxidation of Fe2+ is still not well understood. A recent study promoted a 

mechanistic model for anaerobic nitrate dependent iron oxidation based on (1) bacteria that 

oxidize Fe2+  by abiotic or abiotic reactions, (2) Fe2+ tolerant bacteria that gain little or no growth 

from iron oxidation and (3) bacteria that efficiently accept electrons from Fe2+ to gain a growth 

advantage while preventing the toxic reactions [Carlson et al. 2012]. 

1.1.4 Pyrite formation 

In anaerobic environments, where organic carbon is not limited as an electron donor, electron 

acceptors, such as sulfate and Fe3+ will be reduced. The reduced compounds will precipitate in 

form of iron sulfide [Rickard and Luther 2007]. The interaction of these compounds is 

intertwined with the preservation of organic carbon in sediments, as one major process used for 

understanding the role of pyrite in natural environments [Canfield and Farquhar 2012]. A 

further explanation of the reduced iron and sulphur compounds with its subsequent steps like 

iron sulfide, mackinawite, greigite, ferric magnetic iron sulfide and pyrite is provided by Berner 

[Berner 1984]. Reactive iron minerals will react first with sulfide produced by sulfate reduction 

from the microbial mediated reaction. 

  

Figure 4. Potential mechanisms for different biomineralization patterns observed in sulfate 

reducing microorganisms (left) according Picard 2016 (A) closely associated with 

cells; (B) loosely aggregated outside cells after Picard 2016; Formation of pyrite 

(right) (Hp. MG. Hydrogenotrophic methanogenesis) modified from Thiel 2019 
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This hypothesis was supported by the production of biogenic nano-particulate iron-sulfide 

through sulfate and Fe(III)-(hydr)oxide reductions, enhanced by pyruvate as an electron donor 

[Zhou et al. 2015]. A valuable review on the role of microorganisms in formation of 

extracellular iron sulfide minerals concludes that iron sulfide is either produced abiotically after 

sulfate reduction with dissolved metals, or after association of iron with the cells which then 

reacts with sulfide on these surfaces to form sulfide minerals (Figure 4 right) [Picard et al. 

2016]. 

Pyritization is then a process, where dissolved iron (II)monosulfide is attacked by nucleophilic 

polysulfide to form pyrite. Another mechanism is that, it might react with iron sulfide under 

presence of H2S, which is known as the Wächtershäuser reaction [Rickard and Luther 2007]. 

 

 𝐹𝑒𝑆 + 𝑆𝑛
2− → 𝐹𝑒𝑆2  +  𝑆𝑛−1

2−            ∆𝐺𝑟
0 = −64  𝑘𝐽/𝑚𝑜𝑙  (4) 

 𝐹𝑒𝑆 + 𝐻2𝑆 →  𝐹𝑒𝑆2  + 𝐻2           ∆𝐺𝑟
0 = −41 𝑘𝐽/𝑚𝑜𝑙 (5) 

 

Berner also provided the evidence that pyrite formation happens under presence of organic 

carbon with living organisms [Berner 1984]. 

An evidence for the pyrite formation from FeS and H2S is through microbial redox activity as 

critical process for providing energy for lithotrophic growth syntrophically coupled to 

methanogens [Thiel et al. 2019]. 

Other studies focus on various electron donors for the sulfate reduction and combined with 

already existing reactive iron metals. In the study of Ng et al., low relative abundance of known 

FeRM raised the possibility of abiotic Fe3+ reduction driving sulfide reoxidation to 

intermediate-valance sulphur forms, and archaea comprising up to 25 % of the microbial 

community could include consortia capable of anaerobic oxidation of methane as electron donor 

[Ng et al. 2020].  
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1.2 State of the art and technology 

New advances in process control, materials and social impacts are bringing the S and Fe cycle 

closer to the wastewater treatment. However, these upcoming technologies are used in the field, 

the laboratory, or at most pilot plant applications. Here an overview of the available carbon and 

nitrogen removal technologies, as well as upcoming sulphur- and iron-based technologies is 

provided. The available knowledge about conventional treatment processes, as well as 

upcoming promising processes in the form of pilot scales or as already available full-scale 

applications is provided. 

For the focus in this thesis, which is regulation of the lithotrophic denitrification in granules 

containing FeS sediments, a specific process step configuration of anerobic organic carbon 

removal, nitrification and lithotrophic denitrification is proposed in this thesis (for detail 

information see Section 1.4). The available knowledge for these specifically selected process 

steps is provided in the following literature review.  

1.2.1 Anaerobic carbon removal technology 

Anaerobic wastewater treatment (AnWT) of wastewater is an alternative technology, especially 

for high load BOD concentration. Reduction of excess sludge production, reduction in space 

requirements, less use of fossil fuels for treatment, production of methane, less greenhouse gas 

emission (no aeration required) and excess sludge with market value are only some of the 

advantages of such a technology [Lier et al. 2008].  

Due to their sedimentation properties, sludge granules are used as sludge beds in upflow 

anaerobic sludge blanket reactors (UASBR) [Röske and Uhlmann 2005]. The low sludge 

production is an economic benefit from anaerobic wastewater treatment. Due to regulatory 

implications, land filling is no option for excess sewage sludge and biowastes in Germany. 

Additional price stress arises from the treatment of the residuals from sludge treatment from 

AS in form of incineration, where the price for incineration is reaching few hundred euros per 

ton dry solids (DS) [Roskosch A. et al. 2019].  

In such an anaerobic wastewater treatment plant, organically highly concentrated wastewater is 

cleaned by processes of the hydrolytic, acidogenic, acetogenic and methanogenic bacteria 

[Mudrack and Kunst 1985]. A benefit of the anaerobic treatment process is the production of 

methane. The energetic aspect of anaerobic wastewater treatment arouses great interest [Lier et 

al. 2008]. The produced energy in form of renewable energy provides the operators carbon 

credits, compared to energy produced by coal-driven power plants [Lier et al. 2008]. 

Anaerobic treatment with wastewater from approx. 1500 mg COD / L is possible, but above all 

wastewater with > 5000 mg COD / L is suitable for this process [Mudrack and Kunst 1985]. 

The anaerobic treatment process is mainly used for organically highly concentrated wastewater 

from the agricultural and food industry, since conventional, aerobic processes could pose a few 

operational difficulties, such as maintaining an aerobic environment or increasing biomass 

production, which necessitates subsequent disposal. 
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The high rate conversion of organic matter to biogas by the AnWT technology is proven for a 

wide range of temperature conditions [Lettinga et al. 1984], which makes it applicable also for 

municipal mainstream application. Another application for ambient operating temperature of 

domestic wastewater is analyzed by Gomec [Gomec 2010]. Such applications are becoming 

more interesting in several tropical countries, where artificial heating of the reactors can be 

avoided. 

The higher investment costs and complex operation, as well as factors like the type of variability 

of wastewater, the type of organic contaminants in the influent and its pH as well as separation 

of the suspended solids are the drawbacks of the process. Additionally, electron acceptors such 

as oxygen [Pedizzi et al. 2016] and nitrate [Banihani et al. 2009a] can inhibit the process. 

Moreover, the concentration of H2S can play an inhibitory role in the anaerobic treatment 

process as well [Khan and Trottier 1978].  

An alternative of the AnWT is an anaerobic membrane bioreactor for wastewater (AnMBR). 

The advantage of such a reactor is the separation of the suspended solids and the retention of 

the floating biomass in the reactor, whereas the major disadvantage of the technology is the 

fouling of the membranes. Reviews on AnMBR applications report mostly on bench scale 

applications, whereas no description of industrial applications is reported in literature. No pilot 

cases have been described [Skouteris et al. 2012]. Fast start-ups of the reactors, a small 

footprint, high efficiency up to 99 % organic carbon removal [Huang et al. 2008] have been 

reported as advantages in the literature.  

 

Figure 5. Side stream configuration (a); Submerged or immersed membrane configuration (b) 

according to Jain 2018 

The energy consumption for fluidization of the reactors is a parameter that plays a major role 

in the economic analysis of the membrane reactors. Although it is stated that 30 % of the energy 
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demand can be covered by the methane produced [Kim et al. 2011], other studies elaborate that 

the energy costs for operation of the bioreactors are much higher than estimated [Jeison and 

van Lier 2007]. The fouling of the membranes is a main disadvantage that is resulting from the 

type and materials of the membrane; so are parameters such as gas sparging intensities and 

membrane relaxation, as well as cake formation. 

An advantage of the anaerobic membrane reactor is the ability to grow slow-growing 

microorganisms [Ma et al. 2013] which is an advantage when a certain microbiological culture  

is preferred on the membranes. The AnMBR technology offers the potential to be combined 

with other treatment technologies [Skouteris et al. 2012]. A review on AnMBR as a highly 

efficient and reliable technology for wastewater treatment with the operational constraint and 

quest for innovative membrane material is provided by Jain [Jain 2018]. 

1.2.2 Nitrogen removal technology 

Activated sludge (AS) treatment as robust and reliable technology is currently the most used 

biological treatment process in the developed world. From its beginning as an aerated system 

in Manchester, England [Ardern and Lockett 1914] until the latest jubilee of 100 years with 

many fine optimizations in different process steps [Jenkins and Wanner 2014], the activated 

sludge is reaching its limits with regard to wastewater innovation. In the 1960s, the AS system 

was extended through nitrogen removal in the form of nitrification and denitrification. Due to 

different growth rates of autotrophic nitrifying microorganisms and heterotrophic 

microorganisms, the sludge retention time (SRT) in the biological reactor was extended, which 

led to further stabilization of sludge in the reactor, resulting in increased CO2 production in the 

atmosphere and increased aeration introduced to the biological reactor.  

The high nitrogen load release during anaerobic digestion that is recycled back to the AS 

bioreactors is a problem that is tackled with several approaches. Such approach was provided 

with the SHARON – simple system for N-removal over nitrite [Hellinga et al. 1998], BABE – 

bioaugmentation with endogenous nitrifiers [Berends et al. 2005, Salem et al. 2003], CANON 

– completely autotrophic nitrogen removal over nitrite is a combination of nitritation and 

anaerobic ammonium oxidation [Third et al. 2001], OLAND – Ammonia removal by the 

oxygen-limited autotrophic nitrification-denitrification system [Kuai and Verstraete 1998] or 

with the most speeded ANAMMOX nitrite coupled anaerobic ammonia oxidation [Jetten et al. 

2009, Kartal et al. 2010, Mulder et al. 1995]. Other physical processes such as ammonia 

stripping are costly with carbonates precipitation after the pH shift. The advantage can be the 

recovery of ammonia, but due to higher cost compared to conventional ammonia production, 

the physical stripping processes rarely found an application. One option that makes the stripping 

applicable is using the biogas from the anaerobic digestion for stripping [Serna-Maza et al. 

2015]. 
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The application of the previously named processes in the side stream can also increase the 

capacity for the nitrogen removal of the complete wastewater treatment plant. By removing the 

concentrated nitrogen from the digestate (which is around 10-15 % of the total nitrogen load), 

the main bioreactor can then be operated with shorter SRT. However, some WWTPs are limited 

regarding the SRT, so here the BABE process might come to application. Generally, the 

heterotrophic denitrifiers will mostly win over the other microorganisms, once enough organic 

carbon is provided. 

The high ammonia concentration in the digestate, as well as the relative high temperature of 

20°C - 25°C enables a wide application of the previous processes, where the Anammox 

technology received an attention in full-scale applications [Lackner et al. 2014, Ni and Zhang 

2013]. The idea of establishing anammox in the mainstream, where 40 % of the carbon source 

can be saved and 25 % of the aeration costs can be reduced, while at the same time also 40 % 

less sludge production is expected is raising interest [van Loosdrecht 2008]. However, C/N ratio 

of 3, byproducts such as nitrate, outflow ammonia concentrations bellow 2 mg/L are limiting 

the application of anammox in mainstream. Under specific conditions, the nitrifying 

microorganisms and the anammox bacteria can be retained in the bioreactor also at temperatures 

of 12°C [Hu et al. 2013]. Recent studies present the status and the perspectives of partial 

nitritation and anaerobic ammonium oxidation in mainstream treatment. [Li et al. 2018b, Ma et 

al. 2016].  

Nevertheless, this idea is facing some major challenges. Changing inflow parameters, relative 

cold wastewater, retention of anammox bacteria in the reactor and a somehow complex 

operation of the treatment plant are major challenges [Ma et al. 2020, Xu et al. 2015]. The 

complexity of the operation is defined by the nitrite pathway that must be followed. There are 

two main approaches for selection of the AOBs, which is strong selective pressure and keeping 

low concentrations of oxygen, pH and ammonia concentrations. High salt concertation, as well 

as high ammonium concertation inhibit the nitrite oxidizers. Moreover, short sludge age and at 

the same time providing competition for the nitrite by heterotrophic partial denitrification is 

another condition that will ultimately lead to wash out of the NOBs from the system [Jubany et 

al. 2009].  

1.2.3 Sulphur cycling technology 

A classic form of denitrification is heterotrophic denitrification. However, processes are 

developed for the removal of nitrate and organic carbon based on the S-cycle. Such a novel 

process based on sulfate reduction and autotrophic denitrification for saline wastewater 

treatment is sulfate reduction autotrophic denitrification nitrification integrated (SANI ) [Wang 

et al. 2009a]. Since the organic carbon was used to reduce the sulfate as electron donor, the 

sludge production was minimized and no waste sludge was wasted within 330 days of operation 

[Tsang et al. 2009]. 

The demo plant build in Hong Kong satisfactory met the local effluent discharge limits with 

maximum volumetric loadings rates for organic conversion, nitrification and denitrification of  
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2 kg COD/m3/d, 0,39 kg N/m3/d and 0,35 kg N/m3/d respectively [Wu et al. 2016]. The 

biological sludge production rate of the SANI process was 0,35 gTSSproduced/g BOD, which was 

60 % lower than the conventional AS process in Hong Kong [Wu et al. 2016]. 

Similar processes such as sulphur-based autotrophic denitrification (SAD) have been reported 

also by other scientists [Fu et al. 2020]. An overview of S-based autotrophic denitrification with 

its diversity, biochemistry and engineering applications is provided by Shao [Shao et al. 2010]. 

The S-cycle in combination with anerobic digestion also has a widespread application in 

microbial fuel cells applications due to its ability by some species to transfer electrons among 

species, called direct interchange electron transfer (DIET) [Morita et al. 2011]. Desulfovibrio 

and Methanotrix are the species that are usually brought together in joint microbial activity. 

The characteristic of extracellular transfer of electrons by the SRM is a valuable advantage that 

opens many possibilities for future developments in wastewater treatment as a resource 

recovery treatment plan in form of effective utilization of microbial energy. 

1.2.4 Iron cycling technology 

The Fe oxidation does not find any major application in engineering systems, since very low 

energy is provided, and much Fe is required to grow the bacteria. The oxidation of Fe provides 

only one electron and in order to reduce nitrate to nitrogen gas (with the need of five electrons) 

much iron is required. This brings the application of iron oxidation in engineering systems to 

its limits from an economical point of view. Some niche applications are found in 

biotechnologies, so called “biomining” [Johnson et al. 2012]. Biomining technologies have 

found their application in recovery of metals [Gumulya et al. 2018], but no real application in 

wastewater treatment. Fe3+ is a powerful oxidizing agent and can react with many minerals. An 

application of iron oxidation on a pilot plant with 10 m3,with subsequent arsenic treatment of 

the wastewater was demonstrated in Germany  [Janneck et al. 2010]. 

The zero valent iron (ZVI) technology has already been applied in treatment of water [Li et al. 

2014]. ZVI technology is used in anaerobic treatment to reduce the chemical oxygen demand 

(COD) before the treatment in anaerobic digestion is started, in order to reduce the iron-

hydroxide shell around the iron zero valent core [Mukherjee et al. 2015, Yan et al. 2010]. An 

enhanced methane production in anaerobic treatment in combination with ZVI technology was 

provided by Liu [Liu et al. 2015]. The iron compounds in the ZVI process can be micro or 

nanosized iron oxides, as well as granular sized. Although the scientific research in this area of 

reactivity of iron and sulphur in biochemistry and environmental engineering in the last 30 years 

is scattered, a change in science and technology is awakening renewed interest in these 

technologies.  

A recent study promoted sulfidation of ZVI compounds for more effective water treatment and 

ground water remediation with regard to utilization of reducing equivalents [Fan et al. 2017]. 

Experiments where carbonate and sulfate concentrations were particularly corrosive to zero 

valent iron resulted in the formation of ferrous carbonate and enhanced H2 gas generation, that 
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stimulated the growth of microbial population and increased the sulfate reduction [Gu et al. 

1999].  

 

 

Figure 6. Sulfidation of ZVI particles and the mechanism for removing contaminants in the 

water according to Fan 2017 (left); iron hydroxide shell around ZVI after Yan 2010 

(right) 

The COD is used in order to reduce Fe3+ and by that COD is removed from the system, by 

production of Fe2+. This helps to react with the reduced S-compound in the anerobic treatment 

that will lead to precipitation of pyrite/iron sulfide. An overview of the application using the 

ZVI technology is provided in the literature [Fu et al. 2014]. So far iron-based technologies can 

find an application in iron reduction and precipitation of pyrite/iron sulfide, but less in iron 

oxidation coupled with nitrate reduction.  

1.3 Motivation  

The assessment by the Federal Environmental Agency of water bodies in Germany shows that 

8.2 percent achieve the management goal of the Water Framework Directive and are in “very 

good” or “good ecological status / potential” [Völker et al. 2015]. 36.1 percent are in a 

"moderate", 33.8 percent in an "unsatisfactory", and 19.2 percent in a "poor ecological status" 

(Figure 7). If rivers in Germany do not achieve the "good ecological status", this is mostly due 

to the inadequate water structure. This means that semi-natural habitats for the flora and fauna 

are missing, or the continuity of the water is interrupted by transverse structures. Another reason 

is the high nutrient inputs from agriculture and wastewater treatment, which are mainly 

responsible for missing the target in lakes, transitional- and coastal waters. 

In this regard, measures have been taken and 19 % of all measures are focused on improving 

the point sources, such as WWTPs. Nevertheless, the potential for optimization of AS processes 

on WWTPs is reaching its limits. On the other side, increasing the anthropogenic nutrient 

nitrogen input due to agriculture is rising additional stress for the performance of WWTPs. 

Estimations provide the observation that every second nitrogen atom in the biosphere originates 
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from fertilizers [Hanke and Strous 2010]. This topic is particularly important, as ammonia is 

toxic to aquatic life [Arthur et al. 1987], and additionally to that a dramatic increase of 

anthropogenic nitrogen production has been recorded [Duce et al. 2008].  

 

Figure 7. Ecological status of surface water bodies in Germany acc. to WFD 2015 

Thus, the nitrogen pollution has been attracting significant attention over a longer period, 

whereas the most common engineered and natural transformation of ammonia is through 

nitrification to nitrate. The engineered transformation still encounters some major challenges.  

Despite much research time spent in enhancing the performance of the nitrifying process, two 

basic challenges remain unresolved. First, low growth rates of the nitrifying microorganism 

[Tanaka et al. 1981] make it difficult to maintain them in engineered systems. This implies 

constant recirculation of sludge. Studies have shown that only 6.2 % of AOB and 2.5 % of NOB 

are within the AS systems [Li et al. 2007]. Secondly, the subservient role of nitrifying 

microorganisms in the biomass results in low oxygen availability for nitrification. This implies 

intensive aeration on WWTPs to achieve the nitrification, which results in the consumption of 

4,400 GWh/a within approx. 10,000 wastewater treatment plants in Germany [Fricke 2009] and 

up to 2 % in the USA Energy Budget [Pabi et al. 2013]. 

Although the European Nitrates Directive has been in force since 1991, the pollution of 

freshwater is severe with slightly improvements [Van Der Voet et al. 1996]. Ultimately the 

nitrate ends in the groundwater, where energy intensive processes, such as ion exchange, 

chemical denitrification, reverse osmosis, electrodialysis and catalytic denitrification are 

required in the drinking water treatment plants to remove the nitrate form the groundwater 

[Kapoor and Viraraghavan 1997]. 
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In essence, wastewater treatment technology is transferring the soluble organic carbon 

pollutants from the water into the solid phase (sludge production) and CO2. The produced 

sludge is an increasing problem due to economic, environmental and regulative factors. 

Therefore, it must be treated in several successive processes such as thickening, digestion, 

dewatering, drying and ultimately incineration. Ideas for reduction of the sludge production at  

WWTPs, such as lysis-cryptic growth, uncoupling metabolism, maintained metabolism and 

predation on bacteria are therefore addressed and welcomed [Wei et al. 2003].  

The standardized design of the wastewater treatment is supported with empirical operational 

data. The most valuated design approach in wastewater treatment, the German standard ATV-

DVWK-A 131E, as well as the American standard WEF MOB 8 approach are including safety 

factors that can vary in magnitude of x2. This approach, based on an empirical trial and error 

approach, makes it difficult for upcoming innovative technology to enhance the application, 

since the empirical data is missing. This is slowing down the application of upcoming ideas in 

the already slow wastewater treatment industry, compared to other industries.  

The biochemical complexity in the bioreactors, including various microbial processes active at 

the same time (in competition or syntropy), remains a control challenge that increases the risk 

in the operation due to unregulated (or unwanted) appearance of certain microbial or abiotic 

reactions.  

For the above-mentioned challenges on the WWTP, regarding: 

(1) Limitation of AS for rising performance demand, 

(2) Sludge stabilization due to energy intensive nitrification,  

(3) Denitrification based on soluble COD source (sometimes external), 

(4) Aerobic sludge production, 

(5) Low percentage of nitrifying microorganisms in the bioreactor 

…an idea was searched in order to tackle these issues.  

In this PhD, these challenges were postulated as motivation for this work, where the available 

knowledge for the specific challenges was linked to propose an alternative process treatment 

steps. So far, a specific approach on integration of specific advances from the C, N, S and Fe 

cycle in one technology for treatment of wastewater was not detected in the literature.  
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1.4 Idea for regulation of the lithotrophic denitrification coupled with nitrification 

Inclusion of all four cycles (C, N, S and Fe) in regulated engineered system for treatment a 

municipal wastewater treatment has been the driving aim in this PhD thesis. The proposed 

process idea configuration is visualized in Figure 8. 

 

Figure 8. Innovative process idea for treatment of wastewater including COD and nitrogen 

removal 

The heterotrophic microorganisms with respiration of COD with oxygen are outcompeting 

every other process in the wastewater treatment due to thermodynamically reasons[Madigan; 

et al. 2012]. Naturally, it is intended to remove the COD at the beginning in order to avoid the 

competition at a later stage in the continuing treatment. Additionally, the intention is to produce 

energy by anaerobic treatment, instead of respiration with oxygen aeration. The suspended 

solids will be removed from the treatment line with an intermediate clarifier or membrane 

reactor. Thus, anaerobic wastewater treatment based on an AnMBR reactor seems a reasonable 

first technological step. Moreover, the suspended solids will be mostly retained in this reactor. 

It is not expected that any ammonia will be anaerobically oxidized in the anaerobic MBR 

reactor. 

The subsequent reactor will be the nitrification reactor with dense nitrifying biofilm on carries 

with efficient oxygen transfer in the thin biofilm, where ammonia will be oxidized under low 

COD concentrations as outflow from the AnMBR reactor. Here the nitrifying microorganisms 

shall be fixed on carriers. For this, an airlift technology is proposed. Airlift technology shall 

provide regulated shear force by fluid-carrier relative velocity. It is expected that this will 

support the nitrifying microorganisms on thin biofilms as an advantage compared to 

heterotrophic microorganisms. A relative thin biofilm shall provide efficient oxygen transport 

to the microorganisms, that will optimize the cost for aeration by efficient oxygen transport. 

Additionally, the fluctuation of the ammonia concentration (day and night) shall be integrated 
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in the aeration regulation for further cost savings. Fixing nitrifying microorganisms on carriers 

shall avoid recirculation of biomass as an additional cost saving factor in this set up. In the 

nitrification reactor no excess sludge is expected, due to the major autotrophic growth on the 

carriers. The low COD concentration should prevent the competition for oxygen between the 

nitrifiers and the heterotrophic microorganisms.  

The third and last process in the setup is nitrate removal, based on granule technology. Here the 

fermenters (hydrolysis activity) will provide sufficient soluble COD from degrading the 

particulate matter from the granules, in order to provide electron donors for reducing the nitrate 

produced in the nitrification reactor. The loss of biomass by the degradation will be 

supplemented with the excess sludge produced from the AnMBR reactor. The intention of the 

setup is to minimize already low excess sludge production under anaerobic treatment. 

An important process relevant characteristic in the granules of the third reactor are the iron 

sulfide or pyrite sediments in form of rings. The electron donated from the hydrolysis activity 

should be kept in “electron batteries” (iron sulfide or pyrite sediments/rings) in the granules as 

intermediate step in the reduction of nitrate. As fluctuations in the nitrate load are expected in 

municipal wastewater, the intention is not to lose the electrons in the outflow of the treatment 

plant. This can be performed by reducing the iron and sulphur with the result of precipitation 

of the iron sulfide and pyrite. Once the “electron batteries” are full and no further iron and 

sulfate are reduced, and at the same moment - due to fluctuation - the nitrate inflow 

concentration is low, methane production will start, and energy will be conserved and kept in 

the third reactor. Production of suspended solids is not expected in the second and third reactor, 

whereas the suspended solids from the wastewater will be retained in the AnMBR reactor. The 

ammonia concentration that is being produced during the hydrolysis process in the last third 

reactor shall be assimilated by the diverse processes in the nitrate removal tank. Expected 

processes in the last reactor are hydrolytic activities, methanogenesis activity, methanotrophic 

activity, iron reduction, iron oxidation, sulfate reduction, sulfide oxidation and heterotopic 

denitrification. The Company WTE Wassertechnik GmbH in Essen patented the last step with 

the lithotrophic denitrification of the process under NU, 10 2020 101 18. 

1.5 Research approach and questions 

Our focus was set on understanding the third reactor, where nitrate shall be removed without 

adding additional COD as an electron source. The anaerobic redox cascade shall be analyzed 

with closed electron equivalents mass balance measurements. After understanding the redox 

processes and its syntrophic and competitive processes regarding FeS formation and oxidation, 

the focus shall be set on long-term operation, development of microbial ecology, iron 

accumulation and biomass degradation. 

Parallel to this, the optimization of the nitrification reactor shall be investigated. First by 

designing an airlift reactor with minimum energy requirement, looking towards the optimum 

between the energy needed for nitrification with the energy needed for fluidization. Secondly, 

the conditions for the development of a high concentrated nitrifying biofilm shall be elucidated, 



Introduction 

19 

Elucidating the potential of anaerobic wastewater treatment for nitrogen removal with nitrifying airlift reactor 

and lithotrophically denitrifying FeS granules 

by conducting experiments with different C/N ratios and different shear force magnitudes 

dependent on the oxygen supply method. A pilot plant shall be built and operated with real 

wastewater in order to test the airlift reactor design model and validate the predicted water 

velocity using the three-phase hydrodynamic model. Towards the end of the research project, 

the interconnections between the process steps shall be observed in order to set basis for 

development of a design methodology.  

 

Figure 9. Research questions on specific process steps 

1.5.1 Competitive and syntrophic biochemical processes in granule 

At absent nitrate concentration (due to fluctuation in real time inflow) degradation of particulate 

matter under anaerobic conditions will produce electrons [Henze et al. 2002] that will be used 

to reduce Fe3+ [Dinh et al. 2004] and sulfate [Fauque 1995] in order to produce electron batteries 

in form of FeS and FeS2. Once the electron batteries are full, CH4 production is expected. 

However thermodynamically, once nitrate is added in the system, methane production should 

cease [Banihani et al. 2009b], and oxidation of the batteries should start. These biochemical 

processes under these conditions in granules for wastewater treatment are still not investigated. 

Additionally, the competition between heterotrophic denitrification as well as the DNRA 

process shall be analyzed. The possibility for methane oxidation in the granule system coupled 

with nitrate reduction was discovered as a promising pathway [Haroon et al. 2013]. This, 

however; is still not investigated and evaluated in granules. The degradation of particulate 
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matter in the granule due to hydrolysis will produce ammonia that should be assimilated by 

active processes. Additional sources of ammonia by DNRA will negatively affect the proposed 

step. Therefore, the assimilation of ammonia within the granule must be investigated. An 

overview of the diverse microbiological ecology that is driving these processes must be 

provided. Therefore, metagenomics analyses may be provided.  

The intention shall be to understand which processes would start and end successively, 

regulated by the redox conditions in the granules, and to analyze whether physical stratification 

in the granule will play a role, or  if the thermodynamically rules will also be predominant on a 

micro level, independently from the diffusion of certain substrates towards the core of the 

granule.  

In order to answer these questions, a closed electron equivalent mass balance shall be used. The 

measurements of the liquid and the gas phase shall be calculated in form of an electron 

equivalent balance (donor & acceptor) system. The hydrolytic rates of the fermentation shall be 

measured with the corresponding methane production, as well as Fe and S reduction and 

oxidation.  

1.5.2 Long-term development of microbial ecology and iron accumulation 

Autotrophic nitrate removal in granules is already elaborated by Cai [Cai et al. 2014]. A 

combination of the nitrate removal with hydrogen sulfide oxidation is provided by Aoi [Aoi et 

al. 2005]. Other studies provide insights in removal of nitrate with rotating biological reactors 

[Siegrist et al. 1998], as well as modeling of the autotrophic denitrification in rotating biological 

reactors [Koch et al. 2000]. However, long term experiments including the FeS-cycle in the 

nitrate removal with providing several treatment technologies such as an SBR or a rotating 

reactor is still missing in the literature. An evaluation of long-term nitrate removal potential, as 

well as the degradation of organic matter, loss of biomass and long-term experiments on 

different scales shall be performed. 

The microbial ecology in anaerobic treatment is already well elaborated [Sekiguchi et al. 1998], 

also under specific formation of the granules [Wang et al. 2020], high salinity conditions 

[Gagliano et al. 2020] and high loads from industrial wastewater [Morgan et al. 1991]. Analysis 

of the microbial ecology under conditions as defined in this thesis are still missing and therefore 

the microbial ecology development must be followed over time in the granule consortium. 

16sRNA microbial analysis’ may be performed during the operation in order to provide 

evidence of microbial culture that shall be growing over the time and which culture shall be 

suppressed during the experiments. 

The positive effect of Fe in formation of granules, as well as its stability in the size of the 

granule is demonstrated [Yilmaz et al. 2017]. An important segment of this long-term 

experiment therefore is the development of the iron within the FeS rings. Under limited organic 

carbon concertation is to be tested whether accumulation of iron is provided in the granule.  
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It is of importance to develop an operational manual where no additional Fe or S will be added. 

The morphology of the granules and its development must be addressed. A period of changing 

the sulfate concentration in the inflow will provide insight into the development of FeS and the 

rate of the nitrate removal.  

1.5.3 Low energy fluidization of airlift reactor for nitrification 

Airlift reactors consist of two distinct liquid zones where one is sparged with air that results in 

different bulk densities. Application of airlift bioreactors in sewage treatment has been 

described by Hines [Chisti and Young 1987]. Advances in airlift bioreactors, such as better-

defined flow patterns and the possibility to regulate a shear force, remain relevant to the 

treatment applications today [Zhang et al. 2017]. In the study by Heijnen, relatively high-

density particles were proven to be effective in a nitrification process, but high energy was 

required for fluidization [Heijnen et al. 1991]. Only a few studies have tested lab scale airlift 

bioreactors with low-density particles [Lu et al. 1995, Merchuk and Shechter 2003, Trilleros et 

al. 2005]. Despite the promising multiphase bioreactor advances and the abundance of 

publications with lab scale reactors, as well as reports with proposed modifications, pilot and 

full scale applications are sparse [Zhang et al. 2017]. 

However, developing models for understanding and describing the three-phase flow (gas, 

particles, liquid) awakened interest in the airlift reactors. Critical parameters, such as carrier 

characteristics, aeration and reactor geometry define the three-phase model that might be used 

to design the airlift reactor. The aim of this research package shall be to provide design of the 

airlift, where the aeration that is needed to nitrify the ammonia to nitrate shall be sufficient to 

provide fluidization of the airlift reactor. This optimization goal shall be dependent on carrier 

characteristics, aeration performance and reactor geometry in the model.  

Driving criteria in the hydrodynamic model shall be: (i) fluidization of the bioreactor under 

average aeration for nitrification (ii) lowest circulation velocity in the riser for the lowest shear 

force between the carriers (iii) highest fraction of solids in the riser to offer the highest surface 

area in the riser for nitrification (iv) longest retention time of the particles in the riser for longer 

contact time with oxygen (v) flexibility to reduce aeration from average to minimum and still 

keep the fluidization of the bioreactor when low ammonia inflow loads occur and reduced 

aeration is required. 

At later stage, an experimental pilot plant with 1,000 L shall be constructed to verify the 

calculations from the model. The result of the model in form of predicted water velocity shall 

be measured in the experimental pilot plant to observe whether the model provides sufficient 

descriptions of the actual flow in the pilot plant.  

1.5.4 Influence of drag force and organic carbon on nitrifying biofilm 

Models based on substrate concentrations and oxygen diffusion predict that the nitrifying 

population is mostly positioned in the deeper layers of the aerobic biofilm and that fast-growing 
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heterotrophs dominate the outer layer [van Loosdrecht et al. 1995, Wanner and Gujer 1985]. 

The reason for this spatial distribution is not only the slower growth rate of nitrifiers but also 

their lower competitiveness for oxygen with a Km of 16 µM for Nitrosomonas species and 62 

µM for Nitrobacter species, but < 1 µM for most heterotrophs [Belser 1979]. 

Here the question shall be raised on how to develop a highly concentrated nitrifying biofilm on 

carrier’s material, as scientist already reported on dense concentrated nitrifying biofilm content 

of above 70 % from a DAPI measured with qFISH [Vadivelu 2006]. In order to build up a 

nitrifying biofilm, a hypothesis shall be put forward, that nitrifying biofilm will grow on the 

carrier, based on two criteria. Firstly, the COD concentrations shall be limited in the inflow. 

Secondly, the biofilm thickness of the carrier will be regulated due to shear forces by the liquid 

flowing relative to the carrier. Since substrate fluctuations will force the nitrifiers towards the 

core and heterotrophs towards the outer layer [Okabe et al. 1995], the shear force shall enhance 

detaching of the outer layer of the biofilm. However, the shear force shall be regulated in order 

to define the expected biofilm thickness. It shall be hypothesized whether increased shear force 

can lead to enhanced nitrifying biofilm concentration on the carriers.  

The conditions for establishing a dense thin nitrifying biofilm shall be observed. A hypothesis 

shall be investigated, that limited organic carbon in the inflow of the reactor shall play a role in 

the development of dense nitrifying biofilm. Another criterion for development of the nitrifying 

biofilm shall be the shear force that shall be introduced on the carrier in order to detach the 

possible heterotrophic growth on the carrier. In order to reduce the drag force to a minimum, a 

hydrogen peroxide (as oxygen source) shall be used in the experiments. In the hydrogen 

peroxide experiments, the relative velocity between fluid and carrier shall be the lowest. In the 

second part of the study, the competition of substrate between organic carbon and ammonia 

shall be analyzed. The development of the nitrifying biofilm shall be evaluated by quantifying 

fluorescence in-situ hybridization (qFISH) method. 

1.5.5 Performance of airlift pilot plant under real time wastewater conditions 

In the biofilm, microorganisms are embedded, held together and possibly bound to the surface 

by a matrix of extracellular polymeric substances. The EPS give the biofilm its shape, as well 

as its physical properties and enable it to adhere to surfaces [Flemming and Wingender 2001]. 

A biofilm is created by the colony-shaped appearance of sessile microorganisms at interfaces 

[Flemming and Wingender 2010]. Biofilms basically consist of extracellular polymeric 

substances (EPS), a mixed population of bacterial cells, water, proteins, lipids, humic 

substances and nucleic acids [Flemming et al. 2016]. Due to the extended diffusion pathways, 

MOs in the EPS are better protected from changing environmental parameters such as pH value 

fluctuations, inhibitors and toxins, high salt content, heavy metals, dehydration and hydraulic 

loads.  

As described, the bacterial adherence, EPS formation and the changing environment are 

predominantly influencing the biofilm performance. Therefore, experiments with real time 

wastewater seems a natural validated step.  Since all previous research packages deal with 
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synthetic wastewater, the intention shall be to test the biofilm development and nitrification 

performance under real time wastewater, with all wastewater specific contents, including 

toxins, heavy metals, microplastic, pH shocks, as well as unknown compounds.  

The process configuration for the pilot plant shall be with at a wastewater treatment plant with 

real time wastewater. In addition, this reactor had the function to test the removal of the 

suspended solids from the inflow, since the inflow shall be taken before preliminary treatment. 

With this set-up the conditions shall be set in order to have inflow in the nitrification reactor 

with low COD concentration and removed suspended solids from the inflow.  

The pilot plant shall be operated in two parallel lines. In one line in order to improve the BOD 

removal, an intermediate BOD removal reactor shall be installed before the nitrification reactor. 

The aim of the operation of the pilot plant at the wastewater treatment plant shall be to gain 

experience at real time conditions and biofilm development characteristics.  
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Abstract 

Recent discoveries in understanding the biochemical relation between iron and sulphur with 

organic matter and especially methane in anerobic treatment provides valuable knowledge for 

embracing of the iron and sulphur cycle in the wastewater treatment engineering. In this study 

empirical measurements in liquid and head space of batch experiments were used , calculations 

for mass balance in form of electron equivalent and metagenomics microbiological analysis to 

better understand the interaction of a highly complex microbiological consortium within a 

anoxic granular system under a limited organic carbon environment.  

The aim is to observe the electron transfer among the ecological succession of microorganisms 

along the granule. First, the activity under anaerobic conditions was observed. Secondly, the 

interaction between the microorganisms under anoxic conditions was observed. The decayed 

VSS converted to mg COD is 2.13 mg COD/gVSS/d or 264.16 µeeq./gVSS/d. The degraded 

organic matter under anoxic (nitrate) conditions resulted in 149 µeeq./gVSS/d, whereas the 

degraded organic matter under sulfate reducing conditions resulted in 128 µeeq./gVSS/d. The 

evidence was provided that iron sulfide and pyrite formation with 86 µeeq./gVSS/d will be 

preferred, compared to methane production if electron donor availability is limited. 

Under anoxic conditions, the nitrate will be reduced by denitrifiers, pyrite oxidizers and DNRA 

microorganisms. The high abundance of cultures included in the iron and sulphur cycle 

indicated that processes such as methanogenesis, DNRA, iron oxidation and reduction, as well 

as sulphur reduction and oxidation are interconnected within the electron cycling transfer 

activity. The electron mass balance provided the fate of nitrate in ammonia and nitrogen. 53 % 

or 54 µeeq. N-NO3
-/gVSS/d ended up as ammonia, whereas only 47 % or 

47 µeeq. N- NO3
- /gVSS/d ended up as nitrogen gas in the gas phase. Sulfate has been produced 

with 0.9 µmols S/gVSS/d which resulted in 7.2 µeeq./gVSS/d or around 15 % of the nitrate 

removal to nitrogen gas. 

Under limited electron donor conditions, the analyzed cultures can interconnect to survive in 

the anaerobic/anoxic granule consortium. Batch experiments provided insights in 

methanogenesis, DNRA, iron oxidation, iron reduction, as well as sulphur reduction and 

sulphur oxidation. Our study provides results for further research of iron and sulphur rings 

within granular sludge as possible transfer electron stations, connecting the core (a rich electron 

donor environment) with the outside of the granule (a rich electron acceptor environment).  
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2.1  Introduction  

The carbon and nitrogen cycle are well researched in wastewater treatment, resulting in sound 

engineering systems, implemented in full scale applications. But due to the biochemical 

complexity and diverse microbial ecology, the sulphur and iron cycles are not embraced in 

wastewater treatment. Recent study includes the sulphur cycle in the carbon and nitrogen 

removal of a demo pilot plant [Wang et al. 2009a]. A major advantage was the reduced sludge 

production by 60 %, compared to conventional activated sludge [Wu et al. 2016]. Other studies 

promote inclusion of the iron cycle with ZVI technology. ZVI technology is used in anaerobic 

treatment to reduce the chemical oxygen demand (COD) and to improve the methane 

production [Liu et al. 2015]. Before the treatment in anaerobic digestion is started, the iron-

hydroxide shell around the iron zero valent core is reduced [Yan et al. 2010]. A combination of 

the reduced sulphur compounds with nZVI is promoted to bring efficiency into the water 

treatment [Fan et al. 2017]. 

In systems without oxygen, the oxidation of excess organic matter will occur first by reduction 

of nitrate and nitrite, known as heterotrophic denitrification (zone 2) [Chen and Strous 2013]. 

After reduction of nitrate to ammonia (Zone 3), the following reaction will be the reduction of 

FeOOH(s) to Fe2+ (Zone 4), whereas afterwards the reduction of sulfate (Zone 5) and production 

of methane (Zone 6) will be expected [Stumm; and Morgan 1995]. The reductant (organic 

carbon) will provide electrons available for successive levels of nitrate, nitrite, dissimilatory 

nitrate reduction to ammonia (DNRA), iron reduction, sulfate reduction and methane 

production. The described succession of reactions is expected in systems containing excess 

organic matter. The reactions are considered to be biologically mediated [Stumm; and Morgan 

1995]. The chemical reaction sequence is paralleled by an ecological succession of 

microorganisms (denitrifiers, DNRA microorganisms, iron reducers, sulfate reducers and 

methanogenic microorganisms, respectively from 2 to 6). It can be hypothesized that this 

succession will start at the core of the granule (Zone 1) and will develop towards the outer layer 

of the granule (Zone 6). The fermenters are expected in every zone as ones that degrade 

particulate organic matter that is incorporated in the granule, since no other source of organic 

carbon is added to the system. The fermenters have partners in every zone that will scavenge 

the H2 for further reduction of compounds. 

From the other side we expect the succession from the electron acceptor side to be similar and 

to correlate with the anaerobic one. The other layer is then thermodynamically expected to be 

populated with denitrifiers (Zone 6), then sulfate oxidizers (Zone 5), iron oxidizers (Zone 4), 

DNRA microorganisms (Zone 3) and towards the core then the methanotrophic microorganisms 

(Zone 2). Due to this succession in two directions, once with carbon flow and second with 

nitrate flow, we can observe horizontal competitive zones (Zone 6 & Zone 2) and horizontal 

syntrophic zones (Zone 4 and Zone 5). Namely, Zone 6 from the granule regarding the carbon 

flow it is expected to be populated with methanogens, whereas from the nitrate flow it is 
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expected to be populated with denitrifiers. The organic carbon and nitrogen flow provide 

conditions where some cultures will win the competition in the specific zones. 

This study includes both, sulphur and iron cycles in the form of natural build sediments (rings) 

in anaerobic granule with the intention to analyze the application in an effective nitrate removal 

engineering system. The innovative idea is to use the iron-sulfide sediments as “battery for 

electrons” and to neutralize the fluctuation of nitrate, as expected in municipal wastewater. 

Hydrolysis of the particulate organic matter of the granules should be the sole source of 

electrons and is seen as a continuous process. Periods without nitrate shall be used to reduce 

iron and sulphur in order to build up the batteries, whereas periods with nitrate shall be used to 

oxidize (burn) the “batteries”. Provided research in the area of lithotrophic denitrification, 

biochemistry of iron sulfide, as well as nitrate removal in granules and FeS was used to analyze 

the unique intention in the form of a “battery function” within the wastewater engineering 

application.  

2.2 Materials and Methods 

2.2.1 Biomass and media for batch experiments 

Anaerobic granules from an upflow anaerobic sludge blanket reactor (UASB) were used, which 

were operated originally under excess of organic carbon compounds as substrate. A diverse 

microbial ecology in a granule operated under anaerobic treatment was the key selection criteria 

for the biomass in this study. Due do previous industrial treatment, the reactor was periodically 

fed with ferric iron and sulfate that resulted in reduced inorganic S and Fe compounds in the 

granules. These granules were used to investigate microbially mediated redox processes under 

limited organic carbon conditions and electron acceptors in the form of nitrate. 

The biomass was operated for 270 days under anoxic conditions without organic carbon in an 

SBR lab scale set up as described in section 3.2.2. The biomass was separately investigated in 

batch experiments in glass serum bottles with a volume of 244 mL. Rubber stoppers with 

aluminium were used to seal the batch bottle. 10 mL of biomass granules were added to a liquid 

volume comprising 81 mL deionized water and 9 mL base medium. The base medium of 1.0 L 

of DI water was prepared with 10 g NaHCO3, 0.5 g KCl, 0.3 g KH2PO4, 0.5 mL Trace 1 Solution 

(Trace 1 Solution in 1 L DI Water: EDTA 5 g, FeSO4 5 g) and 0.5 mL Trace 2 Solution (Trace 

2 Solution in 1 L DI Water: EDTA 15 g ZnSO4 x 7H2O 0.43 g CoCl2 x 6H2O 0.24 g MnCl2 x 

4H2O 0.99 g CuSO4 x 5H2O 0.25 g NaMoO4 x 2H2O 0.22 g NiCl2 x 6H2O 0.19 g NaSeO4 x 

10H2O 0.21 g HgBO4  0.014 g). 2-Bromoethanesulfonic acid sodium salt (BES) with a 

concentration of 10 mM was used for the inhibition of methanogenesis in order to measure the 

accumulation of acetate and ammonia. For the inhibition of the sulfate reducers sodium 

molybdate was used. 
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2.2.2 Analytical Methods 

The liquid samples were measured for the ammonia, nitrite, nitrate, sulfate, and total iron with 

Thermo FisherTM GalleryTM methods and its relevant kits for ammonia (Ammonia R1 & R2), 

nitrite (TON R3 and R3L), nitrate (TON Enz), sulfate (Sulphate R1) and total iron (iron R1, 

iron R2). The H2S measurements were performed according to the spectrophotometric 

determination of H2S in natural waters [Cline 1969]. The Fe2+ measurements were performed 

according to the colometric ferrozine-based assay for quantification of iron [Riemer et al. 2004]. 

All samples were filtered before analyzing with a filter pore of 0.45 µm. The gas samples were 

measured for methane, nitrogen gas, oxygen, nitrous oxide, carbon dioxide, hydrogen and argon 

by a gas chromatography (model 8610C, SRI Instrument, Torrance, CA) with hydrogen and 

helium as carrier, a 182.9 HayeSep D column (SRI Instrument) and thermal conductivity 

detector (TCD), electron capture detector (ECD) and flame ionization detector (FID) detectors, 

as described elsewhere [Moon et al. 2020]. Henry law was used as a basis for the calculation of 

the concentration in mols with standards prepared beforehand and calibrations for each gas. 

2.2.3 Mass balance calculation 

At first, batch experiments were performed, using only fermentative bacteria with inhibited 

methanogenesis, in order to define the hydrolytic activity of the biomass under anaerobic 

conditions. The hydrolysis was used to measure the ammonia and acetate that was produced 

during the fermentation process. In the second step the methanogenesis was not inhibited and 

production of methane under anaerobic conditions was measured. Additionally, the ammonia 

released after the methanogenesis was measured. By these means we were able to calculate the 

ammonia uptake by the methanogenesis process. Parallel to these two measurements the 

fermentation and the methanogenesis was calculated using the experiments by [Henze and 

Mladenovski 1991] in order to calculate the fermentation and methanogenesis under anoxic 

conditions. At last nitrate was added to the batch experiments and DNRA with nitrogen loss 

processes was measured. Experiments with reduction of sulfate and iron was conducted in 

another batch set.  

Equivalent electron release calculation based on two measurement approaches. The products 

from the hydrolysis were measured and compared using two different approaches. The first one 

was to measure the ammonification rate and the second to measure the acetate as end product. 

After understanding the capacity of the hydrolysis and the methanogenesis process, 

experiments with nitrate concentration were conducted in order to measure the nitrate removal 

rate. 

Ammonia assimilation. Determination of active processes in the granule was performed by 

measuring and calculating the ammonia accumulation by specific processes. This step was 

conducted due to ammonia uptake by the active biomass. The first step was detecting how much 

ammonia is released due to hydrolysis under anoxic conditions and dissimilatory nitrate 

reduction to ammonia in the system. 
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2.2.4 CLS & EDX Microscopy 

The structure of the granules with iron sulfide rings was analyzed under the microscope 

(Confocal Microscope Axioskop 2 MOT). The parameters for the microscope are provided in 

the attachment. The electron scanning microscopy was performed according to Engelhardt 

[Engelhardt 1995] with parameters used provided in the attachment.  

2.2.5 Metagenomics  

DNA was extracted was from three granules with the Qiagen DNEasy Power Biofilm Kit 

(Qiagen, Germany) and quantified using a NanoDrop 2000 (Thermo Fisher Scientific, 

Wilmington, DE). DNA aliquotes were sent to Bejing Genomics Institute (BGI Americas) for 

library preparation and sequencing on an Illumina HiSeq-X-Ten. The three granule sequence 

libraries produced 49 050 46, 49 117 576, and 48 796 712 paired end 150 bp reads. Read 

libraries were uploaded to Kbase [Arkin et al. 2018] for analysis. Taxonomic profiles (Figure 

16) of each granule metagenome library were determined with Kaiju at all taxonomic levels 

using RefSeq [Menzel et al. 2016] Genomes for the reference database and a 0.5% low 

abundance filter and a 10% subsample of each sequence library. 

2.3 Results 

2.3.1 Competition between intergranule formation of pyrite and iron sulfide with 

methane production 

Granules were cultured in a batch without nitrate but with sulfate to evaluate the internal flow 

of electrons between iron, sulphur, and methane. At the beginning and until hour 150, there was 

sufficient organic carbon to reduce iron and sulfate and produce methane (Figure 10). When 

the organic carbon became limited (150 hours), the iron and sulfate reduction continued, but 

the methane production ceased, as was predicted based on energy yields of the respective 

metabolisms. Methane production resumed and Fe2+ was detected when sulfate reducing 

microbes (SRM) were inhibited at ~500 hours (Figure 10). 

At sole anaerobic treatment and with an ammonification rate of anaerobic sludge digestion of 

7.14 mmolsN/gVSSdec, the calculated mass of volatile solids, which will correspond to the 

ammonification rate is 1.49 mgVSSdec./gVSSbio./d, which results in a decay rate of  0.00149 

1/d. The decayed VSS converted to mg COD will be 2.13 mg COD/gVSS/d or 264.16 

µeeq./gVSS/d. The degraded organic matter under anoxic (nitrate) conditions resulted in 149 

µeeq./gVSS/d, whereas the degraded organic matter under sulfate reducing conditions resulted 

in 128 µeeq./gVSS/d. Under sulfate reducing condition, out of 128 µeeq./gVSS/d, 120 

µeeq./gVSS/d was related to the sulfate reducing process, whereas 7.4 µeeq./gVSS/d was 

measured for the iron reduction. At sulfate reducing conditions no methane production was 

measured as shown in Figure 12 (left).  
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Figure 10. The sequence of Fe (III) and SO4 reduction followed by methane production 
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Figure 11. Iron sulfide and pyrite formation int he granule after operation without nitrate 

concentration; (left) iron sulfide; (right) pyrite 

Fe2+ was first measured once the SRM were inhibited, since more Fe2+ was produced than was 

bound with H2S. The formation of pyrite was investigated with EDX microscopy, where the 

measured atomic ratios showed the formation of FeS2 and FeS. 

  

Figure 12. Equivalent electron mass balance for pyrite formation under SRB activity (left), 

pyrite formation under SRB inhibition (right) 
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2.3.2 Nitrate removal as nitrogen gas and ammonia 

In the presence of nitrate, denitrifiers will outcompete methanogens for carbon source, Figure 

13 (top left). 16.21 µmols N-NO3
-/gVSS/d was measured. The electron mass balance in Figure 

13 (down) presents the fate of nitrate in ammonia and nitrogen. 53 % or 54 µeeq. N-NO3
-

/gVSS/d ended up as ammonia, whereas only 47 % or 47 µeeq. N-NO3
-/gVSS/d ended up as 

nitrogen gas in the gas phase. 

As shown in Figure 13 (top left), sulfate has been produced with 0.9 µmols S/gVSS/d, which 

results in 7. 2 µeeq./gVSS/d or around 15 % of the nitrate removal to nitrogen gas. However, 

the sulfate reduction process here, or the so-called sulphur cycling cannot be measured, since 

organic carbon is available for DNRA and nitrate removal, so sulfate reduction is also active. 

Therefore, our measurements for sulfate is only the load that is the diffusion out of the granule, 

but not the total sulphur oxidation rate. Oxidation of iron as part of the nitrate removal cannot 

be measured, due to precipitation of Fe3+ in iron hydroxide.  

  

 

Figure 13. Nitrate conversion into nitrogen gas and ammonia. (top left) nitrate removal 

dominating the methane production, oxidation of sulphur in the nitrate removal 

process (top right), electron mass balance for nitrate removal (down). 
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The ammonia mass balance through section 1-6 provides evidence that drastic ammonia 

assimilation occurs in zones 4 and 5, which could be explained by biomass production 

indicating activity of other major populations, such as iron and sulphur reducers and oxidizers 

in these zones (Figure 14 units correspond to N/gVSS/d).  

 

 

Figure 14. Nitrate conversion in the granule sections (top) granule section with possible 

stratification of certain processes, (down) electron mass balance appointed to specific 

granule zone 

In section 4 and 5, once the iron and sulphur are oxidized with nitrate, then the redox conditions 

and organic carbon is sufficient for reduction of Fe3+ and sulfate to occur. By this means, a 

continuous cycling of the electrons between the iron and sulphur compounds is inevitable. 
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2.3.3 Syntrophic iron and sulphur cycle in the middle section of the granule 

The hydrolysis activity under anoxic conditions resulted in 149 µeeq./gVSSTOT/d electrons 

donated for further processes. We have also observed that 54 µeeq./gVSSTOT/d are utilized by 

the DNRA process, which leaves 95 µeeq./gVSSTOT/d for the nitrate removal, where we 

observed that only 47 µeeq./gVSSTOT/d have been used for nitrogen gas transformation. It can 

be concluded that around 50 % of the available electrons have not been transferred to nitrogen 

gas, which can only end in biomass production or accumulation in one point. Due to low growth 

rates of the anaerobic bacteria, the electrons that might end up in biomass assimilation is around 

10 % [Lier et al. 2008], we conclude that electrons have been transferred in FeS or FeS2 

formation. The electron equivalent mass balance is visualized in Figure 15. 

Before nitrate is reduced to ammonia, reduced compounds of iron and sulphur in section 5 and 

4 must also be oxidized. In this section organic carbon flow and nitrate flow support syntrophic 

activities between iron reducers and oxidizers and sulfate reducers and oxidizers. If nitrate is 

the limiting oxidant, then we will have reduction of iron and sulfate, which will result in 

formation and precipitation of pyrite iron sulfide. If organic carbon is the limiting reductant, 

then we will have oxidation of sulfide and iron, which will result in precipitation of iron 

hydroxide, whereas the sulfate will be soluble and will diffuse towards the outer layer of the 

granule.  

 

Figure 15. Electron mass balance of sulphur and iron in zones C4 and C5 as well as N4 and N5; 

* measured; + estimated around 10 % of the activity for electrons used for heat and 

biomass production; DNRA dissimilatory nitrate reduction to ammonia 
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In the experiments we were not able to measure sulfate and Fe3+ reduced, due to an organic 

carbon availability. The oxidized compounds of sulfate and Fe3+ were reduced and precipitated 

in pyrite. Fe3+ was observed under the microscope as iron hydroxide, when organic carbon was 

the limiting substrate.  

2.3.4 High abundance of cycling microorganisms 

Figure 16 represents the high abundance of the respected cycling microorganisms. This includes 

hydrolytic microorganisms, methanogens, iron and sulphur reducers, as well as iron and sulphur 

oxidation. On other hand the heterotrophic denitrifiers are at relative low abundance. It can be 

observed that such high abundance can be explained provided the microorganisms are included 

in the active processes, otherwise the microorganisms would have very low abundance. 

  

Figure 16. Metagenomics of granule sample 
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From the methane cycle we can observe the presence of methane production and methane 

oxidation microorganisms. The iron cycle is represented by microorganisms that can reduce 

and oxidize iron. Finally, we can observe the presence of sulfate reduction microorganisms, as 

well as sulfide oxidation microorganisms. Heterotrophic denitrifiers by pseudomonas are also 

present in the granule. 

Table 1. Cycling Microorganisms with high abundance conducted with metagenomics analysis 

Microorganisms 

Genus 

Metabolic function 

Methane cycle Iron cycle Sulphur cycle Nitrogen 

Hydrogenotrophic 

methanogenesis 

Reverse 

methanogenesis 

Iron 

reduction 

Iron 

oxidation 

Sulfate 

reduction 

Sulfide 

oxidation 

Heterotrphic 

denitrification 

Methanosaeta   ●           

Methanobacterium ●             

Syntrophobacter         ●     

Acidovorax       ●       

Methanoregula ●             

Anaerolinea               

Thiobacillus       ●   ●   

Methanosaracina   ●           

Geobacter     ●         

Methanoculleus               

Desulfobibrio         ●     

Sulphuritalea           ●   

Thauera     ●         

Methanosphaeruöa ●             

Azoarcus               

Methanothermobacter               

Pseudomonas             ● 
Stenotropphomonas               

Lysobacter               

Pseudoxanthomonas             ● 
Methanospirilium ●             

Rhodoferax     ●         
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2.4 Discussion 

2.4.1 Internal cycling of electrons between iron and sulphur cycles  

Formation of pyrite plays a major role in keeping the electrons in the system. Other studies have 

also reported reductive processes regarding formation of pyrite [Thiel et al. 2019, Zhou et al. 

2015]. The main electron donor is expected to be organic carbon. Although there are studies 

that report methane as electron donor coupled with Fe3+ reduction [Cai et al. 2018, Ettwig et al. 

2016] and sulfate reduction [Milucka et al. 2012], we were not able to confirm or exclude such 

a reaction in our study. 

On the other side, oxidation of FeS2 is a combination of chemically and bacterially catalyzed 

reactions, where two electron acceptors (oxygen and Fe3+) participate in the process in a chain 

reaction  known as a propagation cycle [Madigan; et al. 2012]. The complexity of such an iron 

and sulphur cycle makes it difficult to fully elaborate the processes that lead to cycling of 

electrons (battery function). Iron cycling coupled with nitrate reduction in fresh water was  

analyzed elsewhere [Haaijer et al. 2012]. However, a successful cultivation of iron oxidizers to 

fully understand the cycling could not have been performed. Other studies report that pyrite 

cannot be oxidized under anerobic conditions [Schippers and Jørgensen 2002], which we were 

not able to observe in our study. 

In this study, we provide insights and understanding of the interaction between these two redox 

pathways, first the electron donor side and secondly the nitrate flow or electron acceptor side, 

with the aim to predict the processes that will play a major role for the nitrate removal in the 

granule under these defined conditions. A major challenge though, is  the understanding of the 

iron and sulphur cycling in Zone 4 and 5, where  other studies have also pointed to the cryptic 

cycling of electrons between iron and sulphur [Sandfeld et al. 2020]. In this study we observe 

the granule stratification and the respective active processes under limited electron donor 

conditions.  

The limiting criteria for the denitrifiers, such as possible in zone 6, will be the availability of 

organic carbon that diffuses from the central part of the core towards the outer layer of the 

granule. At these conditions, the DNRA microorganisms have a higher nitrate affinity [Jia et 

al. 2019] and yield more energy per N consumed than denitrifiers and will make use of this 

advantage and convert the nitrate to ammonia towards the central part of the granule in zone 3. 

Although heterotrophic denitrification should be outcompeting nitrate removal, sulfide and iron 

oxidation was continuously measured. Iron concentration cannot be increasingly measured, due 

to precipitation as iron hydroxide as sediment in the granule, or due to the propagation cycle. 

Therefore, a strict distinction between the oxidation of sulfide, organic matter or iron with the 

respective oxidizing agent (nitrate) is a challenge.  
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2.4.2 Possible methanotrophic activities in the core of the granule 

After the DNRA process, methanotrophic activity is thermodynamically the next ecological 

succession that is expected in the core of the granule. In this section, we can expect 

methanotrophic activity, where methyl can be produced from methane. This can happen in 

syntrophic activity with the DNRA microorganisms that will oxidize the methyl to reduce the 

nitrate. However, the methanotrophic activity can be expected only if two major conditions are 

fulfilled. First methane should be produced as a first condition, and this is only possible if Fe3+ 

and sulfate are not present as a second condition. As explained before, if iron and sulfate are 

present here, then reduction of this compound will be preferred before methane is produced.  

However, although we can exclude methane oxidation coupled with nitrate reduction due to 

DNRA process, sulfate reduction coupled with methane oxidation cannot be excluded as shown 

in Figure 10. The first report with regard to sulfate reduction in combination with a 

methanotroph under a low-saline environment was reported by Timmers [Timmers et al. 2015]. 

Such a reaction can be expected only if nitrate is not present. So far, we are familiar with many 

studies of nitrate coupled methane oxidation in mostly pure cultures and experiments only with 

substrate methane and nitrate [Haroon et al. 2013]. So-called N-Damo in mix culture is so far 

not investigated and there are reasons for that. Namely, in order to produce methane, organic 

carbon should be present. This organic carbon will provide conditions for the DNRA 

microorganisms to grow, which will scavenge the nitrate concentration. At high nitrate 

concentrations, the denitrifiers will win over both DNRA and N-Damo. Therefore, it is difficult 

to find conditions in mix cultures where methane will be available without organic carbon 

present. In our study, also the endogenous fermentation was enough as organic carbon in order 

to limit the activity of methanotrophic activity, although 25 % of the methanogens showed 

reverse methanogenesis as an available pathway in their genes. A supporting argument is the 

study of Meng, where wetlands as natural environments account for major positions of methane 

emissions [Meng et al. 2012], supporting the argument that methanotrophy is still remaining as 

a niche process that is difficult to be engineered.  

2.5 Conclusion 

Formation of pyrite and its oxidation was observed with metagenomic evidence of the 

microorganisms involved in iron and sulphur reductions, as well as microorganisms involved 

in iron and sulphur oxidation. However, a full understanding of the cryptic cycling of electrons 

due to its complexity could not be elaborated. We were not able to measure excess methane 

production under anoxic conditions with nitrate concentration between 70 mg/L and 10 mg/L. 

Our hypothesis states that no methane production happened in the core of the granule and 

therefore no oxidation of methane can be performed under nitrate concentration due to 

scavenging of the nitrate by the dominating DNRA microorganisms at low nitrate concentration 

towards the core. By this means no electron acceptor can be provided for the methane oxidation.  

The limitation of the study is the missing mass balance of the carbon cycle regarding the 

inorganic carbon. The inorganic carbon cycle should be taken into consideration in further 

studies. Measurement methods for carbonate inside the granules, where pH gradients are 



Observation of microbially mediated redox processes with electron cycling FeS sediments 

39 

Elucidating the potential of anaerobic wastewater treatment for nitrogen removal with nitrifying airlift reactor 

and lithotrophically denitrifying FeS granules 

expected, are in quest for further studies. Another limitation was the difficulty to draw a strict 

distinction between heterotrophic denitrification and lithotrophic denitrification. In further 

studies this limitation can be avoided by taking into consideration the carbon inorganic carbon 

cycle. The study provided first results of mass balance of sulphur and iron in granules for 

anaerobic treatment of municipal wastewater. This study should provide inspiration for 

inclusion of the iron and sulphur cycle in the wastewater treatment and inspire other scientist 

to develop a cluster research field for engineering the sulphur and iron cycle in the wastewater 

engineering.  
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Abstract 

Treatment of wastewater under anaerobic conditions is an alternative with major advantages, 

such as reduced energy demand for the process compared to activated sludge or other 

alternatives. In this study we focus on the removal of nitrate in previously operated anaerobic 

reactors. The removal of nitrate in an anerobic reactor is not always accomplished in the 

required manner. The experiments in this study showed that DNRA microorganisms will 

outcompete the heterotrophic denitrifiers over time at operating conditions with low-organic 

carbon concentration. During the 546 days of operation, an average continuous removal of 

nitrate of 0.25 mgN/gVSS/d with a removal efficiency of 32 % was observed, whereas the 

biomass degradation over 546 was 1.49 mg VSSDEC./g VSS/d with Deltaproteobacteria rising 

from 30 % to 50 % during the experiments period.  

Iron and sulphur predominantly play an important role in the distribution of electrons in the 

granule, as well as its recycling. We were able to observe the formation of pyrite at limited 

nitrate concentration and also oxidation of pyrite under high nitrate concentration. Moreover, 

the granules accumulated (sustained) iron over time, which helps to keep the electron recycling 

in the granule. The iron content within a sludge granule type increased, the more the sludge 

granules were separated. The iron content of the reactor sludge granules was 2209 ppm, whereas 

the original state had only 869 ppm. The nitrate removal rate increased drastically compared to 

the rotating reactor. Due to strict anaerobic conditions most of the nitrate as electron acceptor 

was utilized ending with 1.61 mgNO3
--N/gVSS/d with 20 °C, 1.98 mgNO3

--N/gVSS/d under 

30 °C and 4.83 mgNO3
--N/gVSS/d without sulfate and 30 °C. The biomass degradation resulted 

in 1.62 mg VSSDEC./g VSS/d over 246 days. 

Electron donors were predominantly provided by the hydrolytic microorganisms, who were 

degrading the particulate organic matter in the granule. Such a combination with nitrate and an 

anerobic reactor will eventually result in stratification in the granule in anoxic and anaerobic 

zones. The borders between these zones will serve as batteries (in our case iron sulfide rings) 

that will be filled with electrons when nitrate is limited or will be used up when nitrate is 

penetrating deeper into the granule. Such a combination of nitrate and an anaerobic reactor can 

be a valuable process when nitrate is varying, and organic carbon is not wasted for 

denitrification and instead efficiently used as an energy source for methane production. In our 

study the only source of electrons is the degradation of organic matter, which is seen as a sludge 

problem in the industry. Therefore, reduction of sludge is another advantage of such a 

combination.  
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3.1  Introduction  

The lithotrophic metabolic pathways such as iron and sulphur oxidation coupled with nitrogen 

loss are relatively less investigated with regards to the nitrogen removal in the wastewater 

treatment. Although many studies provide insights and results with pure culture and oxygen as 

electron acceptor experiments, not many studies are investigating the behavior of such 

processes within a complex anaerobic/anoxic consortium of diverse microbiological 

environment in granules under limited organic carbon conditions.  

Bacterial grains or sludge granules are particulate / granulated biofilms that are formed by 

autoimmobilization of anaerobic bacteria [Lettinga et al. 1984]. They are colonized by the 

various microorganisms that are required for the methanogenic breakdown of organic 

compounds. Depending on the nutrient requirements and the required milieu of the 

microorganisms, the sludge granules consist of three layers [Harmsen et al. 1996]. The nucleus, 

which consists of acetoclastic methanogens, is surrounded by a layer of hydrogen or formate-

producing acetogens and hydrogen or formate-consuming methanogens, while in the outer layer 

hydrolytic and acidogenic bacteria break down complex organic compounds [O'Flaherty et al. 

2006]. H2/formate producing acetogens and H2/formate consuming methanogens (eg. 

Methanosaeta) hydrolytic and acidogenic bacteria. The thread-like bacteria Methanothrix or 

Methanosaeta are involved in most theories regarding the formation of the sludge granules 

[Hulshoff Pol et al. 2004]. According to the "Spaghetti Theory", for example, these form a small 

aggregate that is reminiscent of a ball made of spaghetti with loose and bundled areas and 

granulates through the inclusion and growth of other bacteria [Wiegant 1987]. The granulation 

can be triggered by bacterial adsorption and adhesion of inert substances or inorganic 

precipitation products, as well as their interaction, by acting as a carrier or core [O'Flaherty et 

al. 2006]. Some studies have shown that various metal ions such as Ca2+, Fe2+ and Al3+ improve 

granulation and microbial aggregation [Yu et al. 2001]. 

The inclusion of sulphur and iron cycle in the granules is an idea. The COD is used in order to 

reduce iron and by that COD is removed from the system, by production of Fe2+ from Fe3+. This 

helps to react with the reduced S-compound in the anerobic treatment that will lead to 

precipitation of pyrite/iron sulfide, that is the so-called electron battery in the system. These 

batteries can be used in order to reduce the nitrate in the system. However, the reduction of the 

nitrate towards the core of the granule will compete with the DNRA microorganism where 

nitrate concentration will become low [Jia et al. 2019]. The high affinity of the DNRA 

microorganism provide significant advantage over the iron and sulphur oxidizers.  

The aim was to test two different technologies (Rotator reactor and SBR reactor in order to 

analyze and compare the performance of the reactors, observe the possible iron accumulation, 

biomass loss and development of microbiological ecology in the granule.) 
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3.2 Materials and Methods 

Two experimental set-ups were constructed to provide insights and comparisons on the 

performance of the reactor dependent on the reactor technology. The chemostat reactor based 

on rotating reactor technology provided the long-term nitrate removal for 546 days of operation. 

Additionally, here we observed the microbiological development of the biomass ecology. As 

stated previously, the iron content in the granule plays a major role in the buildup of pyrite, so 

the granules were measured for their iron content over time, whether they lose or accumulate 

iron in the granule structure. The other experimental set-up based on SBR technology was used 

moreover to regulate strict anaerobic/anoxic conditions to investigate the formation of pyrite, 

as well as its microbial/chemical oxidation. The biomass operated in the SBR reactor was 

further investigated for its morphological structure. 

3.2.1 Biomass and feed media 

The granules for the experiments were provided from the UASB Reactor in Heppenheim 

Germany (N: 49° 38’ 17,09”; E: 8° 36’ 27,09”) treating industrial wastewater from ice cream 

factory. The granules at the UASBR plant were originally operated under high load of organic 

carbon for methane production. The black color of the granules corresponds to the starting 

anaerobic conditions of the granules. In the experiments in this study no organic carbon as 

electron donor was provided in the media. The inflow nitrate concentration was varied between 

1.5 and 5 mmol N/L. Additionally, two different operations with 250 mg/L SO4 and with 20 

mg/L SO4 were undertaken. The content of the media is provided in section 2.2.1. 

3.2.2 Experimental lab scale setup 

Rotating lab scale reactor. The reactor with a volume of 40 L and a biomass of 10.8 L was 

operated under anoxic conditions without addition of organic carbon source. Inflow nitrate 

concentrations were varied between 1.5 and 3.5 mmols/L with an inflow of 1-3 L/h. 

  

Figure 17. Reactor set-up in operation a); Rotating reactor design and start-up b) 
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Figure 18. Process scheme and measurement points of the experimental set-up. 

SBR lab scale reactor. The SBR bench bioreactor had a liquid volume of 3.5 L with 300 mL of 

biomass. The reactor had direct connection to deionized water with two stock solutions. In one 

stock solution the nitrate and sulfate load were defined, whereas the second stock solution was 

mainly a base medium with bicarbonate and a trace elements solution.  

  

Figure 19. SBR lab scale set-up a); Biomass for operation b) 

An additional pump was installed for recirculation of the medium in order to enable the 

fluidized bed of the biomass. The recycling velocity was 7.4 m/h. A separate pump was installed 
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to provide the outflow of the reactor after the SBR phase. At the beginning of the SBR feed 

phase the oxygen was measured and sparging with nitrogen gas was regulated in order to sparge 

the oxygen provided with the deionized water. This regulation provided anaerobic operation of 

the reactor. The pH control was installed by measuring the pH and correcting it with two pumps 

with dosing of base or acid accordingly. The SBR phases were programmed with Lab View 

software and regulated through remote control by the hardware of national instruments NI. The 

measured data was gathered and organized in a data set every five seconds. 

 

Figure 20. Reactor process set-up scheme of the SBR reactor 

The SBR reactor was operated with jacked glass in order to provide the option of the water 

bath. In this study we variated the operating temperatures between 10 and 35 °C. Additionally, 

with gas flow measurement by Cole Palmer TM we were able to measure the gas production 

from the SBR reactor.  
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3.2.3 16s RNA gene amplicon sequencing  

During the 18 months of operation, a continuous microbiological analysis from the biomass 

was conducted in order to evaluate the development of the methanogens and other 

chemolithotrophic microorganisms under anoxic conditions and in absence of organic carbon 

as substrate. 16S rRNA gene amplicon sequencing as previously described by Maus was 

conducted [Maus et al. 2017]. The amplification of the hypervariable regions V3 and V4 of the 

16S rRNA gene in bacteria and archaea was performed using the primers Pro341F (5’- 

CCTACGGGNBGCASCAG-3’) and Pro805R (5’-GACTACNVG GGTATCTAATCC-3’) for 

a first PCR round [Takahashi et al. 2014]. The PCR products, featuring a length of 460 bp, were 

purified using AMPureXP magnetic beads (Beckman Coulter, Brea, CA, USA) and then 

Multiplex identifer tags and Illumina specifc sequencing adaptors were attached to the 

amplicons in a second PCR using the Nextera XT Index Kit (Illumina Inc.). Qualitative and 

quantitative assessments of 16S rRNA gene amplicons were performed using the Agilent 2100 

Bioanalyzer system. Constructed 16S rRNA gene amplicon libraries were pooled in equimolar 

amounts for subsequent Illumina MiSeq sequencing (Illumnia, San Diego, CA, USA) applying 

the paired-end protocol. For amplicon processing, a pipeline including FLASH v.1.2.11 [Magoč 

and Salzberg 2011], USEARCH v.8.1 [Edgar 2010], UPARSE v.10.0.240 [Edgar 2013], and 

the Ribosomal Database Project (RDP) classifer v.2.9 [Wang et al. 2007] was used as described 

recently [Liebe et al. 2016, Wang et al. 2007]. During the first filtering step, all sequences that 

were not merged by FLASH using default settings were discarded. Sequences with >1N 

(ambiguous base) in the sequence read and expected errors >0.5 were also filtered out. Resulting 

data were processed; and the operational taxonomic units (OTUs) were clustered using 

USEARCH and taxonomically classifed with the RDP classifer in 16S modus [Wang et al. 

2007]. Only hits featuring a confidence value of at least 0.8 were considered. Finally, raw 

sequence reads were mapped back onto the OTU sequences in order to get quantitative 

assignments. 

3.2.4 Analytical methods 

Cuvettes Hach Lange. In the presented work, cuvette tests were used for the concentration 

measurement of various nitrogenous compounds using spectrophotometry. Specific cuvette 

tests from HACH LANGE (HACH LANGE GmbH, Dusseldorf) were used for each compound. 

The samples were previously filtered either with a syringe filter (Diagonal, Münster) or with a 

cellulose filter (Sartorius AG, Göttingen) using pressure filtration. The pore size of the filters 

was 0.45 μm in both methods.  

Thermo Fischer Gallery. Thermo Fischer TM Gallery TM for measurements of ammonia, nitrate 

and nitrite after filtration as described in section 2.2.2 was used in these set of experiments. 

TS/VSS Measurement. TS and VSS measurements of the biomass were performed to provide 

insights whether the granule is gaining on mineral or organic content in the granule. The 

protocol for the TS and VSS measurements is provided in supplementary information. 
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X-ray fluorescence analysis. The X-ray fluorescence analysis is used for the qualitative and 

quantitative determination of the elemental composition of mixtures and compounds by means 

of X-rays [Niese 2007]. Here, a sample is bombarded with primary X-rays with XL2 GOLDD, 

which provides enough energy to remove an electron close to the nucleus from the atom [Brown 

and Eames 2016]. The resulting low-energy vacancy is filled again by an electron away from 

the nucleus, releasing a fluorescent photon, the energy of which corresponds to the difference 

between the near-nucleus and the distal shell [Brown and Eames 2016].  

3.2.5 CLS & EDX Microscopy 

The microscopy was conducted (as elaborated in Section 2.2.4 ) to analyze the morphology of 

the granules section. The EDX microscopy was used to provide evidence of the FeS formation, 

as well as iron hydroxide formation. 

3.3 Results & Discussion 

3.3.1 Long term nitrate removal and high abundance of methanogens 

During the 546 days of operation of rotating bioreactor, an average continuous removal of 

nitrate of 0.25 mgNO3
- - N/gVSS/d with removal efficiency of 32 % was observed as shown in 

Figure 21. During this period, a continuously high abundance of methanogens above 30 % was 

observed, despite the fact that no additional organic carbon was added to the system (Figure 

22.) 

 

Figure 21. Nitrate removal rate and removal efficiency in 546 days of operation 
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Biomass degradation in the rotating reactor (the rotating reactor starting biomass of 10.8 L was 

reduced to 2 L after 546 days of operation) resulted in 1.49 mg VSSDEC./gVSS/d with 

Deltaproteobacteria rising from 30 % to 50 %. 

 

 

Figure 22.High abundance of methanogens in granules despite absence of adding organic 

carbon source as substrate (top), DNRA microorganism development compared to 

heterotrophic denitrifiers over time (down) 

The high abundance of the methanogens in the biomass implicates that methane production had 

been continued also under absence of external carbon source. The ratio between the acetoclastic 

and hydrogenotrophic methanogens remained similar to the ratio in the anaerobic digester [Lier 
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et al. 2008]. This implicates that the main activity for the production of methane remained in 

the degradation of organic matter. During the experiments it can be observed that 

deltaproteobacteria as microorganisms predominantly active with DNRA [van den Berg et al. 

2016] outcompeted the betaproteobacteria, known as denitrifying microorganisms. This 

indicates that the DNRA process under low nitrate concentration toward the core of the granule 

has a competitive advantage due to its high affinity to nitrate compared to denitrifying 

heterotrophs.  

 

Figure 23. Distribution of microbial ecology in the granule after 16s RNA analysis 

3.3.2 Iron accumulation in the granule over time 

Due to the rust-red discoloration of the sludge granules, which could already be observed in 

previous investigations into iron-containing activated sludge, it was assumed that the sludge 

granules also contain iron. In addition to the sludge granules from the rotator reactor, granules 

from the anaerobic wastewater treatment plant in Heppenheim (origin source) were also 
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examined using XRF for comparison. The latter are called “origin source” because the granules 

used in the reactor come from this anaerobic wastewater treatment plant. The analytical 

technique used the unit ppm (parts per million), based on mg concentrations of the unit / L 

would correspond. 

Table 2. X-ray radiation results 

  
Fe [ppm] 

Reactor Source 

Original 2,209 869 

Cut in half  5,049  2,343  

Granule pulver  32,170  7,708  

 

The iron content within a sludge granule type increased, the more the sludge granules were 

separated. For example, the iron content of the reactor sludge granules was 2,209 ppm and after 

halving it increased to 5,049 ppm. After the sludge granules were dried and ground into a 

powder, 32,170 ppm was reached. The reduced iron content after the HCl treatment is due to 

the absorption of iron by HCl, which was used by Straub and Buchholz [Straub and Buchholz-

Cleven 1998] for iron absorption from freshwater sediments. 

The respective increases in the states from original to halved suggests that the sludge granules 

had a shell or core with sufficient thickness to prevent further penetration of the X-rays and 

only part of the iron was detected.  Schmid and Weinberger observed that iron accumulates and 

accumulates on the so-called growth layers, which can be compared to the annual rings of a tree 

[Schmidt; and Weinberger 2004]. Such iron deposits and deposits could form a layer that 

reduces the depth of penetration of the X-rays. The depth of penetration by XRF varies 

depending on the base material and the other elements in the sample. For example, a polymer-

based sample has a higher penetration depth than an iron-based sample (Servantech). The fact 

that the halved sludge granules had a larger proportion of iron is an indication that the iron is 

mainly located inside the sludge granules and roughly forms a core. The measured iron content 

of the granule powder reflects the total iron contained in the sludge granules. Previously, part 

of the iron was not detected due to the reduced penetration depth, but the granule powder poured 

into the sample vessels was so thin that the entire amount could be detected. This was done 

without further treatment. It is to be recognized that the origin of granules in all states had the 

lowest iron concentrations. Accordingly, iron content has been enriched/sustained in the 

reactor. Since the sludge granules in the reactor had a high iron content, it is possible that iron 

acted as an electron donor in the nitrate reduction. For comparison, a guideline value of over 

1,500 mg / kg DR (dry residue) is recommended for iron, so that an efficient biology is 

maintained [Schmidt; and Weinberger 2004]. The concentration unit mg / kg corresponds to 

the unit ppm.  
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3.3.3 Results of operation with SBR 

It can be observed that the operation with SBR technology did bring advantages regarding better 

performance of the granules for nitrogen removal. Additionally, once the operation of the 

reactor was continued without sulfate concentration, the nitrate removal rate increased over 100 

%. It can be stated that once sulfate is present in the system, the sulfate reducing 

microorganisms will outcompete the denitrifiers. An overview of the removal rates is given in 

Figure 24. 

 

Figure 24. Nitrogen removal rates in SBR lab scale reactor, a) 20 °C Temperature, b) up to 37 

°C temperature; c) Operation without sulfate in the inflow media at 30 °C 

As already measured with the rotator reactor, also in the SBR reactor operation a loss of biomass 

was measured after finishing the experiments. The 300 mL of biomass in the SBR reactor 

reduced to 180 ml of biomass that results in 1.62 mg VSSDEC./g VSS/d over 246 days. During 

the experiments, we were not able to observe a suspended solid in the outflow of the reactor. 

Due to technical issues, we lost some biomass by mechanical means and by that we are not able 

to provide a biomass mass balance from the experiences. The limitation of this study should be 

addressed in further studies where nitrate reduction will be coupled directly to the biomass 

degradation within the bioreactor.  

The nitrate removal rate increased drastically compared to the rotating reactor. Due to strict 

anaerobic conditions most of the nitrate as electron acceptor was utilized ending with 

1.61 mgNO3
--N/gVSS/d at 20 °C, 1. 98 mgNO3

--N/gVSS/d under 30 °C and 4.83 mgNO3
--

N/gVSS/d  without sulfate and at 30 °C.  

A 

B 

C 
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3.3.4 Formation and oxidation of pyrite 

Under anoxic conditions, the granules discoloured to grey. Nevertheless, the core of the 

granules remained black, indicating that anaerobic conditions still dominate the core of the 

granule (Figure 18b). The granules have a diameter of app. 4000 µm allowing anaerobic 

conditions in the core of the granule and continuous production of methane due to the 

comparatively thick diffusion layer. 

 

a) 

 

b) 

 

c) 

 

d) 

Figure 25. a) Operation of reactor under anoxic conditions with nitrate, b) Broken granule in 

the reactor under anoxic conditions showing the anaerobic core of the granule under 

anoxic operating conditions, c) operation of the reactor without nitrate resulted in 

turning the granules black (anaerobic conditions), d) microscopic image of core slice 

of the granules indicate the area of anaerobic and anoxic zone can be observed. 

anoxic 

anaerobic 

NO3
- 

CH4 
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Once the operation of the reactor was without an electron acceptor (without nitrate) the granules 

turned black and the EDX analysis showed the production of pyrite without addition of any 

organic carbon. The fermentation process of the granule itself was adequate enough to produce 

sufficient electrons for formation of the pyrite sediments within the granule. 

  

 

Figure 26. Reduced compounds of iron and sulphur were produced under anaerobic conditions 

in the granule, FeS and FeS2 formation as evidence by EDX (top left), morphology 

of FeS2 (top right), EDX quality results of present elements in the granule (down). 
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After the reactor was operated under anoxic conditions, the reduced forms of iron and sulphur 

were oxidized as this was shown with the conducted EDX analysis later in the operation. We 

were able to show iron and sulphur reducing and oxidizing processes within the granule. This 

was supported by the microbiological analysis and relative high abundance of iron and sulphur 

reducers and oxidizers. Oxidation of iron and sulphur within the granule was also shown with 

EDX microscopy. A compound of Fe3+ (ferric hydroxide) and depletion of pyrite crystals were 

observed.  

  

 

Figure 27. Oxidized forms of iron after operation under anoxic conditions, Iron hydroxide 

evidenced by EDX microscopy (top left), morphology of iron hydroxide (top right), 

EDX quality results of present elements in the granule (down). 
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3.4 Conclusion 

Under long term operation over 546 days, methanogens remained to have a high abundance and 

increased, although no additional organic carbon was fed into the system. This can be explained 

by the methane production after complete Fe3+ and sulfate reduction. Knowing the nitrate was 

added to the system continuously, the result is that the nitrate did not reach the core, enabling 

the reducing compound to remain in the core of the granule, where methane production might 

occur.  

One reason why nitrate is not penetrating towards the core of the granule is that DNRA 

microorganisms will be active in regions of low nitrate concentration and will scavenge the 

nitrate compounds. By this means the DNRA microorganisms will enable conditions for the 

methanogens to grow.  

The x-ray analysis showed accumulation/sustaining the iron, which supports the theory that 

reduced iron compound will remain towards the core of the granule. The results suggest that, 

when nitrate might oxidize reduced iron compounds, these will precipitate as iron hydroxide 

and will remain in the granule.  

The reduced iron compounds in the granule are precipitated in the form of pyrite. This could  

be shown in our study. The operation conditions in this study stimulated formation of pyrite 

and iron sulfide, which can play the role of electron batteries in the system, once the nitrate 

concentration is varying. Additionally, the oxidation of pyrite has also shown to result in iron 

hydroxide formation as a product.  

The different set of reactors regarding rotating and SBR technology did not provide any major 

advantage towards the performance of nitrate removal. However, the exclusion of sulfate 

boosted the nitrate removal, as the sulfate reducing bacteria outcompete the heterotrophic 

denitrifiers. Although it has to be remarked that without sulfate in the system, no reduction of 

the sulfate will be possible, which is needed to catch the reduced iron in the granule, which will 

dissolve in the liquid if it is not precipitated in the form of iron sulfide or pyrite in the granule 

structure.  
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Abstract 

In this study, a 1,000L pilot scale internal loop airlift bioreactor was operated and compared to 

a mathematical model to determine the best design for optimal supply of oxygen for nitrification 

and sufficient air for biomass fluidization. The design model is based on parameters such as 

geometry, carrier density, and airflow of the 1,000L pilot scale bioreactor. The model predicts 

a range of superficial air velocities (0.009 – 0.013 m/s) under which the airlift bioreactor was 

fluidized. Three superficial air velocities (0.009 m/s, 0.011 m/s and 0.013 m/s) were 

experimentally tested in the pilot plant and the obtained circulation velocities were compared 

with the predicted design scenarios. The predicted velocity was in agreement with the measured 

velocity. The aim of the mathematical model and the calculations of different geometry 

scenarios was to define the optimal geometry design for the physical model. The results show 

that the ratio of the cross-sectional area between the riser and the downcomer of 1.33 resulted 

in the lowest superficial liquid velocity of 0.076 m/s in the riser at a relative low superficial air 

velocity of 0.011 m/s and a carrier density of 1,030 kg/m3. This bioreactor design enabled 

longest retention time of particles in the oxygenated riser. 
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4.1 Introduction  

Nitrification is the most important process in today’s theoretical understanding of biological 

wastewater treatment [Gujer 2010]. Despite research efforts spent on enhancing the 

performance of the nitrifying process, two basic challenges remain unsolved. First, low growth 

rates of the nitrifying microorganisms [Tanaka et al. 1981] require constant recirculation of 

sludge to maintain them in engineered systems. Second, nitrifying and heterotrophic 

microorganisms are both captured in the same sludge floc and therefore need to compete for 

oxygen. Application of airlift bioreactors in sewage treatment has been described by Hines 

[Chisti and Young 1987]. Advances in airlift bioreactors, such as better-defined flow patterns 

and the possibility to regulate a shear force, remain relevant to the treatment applications today 

[Zhang et al. 2017]. Airlift reactors consists of two distinct liquid zones where one is sparged 

with air that results in different bulk densities. In the study by Heijnen, relatively high-density 

particles were proven to be effective in a process, but high energy was required for fluidization 

[Heijnen et al. 1991]. Only a few studies have tested lab scale airlift bioreactors with low-

density particles [Lu et al. 1995, Merchuk and Shechter 2003, Trilleros et al. 2005]. Despite the 

promising multiphase bioreactor advances and the abundance of publications with lab scale 

reactors as well as reports with proposed modifications, pilot and full scale applications are 

sparse [Zhang et al. 2017]. 

Therefore, this study proposes a mathematically derived design and verifies the predicted 

scenarios experimentally on a pilot scale. We present modelled and experimental data for a 

three-phase airlift bioreactor design that can be retrofitted to the existing conventional carbon 

removal within a conventional wastewater treatment plan (WWTP) after secondary clarification 

combined with IFAD denitrification. Low biological oxygen demand (BOD) content, shear 

force through liquid and solid circulation for sufficient oxygen penetration, and low suspended 

solid content are the suggested operational conditions to establish a high-density nitrifying 

biofilm by immobilizing the nitrifying microorganisms on surface carriers. The research steps 

used in this paper are schematically described in the supplementary information.  

 

Figure 28. Airlift reactors with internal and external loop after Zhang 2017. 
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4.2 Materials and Methods 

4.2.1 Three-phase hydrodynamic mathematical model 

An overview of existing models for predicting liquid velocity in three phase systems was given 

by Zhang and co-authors [Zhang et al. 2017]. In this study, we used a simple model by 

Livingston and Zhang [Livingston and Zhang 1993] to predict the hydrodynamic behaviour of 

a three-phase internal airlift bioreactor. The selection steps for how this model was chosen as 

well as involving parameter selection are presented in the supplementary information. The 

model provides the circulation velocity for the airflow input defined for minimum, average, and 

maximum ammonia loads in a nitrification airlift bioreactor. Moreover, the model predicts the 

liquid velocity for the expanded clay and borosilicate glass carrier material for the average 

loading rate of ammonia in order to quantify the impact of the carrier density. 

4.2.1.1 Model philosophy 

Livingston and Zhang [Livingston and Zhang 1993] modified their model with pseudo-

homogenous densities that are explained later and postulated in 4.2.1.4. In equation (7) the 

liquid circulation velocity at the net “driving force” is described. Three phase models in which 

the viscosity of the fluid is considered is not of interest in this study because the nitrification 

reactor should be operated with very low mixed liquor suspended solids (MLSS) concentration 

and no heterotrophic growth is expected. 

 

𝑈𝐿𝑅 =

(

 
2𝑔𝐻𝐷( 𝜀𝐺𝑅 − 𝜀𝐺𝐷)

𝐾𝑇
(1 − 𝜀𝐺𝑅)2

+ 𝐾𝐵 (
𝐴𝑅
𝐴𝐷
)
2 1
(1 − 𝜀𝐺𝐷)2)

 

0,5

 

(6) 

Where, ULR is riser superficial liquid velocity, g is gravitational acceleration, HD is height of 

draft tube, εGR is fractional gas holdup in riser, εGD is fractional gas holdup in downcomer, KT 

is head loss coefficient for top of draft tube, KB is head loss coefficient for bottom of draft tube, 

AR is riser area and AD is downcomer area and predicts the model for two-phase model. The 

three-phase model is predicted with a modification, including the pseudo-homogenous 

densities. 

 𝑈𝐿𝑅 =

(

 
2𝑔𝐻𝐷[𝜌𝐻𝐷(1 − 𝜀𝐺𝐷) − 𝜌𝐻𝑅(1 − 𝜀𝐺𝑅)]

𝜌𝐻𝑅𝐾𝑇
(1 − 𝜀𝐺𝑅 − 𝜀𝑆𝑅)2

+ 𝜌𝐻𝑅𝐾𝐵 (
𝐴𝑅
𝐴𝐷
)
2 1
(1 − 𝜀𝐺𝐷 − 𝜀𝑆𝐷)2)

 

0,5

 (7) 

   

Where, ρHR is pseudo-homogeneous continuous-phase density in riser, ρHD is pseudo-

homogeneous continuous-phase density in downcomer, εSD is fractional solids holdup in 

downcomer and εSR fractional solids holdup in riser. 
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Equation (8) gives the value of the superficial liquid velocity in riser ULR where the fraction of 

solids between riser and downcomer is considered. It is known as “solids distribution” function. 

 

 
𝑈𝐿𝑅 =  

(1 + 𝜙)𝑈𝑇

(
𝜙

(1 − 𝜀𝐺𝑅 − 𝜀𝑆𝑅)
−

1
(1 − 𝜀𝐺𝐷 − 𝜀𝑆𝐷)

𝐴𝑅
𝐴𝐷
)
 

(8) 

   

If there is a value, for which both equations give the same value for ULR for a starting solid 

distribution assumption, then this is feasible solid distribution where recirculation of the liquid 

with the solids is also possible. 

4.2.1.2 Air and solid holdup 

Air or solid holdup is an index for the mean residence time of the air or solid phase in the 

respective compartment (riser or downcomer). The air and solid holdups are calculated and 

verified indirectly by measureing the actual liquid velocity. The determination of the air holdup 

is often done by the monomeric technique. Here, the air holdup is calculated from the air, liquid 

and solid circulation in the system as proposed by Bando et al [Bando et al. 1990] and used in 

the model of Livingston, described in Equation (9). 

 

 𝜀𝐺𝑅 =  
𝑈𝐺𝑅

𝑈𝑏 + 1,1(𝑈𝐺𝑅 + 𝑈𝐿𝑅 + 𝑈𝑆𝑅)
 (9) 

   

A detailed overview on air hold up measurements is given by Shah et al. [Shah et al. 1982]. 

There is various research that defines the overall air holdup as dependence from the air velocity 

in the reactor [Ayazi Shamlou et al. 1994, Bello et al. 1984, Di Felice 2005, Moraveji et al. 

2012]. The air bubble size velocity in the riser is 0,3 m/s according Heijnen [Heijnen et al. 

1997]. The air holdup in the downcomer is assumed to be zero as no air is expected at low 

surface ratio riser/downcomer of 0,3 with very low liquid velocity in downcomer. Nevertheless, 

some air (micro bubbles) can be expected in the downcomer. Therefore, our model assumes 

that the air holdup in the downcomer is 20 % of the air holdup in the riser and the surface ratio 

between the riser and the downcomer was defined at 0,65. At a higher ratio of surface 

riser/downcomer of 1,33, where the velocity in downcomer will be increased, higher air holdups 

in downcomer are expected. Here the correlation of 0,65 is selected for air holdup in riser and 

downcomer for air velocities bellow 0,02 m/s. Similar measurements were done by Moraveji 

[Moraveji et al. 2012]. 
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Calculations of solid holdups in the riser and the downcomer are presented in the attachment of 

supplementary information. The estimation of the holdups is crucial in the model because these 

parameters influence the liquid velocity. Verification of predicted holdups is performed 

indirectly through measurement of the actual liquid velocity. 

4.2.1.3 Head Loss coefficients KB and KT 

KB and KT are defined as 6 and 6, respectively. Both parameters depend on the geometry of the 

reactor at the top and bottom of the draft tube [Livingston and Zhang 1993]. According to Chisti 

[Chisti et al. 1988], KB is the correlation on the ratio between the area of the downcomer and 

the area of the gap between the bottom of the reactor and the bottom of the draft tube. They 

observed that values KB of 6,0 yield in reasonable mixing. Where the riser area is smaller than 

the area of the downcomer (as estimated in this study) losses at the top of the draft tube will 

occur and therefore KT was assumed to be 6,0 as well [Livingston and Zhang 1993].  

4.2.1.4 Pseudo-homogenous densities 

The three-phase system is characterized by the liquid-solid mixture in the riser and downcomer. 

The density of the liquid-solid mixture is different from the liquid without the solids. Therefore, 

it is assumed that two distinct “pseudo-homogenous” continuous phases exist (one in the riser 

and one in the downcomer). These ‘homogenous phases’ are used for describing the difference 

between total air-liquid-solid mixture and liquid-solid mixture. The pseudo-homogenous 

densities in the riser and in the downcomer are described with the following equations (10) and 

(11) [Livingston and Zhang 1993]. 

 

 
𝜌𝐻𝑅 = 𝜌𝐿 + 

𝑊𝑓𝑅

𝑉𝑅(1 − 𝜀𝐺𝑅)
(1 −

𝜌𝐿
𝜌𝑆
) (10) 

 

 
𝜌𝐻𝐷 = 𝜌𝐿 + 

𝑊𝑓𝐷

𝑉𝐷(1 − 𝜀𝐺𝐷)
(1 −

𝜌𝐿
𝜌𝑆
) (11) 

 

4.2.2 Criteria for the airlift bioreactor design 

Criteria that are followed during model calculations were: (i) fluidization of the bioreactor 

under average aeration for nitrification (ii) lowest circulation velocity in the riser for the lowest 

shear force between the carriers (iii) highest fraction of solids in the riser to offer the highest 

surface area in the riser for nitrification (iv) longest retention time of the particles in the riser 

for longer contact time with oxygen (v) flexibility to reduce aeration from average to minimum 
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and still keep the fluidization of the bioreactor when low ammonia inflow loads occur and 

reduced aeration is required. 

4.2.3 Experimental pilot plant 

The location of the pilot plant is at the WWTP in Dietzenbach, Germany (N:50°01’22,67”; 

E:8°47’42”). The effluent after sludge sedimentation was carbon depleted with expected BOD 

and total suspended solids (TSS) concentrations below 20 mg/l and 10 mg/l, respectively. This 

ammonium-laden stream represented an ideal case for a nitrification stage. The theoretical 

results of the model calculations were experimentally validated using an airlift pilot-scale 

bioreactor (1,000 L). The bioreactor contained 104 g/l of solid particles and was operated with 

superficial air velocities between 0.009 and 0.013 m/s. The bioreactor had an internal riser with 

oxygen supplied by air sparging. Oxygen supply aeration was provided by an OTT Germany 

tubular fine bubble diffuser (Magnum ®). Tubular aeration was selected in order to ease the 

transport of solids through the aeration system. The aeration system was installed at the bottom 

of the draft tube, and by this no aeration in the downcomer from the bottom was allowed. The 

top of the airlift bioreactor was not regulated by pressure (i.e., an open system was installed). 

Continuous airflow measurements were recorded with an SD 5000 compressed air meter by 

ifm® attached to the air compressor. Sieves were installed at the top of the airlift bioreactor in 

order to keep the carriers in the bioreactor. Expanded clay has been proven to be a good surface 

for nitrifying microorganisms [Gisvold et al. 2000, Patroescu et al. 2016]. Its low density (1,030 

kg/m3) makes it applicable for low energy fluidization in airlift bioreactors and therefore we 

used it in this study. The second carrier is borosilicate glass, which has a higher density of 1,650 

kg/m3. Properties of the selected biofilm carriers are provided in supplementary information. 

The bioreactors were made of polyethylene material. 

The experimental apparatus was constructed and located at the WWTP in Dietzenbach and is 

shown in the supplementary information. The experimental measurement of the liquid 

circulation velocity in the airlift bioreactor was performed with a Marsh-McBirney Model 523 

Electromagnetic Water Current Meter. The meter consisted of a transducer probe with a cable 

and a signal processor. The current sensor measures the water flow in the plane normal to the 

longitudinal axis of the probe and presents this flow as two orthogonal components (X and Y) 

expressed as two analog voltages. The X and Y water velocities were monitored by the voltage 

recording equipment. The processor was powered by 6 VDC (volts direct current) and the probe 

was a ½ inch diameter sphere on a 1/8 inch diameter rod. The probe was mounted in a stationary 

position in the centre of the downcomer for 30 minutes in order to allow the probe electrodes 

to soak. The liquid velocities in the downcomer were measured at one point in the bioreactor 

with respected superficial air velocity in the bioreactor between 0.005 and 0.013 m/s. The 

experimental set up for the liquid velocity is presented in the supplementary information.  
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Figure 29. 3D Visualization of the pilot plant with two testing lines and nitrification and 

denitrification process steps. A) denitrification step B) airlift reactor C) BOD removal 

D) inflow and outflow chamber with pumping station. 

4.3 Results 

4.3.1 Oxygen demand and required aeration for nitrification 

In this section, the required aeration system for nitrification is presented. The calculation for 

the aeration system resulted in an average superficial air velocity of 0.011 m/s. The inflow 

concentrations of ammonia varied during the day. Therefore, the superficial air velocity range 

was defined between 0.009 m/s and 0.013 m/s (Table 3). The calculation of designed oxygen 

transfer for respective ammonia inflow loads is provided in the supplementary information. The 

next step in the design was to determine whether the calculated aeration is sufficient to fluidize 

the solids and the liquid in the airlift bioreactor. 
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Table 3. Design of the aeration system for nitrification. 

Aeration system       

 

Oxygen transfer of an aeration facility in  

clean water (max) 
OC, max 0.14 kg/h 

 

Oxygen transfer of an aeration facility in  

clean water (av) 
OC, av 0.11 kg/h 

 

Oxygen transfer of an aeration facility in  

clean water (min) 
OC, min 0.10 kg/h 

 

Oxygen transfer of an aeration facility in  

wastewater (max) 
SOTR, max 0.19 kg/h 

 

Oxygen transfer of an aeration facility in  

wastewater (av) 
SOTR, av 0.16 kg/h 

 

Oxygen transfer of an aeration facility in  

wastewater (min) 
SOTR, min 0.14 kg/h 

  
Blower airflow rate QG,max 12.91 m3/h 

 

Blower airflow rate QG,av 10.92 m3/h 

  
Blower airflow rate QG,min 9.19 m3/h 

 

4.3.2 Model calculations 

As defined in the nitrification requirements, the average superficial air velocity of 0.011 m/s 

was used to define the appropriate carrier characteristics and geometry of the airlift according 

criteria defined in section 4.2.2.  

Carrier 

Expanded clay and borosilicate glass characteristics are applied in the model to predict the 

conditions for the liquid circulation velocity in order to evaluate the influence of the carrier 

density. The model was solved in a manner so that only the superficial air velocity was varied. 

The range varied between the superficial air velocity required for nitrification and the maximum 

and minimum ammonia load (0.009 m/s; 0.011 m/s and 0.013 m/s). In all three scenarios (0.009 

m/s; 0.011 m/s and 0.013 m/s) for the expanded clay material, the superficial air velocity was 

sufficiently high so that the “driving force function” gives non-zero values of ULR across the 

range of fR from 0.0 to 0.9. Thus, the airlift bioreactor with expanded clay had steady state 
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circulation velocities for all scenarios of ammonia load. The circulation was only driven by the 

aeration required for nitrification and no additional energy for fluidization was necessary. 

Figure 30 presents an overview of all load scenarios with the liquid velocity in riser and liquid 

velocity in downcomer as well as the expected fraction of solids in the riser. 

 

Figure 30. Liquid velocity in the riser and downcomer with expanded clay. 

The second model calculations were performed with borosilicate glass carrier. However 

borosilicate glass carrier density is much higher (1,650 kg/m3) compared to expanded clay. 

Here, the results showed that no steady state exists (no intersection between the solution of both 

equations); so, the bioreactor will be stalled at the air flow in the system that is required to 

obtain full nitrification. In this case, additional aeration energy of 0.19 m/s for fluidization is 

required, which would not be economically viable for a bioreactor operation. Model results are 

provided in the supplementary information. 

Bioreactor geometry 

A surface ratio between the riser and the downcomer of 1.33 resulted in the lowest liquid 

velocity in the riser of 0.107 m/s. The highest volume fraction of solids in the riser was 0.705 

and the longest retention time of particles in the riser was 15 s. 



Design of a 1,000L pilot plant scale airlift bioreactor for nitrification with application of a three-phase 

hydrodynamic mathematical model and prediction of a low liquid circulation velocity 

66 

Elucidating the potential of anaerobic wastewater treatment for nitrogen removal with nitrifying airlift reactor 

and lithotrophically denitrifying FeS granules 

 

Figure 31. Liquid velocity in riser and downcomer at average superficial air velocity of 0.011 

m/s for different geometry scenarios. 

According to Figure 31, scenario 1 with AG/AD of 0.33 predicts the liquid velocity in the riser 

at the average superficial air velocity of 0.348 m/s; this will result in very high shear forces. 

The proportional correlation between the liquid velocity and the biofilm drag force is presented 

elsewhere [Chang et al. 1991, Ren et al. 2009]. Detailed results of calculating different 

geometry scenarios are presented in the supplementary information. 

Stalled conditions 

The stalled conditions for the different scenarios were predicted. The stalled conditions 

occurred at rather high superficial air velocities of 0.007 m/s for Scenario 3 (AR/AD 1.33) 

resulting to only 35 % reduction potential. In other word, if the ammonia inflow load drops 

more than 35 % of the average inflow load, the bioreactor aeration will not be operated at 

optimum. On the other hand, scenario 2 (AR/AD 0.66) had the lowest superficial air velocity 

requirements of only 0.0037 m/s for stalled conditions. Nevertheless, the scenario 1 (AR/AD 

0.33) led to maximum aeration flexibility and reduction of superficial air velocity of 85 %. The 

analyses of all three scenarios for defining the stalled conditions are presented in Figure 32. 
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Figure 32. Superficial air velocity in riser at minimum required aeration and average aeration. 

Summary 

Table 4 presents an overview of model calculations with regard to the compliance of the 

bioreactor design with the design criteria defined in section 2.2. Summarized, scenario 3 

complied the most with the design criteria with only one limitation of relative low potential to 

reduce aeration before stalled conditions occurred. Therefore, the expanded clay as carrier with 

geometry option with AR/AD of 1.33 was selected for the construction of pilot plant. 

Table 4. Summary of the model calculations with regard to criteria compliance 

Design parameter 
Design criteria 

(i) (ii) (iii) (iv) (v) 

Carrier 
expanded clay +     

borosilicate glass x     

Geometry 

AR/AD 0.33 + x x x + 

AR/AD 0.66 + x x x x 

AR/AD 1.33 + + + + x 
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4.3.3 Validation of liquid velocity 

The liquid velocity in downcomer was calculated and measured. Figure 33 presents the liquid 

velocity in downcomer and the measured velocity in the downcomer. Detected drawbacks for 

measurements and validation are (i) high noise in the analog signal of the measurement 

equipment, (ii) unequal velocity distribution in the downcomer area and (iii) limited 

opportunities for data collection that did not allow multiple replicate measurements in different 

points of cross-sectional area of the downcomer. 

With this, the experimental results were evaluated as a satisfactory validation of the model with 

measurements of velocity in the downcomer for different superficial air velocities. The level of 

agreement between the hydrodynamic model and the experimental results from the pilot plant 

were considered acceptable for designing pilot scale plants. The agreement between the model 

and the experimental results verified the correlation for the air holdups in the system and 

delivered an acceptable solution.  

 

Figure 33. Validation of liquid velocity in the downcomer of the1,000 L pilot plant. 

The stalled conditions were observed around 0.007 m/s superficial air velocity. Once the 

carriers were not in fluidization, a two-phase system was established, and the liquid was still 

recirculating. At lower superficial air velocities (0.006 m/s) of two-phase system, higher liquid 

velocity was measured compared to a three-phase system at at higher superficial air velocity 

(0.007 m/s). This can be explained by the reduced bubble rise velocity of app. 0.2 m/s as no 

collision between carriers and bubbles occurred, so bubbles size did not increase. By this, the 

air holdup increased that led to increased liquid velocity.  
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4.4 Discussion 

The results in this study are in line with defined criteria in this study (i) the lowest shear force 

between the carriers with minimization of the liquid velocity, (ii) the highest surface area for 

nitrification, which is offered by providing the highest volume fraction of carriers in the riser, 

(iii) the retention time of the particles in the riser and (iv) flexibility to reduce aeration by 

maintaining fluidization. The design presented in this study is a holistic approach that takes into 

consideration several design aspects important to nitrification and airlift bioreactors. The 

influence of relevant parameters such as carrier density, size and concentration, airflow, liquid 

velocity in riser, and hydraulic retention time in riser (defined through geometry of bioreactor) 

was evaluated. 

It could be demonstrated that using a carrier with low density (similar to that of water) and with 

high specific surface area (clay) can be advantageous for airlift applications. These observations 

have considerable significance for our understanding that aeration can be optimized in order to 

achieve low velocity recirculation of liquid and solids. Complex multi-level iterations in the 

model describe the relationships among the airflow in the system, geometry properties of the 

bioreactor, and the carrier concentration and density. The agreement between the model and the 

pilot plant is satisfactory to understand the relationships and accordingly scale up the design for 

pilot plant airlift. The verified correlation for the air holdups in the system delivers an 

acceptable solution and appears to be sufficient. The suggested work may be applicable for the 

immobilization of nitrifying microorganisms on carriers. 

4.5 Conclusions 

A three-phase model based on bioreactor geometry and carrier density as well as airflow was 

used to predict the liquid circulation velocity required for nitrification and biomass carrier 

fluidization. A 1000L internal loop airlift bioreactor for wastewater treatment was operated at 

a pilot scale, and the pilot plant results were compared to a mathematical model to determine 

the best design for optimal supply of oxygen for nitrification and sufficient air for biomass 

fluidization. The predicted velocities were marginally lower than the measured velocities. This 

may be due to the unequal distribution of the liquid velocity in the downcomer.  

This study was part of an process design for treating wastewater in which nitrification was a 

separate process step physically separated from carbon removal as well as sludge 

sedimentation. The nitrifying biomass was grown on surface carriers and immobilized by airlift, 

alleviating the necessity for energy intensive recirculation. The proposed process design offers 

an opportunity to add a nitrification stage to WWTP systems that only have a carbon removal 

stage. This additional nitrification stage will cause a minor interruption of the existing operation 

and will hence require minor capital investments. 
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Abstract 

Nitrification is important process in the biosphere, hydrosphere, lithosphere and 

anthroposphere. A drastic increase of anthropological ammonia production in the last decades 

due to agriculture and urban development sets the focus on wastewater treatment plants as major 

driver for removal of ammonia from the hydrosphere and anthroposphere. This study 

investigated the development of nitrifying biofilms impacted by (i) minimization of drag force 

to the biofilm by supplying oxygen through the microbial catalysis by supplemented hydrogen 

peroxide and (ii) variation of C/N ratios at defined higher drag force. Microbial population and 

biofilm characteristics (thickness, extracellular polymeric substance) of nitrifying biofilm 

systems grown on borosilicate glass and expanded clay, as well as nitrification rates at varying 

process parameters were measured. An increased drag force was applied to remove fast-

growing heterotrophs from the outer biofilm layer to allow a niche space for nitrification. The 

experimental setup was on two scales: lab scale and pilot plant for domestic wastewater 

treatment with aim of analysing the scaling effects of environmental conditions.  

Minimum drag force enhanced the nitrifying biofilm enrichment with 74% nitrifying cell 

population volume of total biofilm volume. In comparison, the aerated systems resulted in a 

thinner nitrifying biofilm with 45% nitrifying cell population volume of total biofilm volume. 

Specific average ammonium removal rate with H2O2 was 1.1 gNH4-N/m2/d and 36 % higher 

than operation with aeration. At relative higher C/N ratios and higher drag forces, the nitrifying 

share dropped to 10% of the cell population volume of total biofilm volume. The results are 

suggesting conditions under which nitrification in the hydrosphere; lithosphere and especially 

anthroposphere can be established in order to resolve major challenges about nitrification in 

conventional anthropological systems containing only 3-5% nitrifying population. 
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5.1 Introduction  

The nitrification process was first described in 1890 by Sergei Winogradsky [Winogradsky 

1890] but still attracts attention with more than 25,000 research articles published in the last 

few decades, including several up-to-date reviews [Chaali et al. 2018, Winkler and Straka 

2019]. It remains a challenge to retain slow-growing nitrifiers in engineered systems, such as 

those for wastewater treatment, which typically requires energy-intensive recirculation of 

biomass and intensive aeration. 

Depending on the bulk oxygen concentration, effective oxygen penetration into biofilms is in 

the range of 25–75 µm only and can quickly reach zero within 25 µm of biofilm depth at a 

typical dissolved oxygen (DO) of 2.0 mgO2/L [Schramm et al. 1996, Winkler et al. 2011]. 

Additionally, the nitrification capacity can only increase until the gas–liquid oxygen mass 

transfer becomes limiting (at about 20–30 kgO2/m
3.day) [Van Loosdrecht et al. 2000] and then 

additional measures are required to increase oxygen transfer, which is of special interest to 

highly concentrated streams such as urine, digestate, or industrial streams. If oxygen supply 

becomes unfeasible, an alternative re-oxygenation technique could be the addition of hydrogen 

peroxide. Catalase positive microorganisms release hydroperoxidase [Schellhorn 1995] that 

leads to a dissociation of hydrogen peroxide to oxygen and water by which oxygen can be 

provided without any shear disturbance to the biofilm. All AOBs and many NOBs possess the 

presence of oxidative stress enzyme catalase [Wood and Sørensen 2001] and other 

microbiological analysis has shown that the genome of nitrifiers contains genes that encode 

monofunctional small-subunit catalase [Chain et al. 2003]. At low concentrations and with time 

to adapt, the hydrogen peroxide may not be bactericidal to the microbial community 

[Houtmeyers et al. 1977]. Another advantage of hydrogen peroxide other than minimal shear is 

that adhesion of fine bubbles to the DO probes can be avoided and the transfer rate of oxygen 

to the solution is faster, making this an efficient technology [Tusseau-Vuillemin et al. 2002]. 

However, utilization of the advantages from the H2O2 re-oxygenation technique for growth of 

nitrifying microorganisms is only possible if nitrifying organism is not competing for space and 

oxygen with heterotrophs. Nitrifying and heterotrophic microorganisms have a symbiotic 

relationship in the biomass when it comes to the supply of inorganic carbon for autotrophs, but 

at the same time they compete for oxygen, which can impair nitrifiers’ performance at high C/N 

ratios [Denecke and Liebig 2003, Steuernagel et al. 2018]. Models based on substrate 

concentrations and oxygen diffusion predict that the nitrifying population is mostly positioned 

in the deeper layers of the aerobic biofilm and that fast-growing heterotrophs dominate the outer 

layer [van Loosdrecht et al. 1995, Wanner and Gujer 1985]. The reason for this spatial 

distribution is not only the slower growth rate of nitrifiers but also their lower competitiveness 

for oxygen with a Km of 16 µM for Nitrosomonas species and 62 µM for Nitrobacter species, 

but < 1 µM for most heterotrophs [Belser 1979]. Increased drag force may therefore help to 

shear off heterotrophs at high organic carbon loadings and to expose the nitrifying biofilm to 

more oxygen. 
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5.2 Materials and methods 

The research scope overview is presented in Table 5. All nitrification bioreactors were 

inoculated with activated sludge from a conventional WWTP. In Part I of the study, oxygen 

supply was the only variable parameter. The hydrogen peroxide was dosed up in front in another 

chamber, so the reactor received just an oxygen-enriched medium with low drag force, whereas 

the other reactor was aerated so the bubbles increased the drag force on the carriers. In order to 

provide a minimal boundary layer renewal, rotating reactors were selected. Reactor properties 

and carrier characteristics are provided in the supplementary information. In the second part of 

the study, different relative low C/N ratios in the airlift pilot plant at regulated higher drag force 

were operated. The set-up of the bioreactors is visualized in Table 5.  

 

 

Table 5. Research overview. 1The ammonia concentrations varied between 30 and 80 mg NH4-

N/L with COD concentrations between 3.0 and 35.0 mg COD/L. The concentrations 

varied due to medium of WWTP effluent. 2The ammonia concentrations were app. 

1,000 mg NH4-N/L with app. 400 mg COD/L 3The ammonia concentrations were 

app. 1,000 mg NH4-N/L with app. 800 mg COD/L. 
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Figure 34. Experimental set up: a) Bioreactor 1 - nitrification reactor with hydrogen peroxide 

b) Bioreactor 2 - nitrification reactor with aeration c) Bioreactor 3 - nitrification 

reactor with regulated BOD removal and regulated drag force (A-Denitrification, B-

nitrification, C-BOD Removal, D-Inflow and outflow chamber). 

a) 

b) 

c) 
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5.2.1 Oxygen supply competition– study part I 

The aim of this experimental section was to provide a comparison between the oxygenation 

with hydrogen peroxide and conventional aeration at limited organic carbon concentrations. 

The borosilicate glass was operated with hydrogen peroxide and relatively low liquid velocity 

to the carrier of 0.3 cm/s (provided through rotation) because no aeration was applied. 

Additionally, the borosilicate glass was operated with aeration that resulted in a liquid velocity 

to the carrier of 1.56 cm/s with aeration velocity of 1 m/h [Ren et al. 2018]. Other studies have 

already described the correlation and quantification of the drag force and the biofilm 

development on the carrier with the liquid velocity to the carrier [Chang et al. 1991, Liu and 

Tay 2002, Yang 2003]. For growth of the nitrifying microorganism, a WWTP effluent was used 

with added trace elements as described elsewhere [Steinbüchel A. et al. 2013] to stimulate the 

growth. Both operations (hydrogen peroxide and aeration) were performed with 30 to 80 mg 

NH4
+-N/L (added as (NH4)2SO4) and COD concentration of 10–20 mg/L (present in the WWTP 

effluent). The pH was regulated with the hydrogen bicarbonate at an average pH of 7.8 and the 

operation temperature was 25 °C (regulated with a water bath). Figures presenting the pH and 

temperature data are presented in the supplementary information. WWTP effluent was used in 

order to provide catalase activity that has been proven for WWTP effluent [Hosetti and Frost 

1994, 1998] for dissociation of hydrogen peroxide to oxygen and water. Direct activity of 

catalase was not measured here because this is described in detail elsewhere [Arvin and 

Pedersen 2015, Pedersen et al. 2019]. Activity of the catalase in our study was indirectly 

measured by measuring the oxygen in the outflow after nitrification, which was 1–3 mg O2/L. 

Oxygen was measured online with an LDO Sensor from Hach-Lange. The catalase activity 

provided oxygen for the nitrification of 100–200 mg O2/L with rest oxygen in the outflow. For 

an inflow of 1–3 L/h at 50–90 mg/L NH4
+-N concentration, the addition of peroxide ranged 

between 15–40 ml/h with 0.1–3.0% solution of H2O2. A detailed calculation is presented in the 

supplementary information. The nitrification rate was calculated based on regular daily 

measurements of ammonia, nitrite, and nitrate using Hach-Lange test kits. Measurements of 

total suspended solids on the carriers were not possible due to very low concentration with 

biofilm thickness of 10 µm. The hydraulic retention time in the reactors was one hour and no 

sludge was removed from the system. 

5.2.2 Substrate competition – study part II 

In order to have regulated constant drag force, an airlift reactor for process design was selected. 

Additionally, the pilot plant was operated at the Dietzenbach WWTP in Germany 

(N:50°01’22,67”; E:8°47’42”) in order to simulate real-life conditions. Expanded clay has been 

shown to be a suitable carrier for nitrifying microorganisms [Gisvold et al. 2000, Patroescu et 

al. 2016] and was chosen in this study to provide easy fluidization within the airlift system. 

Fluidization of borosilicate glass was not possible due to its higher density (1.650 kg/m3). The 

bioreactor had an internal riser where oxygen was supplied by aeration. Reactor details are 

provided in the supplementary information. The bioreactor airlift design is described in detail 

elsewhere [Pelivanoski et al. 2020]. The superficial liquid velocity was 0.065 m/s, the air gas 

flow velocity in the riser was 0.011 m/s, and the applied C/N ratios were 0.80 and 0.40. The 
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expanded clay was operated with liquid velocity to the carrier of 4.0 cm/s in order to evaluate 

the increased drag force on the biofilm thickness at a COD concentration of 400 and 800 mg 

COD/L. 

5.2.3 Microbiological experiments 

Quantitative quantifying fluorescence in-situ hybridization (FISH) with rRNA-targeted 

(ribosomal ribonucleic acid) probes in conjunction with 4′,6-diamidino-2-phenylindole (DAPI) 

was utilized to analyse the biofilm development directly on the carrier for study part I and study 

part II. A key advantage of FISH over other quantification methods is that it remains unbiased 

by PCR [Nielsen et al. 2009] and at the same time gives a visual impression of the development 

of the biofilm in situ on the attached surface. All reactors were operated continuously for 4 

months (1 month for start-up and 3 months of measurements) and the carriers were analysed in 

order to define the thickness, EPS, and distribution of AOB and NOB. Hybridization of the first 

FISH probe NOS190-ATTO514 for AOB [Mobarry et al. 1996] and the second FISH probe 

NIT3-ATTO633 for NOB [Wagner et al. 1996] was applied to the sample. Nitrobacter is shown 

to be a superior competitor [Nogueira and Melo 2006] and we assume under these conditions 

that Nitrobacter will predominantly represent the NOB in our system. The EPS structure was 

analysed according to the method described by Neu and co-authors with lectin-binding analysis 

for characterization of extracellular glycoconjugates [Neu et al. 2001]. From each carrier, 

randomly selected areas were scanned with a confocal laser scanning microscope (TCS SP8, 

Leica microsystems, Germany). Confocal laser microscopy provided a 3D visualization of the 

nitrifying biofilm and calculated volume fractions from these images were utilized to estimate 

EPS and cell content. A detailed method protocol for analysis directly on the carrier is provided 

in supplementary information.  

5.3 Results and discussion 

5.3.1 Influence of H2O2 on nitrification rates 

The specific average removal rate with H202 was higher compared with the specific average 

removal rate with aeration as shown in Figure 35(a). Figure 35(b) and (c) give an overview of 

the oxygen supply and consumption in the system, showing that at any moment enough oxygen 

was provided for nitrification. Oxygen concentration with an average of 2.6 mg/L in outflow of 

the nitrification reactor with hydrogen peroxide was measured, although rest concentration of 

ammonia of 20–30 mg/l was available. Rest oxygen concentrations with leftover ammonia 

suggests that catalase activity was sufficient but not enough for the nitrifying biomass to be 

established and to use the produced oxygen.  Increasing the oxygen supply (via H2O2 addition) 

concurred with an increase of oxygen concentration in the outflow. Towards the end, the oxygen 

concentration in the outflow increased (from day 60), which implies increased oxygen 

productivity but no oxygen consumption. 
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Figure 35 a) Comparison of ammonia nitrogen removal rates with regard to hydrogen peroxide 

and aeration. b) Supply and consumption of oxygen based on hydrogen peroxide 

dosing; c) Supply and consumption of oxygen based on aeration. 

a) 

b) 

c) 
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5.3.2 Influence of H2O2 on the nitrifying biofilm share 

The concentration of nitrifying biofilm from total cell volume was as high as 74% when 

hydrogen peroxide was used to provide oxygen to the culture, whereas the concentration was 

only 45% when aeration was used (Figure 36(a)). Both nitrification bioreactors were inoculated 

with same activated sludges, but when hydrogen peroxide was chosen as the oxygen delivery 

mode the heterotrophic biomass was minimal, suggesting a better adaptability of nitrifies to 

H2O2. QFISH in conjunction with DAPI showed that the ammonium and nitrite oxidizing 

populations (AOB, NOB) were present with equal abundance. All AOB and many NOB possess 

the presence of oxidative stress enzyme catalase, where nitrobacter proved to be a superior 

competitor within the NOBs [Nogueira and Melo 2006], suggesting a better adaptability of 

nitrobacter than AOB in this setting.  

 

 

Figure 36. a) Distribution of AOB and NOB within the biofilm under operation with hydrogen 

peroxide and aeration. Error bars correspond to standard deviation with n=27 for 

hydrogen peroxide and n=6 for aeration. b) Biofilm thickness development on 

borosilicate glass without COD concentration. Distribution in quartiles based on 

n=27 for hydrogen peroxide and n=6 for aeration system. 

a) 

b) 
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The importance of the biofilm thickness in nitrifying bioreactors has been shown for biofilm 

thicknesses above 50 µm [Suarez et al. 2019] and up to 500 µm [Piculell et al. 2016], whereas 

analyses of biofilm systems of less than 50 µm are sparse. The hydrogen-peroxide-fed 

nitrification bioreactor, which used borosilicate glass as a carrier, was operated with minimal 

drag force (0.3 cm/s of liquid velocity) and developed a relatively thin biofilm of ca. 10 µm. 

On the other hand, operation of the borosilicate glass with aeration and increased drag forces 

with liquid velocity of 1.56 cm/s resulted in even thinner biofilms of less than 10 µm (Figure 

36(b)). The operation with hydrogen peroxide or aeration had no influence on the correlation 

between EPS and microbial population.  

It can be assumed that this high percentage of nitrifiers of 74% may have developed due to low 

chemical oxygen demand (COD) availability (and, thus, less EPS production), low detachment 

forces, or due to toxic effects of hydrogen peroxide on the inoculated heterotrophic population 

(or both). 

5.3.3 Influence of drag forces at relative low C/N ratios 

Another aspect of this study was to better understand the competition between the heterotrophs 

and autotrophs in the biofilm at varied COD concentrations and higher drag forces at a pilot 

plant fed with wastewater at the Dietzenbach WWTP. By providing organic carbon, the 

production of polysaccharides, proteins, and lipids in the EPS is enabled [Flemming and 

Wingender 2010]. Thus, as expected, the EPS formation in this study increased and the biomass 

got thicker; more enrichment with heterotrophs was observed as organic carbon availability was 

increased. Organic compounds led to more heterotrophic growth and EPS production which 

provided a stronger biofilm structure, but at the same time a lower aerobic volume fraction was 

available for nitrification.  

At 800 mg COD/L and 1,000 mg NH4/L the highest volume increase of 8% more biofilm per 

month was observed (Figure 37(a)). Moreover, the operation with organic carbon resulted in a 

thicker biofilm with less cell volume (19% cell volume of total biofilm volume) (Figure 37(b)). 

The results show that operation with aeration and COD concentration hinder the development 

of nitrifying biofilm by reducing the share of nitrifiers in the biofilm to 10%. 

The operation of the expanded clay with nitrogen and organic carbon compounds (1,000 mg 

NH4
+-N/L and 800 mg COD/L) resulted in a twofold thicker biofilm of up to 40 µm despite  

applying the highest drag force of liquid velocity of 4 cm/s (Figure 37(c)). The results suggest 

that a clean secondary effluent (with low COD and low total suspended solids) will be required 

to attain high rate nitrifying biofilm systems.  

Heterotrophic organisms can develop a competitive edge for oxygen and also form more EPS 

structures if organic carbon is abundant [Flemming and Wingender 2010]. Thin biofilms can 

be fully penetrated by oxygen and offer maximal utilization of oxygen without anaerobic 

pockets in the biofilm. On other hand, the results suggest that the operation of nitrification 
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bioreactors with limited COD are limited in their capacities to form polysaccharides that may 

lead to a decrease of biofilm strength.  

 
 

 

Figure 37 a) EPS production on the expanded clay carrier under operation with organic carbon. 

Error bars represent standard deviation with n=6 for scenario C/N=0.4 and n=6 for 

scenario C/N=0.8. b) Distribution of AOB and NOB within the biofilm under 

operation with different C/N ratios. Error bars represent standard deviation with n=6 

for scenario C/N=0.4 and n=6 for scenario C/N=0.8. c) Growth of biofilm thickness 

under operation with different C/N ratios. Distribution in quartiles based on n=12 for 

2 months operation and 4.0 cm/s and n=17 for 4 months operation and 4.0 cm/s. 

5.4 Conclusions 

Our results demonstrate that the addition of hydrogen peroxide to supply oxygen to the culture 

results in highly dense and active biofilms developed with a 74% presence of nitrifiers (Figure 

36) in only < 10 µm biofilm. The achieved ammonia removal rate is 1.1 mgNH4-N/m2/d. 

a) b) 

c) 
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The remaining oxygen concentration in the outflow of 2.6 mg/L with the leftover ammonia 

indicated sufficient catalase activity in WWTP effluent streams for nitrification purposes. 

Although relatively high drag forces were applied (4 cm/s of liquid velocity) in the presence of 

organic compounds, the biofilm continued to grow and build the EPS. Drag force did not 

provide a selective mechanism for the development of nitrifying biofilms if organic carbon was 

present. 

 

Table 6. Results overview. 1Enhanced nitrification, 2good nitrification, 3limited nitrification. 
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Abstract 

In wastewater treatment, two groups of microorganisms play a major role in carbon and 

nitrogen elimination. The heterotrophic (C-elimination) and autotrophic (N-elimination) MO 

form a large part of the bacterial groups involved in wastewater treatment. In wastewater 

treatment, biofilm carriers are used in the fluidized bed process to improve nitrogen elimination. 

The high specific surface area of the growth carriers serves as a habitat for the microorganisms. 

To increase the performance of the biofilm process, the aim is to selectively grow the 

microorganisms on different carrier materials. The biological wastewater treatment system with 

functionally differentiated biofilm reactors was used to further investigate these mechanisms 

observed on a laboratory scale installed as a semi-technical test facility at the WWTP 

Dietzenbach. 

The desired MO population was grown on the carrier materials through targeted setting of the 

C/N ratio and regulated shear force with the airlift. To optimize and derive the possibilities of 

the selective biofilm process of the system, defined operating phases with varying process 

parameters were implemented. Two test lines were implemented to investigate different C/N 

ratios. In the first line, the first step was nitrification before COD removal whereas in the second 

line nitrification was after COD removal.  

The outflow concentrations in line 1 with strong fluctuations were 29 mg /L. The rate of 

degradation of NH4-N in line 1 averaged 59 %. A peak degradation rate of 85 % was achieved. 

The lowest NH4-N concentration was 5.27 mg/L, on average it was 22.27 mg/L. The lowest 

COD concentration in the outlet was 52.5 mg/L, on average it was 70.85 mg/L. The rate of 

degradation of NH4-N in line 2 averaged 86 %. The lowest NH4-N concentration in the outflow 

for line 2 during the stable operating phase was 0.44 mg/L, on average it was 13.26 mg/L. In 

line 2 the average degradation rate during this period, as in line 1, was 78 %. At the peak, 

degradation rates of 86 % of the added COD were achieved. The lowest COD concentration in 

the outflow during the stable phase for line 2 was 45.9 mg/L. 

Additionally, the growth behavior of the nitrifying biofilm was analyzed using DNA isolation, 

flow cytometry, denaturing gradient gel electrophoresis and fluorescence in-situ hybridization. 
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6.1 Introduction  

In the biofilm, microorganisms are embedded, held together and possibly bound to the surface 

by a matrix of extracellular polymeric substances. The EPS give the biofilm its shape, as well 

as its physical properties, and enable it to adhere to surfaces [Flemming and Wingender 2001]. 

A biofilm is created by the colony-shaped appearance of sessile microorganisms at interfaces 

[Flemming and Wingender 2010]. Biofilms basically consist of extracellular polymeric 

substances (EPS), a mixed population of bacterial cells, water, proteins, lipids, humic 

substances and nucleic acids [Flemming et al. 2016]. Due to the extended diffusion pathways, 

MOs in the EPS are better protected from changing environmental parameters such as pH value 

fluctuations, inhibitors and toxins, high salt content, heavy metals, dehydration and hydraulic 

loads. The EPS also enriches nutrients from the water phase, which serves as a substrate for the 

MO in an oligotrophic environment [Flemming et al. 2007]. EPS production is subject to 

structural and temporal changes. It depends, among other things, on the supply of substrate. 

With a high substrate supply and high growth rates, less EPS is formed. In addition, different 

microorganisms produce different EPS, which continue to grow with the age of the biofilm 

[Staudt et al. 2004]. 

With sufficient supply of oxygen and a high C:N ratio, heterotrophic MO grow faster than 

autotrophic and occupy the uppermost, oxygen-rich biofilm layer. The oxygen supply for 

nitrifiers is thereby minimized, which leads to a reduction in nitrification activity with 

increasing COD concentrations [van Loosdrecht et al. 1995, Wanner and Gujer 1985]. 

Therefore, for nitrifying biofilm, this must already be considered in the initial phase. The COD 

concentration should also be low, whereby organic substances should not be completely 

avoided, since the fast-growing heterotrophic bacteria form EPS in the presence of carbon, 

which supports the growth of nitrifiers [Manem and Rittmann 1992]. In addition to the adhesion 

of the biomass to the substrate, this also promotes the attachment of the nitrifiers [Bassin et al. 

2012]. After the start phase, the organic carbon supply must be minimized again. The shortage 

of organic substances limits the growth of heterotrophic MOs, and a thin, nitrifying biofilm is 

formed. 

The turbulence in the reactor is therefore of great importance. It ensures the transport of the 

substrates to the biofilm and the generated shear forces keep the biofilm thickness low. The 

main parameters that have a decisive influence on the stability and functionality of the 

biological treatment stages are: a) targeted settlement of AOBs and NOBs with an improvement 

in the ratio between heterotrophic and autotrophic MO compared to a conventional activated 

sludge process; b) the type and amount of aeration (intermittent / continuous aeration) and c) 

the specific surface area [kg COD / m2]. Thus, an airlift reactor shall be used for such 

applications as already proven technology for nitrification [Frijters et al. 2000]. The 

configuration in this study process leads to an increase in the treatment performance with a 

comparable volume of a conventional activated sludge process. The aim of the study is to test 

the airlift reactor at real time wastewater conditions with real wastewater at a WWTP, in order 

to prove the scalability of such reactors with their flexibility and robustness, compared to 

activated sludge systems.   
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6.2 Material and methods  

The pilot plant was divided into two different process variants with an aerobic stage as a biofilm 

reactor with a heterotrophic and an autotrophic stage (line 1 H1/A1 and line 2 H2/A2). 

 

 

Figure 38. The schematic structure of the two plant lines. Line 1 is shown in the diagram (top) 

and the pilot plant at the WWTP location (bottom). 

The main feature of the developed biofilm reactors in the aerobic stage is the spatially separated 

enrichment of autotrophic microorganisms for nitrification and heterotrophic microorganisms 
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for carbon degradation. In line 1 these two stages are arranged one above the other (H1 over 

A1) and in line 2 one behind the other (H2 before A2). 

In line 1, the wastewater first flows through the sludge level reactor D1 from bottom to top. 

Later the wastewater flows over a clear water discharge in the aerobic part of the Hybrid 

fluidized bed H1/A1. In this case, first, the autotrophic stage A1, and then the heterotrophic 

stage H1 flows from the bottom upwards. A partial flow of the treated wastewater is returned 

to the anoxic denitrification stage (D1). 

Line 2 also first flows through the anoxic denitrification stage (D2). This sludge level reactor 

is identical to D1. The reactor H2, in which the heterotrophic stage is located, is the next stage 

the wastewater passes. It then runs through a clear water discharge into reactor A2, in which 

the autotrophic stage is located. The pilot plant was built on the site of the WWTP Dietzenbach. 

In order to ensure a constant inflow to the test plant, an inflow line was laid on the site of the 

WWTP Dietzenbach. The wastewater as pumped from the WWTP Dietzenbach at the outlet of 

the sand and grease removal using a dry pump (Z0). This pump conveyed the raw sewage into 

the central storage tank (B2). The feed / (PZ1, PZ2) and recycling pumps (PS1, PS2) of the two 

test lines were connected to this tank (Figure 38). 

6.2.1 Reactors test line 1  

The hybrid system (test line 1) was fed with the pump PZ1. The pre-clarified raw wastewater 

passed through the upstream sludge level reactor from below as an upstream denitrification 

stage (D1). In addition to the volume flow of pump PZ1, the recirculation flow of pump PR1 

from the outflow tank (B3) was added. After flowing through the reactor D1, the wastewater 

ran through the clear water outlet into the hybrid reactor (H1/A1). The autotrophic stage with 

enriched autotrophic organisms was located in the lower part of this reactor, and the 

heterotrophic stage in the upper part. The wastewater flowed through the reactor H1/A1 from 

the bottom up and ran through the clear water drain into the outflow tank (B3). The recirculation 

pump PR1 was connected to this tank (B3), which transported part of the treated wastewater 

back into the upstream sludge level reactor (D1), see Figure 38. 

The sludge level reactor D1 was equipped with a mixer. This served to mix the sludge bed. This 

prevented the sludge bed from becoming clogged. The reactor D1 was used for denitrification 

of line 1 and for reducing the suspended substances in the raw sewage. The filter effect in  

reactor D1 took over the sludge bed. 
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Carbon degradation and ammonia oxidation took place in test line 1 in reactor H1/A1. Two 

different growth carriers were used in this reactor. In the lower part of the reactor Liaperl 

carriers were used (for carrier characteristic and selection see section 4.2.3). The fluidization of 

the carriers was carried out by the airlift effect. The location of the carrier bodies in the area of 

the air supply ensured a high oxygen concentration, necessary for the development of the 

nitrifiers. The heterotrophic stage H1 was arranged above the autotrophic stage A1. Here the 

Kaldnes K1 carriers were used. These are used to fix heterotrophic MO and to eliminate organic 

carbon loads. Due to the oxidative processes of the MO, the average oxygen content within the 

reactor decreases with increasing height. Since heterotrophic MOs, in contrast to autotrophic 

MOs, have a lower oxygen requirement, this operational management leads to an efficient use 

of the oxygen introduced within the reactor, which is stratified over the height. 

6.2.2 Reactors test line 2 

Test line 2 was fed with the pump PZ2. The pre-treated raw wastewater first flowed through a 

sludge level reactor, which had the same volume as that in test line 1 and was used there as an 

upstream denitrification stage (D2) and to reduce suspended substances. After flowing through 

the reactor D2, the wastewater flowed through the clear water outlet into reactor H2 

(heterotrophic stage). The wastewater reached reactor A2 (autotrophic stage) via the clear water 

outflow from reactor H2. The clarified wastewater left the reactor A2 via its clear water 

overflow and ran into the outflow tank B4. A partial flow was taken from B4 and conveyed 

back into the sludge level reactor D2 via the recirculation pump PZ2. 

The aerobic carbon degradation took place by the MO fixed in the heterotrophic stage H2 on 

the carrier material. For this purpose, the support material Kaldnes K1 was used in the reactor 

H2. The aeration of the reactor was ensured by plate aerators attached to the bottom of the 

reactor. The carbon loads should be largely eliminated in order to minimize the growth of 

heterotrophic MO in the subsequent autotrophic stage A2. 

The nitrification of test line 2 was carried out in the autotrophic stage A2. As in reactor A1, 

expanded clay carriers were used as biomass carrier in this reactor. Tube aerators arranged on 

the reactor base aerated the reactor A2. A corresponding block diagram is shown in Figure 38. 

6.2.3 Measurement, control and automation technology 

Remote data monitoring based on online measurement data was implemented to control and 

monitor the pilot plant. For this purpose, the data recorded on site was automatically recorded 

and sent by email once a day (midnight). Remote control of the system was also available. The 

inflow to each test line was recorded with a magnetic-inductive flow meter (MID). The required 
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pumping rate of the feed pump (P0) resulted from the sum of the two measurements. The 

distribution of the wastewater onto the two lines was carried out with the help of two control 

valves of the respective feed pumps (PZ1, PZ2). The rest was pumped out of the outflow tanks 

(B3, B4) back into the Dietzenbach WWTP. A partial flow of the outflow tanks (B3, B4) was 

recirculated. To control the aeration of the aerobic stages, the concentration of dissolved oxygen 

was determined using online probes, and the air volume input was regulated using frequency 

converters, which were connected upstream of the compressor. Slow-running mixer units were 

installed in the denitrification reactors (D1, D2). To ensure the necessary fluidization of the 

carriers, the recirculation pumps (PR1, PR2), with a recycling rate of approx. 5Q were used in 

addition to the aeration and the feed pumps (PZ1, PZ2). 

The recycling pumps were controlled using magnetic-inductive flow measurements (MID). The 

programming was done with CoDeSys TM according the standard IEC 61131-3. 

To check and control the pilot plant, online measurements with sensors were carried out. The 

measurements were made at different locations. In Table 7 an overview of the measured 

parameters of the online measurements and the respective measuring points is presented. The 

online measurement data served to record the feed and outflow water quantity and quality, as 

well as the aeration flow. 

The sampling was carried out four days per week. 2L samples were taken from the respective 

sampling points and analyzed immediately in the laboratory of the WWTP Dietzenbach. 

Samples D1, B3 and D2 and B4 were taken first. The outflow samples H1/A1 and H2 90 min. 

later. The samples were first filtered (0.45 μm filter paper “Milliporemembrane” from Hach), 

and the particulate fraction separated. The dissolved components were then examined using 

cuvettes tests. After the samples had been prepared, the COD and TNb test were made. 

The pH, temperature and oxygen content of the samples were then analyzed on site using a 

multimeter as control to the online measurements. The tests were then evaluated in a HACH 

spectrophotometer. The dry matter was determined weekly with a sample volume of 200-300 

ml. The particulate residue was dried in a high-speed dryer after filtration. 

The trials were planned in a total of seven stages with three trial phases. In the first test phase 

(summer operation), the startup of the operation and the fine adjustment of the test conditions 

were to take place first. The subsequent winter operation appeared to be particularly relevant 

for the development of a design model. Therefore, the essential measurement data was collected 

in phase 2. In the third test phase, the operation was to be optimized in order to specifically 

investigate additional operating states and to obtain a broader data basis for the design. A design 

model was to be developed parallelly. Finally, in the last stage, the evaluation was to be carried 
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out. The experimental plant was operated first with an average feed rate of Q=250 L/h and a 

continuous aeration of the heterotrophic reactor H2 with an average of 1.43 m3/h. The data for 

COD and NH4-N could be evaluated. The average feed amount Q was 250 L/h. Reactor H1/A1 

was aerated with approx. 12 m3/h, whereas the A1 reactor was operated with 10 m3/h. The 

aeration calculation is presented in the supplementary information. 

Table 7. An overview of the parameters recorded in the process stages of the test lines. 

  
Parameter Abb. Unit B2 D1/D2 H1/A1 H2/A2 B3/B4 Source 

1 COD concentration COD mg/L X X X X  Lab 

2 
COD concentration + 

precipitation 
CODPRE mg/L   X X  Lab 

3 Ammonia NH4-N mg/L X X X X X Lab 

4 Nitrate NO3-N mg/L  X X X  Lab 

5 Nitrate filtered NO3-Nfil mg/L     X Lab 

6 Temperature T °C X    X Lab 

7 pH  /  X X   X Lab 

8 Oxygen O2 mg/L  X    Lab 

9 Suspended solids AFS g/L  X X X  Lab 

10 Total nitrogen PTOT mg/L         X Lab 

11 Inflow flow QIN m3/h  X    online 

12 Redox R mV  X    

online 

13 Air flow Qair m3/h   X X  

online 

14 Recirculation flow QR m3/h  X    

online 

15 Recirculation flow 2 QR m3/h   X   

online 

16 Pressure P bar     X X   online 
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6.2.4 Microbiological analysis 

Cultivation: The cultivation of the biomass on the carriers was done with selective mineral 

substrate medium [Steinbüchel A. et al. 2013]. The pH of the nutrient medium was adjusted to 

7.4-7.5 with sodium bicarbonate (NaHCO3, 5 %). The cultivation was carried out at 18 ° C. 

Due to the inhibitory effect of light on the metabolic activity of the nitrifying bacteria 

(sensitivity of the cytochrome) the cultivation was carried out while avoiding the light. 

Microscopy and flow cytometry: light microscopy. The cultivation of cultures was analyzed 

through light microscopy [Axioskop 2, Zeiss] observed at 1000-times magnification in phase 

contrast. 

Confocal laser scanning microscopy: The analysis of the biofilm on the carrier was carried out 

with a confocal laser scanning microscope [FluoView 1000 Olympus] using a water-immersed 

objective at 600-times magnification. The wavelength spectrum of 570-610 nm and 510-550 

nm was selected by using the different fluorescent dyes for the probes. For visualization the 

software Imaris [Bitplane AG] was applied. 

Determining the number of cells by flow cytometry: The total cell number in the biofilm, based 

on the mass of the carriers, was measured after 8 weeks of incubation using a flow cytometer . 

The samples were treated with ultrasound, which leads to detachment of the biofilm from the 

surface of the carrier and separates the cells from the biofilm. The cell suspensions were diluted 

in sterile-filtered mineral water and treated with SYBR Green I [Invitrogen]. The  cell numbers 

were determined through triple measurement with a flow cytometer [CyflowSL, Partec] under 

application of FloMax software. 

DNA-isolation: The isolation of the DNA from the biofilm was performed using 

PowerBiofilm® DNA Isolation Kits [MO BIO Laboratories, Inc., USA]. Subsequently, the 

DNA concentration was measured photometrically as an absorbance at 260 nm. 

Denaturing gradient gel electrophoresis (DGGE): DGGE analysis, as well as the previous 

polymerase chain reaction (PCR) was conducted according to Muyzer [Muyzer and Smalla 

1998]. The isolated DNA from the biofilm was used as a template for PCR. The gel 

electrophoresis was carried out at 200 V for 5 hours. The colouring of the DNA bands was 

carried out in a 0.025 % Roti®Safe- solution for 12 min. 

Fluorescence in-situ hybridization: The in-situ hybridization was carried out according to 

[Wagner et al. 1996]. For a further quantitative analysis of cell suspension an ultrasonic 

treatment of the carriers in separate batches was done. The analysis was performed using the 

Axioskop 2 fluorescence microscope (Zeiss). 
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6.3 Results and discussion 

6.3.1 Removal of carbon and nitrogen 

The COD concentration in the inflow of line 1 started at approx. 400 mg/L and increased 

continuously by approx. 20 % within the period under consideration, while COD outflow 

concentrations remained almost constant at an average of 87 mg/L with the lowest COD 

concentration of 52.5 mg/L in the outlet. At the same time, the inflow and thus the COD load 

were gradually reduced from 250 L/h to 150 L/h in order to relieve the overload on the biology, 

which, however, did not lead to better outflow values. The measured COD concentrations in 

the inlet and outlet of line 1 are shown in Figure 39. 

 

Figure 39. COD concentrations in the inlet and outlet of line 1 

The NH4-N concentrations in the inflow to line 1 started at 40 mg/L and continuously increased 

by approximately 100 % within the period under consideration. The outflow concentrations 

with strong fluctuations were 29 mg /L. The rate of removal of NH4-N in line 1 was averaged 

at 59 %. A peak removal rate of 85 % was achieved. The lowest NH4-N concentration was 5.27 

mg/L and during the stable phase operation, the outflow concentration for NH4-N at average 

was 22.27 mg/L. The measured NH4
+-N concentrations in the inflow and outflow of line 1 are 

shown in Figure 40. 
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Figure 40. NH4-N concentrations in the inlet and outlet of line 1 

As in line 1, the COD concentration in line 2 increased by 20 % from 400 mg/l during the 

measurement period. The COD concentration measured in the outflow of the biofilm reactor 

remained almost constant. The average outflow concentration was 76 mg/L. The lowest COD 

concentration in the outflow during the stable phase for line 2 was 45.9 mg/L. In Figure 41, the 

inlet and outlet concentrations for the COD are shown for line 2. In Figure 42 the development 

of the heterotrophic biofilm on the carrier is visualized. 

 

Figure 41. COD concentrations in the inlet and outlet of line 2 
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Figure 42. Development of heterotrophic biofilm on carrier in line 2 H2 (left), unused Kaldnes 

carriers (right) 

The NH4-N concentrations in the inflow to line 2 had doubled within the period under 

consideration. In the first weeks of the operating phase, a continuous development of the 

ammonium removal performance was observed and outflow values below 5 mg/L were 

achieved. The average outflow concentrations were at 27.7 mg/L over the measurement period.  

The removal rate of NH4-N in line 2 was at average 86 %. The lowest NH4-N concentration in 

the outflow for line 2 during the stable operating phase was 0.44 mg/L, whilst the average 

outflow concentration was at average 13.26 mg/L. In Figure 43, the average inlet and outlet 

concentrations of the parameter NH4-N for line 2 is shown.  

 

Figure 43. NH4-N concentrations in the inlet and outlet of line 2 
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6.3.2 Growth behaviour of nitrifying biofilm 

The growth of the biofilm on the carriers was measured through the increase in the DNA, which 

could be isolated from the biofilms. The formation of DNA is proportional to the increase in 

cell number, since bacteria generally have a chromosome per cell, which is doubled before cell 

detachment. The increase in cell number and therefore the growth of the biofilm depends on 

numerous parameters such as temperature, availability of nutrients, such as ammonium, 

oxygen, and CO2 as well as the presence of inhibiting factors for growth, such as shear forces. 

The overall growth in the biofilm can be distinguished between cell division within the biofilm 

matrix and division of cells outside the biofilm matrix. The DNA concentration measured here 

can be seen as a sum parameter for both processes. 

Figure 44 shows the results of the measurements of the DNA concentration. After 10 days of 

incubation, a detectable amount of DNA was measured. The DNA concentration per carrier 

increased within the next few weeks up to 440 ng / g carrier. This corresponded to a cell count 

of 3.2 * 107 cells / g carrier, as determined by flow cytometry. After 8 weeks of incubation, an 

application of air flow was introduced to the system. Nevertheless, the DNA concentrations 

remained approximately constant, i.e. the biofilm showed stable against the shear stress of the 

applied air flow. 

 

Figure 44. The influence of the incubation time and the airflow on the DNA concentration 

Identification and characterization of the biofilm population. Due to a simultaneous application 

of two different conjugated probes (with fluorescent dyes of different wavelength emissions) it 

was possible to group together the ammonia-oxidizing bacteria (AOB) and the Nitrospira 

representing the nitrite-oxidizing bacteria (NOB). This grouping allowed to analyze the two 

nitrifying groups under the same microscopic section of the biofilm. Since the microbial 

analyses were performed at the surface of the carriers, a direct limitation is the enhanced 

appearance of artifacts on the surface of the carriers, which cannot be evaluated as actual 

microbial cells or an artifact. 

Airflow 
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Previously a FISH Test with oligonucleotide probes was carried out in order to define and 

isolate the nitrifying bacteria. Green signals represent Nso190-labeled cells (AOB) and red 

signals represent Nsr447-labeled cells (Nitrospira / NOB). The sub-population of the 

ammonium oxidizing bacteria was 70 %, while the genus Nitrospira accounted for 30 %. The 

actual fraction of nitrifying bacteria, however; can be assumed to be higher, as in the field of 

nitrite oxidizers only the genus Nitrospira was considered. 

  

 

Figure 45. Analysis of biofilm cultures on a carrier after 56 days of incubation (top left), 3D 

microbial analysis of the surface carrier (top right), nitrifiers on carriers in line 1 and 

line 2 (bottom).  

Overall, the tests carried out showed that the desired removal rates can be achieved with the 

developed process configuration. In order to optimize the processes examined, a further test 

phase was carried out. A microbial analysis of the AOBs and NOBs in biofilms was conducted. 

The FISH analysis provided results where nitrifiers are between 23.14 % and 15.31 % of DAPI 

respectively in line 1 and line 2 in the biofilm. 
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Monitoring of the development of a biofilm. An additional DGGE analysis was performed 

(Figure 46) in order to verify the comparison between the biofilm culture without airflow and 

incubated cultures under airflow. For this reason, two approaches after an incubation period of 

15 weeks were conducted. In the tests, the same numbers of carriers, originating from the same 

seed culture were used. Subsequent cultivation was carried out for the biofilm culture without 

aeration and in the second test with an airflow. The other conditions during incubation were the 

same for both approaches. 

 

 

 

 

 

 

Figure 46. DGGE monitoring of biofilm culture using carriers. 1 - inoculum (sewage sludge), 

2 - biofilm culture after 7 weeks of incubation, 3 - biofilm culture after 12 weeks of 

incubation, 4 - inoculated culture from (3) (see cultivating biofilms under air flow) 

after 4 weeks incubation, 5 - biofilm with airflow after 15 weeks of incubation, 6 - 

biofilm without airflow after 15 weeks of incubation 

When cultivation is done without airflow, fewer bands are present in the DGGE (line 2) . With 

this approach some of the bands appeared clearer. From the fewer number of bands it can be 

concluded that the biological diversity is limited. Moreover, it was shown that a possible 

mechanical stress caused by airflow does not lead to a reduction of microbial diversity. This 

indicates a sufficiently high mechanical stability of the biofilm. 

6.4 Conclusion 

Line 2, where the COD removal took place before the nitrification reactor, resulted in a higher 

nitrification rate and a more stable operation. It can therefore be concluded that minimization 

of the COD removal with concentrations of up to 90 mg/L is supporting the growth of the 

nitrifying biofilm and results in a higher ammonia oxidizing rate. Surprisingly, here the FISH 

analysis provided a higher nitrifying biofilm share of DAPI in the line where COD was not 

removed before the nitrification. However, the nitrification removal here was lower, although 

the nitrifying biofilm share was higher. Generally, the removal rates for both, COD and 

ammonia removal were lower than compared to conventional AS systems. This observation 

reveals the need for further studies in order to optimize the process configuration.  

  1                    2                3                  4 5           6 
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The growth of the nitrifying biofilm was separately analyzed through the increase in the DNA, 

which could be isolated from the biofilms. After substantial increase of the DNA concentration, 

the DNA concentrations remained approximately constant, i.e. the biofilm showed stable 

against the shear stress of the applied air flow. 

Due to the complexity of the pilot plant regarding technical functionality of the recirculation 

pumps, specifically calculated aeration for the fluidization of the airlift reactor, as well as 

appropriate sensor operation on the online control panel, major challenges occurred in 

establishing a stable operation of the pilot plant. There were considerable delays in the actual 

course of the project compared to the planned course of the experiment. Therefore, the two lines 

of the pilot plant could only be put into operation with a delay of a few months. However, for 

a period of approx. 120 days we were able to establish stable operation of both test lines and to 

generate the nitrification rates, as well as COD removal rates. 

During the operating phase in the third year of the extended project period, unexpected technical 

problems recurred (pump failures, leaks in the reactor tanks and malfunctions in the online 

measuring probes), so that no long-term stable operating phases were achieved and, 

accordingly, no complete operating phases in the summer / winter operation could be examined. 

During the planning phase of the plant, significant gaps in knowledge became apparent 

regarding the technical implementation of the reactors designed according to the airlift principle 

as well as the suitability of the carrier bodies used for an increased settlement of the autotrophic 

microorganisms. 
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7 Observation of interrelations between the process steps as basis for 

development of further design  

In the literature, insights of scaling up certain technology on certain process is provided [Ronda 

et al. 2018]. Other studies report on scaling up of industrial wastewater [Anastasi et al. 2010]. 

A broader view on the scaling up wastewater technologies is provided by Eckenfelder 

[Eckenfelder et al. 1972]. The small-scale sanitation concepts report challenges in scaling up 

related to governance and legislative in the marker, as main challenges in the scaling up 

[Reymond et al. 2020]. However, these approaches cannot be taken over for other technology. 

In this PhD thesis a valuable experience of operation with different sized reactors, starting from 

batch experiments with 250 mL over 3.5 L, 12 L, 1,000 L and a 6,000 L pilot plant, regarding 

scalability issues were gathered. The question was to focus on the approach on how to scale up 

the technology that shall be developed as well as lessons learned from the scaling up. Scaling 

up factors such as fluidization, heat transfer and flow pattern play a major role in the design 

parameters of the plants. Here the interconnections between the scale up factors and the design 

parameters are addressed, and their implications are evaluated. The qualification of the factors 

was identified, whereas a quantification of the factors is the successive research step.  

This chapter addresses the development of a methodological approach for the first stage of 

transformation of an wastewater treatment process for nitrogen and carbon removal based on 

biofilm and granules into a market-mature product (prototype). 

 

Figure 47. Design parameters for lithotrophic denitrification, based on scale up correction 

factors. 
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8 Major findings and outlook of this PhD thesis 

8.1 Maximization of electrons conservation in the granule 

Under limited organic carbon concentration, the methane production will cease once iron 

reduction or sulphate reduction occur in the granules. Once iron and sulphate are fully reduced 

and iron sulfide or pyrite is formed (batteries are full) methane production will start again. By 

these means, the unused electron donors that will be released by the fermenters, will not leave 

the system but will be conserved as methane and with that as valuable energy source. This will 

help to overcome the variations of nitrate in the reactor that are correlated with the variations 

of ammonia inflow in the wastewater treatment plant. The anaerobic redox cascade of 

biochemical processes will be a natural regulator for conservation of the electrons in the granule 

and after that as methane. Under methane production conditions in the nitrate removal reactor, 

increased ammonia load release in the outflow by the fermenters will be observed. The 

unwanted ammonia release in the outflow can be controlled with recirculation, that is elaborated 

under the point 8.8.  

At conditions when nitrate is provided in the third reactor, methane production will cease, and 

oxidation of the iron sulfide or pyrite will start, as nitrate will diffuse into the granule. Due to 

enough electrons provided by the fermenters, parts of the produced sulfate will be reduced to 

hydrogen sulfide and directly oxidized by the denitrifiers or hydrogen sulfide will be bind with 

the reduced iron compounds (depending from the nitrate diffusion). Oxidation of iron will 

precipitate as iron hydroxide in the granule and will be kept in the granule. This statement was 

also observed in the experiments, by measuring the accumulation of the iron in the granule over 

time. The iron content in the granule, has not only positive effect on keeping the electrons in 

the granule but also has a positive effect on the stability and formation of the granules.  

8.2 Shortest cut for sludge elimination from process view  

Degradation of particulate matter of the granule may be the key electron donor for activation 

and continuing the cycling processes. The positive effect of the hydrolytic microorganisms is 

not only the provision of electrons for the system, but at the same time eliminating the sludge 

biomass, that would require various investment cost for treatments as well as operational cost 

and disposal costs. This observation is a valuable gain of the technology since elimination of 

sludge is energetically debated in the regulative bodies. A natural way with no investment cost 

can attract some interest in the possible application. Sludge incinerations are being built across 

Germany as solutions for sludge elimination but are not always welcomed by the local 

communities since relative high investments costs for construction, installation and operation 

are required. Further research in this area regarding the mass balance and biomass degradation 

quest is provided in 8.8. 
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8.3 DNRA activity supports a cycling electron in sulphur and iron cycle 

DNRA microorganisms have found a competitive advantage towards the middle of the granule 

where the nitrate concentrations are low and the high affinity by the DNRA can be used as 

advantage. In this work, the denitrifiers (whether heterotrophic, or lithotrophic) were 

outcompeted by the DNRA microorganism over long experiments period. Interestingly, 

although ammonia was produced by the DNRA, very less ammonia released in the liquid phase 

was measured when iron and sulphur cycling were active processes. Once sulphur and iron 

cycle were inhibited, ammonia release was measured. Therefore, the key processes such as iron 

and sulphur cycling, DNRA activity is important as this pathway is critical for providing 

ammonia for assimilation in the biomass and growth of the iron and sulfur cycling 

microorganisms.  

The produced ammonia by the DNRA is mainly assimilated by the other active microorganisms, 

as ammonia is the limited source in the nitrate removal reactor and is provided only by the 

fermentation of amino acids.  

From one side the positive effect of the DNRA as providers of ammonia for the growth is 

appreciated, the negative effect is the destruction of energy. The Nitrate to ammonia process is 

energetically very expensive, especially knowing the fact that the nitrate was beforehand 

oxidized with aeration from ammonia. Therefore, the respected disadvantage must be looked in 

details in future research studies.  

8.4 Vanishing a promising potential of the methanotrophy for nitrogen removal 

Studies promote the potential of the nitrate coupled anaerobic methane oxidation, which can be 

of advantage in certain circumstances. Such studies promoted and analyzed these specific 

metabolic pathways in cultivated cultures. In our study the potential of such metabolic pathway 

was observed in mix highly competitive anerobic culture. The outer layer where nitrate is in 

high concentration, but the organic carbon is low and with that no methane production is 

expected, is area where no nitrate-coupled-methane oxidation is expected. Towards the middle 

of the granule where iron and sulphur reducers are active, will outcompete the methanogens for 

the organic carbon. Thus, no methane production is expected in the middle of the granule, so 

nitrate coupled methane oxidation is less expected.  Towards the core of the granule, the DNRA 

microorganism will scavenge the low nitrate concentration and use their high affinity for nitrate 

in order to push forward their metabolic pathway. 

In anaerobic granules, where processes such as iron and sulphur reduction are dominating for 

organic carbon resources, on one hand and on other hand the DNRA are scavenging the nitrate, 

the Microorganisms for nitrate coupled methane oxidation will have difficulties to get both of 

their major substrate, methane and nitrate. However, we promoted the interest of this pathway 

for future studies in order to search for conditions where the nitrate coupled anaerobic methane 

oxidation will establish itself as dominant and sustainable culture.  
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8.5 Minimizing energy for nitrification in airlift reactor 

Development in the models for understanding a three-phase hydrodynamic model as well as 

complex calculation possibilities with numerous iterations, provides environment for 

reinventing the airlift reactor as possible reactor for regulated bioprocesses in the wastewater 

treatment. Since airlift reactors for wastewater treatment were forgotten with observation of 

enormous energy needed for fluidization, the scientific quest was to use modified and improved 

models to optimize and minimize the energy.  

A three-phase model based on bioreactor geometry and carrier density as well as airflow was 

used to predict the liquid circulation velocity required for nitrification and biomass carrier 

fluidization. A 1000L internal loop airlift bioreactor for wastewater treatment was operated at 

a pilot scale, and the pilot plant results were compared to a mathematical model to determine 

the best design for optimal supply of oxygen for nitrification and sufficient air for biomass 

fluidization. The predicted velocities were marginally lower than the measured velocities. This 

may be due to the unequal distribution of the liquid velocity in the downcomer.  

The results in this study are in line with defined criteria in this study (i) the lowest shear force 

between the carriers with minimization of the liquid velocity, (ii) the highest surface area for 

nitrification, which is offered by providing the highest volume fraction of carriers in the riser, 

(iii) the retention time of the particles in the riser and (iv) flexibility to reduce aeration by 

maintaining fluidization. The design presented in this study is a holistic approach that takes into 

consideration several design aspects important to nitrification and airlift bioreactors. The 

influence of relevant parameters such as carrier density, size and concentration, airflow, liquid 

velocity in riser, and hydraulic retention time in riser (defined through geometry of bioreactor) 

was evaluated. It could be demonstrated that using a carrier with low density (similar to that of 

water) and with high specific surface area (clay) can be advantageous for airlift applications. 

Complex multi-level iterations in the model describe the relationships among the airflow in the 

system, geometry properties of the bioreactor, and the carrier concentration and density. The 

agreement between the model and the pilot plant is satisfactory to understand the relationships 

and accordingly scale up the design for pilot plant airlift. The verified correlation for the air 

holdups in the system delivers an acceptable solution and appears to be sufficient. The 

suggested work may be applicable for the immobilization of nitrifying microorganisms on 

carriers. 

8.6 Limited organic carbon driving a dense nitrifying biofilm  

During the nitrification, the results suggested, that limited BOD availability is major limiting 

parameter for developing dense nitrifying biofilm. Shear force did not pose as an important 

parameter. When BOD was available regardless whether the shear force was low or high, the 

heterotrophic microorganisms were suppressing the nitrifying microorganisms.  

Minimum drag force enhanced the nitrifying biofilm enrichment with 74% nitrifying cell 

population volume of total biofilm volume. In comparison, the aerated systems resulted in a 
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thinner nitrifying biofilm with 45% nitrifying cell population volume of total biofilm volume. 

Specific average ammonium removal rate with H2O2 was 1.1 gNH4-N/m2/d and 36 % higher 

than operation with aeration. At relative higher C/N ratios and higher drag forces, the nitrifying 

share dropped to 10% of the cell population volume of total biofilm volume. The results are 

suggesting conditions under which nitrification in the wastewater engineering can be 

established in order to resolve major challenges about nitrification in conventional 

anthropological systems containing only 3-5% nitrifying population. 

8.7 Configuration pilot plant 

The literature analysis was done to answer whether the configuration proposed in this PhD 

(AnMBR, airlift nitrification and SBR granule nitrate removal) should be investigated as pilot 

plant. It was decided not to do that at this moment due to various reasons. AnMBR is technology 

where the membrane material still is under investigation for the appropriate application. Since 

high required investment for the AnMBR with in pilot plant application and limited research 

funding it was decided not to expand the research in this project with AnMBR technology.  

Instead it was decided to focus on the nitrification reactor and prepare the inflow conditions of 

the nitrification reactor as they were from the AnMBR (removal of suspended solids and 

removal of COD load). The nitrate removal with granule technology in pilot plant with 4500 L 

was separately tested for which due to patent issues no results can be presented.  

General observation is that the processes are slower than conventional wastewater engineering, 

which will lead to bigger area requirements for new wastewater treatment plants. The 

complexity of the process is not to be underestimated whereas although low operational costs 

are expected, no appropriate analyses of the operational cost is provided.  

However, the treatment can be implemented in regions with not space limitation and in land 

where the regulation will be able to provide permit for testing such technology. The calculations 

and first observation provide insights that only oxygen for nitrification and one inflow hydraulic 

load pumping through the treatment plant is required for operation as external energy source. 

A promising idea is that no sludge is produced from the treatment and the whole conventional 

sludge treatment line is missing, whereas the advantage of biogas production is kept within the 

anaerobic membrane bioreactor.  

Regarding scalability of process, the scaling factors for this process design parameters were 

selected such as fluidization, flow pattern, heat exchange, reaction kinetics, and sludge 

properties. The intention of the scaling up factors is to quantify them and then act as correction 

factors on the design parameters such as flow velocity, area of reactor, reaction rates, volumetric 

load etc. In this work, only the interrelation of the respected scaling up factor with the design 

parameter was provided. We understand this as quality step as first step towards the 

quantification of the scaling up factors. The quantification of the scaling factors is a complex 

field that required further analysis with model developments.  
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8.8 Future research activities 

Biomass mass balance. Degradation of organic matter from the granule structure is starting and 

driving process for the nitrate removal in the last reactor. Therefore, a closer look on the mass 

balance from the degradation of organic matter under different anaerobic, anoxic and sulfate 

concentrations may be followed as concessive research step. The anaerobic treatment of the 

municipal organic carbon load in the AnMBR will result with around 10 % of the excess sludge 

production. Experiments in future may be of interest where the question whether the organic 

load in the municipal wastewater is sufficient to produce enough excess sludge under anaerobic 

treatment, that might be needed to be supplemented in the nitrate removal reactor where 

particulate granules are degraded in order to provide electron donors for the nitrate reduction. 

Kinetic model. With the measurements provided in the study, a continuing study may focus on 

the kinetic growth paraments and stochiometric characterization of the respected microbial 

cultures under competitive definitions defined in this study. The kinetic growth parameters will 

be used to build up a model of all biochemical processes active in the granule in order to provide 

theoretical valid insights of specific conditions of iron sulfide or pyrite formation and oxidation.  

Regulation of ammonia release load. Ammonia will be produced under degradation of the 

particulate organic matter from the granules. Most of the ammonia will be assimilated once 

active iron reduction, sulphur reduction, iron oxidation and sulphur oxidation is present in the 

granule. However, once iron and sulphur are reduced, no ammonia assimilation will be present 

in the granule. An effective but costly solution would be a recirculation of the outflow to the 

nitrification reactor. This recirculation would be active only at conditions where nitrate is 

limited or missing in the anaerobic treatment. Under conditions where nitrate concentration is 

limited, hydrolysis will be at highest performance with methane production und ammonia will 

not be biologically assimilated due to activity of only two processes out of nine expected 

processes. Once ammonia is recycled in the nitrification reactor, nitrate will be produced and 

fed in the nitrate removal reactor. This will activate the other seven processes and recycling 

will not be needed, since biological assimilation of ammonia in seven processes will start. 

Additionally, under anoxic conditions, the release of ammonia will drop by half. The area of 

ammonia regulation in the outflow as combined system between the nitrification and nitrate 

removal reactor shall be investigated in detail in future studies.  

Membrane material of AnMBR. Since AnMBR was not part of the research scope in this thesis, 

future studies shall relate the processes analyzed here with relation to the AnMBR process. The 

actual COD removal in the anerobic treatment must be confirmed and excess sludge quality for 

the nitrate removal reactor must be analyzed.  

Quantification of scaling up factors.  The qualification of the scaling up factors was defined, 

whereas its quantifications is still missing. A future study shall focus on developing an approach 

of appropriate quantification of the scaling up factors It seems slow innovation is inevitable in 

wastewater engineering.  
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Supplementary Information S1 

Structure of batch experiments 

  

  

 
 

Figure 48. Experimental approach for the batch experiments based on including or excluding 

defined processes. Measured samples are 1, 2, 3 and 4. Calculated samples are 1a and 

2a. 
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Figure 49. Batch Experiments with iron and sulphur reduction and oxidation, measured samples 

5, 5a, 6 and 6a.  

 

 

 

 

Sampling methods 
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Table 8. Method for sampling from batch experiments for methane 

Method – Sample preparation (Methane) 

S. Description 

1 81 mL of DI water was added in the three serum bottles 

2 9 mL of Base medium added in the bottle 

3 Sparging with Ar for 30 min 

4 Add 10 mL of Biomass 

5 Seal the serum bottle 

6 Sparging the bottle with biomass through needle (inflow and outflow) for 30 min 

7 Pressure of bottle with Ar in head space set on 14.5 psia (atmospheric pressure) 

8 

Last point is important for measurement with the GC and defining the volume of 

sample 

Experiments 

9 Take a sample after day 1 from all four samples (all four samples same) 

1

0 Take a sample after day 3 from all four samples (all four samples same) 

1

1 Methane production measured (no electron acceptor added and no electron donor) 

D1 

1 No action in this sample. 

2 Added 14 ml DI water and 1.2 ml 1 M HCl in order to represent the other samples 

3 Continuous measurements of methane production  

D2  

1 After day 3 10 ml of 1 M BES added to the system 

2 Added 4 ml of DI water 

3 1.2 ml of 1 M HCl 

D3 

1 After day 3 10 ml of 1 M BES was added in the system 

2 Added 4 ml of 5% Na2S 

3 1.2 ml of 1 M HCl was added in the system 

D4 

1 10 ml of Di water was added in the system 

2 Added 4 ml of 5% Na2S 

3 1.2 ml of 1 M HCl was added in the system 
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D1: no action D2: 10 mM 

BES 

D3: 10 mM 

BES +0.18 

mmolS 

D4: 0.18 

mmolS 

 

Figure 50. Sample preparation for methane production 

Table 9. Method for sampling from batch experiments for sulfate 

Method – Sample preparation (Sulfate) 

S

. 
Description 

1 81 mL of DI water was added in the three serum bottles 

2 9 mL of Base medium added in the bottle 

3 Sparging with Ar for 30 min 

4 Add 10 mL of Biomass 

5 Seal the serum bottle 

6 Sparging the bottle with biomass through needle (inflow and outflow) for 30 min 

7 Pressure of bottle with Ar in head space set on 14.5 psia (atmospheric pressure) 

8 

Last point is important for measurement with the GC and defining the volume of 

sample 

 

 

Figure 51. Sample preparation for sulfate reduction 
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Table 10. Method for sampling from batch experiments for nitrate 

Method – Sample preparation (Nitrate) 

S Description 

1 81 mL of DI water was added in the three serum bottles 

2 9 mL of Base medium added in the bottle 

3 Sparging with Ar for 30 min 

4 Add 10 mL of Biomass 

5 Seal the serum bottle 

6 Sparging the bottle with biomass through needle (inflow and outflow) for 30 min 

7 Pressure of bottle with Ar in head space set on 14.5 psia (atmospheric pressure) 

8 Last point is important for measurement with the GC and defining the volume of sample 

 

 

Figure 52. Sample preparation for nitrate removal 

Table 11. Method for sampling from batch experiments for iron 

Method – Sample preparation (Iron) 

S Description 

1 81 mL of DI water was added in the three serum bottles 

2 9 mL of Base medium added in the bottle 

3 Sparging with Ar for 30 min 

4 Add 10 mL of Biomass 

5 Seal the serum bottle 

6 Sparging the bottle with biomass through needle (inflow and outflow) for 30 min 

7 Pressure of bottle with Ar in head space set on 14.5 psia (atmospheric pressure) 

8 Last point is important for measurement with the GC and defining the volume of sample 
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Figure 53. Sample preparation for iron transformation 

Calibration and standards 

For the calibration of the GC method, first standards in empty bottles with defined concertation 

were prepared. By this means the calibration of the instrument was accomplished.  

 

Figure 54. Calibration curve of methane with FID detector 
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Figure 55. Calibration curve of methane with TCD detector 

 

Figure 56. Calibration curve for nitrogen gas on FID detector 
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Figure 57. Calibration curve for nitrous oxide with ECD detector 

Hydrolysis & Acetogenesis & Acetogenesis 

During the experiment a continuous release of ammonia was measured although no nitrogen 

source was provided to the medium nor nitrogen was in the head space. This implicates that 

ammonia was released by the degradation of proteins and amino acids via hydrolysis of 

particulate organic matter from the granule. 

The basic assumption for these processes in this experiment is that organic particulate matter 

will be degraded to soluble organic matter and ammonia. An expected intermediate step is the 

degradation of amino acids. The measured ratio is around 14,4 mg COD/mg N which implicated 

that most of the hydrolysis is based on cell lysis (protein degradation), where the 

ammonification rate is 10,6 µmolsN/gVSS/d and acetogenesis rate is 33,45 µmols AC/gVSS/d. 

According to the ammonification rate of anaerobic sludge digestion in DWA M-368 (7,14 

mmolsN/gVSSdec.) and the ammonification rate in this study, the calculated mass of volatile 

solids which will correspond to the ammonification rate is 1,49 mgVSSdec./gVSSbio./d which 

results in decay rate of  0,00149 1/d. The decayed VSS converted to mg COD will be 2,13 mg 

COD/gVSS/d or 264,16 µeeq./gVSS/d. We consider the release of ammonia and its equivalent 

electrons in the system as not available since no microorganisms such as Anammox or any 

anaerobic ammonia oxidizing microorganisms have been detected. 

 

 



Supplementary information S1 

I 

Elucidating the potential of anaerobic wastewater treatment for nitrogen removal with nitrifying airlift reactor 

and lithotrophically denitrifying FeS granules 

Table 12. Method based on hydrolysis rate based on ammonification rate under anaerobic 

conditions 

  Parameter Abb. Unit  Value  Source 

1 

Measured specific 

anaerobic 

amminification rate 

rH-AN,NH4+ µmols N/gVSSTOT/d                                        10.630  measured 

2 

Literature specific 

anaerobic 

amminification rate 

rH-AN,NH4+ µmols N/gVSSdec                                          7,143  DWA M368 

3 
Specific biomass 

decay rate 
b mg VSSdec/gVSSTOT/d                                          1.488  calculated 

4 Decay rate Kd 1/d                                          0.001  calculated 

5 

Ratio COD related to 

average biomass by 

weight  

RCOD/VSS g thCOD/gVSSTOT                                          1.420  

BOOK BWT 

Page 20 

Microbial 

Metabolism 

6 
Specific hydrolisis 

anaerobic rate 
rH-AN,COD mgCOD/gVSSTOT/d                                          2.113  calculated 

7 
Specific electron 

eqivalents 
1 eeq. mgCOD/1 eeq.                                          8,000  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

8 Electron eqivalents   µeeq./gVSSTOT/d                                    264.156  calculated 

 

On other side, the soluble organic matter that will be produced by hydrolysis is expected to be 

further converted to acetate by the acetogenesis. In this study we measured 

33.45 µmols AC/gVSS/d that converted to COD will be 2.14 mg COD/gVSS/d or 

267.63 µeeq./gVSS/d. Both methods resulted in similar hydrolysis rate under anaerobic 

conditions with app. 266 µeeq./gVSS/d. The accumulation of acetate and hydrogen under 

inhibition of the methanogens with BES was measured in order to verify the first approach. 
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Table 13. Method based on hydrolysis rate based on acetogenesis rate under anaerobic 

conditions 

  Parameter Abb.  Unit  Value  Source 

1 

Measured specific 

anaerobic 

acetogenesis rate 

rH-AN,AC µmols AC/gVSSTOT/d                                        33.454  measured 

2 
Specific anaerobic 

acetogenesis rate 
rH-AN,AC mg AC/gVSSTOT/d                                          1.974  calculated 

3 
Theoretical ratio of 

COD to acetate 
RCOD/VSS g COD/g AC                                          1.085  calculated 

4 
Specific hydrolisis 

anaerobic rate 
rH-AN,COD mg COD/gVSSTOT/d                                          2.141  calculated 

5 
Specific electron 

eqivalents 
1 eeq. mgCOD                                          8,000  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

6 Electron eqivalents   µeeq./gVSSTOT/d                                    267.630  calculated 

 

Hydrolysis rate under anoxic conditions 

Hydrolysis rates under anoxic conditions compared to anaerobic conditions have been 

extensively researched in the past. Henze & Mladenovski report hydrolysis rates at anoxic 

conditions that reach around 55-60 % of the hydrolysis rate under anaerobic conditions [Henze 

and Mladenovski 1991]. Using this ratio, we were able to assume the electron donor that would 

be released in the system due to degrading particulate organic matter such as proteins and amino 

acids under anoxic conditions. The calculations are presented in Table 14. 
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Table 14. Hydrolysis rates with electron donor at anoxic conditions 

  Parameter Abb.  Unit  Value  Source 

1 
Hydrolysis under 

anoxic conditions 
 rH-ANOX/rH-AN /                                          0.567  Henze 

2 

Calculated specific 

anaerobic 

amminification rate 

 rH-ANOX, NH4+ µmols N/gVSSTOT/d                                          6.024  estimated 

3 
Literature specific 

amminification rate 
rH,NH4+ µmols N/gVSSdec                                          7,143  DWA M368 

4 
Specific biomass 

decay rate 
b mg VSSdec/gVSSbio/d                                          0.843  calculated 

5 Decay rate Kd 1/d                                          0.001  calculated 

6 

Ratio COD related to 

average biomass by 

weight  

RCOD/VSS g thCOD/gVSS                                          1.420  

BOOK BWT 

Page 20 

Microbial 

Metabolism 

7 
Specific hydrolisis 

anoxic rate 
rH-ANOX,COD mgCOD/gVSS/d                                          1.198  calculated 

8 
Specific electron 

eqivalents 
1 eeq. mgCOD/1eeq.                                          8,000  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

9 Electron eqivalents   µeeq./gVSSTOT/d                                    149.688    

 

 

 

Figure 58. Equivalent electron mass balance for hydrolysis, acidogenesis and acetogenesis 

process in the granule under anaerobic and anoxic environment 
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Hydrolysis & Methanogenesis 

The granules continued to produce methane under conditions where no organic carbon and no 

nitrate was added in the batch experiments. The methane production is relatively low at 

53.8 mL CH4/gVSS/d with standard deviation of 20 % among eight measurements in 500 hours 

period which is close to the endogenous low methane production of 50 mL CH4/gVSS/d 

[Holliger et al. 2016]. In an electron, rich core degradation of organic matter produces 

fermentable substrates, which in turn provides acetate, CO2 or formate, and hydrogen to 

methanogens.  

Table 15. Methanogenesis under anaerobic conditions. 

  Parameter Abb.  Unit  Value  Source 

1 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 µmols CH4/gVSSTOT/d                                        23.000  measured 

2 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 mg CH4/gVSSTOT/d                                          0.368  calculated 

3 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 mg COD-mg CH4/gVSSTOT/d                                          1.472  calculated 

4 

Literature 

specific 

methanogenic 

activity 

rMET, CH4 mg COD-mg CH4/gVSSTOT/d  0,1 - 2,0  

BOOK 

BWT Page 

432 

Anaerobic 

Wastewater 

5 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 mL CH4/gVSSTOT/d                                          0.572  
Ideal gas 

law  

6 

Full oxidation of 

mehtane into 

COD 

ROXCH4,COD mg COD/mg CH4                                          4.000  
BOOK 

BWT 

7 
Specific COD 

required rate 
rMET, COD mg COD/gVSSTOT/d                                          1.472  calculated 

8 
Specific electron 

eqivalents 
Eq. mgCOD/ 1 eeq.                                          8,000  

BOOK 

BWT Page 

19 

Microbial 

Metabolism 

9 
Specific electron 

eqivalents 
  µeeq./gVSSTOT/d                                    184.000    
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In the presented study can be stated that 70 % of the electrons provided from the hydrolysis are 

converted to methane. The other 30 % are used for some for cell synthesis, heat or similar 

microbial processes. (10 % growth & 20 % for heat).  

Table 16. Parameters of methanogenic biomass with specific conversion rate and growth rate 

  Parameter Abb.  Unit  Value  Source 

1 

Measured specific 

anaerobic 

amminification rate 

rH-AN,NH4+ µmols N/gVSSTOT/d                                        10.630  estimated 

2 

Measured specific 

anaerobic ammonia 

release under 

methanogenomic 

acitvity 

rH,NH4+ µmols N/gVSSTOT/d                                          6.840  measured 

3 

Ammonia uptake for 

methagenomic cell 

growth 

ΔrCH4 µmols N/gVSSTOT/d                                          3.790  calculated 

4 

Percentage of 

nitrogen in cell dry 

weight 

Ncell % TSS 10% DWA M368 

5 
Synthesised 

methagenomic cell  
XVSS,bio mgVSSsyn/gVSSTOT/d                                          0.531  calculated 

6 
Yield methagenomic 

biomass 
YVSS mgVSSsyn/mgVSS/d                                          0.001  calculated 

7 
Maximum grow rate 

methanogenesis 
µmax 1/d                                          0.120  

BOOK BWT 

Page 420 

Anaerobic 

Wastewater 

8 

Substrate 

concentration at 

growth rate 50 % 

Ks mg COD/L                                        30.000  

BOOK BWT 

Page 420 

Anaerobic 

Wastewater 

9 

Actual substrate 

concentration in the 

experiment 

S mg COD/L                                        21.410  measured 

10 
Calculated specific 

growth rate  
µ 1/d                                          0.050  

Monod 

Kinetics 

11 
Mehtanogens biomass 

in the granule 
XCH4,MO mgVSSCH4                                        10.617  calculated 

12 
Part of total VSS in 

the biomass 
XCH4/TOT gVSSCH4/gVSSTOT 1.06% calculated 

13 

Methanogens as part 

of biomass accroding 

16s RNA 

XCH4/AcBio gVSSCH4/gVSSAc.Bio 35% measured 

14 
Total active biomass 

in the granule 
XgVSS, Ac.Bio mgVSSAc.Bio                                        30.335  calculated 

15 
Yield related to 

converted COD 
YCOD mgVSS/mgCOD                                          0.251   
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16 Conversion rate rCH4,gVSS mL CH4/gVSSCH4/d                                        53.863   

17 

Literature low 

endogenous 

conversion rate 

rCH4,gVSS mL CH4/gVSSCH4/d                                        50.000  Holiger 2009 

 

During anaerobic conditions with methanogenesis it can be assumed that the hydrolysis has the 

same rate as under inhibited methanogenesis. Due to this, the biomass production by the 

methanogens and its yield can be calculated. The released ammonia to the liquid phase was 

6,84 µmolsN/gVSS/d wich results to 3,80 µmolsN/gVSS/d accumulation into new 

methanogenesis biomass (raw 3= raw 1 - raw 2). From the ammonia uptake the synthesized 

methanogenic biomass can be calculated (raw 5). According Monod Kinetic parameters of 

methanogens [Lier et al. 2008], the specific active metagenomics biomass can be calculated 

(raw 11). With that we can calculate the specific conversion rate for methane production related 

to methanogenic biomass activity. In our study the specific conversion is around 53,8 mL 

CH4/gVSSCH4/d which is close to endogenous methane production of anaerobic granules with 

50 mL CH4/gVSSCH4/d [Holliger et al. 2016]. 

Methanogenesis rate under anoxic conditions 

The following figure gives overview of the equivalent electron transfer through the anaerobic 

granule consortium compared to the anoxic conditions 

  

Figure 59. Equivalent electron mass balance for methanogenic process under anaerobic (left) 

and anoxic conditions (right) 

Nitrate removal 

It can be observed that the denitrification and DNRA are both competitive process and 58 % of 

the nitrate end up as nitrogen gas in the head space and 42 % as ammonia. 

Similar models state that due to their high nitrate affinity DNRA microorganisms have 

competitive advantage over the denitrifiers at low nitrate concentrations [van den Berg et al. 
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2016]. In this study, low nitrate concentrations can be expected towards the core of the granule 

since it is supplied by the liquid phase and needs to diffuse through the granule layer. 

Table 17. Nitrate conversion to nitrogen gas 

  Parameter Abb.  Unit  Value  Source 

1 
Measured specific 

nitrate removal rate 
rDEN,N µmols N/gVSSTOT/d                                          9.400  measured 

2 
Measured specific 

nitrate removal rate 
rDEN mg N/gVSSTOT/d                                          0.132  calculated 

3 
COD requirement 

per nitrate 
RCOD/NO3 mg COD/mg NO3-N                                          2.860  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

4 
COD conversion 

rate per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.376  calculated 

5 
Specific electron 

eqivalents 
Eq. mgCOD/1 eeq.                                          8,000  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

6 Electron eqivalents   µeeq./gVSS/d                                      47.047    

 

Table 18. Nitrate conversion to ammonia  

  Parameter Abb.  Unit  Value  Source 

1 
Measured specific 

nitrate removal rate 
rDNRA,N µmols N/gVSSTOT/d                                          6.810  measured 

2 
Measured specific 

nitrate removal rate 
rDNRA,N mg N/gVSSTOT/d                                          0.095  calculated 

3 
COD requirement 

per nitrate 
RCOD/NH4 mg COD/mg NO3-N                                          4.570  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

4 
COD conversion 

rate per VSS 
rDNRA,COD mg CODreq./gVSSTOT/d                                          0.436  calculated 

5 
Specific electron 

eqivalents 
Eq. mgCOD                                          8,000  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

6 Electron eqivalents   µeeq./gVSS/d                                      54.463    
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Table 19. Nitrate removal by oxidation of sulphur to sulfate 

  Parameter Abb.  Unit  Value  Source 

1 

Measured specific 

sulfate production 

rate 

rSOM,N µmols S/gVSSTOT/d                                          0.905  measured 

2 

Measured specific 

sulfate production 

rate 

rSOM mg S/gVSSTOT/d                                          0.029  calculated 

3 
COD requirement 

per sulfate 
RCOD/S mg COD/mg S                                          2.000  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

4 
COD conversion 

rate per VSS 
rSOM,COD mg CODreq./gVSSTOT/d                                          0.058  calculated 

5 
Specific electron 

eqivalents 
Eq. mgCOD/1 eeq.                                          8,000  

BOOK BWT 

Page 19 

Microbial 

Metabolism 

6 Electron eqivalents   µeeq./gVSS/d                                         7.236    

 

 

Figure 60. Hypothesis of DNRA connected with the anaerobic methane oxidation pathway and 

electron distribution 
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Assimilation of ammonia in biomass 

The following section focuses on detecting the processes active in the nitrate removal. It can be 

assumed that 12,8 µmols NH4
+-N/gVSSTOT/d will be produced in the granule consortium due 

to hydrolysis and DNRA. However, the outflow ammonia rate in the granule system under 

anoxic conditions was only 3,46 µmols NH4
+-N/gVSSTOT/d. Thus, the difference of 9,37 µmols 

NH4
+-N/gVSSTOT/d must have been incorporated in biomass production.  

Table 20. Total ammonification rate due to hydrolysis and DNRA 

  Parameter Abb.  Unit  Value  Source 

1 
Ammonification rate 

from DNRA process 
rDNRA, NH4+ µmols N/gVSSTOT/d                                          6.810  measured 

2 

Calculated specific 

anoxic 

amminification rate 

 rH-ANOX, NH4+ µmols N/gVSSTOT/d                                          6.024  estimated 

3 

Sum ammonification 

rate (Hydrolysis + 

DNRA) 

 rTOT, NH4+ µmols N/gVSSTOT/d                                        12.834  calculated 

4 

Ammonia release 

from the granule 

consortium 

 rNH4+ µmols N/gVSSTOT/d                                          3.460  measured 

5 

Ammonia 

accumulation in the 

granule consortium 

 rTOT, NH4+ µmols N/gVSSTOT/d                                          9.374  calculated 

 

In this study we calculated the biomass synthesis with corresponding ammonia uptake that 

would have been produced due to certain processes. The possible processes are heterotrophic 

denitrification, dissimilatory nitrate reduction to ammonia, methane production and methane 

oxidation.  

Conventional heterotrophic denitrification 

First it was hypothesized that nitrate was converted to nitrogen gas by conventional 

heterotrophic denitrifiers. This results to only 7 % of the total ammonia uptake in the system. 

Thus, other processes than heterotrophic denitrification and DNRA must be active during the 

nitrate removal processes.  
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Table 21. Heterotrophic denitrification in the granule 

  Parameter Abb.  Unit  Value  Source 

1 
Measured specific 

nitrate removal rate 
rDEN,N µmols N/gVSSTOT/d                                          9.400  measured 

2 
Measured specific 

nitrate removal rate 
rDEN mg NO3-N/gVSSTOT/d                                          0.132  calculated 

3 

Conversion rate at 

endogenous slow 

biodegreadable 

COD 

K4 mg NO3-N/mgVSSDEN/d                                          0.065  

BOOK 

BWT Page 

113 Bio. 

nitrogen 

removal 

4 
Concentration of 

denitrifying biofilm 
XDEN mg VSSDEN/gVSSTOT                                          2.025  calculated 

5 
COD requirement 

per nitrate 

RCOD/N

O3 
mg COD/mg NO3-N                                          2.860  

BOOK 

BWT Page 

19 

Microbial 

Metabolism 

6 
COD conversion 

rate per VSS 

rDEN,C

OD 
mg CODreq./gVSSTOT/d                                         0.376  calculated 

7 
Specific hydrolisis 

anoxic rate 

rH-

ANOX,C

OD 

mgCOD/gVSSTOT/d                                          1.198  calculated 

8 

Conversion rate 

specific to 

denitrifying 

biomass 

RCOD,D

EN 
mgCOD/mgVSSDEN/d                                          0.186  calculated 

9 Yield denitrifiers 
YDEN,m

ax 
mgVSSDEN/mgCOD                                          0.250  

BOOK 

BWT Page 

19 

Microbial 

Metabolism 

10 

Specific Yield 

denitrifiers 

corelated to biomass 

YDEN,V

SStot 
mgVSSDEN syn./gVSSTOT/d                                          0.094  calculated 

11 

Specific Yield 

denitrifiers 

corelated to 

denitrifying 

biomass 

YDEN,V

SSden 
mgVSSDEN syn./mgVSSDEN/d                                          0.046  calculated 

12 

Literature specific 

anaerobic 

amminification rate 

rH-

AN,NH4+ 
µmols N/gVSSdec                                          7,143  

DWA 

M368 

13 

Ammonia uptake 

by heterotrophic 

denitrifiers 

  µmols N/gVSSTOT/d                                         0.672  calculated 
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Dissimilatory nitrate reduction to ammonia 

The second step was to calculate the ammonia accumulation from the DNRA culture. These 

results are presented in the Table 22. 

Table 22. DNRA in the granule 

  Parameter Abb.  Unit  Value  Source 

1 

Measured specific 

nitrate removal 

rate 

rDNRA,N µmols N/gVSSTOT/d                                          6.810  measured 

2 

Measured specific 

nitrate removal 

rate 

rDNRA,N mg NO3-N/gVSSTOT/d                                          0.095  calculated 

5 
COD requirement 

per nitrate 
RCOD/NO3 mg COD/mg NO3-N                                          4.570  

BOOK 

BWT Page 

19 

Microbial 

Metabolism 

6 
COD conversion 

rate per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                         0.436  calculated 

7 

Specific 

hydrolisis anoxic 

rate 

rH-ANOX,COD mgCOD/gVSSTOT/d                                          1.198  calculated 

9 
Yield DNRA 

denitrifiers 
YDEN,max mgVSSDEN/mgCOD                                          0.300  

BOOK 

BWT Page 

30 

Microbial 

Metabolism 

+ van Berg 

0,48 

DEN/0,58 

DNRA 

10 

Specific Yield 

DNRA 

denitrifiers 

corelated to 

biomass 

YDEN,VSStot mgVSSDEN syn./gVSSTOT/d                                          0.131  calculated 

12 

Literature specific 

anaerobic 

amminification 

rate 

rH-AN,NH4+ µmols N/gVSSdec                                          7,143  
DWA 

M368 

13 

Ammonia uptake 

by DNRA 

denitrifiers 

  µmols N/gVSSTOT/d                                         0.934  calculated 

 

It can be stated that the sum of these two process for the nitrate removal with regard to 

ammonification rate is 1.6 µmols N/gVSSTOT/d and this do not close the balance of 

9.37 µmols N/gVSSTOT/d. An overview is given in Table 23. 
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Table 23. Ammonia uptake mass balance in the granule. 

  Parameter Abb.  Unit  Value  Source 

 

Possible 

ammonia uptake 

by heterotrophic 

denitrification 

AHET,NH4+,VSS µmols N/gVSSTOT/d                                          0.672  calculated 

 
Ammonia uptake 

by DNRA 

process 

ADNRA,NH4+,VSS µmols N/gVSSTOT/d                                          0.934  calculated 

 

Ammonia uptake 

by 

methanogenesis 

process (anerobic 

conditions) 

ACH4(AN),NH4+,VSS µmols N/gVSSTOT/d                                          3.790  measured 

 

Ammonia uptake 

by 

methanogenesis 

process (anoxic 

conditions) 

ACH4(AX),NH4+,VSS µmols N/gVSSTOT/d                                          2.148  calculated 

 

Ammonia uptake 

by 

methanogenesis 

process (anoxic 

conditions in 

competition with 

DNRA) 

ACH4(AX+DNRA),NH4+,VSS µmols N/gVSSTOT/d                                          1.366  measured 

  

Ammonia uptake 

as sum of all 

active processes 

in the granule  

ATOT,NH4+,VSS µmols N/gVSSTOT/d                                          9.374  measured 

  

Ammonia 

uptake of other 

active unknown 

metabolism(s) 

based on 

methane 

oxidation & 

nitrate removal 

AX,NH4+,VSS µmols N/gVSSTOT/d                                         7.074  calculated 

 

Relative high amounts of ammonia are assimilated in the biomass compared to the processes 

of DNRA and methanogenesis. This implies that not only once process is responsible for the 

nitrogen loss but maybe the electrons from the core are transferred towards the outside of the 

core and first iron and sulphur is reduced and then these reduced compounds are oxidized in 

order to reduce the nitrate.  

Nitrate diffusion in the granule 

The following calculations provide the profile of nitrate diffusion in the biofilm according to 

first order rate constant calculated from the observed measurements for nitrate removal. A 

starting and final concentration of the substrate for time of 150 h was measured. The first order 

rate constant for nitrate removal was 0,084 m3/gN/d. Diffusion coefficients for water and 
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biofilm were taken from the literature [Morgenroth 2008]. The diffusion was based on Fick’s 

second law of diffusion where the critical biofilm length is 423 µm. Table 24 presents the 

calculation. 

Table 24. Nitrate penetration in granule 

  Parameter Abb.  Unit  Value  Source 

1 
Nitrate inflow concentration at 

t=0 
At=0 g N/m3 

                                       

33.918  
measured 

2 
Nitrate inflow concentration at 

t=293h (final) 
At=f g N/m3 

                                       

14.703  
measured 

3 Time t d 
                                         

9.958  
measured 

4 First order rate constant k1,F m3/gCOD/d 
                                         

0.084  
calculated 

5 Diffusion coeficient in water DW m2/d 
                                       

0.0002  

Henze et al., 

2002; Logan 

et al., 1987; 

Perry and 

Green, 1984) 

6 Diffusion coeficient in biofilm DF m2/d 
                                       

0.0001  

Horn and 

Morgenroth, 

2006; 

Stewart, 1998 

7 Density XF g/m3 
                                         

8,500  
calculated 

8 Critical biofilm length Lcrit. m 
                                       

0.0004  
calculated 

9 Critical biofilm length Lcrit. µm 
                                     

423.566  
calculated 

1

0 
Biofilm thickness LF µm 

                                         

2,000  
measured 

1

1 
Ratio LF/Lcrit. / 

                                        

4.722  
calculated 

1

2 

Concentration in the medium at 

surface of biofilm 
CLF mg/L 

                                       

70.000  
measured 

1

3 

Concentration in the granule at 

base of biofilm 
CF mg/L 

                                         

1.246  
calculated 

1

4 

Concentration in the granule 

at base of biofilm 
CF µmols/L=µM 

                                     

20.093  
calculated 

1

5 
Substrate flux JLF g/m2d 

                                     

21.150    

Table 17.11 

Book BWT 

1

6 
efficiency factor ε / 0.21 calculated 

1

7 
efficiency factor ε % 21.17 calculated 
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Knowing the radius of the granule of 2.000 µm it results to ratio of 4,7 which in the literature 

is considered as deep biofilm with mass transport limited. This resulted to 1,2 mg NO3
-/L at the 

core which is app. 20 µM. Due to the conducted calculation, we can expect that nitrate will 

fully penetrate to the core of the granule. From the literature concentration below 100 µM nitrate 

are more favorable for DNRA processes due to high affinity for nitrate compared to denitrifying 

cultures [Jia et al. 2019]. This provides an indication that DNRA processes will be 

outcompeting the denitrifiers towards the core of the granule. This was also confirmed with the 

results presented in the previous section 0 where DNA was responsible for 58 % of the nitrate 

conversion. Additionally, the substrate flux and the efficiency factor were calculated. Thus, the 

flux of the substrate in the biofilm is only 21,17 % of the flux that would have been expected if 

the biofilm was fully penetrated with negligible effects of mass transport limitation. 

Sulfate reduction and Iron reduction 

Table 25. Sulfate removal to sulfide through sulfate reducing microorganisms 

  Parameter Abb.  Unit  Value  Source 

1 
Measured specific 

sulfate removal rate 
rSRB,S+ µmols S/gVSSTOT/d                                        15.000  measured 

2 
Measured specific 

sulfate removal rate 
rSRB mg SO4/gVSSTOT/d                                          1.440  calculated 

3 
COD requirement 

per sulfate 
RCOD/SO4 mg COD/mg SO4                                          0.670  

BOOK BWT 

Page 426 

AWT 

4 
COD conversion rate 

per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.965  calculated 

5 
Specific electron 

eqivalents 
Eq. mgCOD/1eeq.                                          8,000  calculated 

6 Electron eqivalents   µeeq./gVSS/d                                    120.600    

Table 26. Sulfide production through sulfate reducing microorganisms 

  Parameter Abb.  Unit  Value  Source 

1 

Measured specific 

sulfide production 

rate 

rSRB,S- µmols S/gVSSTOT/d                                          5.135  measured 

2 

Measured specific 

sulfide production 

rate 

rSRB mg SO4/gVSSTOT/d                                          0.493  calculated 

3 
COD requirement 

per sulfate 
RCOD/SO4 mg COD/mg SO4                                          0.670  

BOOK BWT 

Page 426 

AWT 

4 
COD conversion rate 

per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.330  calculated 



Supplementary information S1 

W 

Elucidating the potential of anaerobic wastewater treatment for nitrogen removal with nitrifying airlift reactor 

and lithotrophically denitrifying FeS granules 

5 
Specific electron 

eqivalents 
Eq. mgCOD/1eeq.                                          8,000  calculated 

6 Electron eqivalents   µeeq./gVSS/d                                      41.288    

 

Table 27. Pyrite formation calculation 

  Parameter Abb.  Unit  Value  Source 

1 
Measured specific 

sulfate removal rate 
rSRB,S+ µmols S/gVSSTOT/d                                        15.000  measured 

2 

Measured specific 

sulfide production 

rate 

rSRB,S- µmols S/gVSSTOT/d                                          5.135  measured 

3 

Pyrate/Iron Sulfide  

formation rate in the 

granule 

rFeS µmols S/gVSSTOT/d                                         9.865  calculated 

 

Table 28. Iron reduction rate binding in iron sulfide or pyrite 

  Parameter Abb.  Unit  Value  Source 

1 
Pyrate formation rate 

in the granule 
rFeS µmols S/gVSSTOT/d                                         9.865  calculated 

2 

Ferric iron reduction 

rate in the granule (if 

pyrate formation) 

rIRB,S µmols Fe/gVSSTOT/d                                          4.932  calcualted 

3 

Ferric iron reduction 

rate in the granule (if 

iron sulfide 

formation) 

rIRB,S µmols Fe/gVSSTOT/d                                          9.865  calculated 

4 
Average ferric iron 

removal 
rIRB,S µmols Fe/gVSSTOT/d                                          7.399  calculated 

5 

Measured specific 

ferric iron removal 

rate 

rSRB mg Fe/gVSSTOT/d                                          0.413  calculated 

6 
COD requirement 

per ferric iron 
RCOD/Fe(III) mg COD/mg Fe                                          0.143  

BOOK BWT 

Page 426 

AWT 

7 
COD conversion rate 

per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.059  calculated 

8 
Specific electron 

eqivalents 
Eq. mgCOD/1eeq.                                          8,000  calculated 

9 Electron eqivalents   µeeq./gVSS/d                                         7.399    
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Table 29. Ferric iron removal to ferrous iron through iron reducing microorganisms in batch 

  Parameter Abb.  Unit  Value  Source 

1 

Measured specific 

ferric iron removal 

rate 

rIRB,S µmols Fe/gVSSTOT/d                                          6.705  measured 

2 

Measured specific 

ferric iron removal 

rate 

rIRB mg Fe/gVSSTOT/d                                          0.374  calculated 

3 
COD requirement 

per ferric iron 
RCOD/Fe(III) mg COD/mg Fe                                          0.143  

BOOK BWT 

Page 426 

AWT 

4 
COD conversion rate 

per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.054  calculated 

5 
Specific electron 

eqivalents 
Eq. mgCOD/1eeq.                                          8,000  calculated 

6 Electron eqivalents   µeeq./gVSS/d                                         6.705    

 

Table 30. Methanogensis under sulfate reduction inhibition 

  Parameter Abb.  Unit  Value  Source 

1 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 µmols CH4/gVSSTOT/d                                        15.571  measured 

2 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 mg CH4/gVSSTOT/d                                          0.249  calculated 

3 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 mg COD-mg CH4/gVSSTOT/d                                          0.997  calculated 

4 

Literature 

specific 

methanogenic 

activity 

rMET, CH4 mg COD-mg CH4/gVSSTOT/d  0,1 - 2,0  

BOOK 

BWT Page 

432 

Anaerobic 

Wastewater 

5 

Measured 

specific 

methanogenesis 

rate 

rMET, CH4 mL CH4/gVSSTOT/d                                          0.387  
Ideal gas 

law  

6 

Full oxidation of 

mehtane into 

COD 

ROXCH4,COD mg COD/mg CH4                                          4.000  
BOOK 

BWT 

7 
Specific COD 

required rate 
rMET, COD mg COD/gVSSTOT/d                                          0.997  calculated 

8 
Specific electron 

eqivalents 
Eq. mgCOD/ 1 eeq.                                          8,000  

BOOK 

BWT Page 
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19 

Microbial 

Metabolism 

9 
Specific electron 

eqivalents 
  µeeq./gVSSTOT/d                                    124.568    

 

Table 31. Uptake of hydrogen sulfide under inhibition of sulfate reduction activity 

  Parameter Abb.  Unit  Value  Source 

1 
Measured specific 

sulfide uptake rate 
rSRB,S- µmols S/gVSSTOT/d                                          2.028  measured 

2 
Measured specific 

sulfide uptake rate 
rSRB mg SO4/gVSSTOT/d                                          0.195  calculated 

3 
COD requirement 

per sulfate 
RCOD/SO4 mg COD/mg SO4                                          0.670  

BOOK BWT 

Page 426 

AWT 

4 
COD conversion rate 

per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.130  calculated 

5 
Specific electron 

eqivalents 
Eq. mgCOD/1eeq.                                          8,000  calculated 

6 Electron eqivalents   µeeq./gVSS/d                                      16.307    
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Table 32. Iron binding in iron sulfide or pyrite within SRB inhibition 

  Parameter Abb.  Unit  Value  Source 

1 
Measured specific 

sulfide uptake rate 
rSRB,S- µmols S/gVSSTOT/d                                          2.028  measured 

2 
iron(II) bind if bind 

to iron sulfide 
rIRB, FeS µmols Fe/gVSSTOT/d                                          2.028  calculated 

3 
iron(II) bind if bind 

to pyrite 
rIRB, FeS2 µmols Fe/gVSSTOT/d                                          1.014  calculated 

4 
average iron(II) bind 

if bind to pyrite 
rIRB, FeS2 µmols Fe/gVSSTOT/d                                          1.521  calculated 

5 

Measured specific 

ferric iron removal 

rate 

rIRB mg Fe/gVSSTOT/d                                          0.085  calculated 

6 
COD requirement 

per ferric iron 
RCOD/Fe(III) mg COD/mg Fe                                          0.143  

BOOK BWT 

Page 426 

AWT 

7 
COD conversion 

rate per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.012  calculated 

8 
Specific electron 

eqivalents 
Eq. mgCOD/1eeq.                                          8,000  calculated 

9 Electron eqivalents   µeeq./gVSS/d                                         1.521    

10 

Measured specific 

ferric iron removal 

rate 

rIRB,S µmols Fe/gVSSTOT/d                                          2.369  measured 

11 

Measured specific 

ferric iron removal 

rate 

rIRB mg Fe/gVSSTOT/d                                          0.132  calculated 

12 
COD requirement 

per ferric iron 
RCOD/Fe(III) mg COD/mg Fe                                          0.143  

BOOK BWT 

Page 426 

AWT 

13 
COD conversion 

rate per VSS 
rDEN,COD mg CODreq./gVSSTOT/d                                          0.019  calculated 

14 
Specific electron 

eqivalents 
Eq. mgCOD/1eeq.                                          8,000  calculated 

15 Electron eqivalents   µeeq./gVSS/d                                         2.369    

16 
Sum Electron 

eqivalents 
  µeeq./gVSS/d                                         3.891    
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Supplementary Information S2 

Cuvettes Hach Lange. The respective instructions for implementation can be viewed online 

(HACH 2019). After the filtered sample was pipetted into the cuvette, it reacted with the 

reagents already present or added in the cuvette. The contents of the cuvette changed color 

depending on the concentration of the substance to be examined. After the corresponding 

reaction time, the concentration was measured using a spectrophotometer (DR 3800, HACH 

LANGE GmbH, Dusseldorf) by comparing the light intensity of the detector with that of the 

reference detector.  

The principle of X-ray fluorescence analysis is shown in Fig. 3-7. This stabilization of the atom 

takes place because electrons from shells close to the nucleus are more strongly bound to the 

atomic nucleus [Alfeld 2011]. In addition to the atomic radius, this binding force, also called 

electronegativity, is also dependent on the atomic or atomic number [Kickelbick 2008]. The 

atomic or atomic number determines the energy level of the individual shells and thus also their 

energy differences, which therefore determine the energy of the fluorescent radiation [Alfeld 

2011]. The spectrum of the fluorescence radiation can be analyzed in terms of intensity and 

wavelength [Niese 2007]. Since the wavelength is dependent on the respective element and 

therefore characterize an atom type, the emitted fluorescent radiation is also called 

characteristic X-ray radiation [Ehrhardt 2013]. Using X-ray fluorescence analysis, elements 

between atomic numbers 4 (beryllium) and 92 (uranium) and from a concentration of 0.1 μg/ g 

up to high percentages can be determined [Kramer 1999]. 

X-ray source

Detector

Primary x-ray 

radiation

Fluorescent radiation

Removed electron

K L M

 

Figure 61. X-ray radiation methodology scheme 

X-ray fluorescence analysis (XRF) was carried out to determine metallic constituents in the 

sludge pellets. The handheld analyzer Thermo Scientific™ Niton™ XL2 GOLDD (Thermo 
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Fisher Scientific, Waltham, MA USA) was used. To determine whether the metallic ingredients 

are on the surface of the sludge pellets or inside, the sludge pellets were treated in several steps, 

which are shown graphically in Fig. In addition to the sludge pellets from the reactor, those 

from the WTEB pilot plant at the Hecklingen site and those from the anaerobic wastewater 

treatment plant from Heppenheim were also analyzed. 

0,5M HCl cut 105°C0,5M HCl 0,5M HCl

1 h 1 h 1 h24 h

 

Figure 62. Sample preparation methodology for granule testing with x-ray radiation 

The first analysis of the sludge pellets was carried out immediately after they were removed 

from the reactor. Special test tubes were used, each consisting of two plastic rings and a plastic 

film placed between them. The sample vessels were filled with about 1 g sludge pellets, where 

possible, no hollow and intermediate spaces were formed. The handheld analyzer was also 

attached to the measuring device and connected to a computer. The analysis was carried out 

with the software Niton Data Transfer-remote ( NDTr, Thermo Fisher Scientific, Waltham, MA 

USA). Following the analysis, the sludge pellets were removed from the sample vessels and 

filled into a 15 mL tube with 2 mL 0.5 M HCl for 1 hour. The liquid phase was then removed 

and the tube with the sludge pellets was filled with distilled water and stirred for about 1 minute 

in order to wash the remaining HCl from the sludge pellets. After decanting the liquid phase 

from the sludge pellets, these were again filled into a sample vessel and analyzed in the previous 

manner. Here, the metallic ingredients that were not removed by the treatment with HCl should 

be determined. The sludge pellets were then cut in half and placed with the cut surface on the 

plastic film in the sample vessel in the direction of the XRF detector. The subsequent analysis 

should determine the content of metallic ingredients inside the sludge pellets. The halved pellets 

were also placed in a 15 mL tube with 2 mL 0.5 M HCl. After 1 hour, HCl was removed, the 

sludge pellets washed with distilled water, the cut surface placed on the plastic film in the 

sample vessel and analyzed. This procedure analyzes the metallic contents inside the sludge 

pellets that have not been dissolved by HCl. The halved pellets were dried in a drying cabinet 

(Memmert GmbH & Co. KG, Schwabach) for 24 hours and then ground into a powder so that 

the entire metallic contents of the sludge pellets could be recorded. The pellet powder was 

prepared according to the analysis in a 15 mL also -Tube with 2 mL treated 0.5 M HCl. After 

1 hour the HCl was decanted and the tube filled up with distilled water. The suspension was 

centrifuged for 5 minutes in order to remove remaining HCl by subsequently decanting the 
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liquid phase. The moist pellet powder was filled into a material and methods 36 sample vessel 

and analyzed. Following the series of measurements, the results could be formatted into an 

Excel file using the Niton Data Transfer software (NDT, Thermo Fisher Scientific, Waltham, 

MA USA). 

Thermal catalytic oxidation process (DIMATOC). The DIMATOC® 2000 analysis technology 

(Dimatec Analysetechnik GmbH, Essen) and DIMAQS® control and evaluation software 

(Dimatec AnalysetechnikGmbH, Essen) were used to determine the TC, TIC and TOC 

concentrations. The principle of thermal-catalytic oxidation with subsequent non-dispersive 

infrared detection is used. For the additional determination of the TNb concentration, the 

additional module DIMA-N (Dimatec Analysetechnik GmbH, Essen) was used, in which 

chemiluminescence detection was carried out. 

For the analysis, 10 mL of filtered samples are poured into a sample glass, which was sealed 

airtight with a foil and a screw cap ring and placed in the sample rack of the DIMATOC®. The 

dosing system picked up some of the sample and dosed it into the reactor where the sample was 

acidified with phosphoric acid. By shifting the lime-carbonic acid equilibrium, all inorganic 

carbon was converted to CO2. Lime-carbonic acid equilibrium is a chemical equilibrium 

between the ions of carbonic acid, CO 2 and CaCO3 and describes the lime-separating or lime-

dissolving character of water [Becker and Mueller 2008]. The sample was driven out of the 

reaction volume at 160°C. using a carrier gas, here synthetic air with 20.5% O2in N (AIR 

LIQUIDE, Düsseldorf). Since water has an absorption spectrum similar to that of CO2, the gas 

was cooled in a gas cooler prior to analysis, the water being frozen out and removed as 

condensate from the gas stream. Using the carrier gas, the gas phase was transported to an 

infrared detector, where the CO2 partial pressure was measured and converted into the TIC 

concentration. To determine the TC concentration, the metering system again took a sample 

and metered it into the reactor. This was incinerated at 850°C, whereupon both inorganic and 

organic carbon to CO2 converted was. The gas was then also cooled and carried with the carrier 

gas to the infrared detector, at which the CO2 partial pressure was measured. In this case, the 

conversion into a concentration resulted in that of the TC. The TOC is determined by 

subtracting TC and TIC. 

During the carbon oxidation at 850 ° C, the nitrogen compounds from the sample were also 

oxidized to nitrogen oxides. These nitrogenous oxides were converted in the DIMA-N in a 

converter with the help of a catalyst at 330°C into pure NO. The ozone required for 

chemiluminescence detection was formed with pure oxygen in an ozone generator and supplied 

to the NO. Together they reacted to energetically stimulated NO2. This immediately fell back 

into a non-excited state and thereby emitted a light quantum. The emitted radiation from the 
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light quantum was of low intensity, so that it could only be detected with a photomultiplier. The 

detected radiation intensity was proportional to the total nitrogen content in the sample and was 

determined by the DIMAQS® software via the integration of the measurement peak. 

TS/VSS Measurement. Volatile Suspended Solids (VSS) Measurement Protocol according 

Winkler Biotechnology Lab at the university of Washington. Volatile suspended solids (VSS) 

is often used as a cell density metric. The VSS of a granular sludge reactor should be measured 

once per sludge retention time for a reactor.  That is every six weeks for an anammox granular 

sludge reactor, and weekly for a PAO granular sludge.  

There are instances where the VSS of a suspended cell culture may also be required, for example 

when running a chemostat.   

Materials: Pre-Burned Filters*, Large graduated cylinder (>2L), 100 Degree C Drying Oven, 

500 Degree C Muffle Furnace, Tweezers, Ethanol (For sterilizing tweezers), MilliQ, Flame (For 

sterilizing tweezers), Oven Mitts, Biomass sample to be measured, Vacuum Filtration system, 

1L Vacuum Flask, Filtration Resevoir (Volume depending on sample volume), Clamp, Funnel 

Base w/ Plug to fit 25 mM filter diameter (Size depending on filtration reservoir size), Tubing 

to bench vacuum, Tongs and Scale (± 0.01 g). 

1) At the end of a reactor cycle, record sludge bed height, 𝐻𝑥 and volume of effluent 

discharged at the end of cycle (𝑉𝑒𝑓𝑓). 

2) Take pre-burned glass fibre filter in dish from desiccator. Most filter dishes are labeled 

on the tab with an ID number.  Record filter ID number so you can keep track of your 

filter. 

3) Weigh on scale. Record weight of filter + dish  (𝑊𝑓)  

4) Record sample volume (𝑉𝑆) and (if not suspended culture sample) record volume of 

settled biomass in sample. (𝑉𝑆,𝐵) 

5) Filter sample: 

a. Connect vacuum flask w/ bench filter 

b. Plug vacuum flask w/ small funnel base 

c. Use tweezers to pick up filter paper and carefully place on small funnel base. 

Be sure filter paper is centered. 

d. To lock the filter paper in place, turn on bench vacuum slightly for a moment 

so that it is sucked against the small funnel base. 

e. Use clamp to connect filtration reservoir. 

f. Deposit sample in center of filter paper being careful not to get any of the 

sample on the side of reservoir. This is especially difficult with the granular 

sludge samples.  Use some milliQ to wash biomass away from the walls in 

these samples. 

g. Turn on bench vacuum all the way and allow the sample to filter. 

h. Turn off bench vacuum.  Disconnect tubing at the bench connection by 

keeping tubing close w/ thumb and index finger.  Slowly release tubing to 

avoid an abrupt pressure change within the vacuum flask. 

i. Remove clamp and filter reservoir. 

j. Return wet filter to aluminum dish with tweezers 
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k. Clean glassware and put all filtration equipment away.  Leave filtration station 

clean. 

6) Put on oven mitts and safety goggles place dish in 100 degree C drying oven.  Allow 

filter to dry for minimum 3 hours, leaving overnight is best. 

7) With oven mitts remove dish from oven. Double check the ID of the dish to ensure 

you are taking your sample. Record weight of dried filter + dish.  (𝑊𝑑𝑓)  This will 

allow you to calculate TSS (Total Suspended Solids) 

8) Wearing oven mitts carefully open muffle furnace.  

9) Pick up dish with tongs and place inside the furnace.  Close furnace door. (Oven is too 

hot for mitts directly b/c they will burn). Allow filter to burn for minimum 3 hours, 

leaving overnight is OK. 

10) With oven mitts and tongs, remove dish from furnace. Double check the ID of the dish 

to ensure you are taking your sample. Record weight of burned filter + dish. (𝑊𝑏𝑓)   

11) Dispose of filter in trash and return dish back to where it was. 

 

* Pre-burned filters should be stored in desiccator, if there are none available, they can be 

prepared as follows: Materials: Glass Microfibre 696 Filters (i.e. VWR 28333-139), Aluminum 

Dishes with tab handles to place filters in, 500 Degree Muffle Furnace, Tweezers, Oven Mitts, 

Tongs 

Protocol: 

1) Ensure aluminum dishes are clean and dry. 

2) Place Filters on dishes 

3) Engrave unique ID on filter dish 

4) Wearing oven mitts, carefully open muffle furnace.  

5) Pick up dish with tongs and place inside the furnace.  Close furnace door. 

(Oven is too hot for mitts directly, they’ll burn) 

6) Allow time for any volatile residuals on filters to burn off (minimum 3 hours) 

7) Store pre-burned filter in desiccator until use. 

Calculations: These calculations are done in the reactor status excel data sheet on the monthly 

tab. 

Table 33. Parameters included in calculation of the dry matter of the biomass 

Parameter Description Units 

𝑉
𝑅,
𝑣
ℎ
 Reactor volume per height mL/mm 

𝐻𝑅,∗ Height of a known volume * 

mL in the reactor 

mm 

𝑉𝑅,ℎ𝑒𝑎𝑑 Volume of the reactor head 

(previously measured as 150 

mL) 

mL 
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𝐷𝑅 Reactor inner diameter(𝐷𝑅) 

(previously measured as 

6.35 cm) 

cm 

𝐴𝑅 Cross-sectional reactor area cm2 

𝑉𝑡𝑜𝑡 Total working volume (max. 

volume the reactor sees) 

mL 

𝐻𝑅,𝑚𝑖𝑛 Minimum liquid height in 

reactor (height at effluent 

discharge point, previously 

measured as 431 mm) 

mm 

𝑉𝑚𝑖𝑛 Minimum reactor volume  mL 

𝑉𝑒𝑓𝑓 Total volume of effluent ml 

𝑉𝑖𝑛𝑓 Calculated volume of 

influent 

mL 

𝑡∗ Length of given phase, (i.e. 

* = plug feed, mixed feed, 

etc.) 

min 

𝑄∗ Flowrate of a given pump 

(i.e. *= N, C, Water, etc.) 

mL/min 

𝑉𝑆𝑆 Volatile suspended solids  

𝑇𝑆𝑆 Total Suspended solids  

𝐼𝑆𝑆 Non-volatile suspended 

solids 

 

𝑊𝑓 Weight of dish + clean pre-

burned filter 

g 

𝑊𝑑𝑓 Weight of dish + filter + 

dried biomass 

g 

𝑊𝑏𝑓 Weight of dish + filter + 

burned biomass 

g 

𝐷𝑊 Dry weight of sample g 
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𝑎𝑠ℎ Burned weight of sample g 

𝑉𝑠 Total sample volume mL 

𝑉𝑠,𝑥 Volume of settled sludge in 

sample 

mL 

𝐻𝑥 Height of sludge bed mm 

𝑉𝑥 Volume of sludge bed mL 

Reactor volume per height: Method 1, volume based:  

1. Fill reactor with 𝑉𝑅,ℎ𝑒𝑎𝑑 of water, so that reactor head only is filled 

2. Add 250 mL of water, measure height. This is 𝐻𝑅,250.   
3. Add another 250 mL of water, measure height, 𝐻𝑅,500.  
4. Add another 500 mL of water, measure height. 𝐻𝑅,1000. 
5. Perform a linear regression of 𝐻𝑅,∗ vs. Volume (250 mL, 500 mL, 1000 mL, 

respectively) with intercept set at 0.  

6. Slope is 𝑉𝑅,𝑣
ℎ
. 

Method 2, geometry based: 

1. Measure inner reactor diameter, this is 𝐷𝑅. 

2. Find inner cross-sectional reactor area: 

𝜋 (
𝐷𝑅
2
)
2

= 𝐴𝑅 

3. Find the volume of 1 mm height of reactor by multiplying by 1 mm (that is 0.1 cm): 

𝐴𝑅 ∗ 0.1 𝑐𝑚 =  𝑉𝑅,𝑣
ℎ
 

Total Working Volume: 

1. Measure height of reactor at end of decanting phase. This is 𝐻𝑅,𝑚𝑖𝑛 

2. Calculate minimum reactor volume: 

𝑉𝑚𝑖𝑛 = 𝐻𝑅,𝑚𝑖𝑛 × 𝑉𝑅,𝑣
ℎ
+ 𝑉𝑅,ℎ𝑒𝑎𝑑 

3. Record volume of effluent discharged at end of cycle by catching effluent at the 

end of a cycle in a large graduated cylinder (>2L Volume) (𝑉𝑒𝑓𝑓) 

Calculate total working volume, 𝑉𝑡𝑜𝑡 

𝑉𝑡𝑜𝑡 = 𝑉𝑚𝑖𝑛 + 𝑉𝑒𝑓𝑓 

Pump Calibration Check: 

4. Calculate influent volume: 

𝑉𝑖𝑛𝑓 = (𝑡𝑝𝑙𝑢𝑔 𝑓𝑒𝑒𝑑  + 𝑡𝑚𝑖𝑥𝑒𝑑 𝑓𝑒𝑒𝑑)  × (𝑄𝑁 + 𝑄𝐶 + 𝑄𝑊)  
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5. Check error of pump calibration as follows: 

% 𝑃𝑢𝑚𝑝 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐸𝑟𝑟𝑜𝑟 =  
𝑉𝑒𝑓𝑓 − 𝑉𝑖𝑛𝑓

𝑉𝑒𝑓𝑓
 ×  100% 

TSS, VSS, ISS: 

1. Calculate dry weight of sample 

𝐷𝑊 = 𝑊𝑑𝑓 − 𝑊𝑓 

2. Calculate ash, (burned weight of sample) 

𝑎𝑠ℎ = 𝑊𝑏𝑓 − 𝑊𝑓 

Method 1, suspended culture: 

𝑇𝑆𝑆 =  
𝐷𝑊

𝑉𝑆
 

𝐼𝑆𝑆 =  
𝑎𝑠ℎ

𝑉𝑠
 

𝑉𝑆𝑆 =  𝑇𝑆𝑆 − 𝐼𝑆𝑆 

Method 2, granular sample: 

1. Calculate values for sludge bed 

𝑇𝑆𝑆𝑥 = 
𝐷𝑊

𝑉𝑆,𝐵
 

𝐼𝑆𝑆𝑥 = 
𝑎𝑠ℎ

𝑉𝑠,𝐵
 

𝑉𝑆𝑆𝑥 =  𝑇𝑆𝑆 − 𝐼𝑆𝑆 

2. Calculate values for reactor 

a. Determine sludge bed volume 

𝑉𝑥 = 𝐻𝑥 × 𝑉𝑅,𝑣
ℎ
+ 𝑉𝑅,ℎ𝑒𝑎𝑑 

b. Determine sludge bed weight 

𝑇𝑆𝑆𝑥 × 𝑉𝑥 = 𝑇𝑜𝑡𝑎𝑙 𝑆𝑙𝑢𝑑𝑔𝑒 𝐵𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 

𝐼𝑆𝑆𝑥 × 𝑉𝑥 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑛𝑜𝑛𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 𝑖𝑛 𝑏𝑒𝑑 

𝑉𝑆𝑆𝑥 × 𝑉𝑥 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 𝑖𝑛 𝑏𝑒𝑑 

a. Divide by total reactor volume to get values for reactor 

𝑇𝑆𝑆 =  
𝑇𝑆𝑆𝑥 × 𝑉𝑥
𝑉𝑡𝑜𝑡
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𝐼𝑆𝑆 =  
𝐼𝑆𝑆𝑥 × 𝑉𝑥
𝑉𝑡𝑜𝑡

 

 

𝑉𝑆𝑆 =  
𝑉𝑆𝑆𝑥 × 𝑉𝑥
𝑉𝑡𝑜𝑡
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Supplementary Information S3 

Schematic presentation of applied research approach 

 

Figure 63. Research approach 
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Oxygen transfer nitrification 

Table 34. Wastewater inflow parameter to the pilot plant 

Wastewater       

 

Inflow rate QI 0.50 m3/h 

 

Max design NH4 influent conc. CI-NH4,max 53.00 mg/l 

 

Average design NH4 influent conc. CI-NH4,av 45.00 mg/l 

 

Min design NH4 influent conc. CI-NH4,min 38.00 mg/l 

  Design NH4 effluent conc.  CO-NH4 1.00 mg/l 

 

Table 35. Process design parameter for the nitrification 

Process Design       

 

Oxygen requirement XNH4-NO3 4.57 kg O2/kgNH4 

 

Max load SNH4,max 0.03 kg NH4/h 

 

Average load SNH4,av 0.02 kg NH4/h 

 

Min load SNH4,min 0.02 kg NH4/h 

 

Max oxygen uptake rate OUh,max 0.12 kg O2/h 

 

Average oxygen uptake rate OUh,av 0.10 kg O2/h 

  Min oxygen uptake rate OUh,min 0.08 kg O2/h 
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Table 36. Oxygen transfer efficiency 

Oxygen transfer efficiency       

 

Blow-in depth hD 1.00 m 

 

Oxygen transfer of an aeration facility in 

wastewater SSOTR 0.02 kgO2/(m Nm3) 

 

Oxygen saturation concentration CS 8.11 mg O2/l 

 

Dissolved oxygen concentration in reactor CX 1.00 mg O2/l 

 

Max. temperature of wastewater T 25.00 °C 

 

Height of pilot plant location above sea 

level HNN 150.00 m 

 

Air pressure at pilot plant location p 994.41 mbar 

  
Quotient of oxygen transfer in activated 

sludge and in clean water (manufacturer) α 0.70   
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Biofilm carrier characteristics 

Table 37. Biofilm carrier characteristics 

Properties of the selected biofilm carriers   

Parameter Abb. Unit Expanded clay Borosilicate glass 

Density ρS kg/m3                  1,030.00                     1,650.00    

Surface area AS m2/m3                     850.00                        850.00    

Effective surface area As,ef. m2/m3                  2,500.00                        850.00    

Particle size SS mm                         4.00                            4.00    

Settling velocity VS m/s                         0.04                            0.16    

Solids concentration CS kg/m3                     144.00                        231.00    

 

  

Figure 64. Visualization of biofilm carriers a) expanded clay, b) borosilicate glass 

  

b) a) 
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Bioreactor geometry 

Table 38. Bioreactor geometry 

Parameter Abb. Unit scenario 1 scenario 2 scenario 3 

Height of draft tube HD m 1.00 1.00 1.00 

Diameter riser dR m 0.39 0.49 0.59 

Diameter bioreactor dT m 0.78 0.78 0.78 

Ratio  dR/dT / 0.50 0.63 0.76 

Area riser AR m2 0.12 0.19 0.27 

Volume riser VR m3 0.12 0.19 0.27 

Area bioreactor AT m2 0.47 0.47 0.47 

Ratio  AR/AD / 0.33 0.65 1.33 

Area downcomer AD m2 0.36 0.29 0.20 

Volume downcomer VD m2 0.36 0.29 0.20 
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Approach for selecting the most appropriate model 

 

Figure 65. Selection of model 
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Table 39. Model input parameters 

Constants       

 

Grav. acceleration g 9.81 m/s2 

 

Head loss bottom KB 6.00 / 

  Head loss top KT 6.00 / 

Liquid       

  Density water ρL 1,000.00 kg/m3 

Gas         

 

Glow gas Q variable m3/h 

 

Gas velocity UGR variable m/s 

 

Bubble rise velocity Ub 0.3 m/s 

 

Superficial gas velocity  UG variable m/s 

 

Fractional gas holdup in riser εGR ITERAT. / 

 

Ratio εGD/εGR variable / 

  Fractional gas holdup in downcomer εGD ITERAT. / 

Solids         

 

Volume particles VoS 0.10 m3 

 

Solids load CS 103.00 kg 

  Solids load concentration CS 217.78 kg/m3 

Particle 1       

 

Density particles ρS 1,030.00 kg/m3 

 

Weight paticles W 103.00 kg 

 

Settling particles Ut 0.04 m/s 

 

Fractional solids holdup  in riser εSR ITERAT. / 

  Fractional solids holdup in downcomer εSD ITERAT.  / 
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Particle 2       

 

Density particles ρS 1,650.00 kg/m3 

 

Weight paticles W 165.00 kg 

  Settling particles Ut 0.16 m/s 

 

 

Figure 66. Solution of gas and solids holdups 
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Physical model at WWTP Dietzenbach 

 

  

Figure 67. Pilot plant at location WWTP Dietzenbach; Aeration system from pilot plant at 

WWTP Dietzenbach; Airlift loop bioreactor with riser and downcomer (view from 

top) 
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Figure 68. Airlift design and measurement point of liquid velocity in downcomer (left); 

Measurement equipment for liquid velocity model 523 (right) 
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Geometry design 

Table 40. Overview criteria for geometry selection of airlift bioreactor 

Criteria Unit Scenario 1 Scenario 2 Scenario 3 

Ratio AR/AD 
/     0.33        0.65        1.33    

Average aeration velocity 
m/s     0.01        0.01        0.01    

Liquid velocity in riser at average 

aeration 
m/s     0.23        0.16        0.07    

Fraction of solids in riser at 

average aeration 
/     0.31        0.47        0.73    

Velocity of solids in riser at 

average aeration 
m/s     0.19        0.12        0.03    

Hydraulic retention time of solids 

in riser 
s     5.26        8.33      40.00    

Gas flow velocity in riser at 

minimum aeration 
m/s   0.005      0.004      0.009    

Gas flow velocity in riser at 

average aeration 
m/s   0.025      0.016      0.011    

Liquid velocity in riser at stalled 

conditions 
m/s     0.06        0.07        0.05    

Liquid velocity in downcomer at 

average aeration 
m/s     0.09        0.13        0.10    
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Solution of model for average aeration of 0.011 m/s 

 

 

Figure 69.Solution 0.23 m/s and fraction of solids 0.314 for 0.4 m riser diameter 
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Figure 70. Solution 0.16 m/s and fraction of solids 0.474 for 0.5 m for riser diameter 

 

Figure 71. Solution 0.065 m/s and fraction of solids 0.728 for 0.6 m riser diameter 

Defining stalled conditions for different geometry scenarios 
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Figure 72. Aeration 0.0046 m/s, solution 0.057 m/s, fraction of solids 0.5 for 0.4 riser diameter 

 

 

Figure 73. Aeration 0.0044 m/s, solution 0.066 m/s, fraction of solids 0.6 for 0.5 riser diameter 

 

Figure 74. Aeration 0.009 m/s, solution 0.045 m/s, fraction of solids 0.8 for 0.6 riser diameter  
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Expanded clay solution 

 

Figure 75. Aeration 0.009 m/s solution 0.05 m/s and fraction of solids 0.78 

 

Figure 76. Aeration 0.011 m/s solution 0.065 m/s and fraction of solids 0.73 
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Figure 77. Aeration 0.013 m/s solution 0.07 m/s and fraction of solids 0.7 

Borosilicate glass solution 

 

  

Figure 78. Solution for model for carrier borosilicate glass with 1,650 kg/m3 
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Supplementary Information S4 

Materials and Methods 

Calculation of hydrogen peroxide dosing system and aeration system 

Dissociation of hydrogen peroxide to water and oxygen 

 2𝐻2𝑂2 (𝑎𝑞) ↔ 2𝐻2𝑂 (𝑙) +  𝑂2 (𝑔) (17) 

Table 41. Oxygen Supply     

 

Process Paramater       

  

Inflow medium QM 2.00 L/h 

  

Concentration of oxygen in medium CM 0.50 mg/L 

  

Outflow QO 2.04 L/h 

  

Reactor Volume V 2.00 L 

 

  Outflow DO Conc. C 2.00 mg/L 

 

H2O2 Dosing       

  

H2O2 Dosing QHP 0.04 L/h 

  

H2O2 Dosing QHP 40.00 mL/h 

  

Concentration of solution CHP 1.00%  

  

Volume load H2O2 XV-HP 0.40 mL/h 

  

Molar mass H2O2 MHP 34.00 g/mol 

  

Density H2O2 ρHP 1.45 g/ml 

  

Mass load H2O2 XM-HP 0.58 gH2O2/h 

  

Molar load H2O2 XMM-HP 0.0171 molH2O2/h 
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  17.05 mmolH2O2/h 

  

  0.71 mmolH2O2/min 

 

      710.78 µmolH2O2/min 

 

Dosing O2       

  

Dosing O2 QO2 0.0085 mol O2/h 

  

Molar mass O2 MO2 32 g/mol 

  

Mass load H2O2 XM-O2 0.27 g/h 

  

  272.94 mg O2/h 

 

      133.79 mg O2/h 

Design of aeration system for nitrification 

 

Process Design       

  

Oxygen Requirement XNH4-NO3 4.57 kg O2/kgNH4 

  

Average Load SNH4,av 0.00005 kg NH4/h 

  

Average Oxygen Uptake rate OUh,av 0.00021 kg O2/h 

    

0.21 g O2/h 

    

205.70 mg O2/h 

 

Oxygen Transfer Efficiency       

  

Blow-in Depth hD 0.28 m 

  

Oxygen transfer of an aeration facility SSOTR 0.01 gO2/(m Nm3) 

  

Saturation concentration CS 8.11 mg/l 

  

Dissolved concentration in reactor CX 5.00 mg/l 

  

Max. Temperature of Wastewater T 25.00 °C 
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Height of Pilot plant location above sea 

level HNN 150.00 m 

  

Air pressure at Pilot plant location p 994.41 mbar 

 

  

Quotient of oxygen transfer in activated 

sludge and in clean water  α 0.99   

 

Aeration system       

  

Oxygen transfer of an aeration facility in  

clean water (av) OC, av 0.001 kg/h 

  

Oxygen transfer of an aeration facility in  

wastewater (av) SOTR, av 0.001 kg/h 

  

Blower airflow rate QG,av 0.152 m3/h 

    

2.526 L of air/min 

 

      0.042 L of air/sec 
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Design of bioreactor with hydrogen peroxide and aeration 

                                          
         

a) b) 

 

 

c) d) 

  

e) f) 

Figure 79. Design of nitrification bioreactor with hydrogen peroxide and aeration. a) Cross 

section for operation with hydrogen peroxide. b) Lab scale size for operation with hydrogen 

peroxide. c) Cross section for operation with aeration. d) Lab scale size for operation with 

aeration. e) Expanded clay. f) Borosilicate glass 
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Reactor and carrier properties 

Table 42.Reactor dimensions and properties of biofilm carriers 

  

Reactor 

Hydrogen peroxide 

Reactor 

Aeration 

Volume V L 2.00 47.0 

Height H m 0.09 0.32 

Length L m 0.30 0.50 

Width W m 0.08 0.30 

     

Parameter Abb. Unit Expanded clay Borosilicate glass 

Density ρS kg/m3                  1,030.00                     1,650.00    

Surface area AS m2/m3                     850.00                        850.00    

Effective surface area As,ef. m2/m3                  2,500.00                        850.00    

Particle size SS mm                         4.00                            4.00    
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QFISH  

Organisms, Culture Conditions, Sampling, and Cell Fixation 

Samples from the laboratory reactor and the pilot scale plant were collected and cells were 

fixed with 3.7% formaldehyde for 4 hours at 4 °C. After fixation, carriers were washed twice 

in phosphate buffered saline (PBS) solution and transferred in 50% ethanol for storage at -20 

°C until further application. The fixed expanded clay and borosilicate glass stored in 50% 

ethanol were carefully decanted into preparation dishes. Each carrier was then fixed with 

silicone in the middle of a petri dish. The excess liquid (50% ethanol) was carefully removed 

with a pipette. Dehydration of the carriers was carried out by using 80% and 96% ethanol 

(each applied for 3 min). 

Oligonucleotide Probes and In Situ Hybridization 

After removal of the 96% ethanol, hybridization of the first FISH probe NOS190-ATTO514 

for AOB with a 55% formamide concentration was performed. The incubation was for 3 

hours at 46 °C. After a washing step with a washing buffer (incl. NaCl, Tris/HCl, and EDTA), 

a second dehydration was performed to prepare for the second hybridization. Nitrobacter is 

shown to be a superior competitor and we assume under these conditions that Nitrobacter will 

predominantly represent the NOB in our system. Additionally, the recent discovery of 

Nitrospira in the FISH analysis which can perform full nitrification (AOB and NOB function) 

can complicate the interpretation of intended separation between AOB and NOB. The second 

FISH probe NIT3-ATTO633 for NOB was applied to the sample with a hybridization buffer 

containing 40% formamide and it was also incubated for 3 hours at 46 °C followed by a 

washing step. The wash buffer was carefully removed with a pipette. The carriers were then 

washed twice with sterile tap water. Finally, the staining of all cells was carried out using 

DNA-intercalating DAPI for 10 min in the dark. This excess DAPI was removed by washing 

the sample twice with sterile tap water. The EPS structure was analysed according to the 

method described by Neu and co-authors with lectin-binding analysis for characterization of 

extracellular glycoconjugates. Lectin was labelled with Alexa 488 fluorescent dye. For 

microscopic analysis, the sample was covered with sterile tap water. If the number of total 

cells was higher than the sum of AOB and NOB, then DAPI was corrected and increased up 

to the total sum of the AOB and NOB. 

 

Confocal Laser Scanning Microscopy and Image Analysis 

A dipping lens with 25-fold magnification was used for the microscopy analyses. From each 

carrier, randomly selected areas were scanned with a confocal laser scanning microscope 

(TCS SP8, Leica microsystems, Germany). In order to avoid crosstalk effects of the different 

fluorescent dyes, three sequential z-stack scans were performed per selected biofilm area. The 

size of the z-stacks was dependent on the thickness of the biofilm and was adjusted 

individually. Furthermore, the following system settings were used: (i) sequential scan mode 
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xyz, (ii) pinhole 1.50 airy, (iii) z-stack: 1 µm steps, (iv) speed: 200 Hz, (v) picture resolution: 

1024x1024 pixels. Confocal laser microscopy provided a 3D visualization of the nitrifying 

biofilm and calculated volume fractions from these images were utilized to estimate EPS 

content. 

Measuring the areas of probe-stained cells was accomplished by counting and summing up 

the pixels that belonged to these cells in each image. The general purpose image analysis 

software that was used in this study was ImageJ, which is capable of automated image 

segmentation and calculations such as area measurements. The image size was 465 x 465 µm 

with a voxel size of 0.465 x 0.465 x 1 µm.  

The image analysis software that was used in this study had the plug-in ‘voxel counter’ for the 

analyses of z-stack images to determine the percentage of the EPS and the total cell, AOB, and 

NOB in the biofilm. The default settings of the software were used. 

 

Table 43. Parameters for sequential scan on confocal scanning microscopy 

Sequential 

Scan No. 
Organism/Structure 

Extension 

[nm] 

Emission 

[nm] 

Chanel color 

1 

Reflexion (carrier) 458 453-466 00 grey 

AOB 514 518-547 01 yellow 

 NOB 633 638-676 02 red 

2 total cells (DAPI) 405 410-501 03 blue 

3 EPS Structure 499 504-539 04 green 
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Results and Discussion 

Process parameters  

  

  

  

 

Figure 80. a) Temperature and pH process conditions at reactor operation with hydrogen 

peroxide. b) Temperature and pH process conditions at reactor operation with 

aeration. c) Reactor performance at operation with hydrogen peroxide. d) Reactor 

performance at operation with aeration. e) Oxygen outflow concentration after 

nitrification reactor with hydrogen peroxide. f) COD measurements in the effluent 
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QFISH Analysis 

a) b) 

c) d) 

Figure 81. a) Segment of not populated pores of a surface carrier analyzed with qFISH; b) 

Building of nitrifying biofilm cluster in the pores of expanded clay carrier during 

operation at no COD inflow concentration based on qFISH; c) Cell aggregate of 

ammonia-oxidizing AOB detected in a nitrifying biofilm from a biofilm bioreactor 

observed with qFISH; d) Cell aggregate of nitrite-oxidizing NOB detected in a 

nitrifying biofilm from a biofilm bioreactor acquired with qFISH 
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Supplementary Information S5 

Design of Pilot plant 

The pilot plant was dimensioned for the actual load data of the wastewater from the Dietzenbach 

sewage treatment plant. Since the sand trap was used as the pilot plant inlet, the following 

concentrations in the raw water were used as the basis for assessment. 

Table 44. Wastewater inlet concentration of the pilot plant 

  
Parameter Abb. Unit Value Source 

1 
BOD concentration in inflow 

of the WWTP 
BOD mg/L 422 measured 

2 Total nitrogen NTOT mg/L 67 measured 

3 Total phosphorus PTOT mg/L 10.6 measured 

As no corresponding design model was available when planning the test facility, the design of 

the reactors was based on spatial loads (based on the bulk volume of the growth bodies). The 

reactor volume for a feed of 250 L/h was only 40 % of the volume that would have resulted for 

the aeration tank according to the DWA calculation approach. Preliminary tests have shown 

that a reactor volume saving of 60 % is realistic. The room load could be varied in the range of 

50 % to 200 % by changing the feed quantity.  

Nitrogen balance (reduction to Ntot. 10 mg/L) 

The intended reduction in the total tick concentration in the course of 10 mg/L is discussed 

below. The proportion of about nitrifying and denitrifying nitrogen would accounted for as 

follows. 
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Wastewater inlet 

The amount of wastewater was taken from the sand trap with a self-priming centrifugal pump. 

The delivery rate and the control range were determined as follows: 

Table 45. Inflow loadings for the pilot plant 

Inlet Average Minimum Maximum Unit 

Line 1 0.25 0.15 1.00 m3/h 

Line 2 0.25 0.15 1.00 m3/h 

Sum 0.50 0.30 2.00 m3/h 

 

The feed pump was therefore designed for a range from Q to = 0.3 - 3.00 m³/h. The inlet pipeline 

was designed for a maximum flow rate of vmax= 2 m/s. 

Heterotrophic stage (carbon degradation) 

The required bulk volume for the heterotrophic stage (carbon degradation) was calculated as 

follows. The carbon freight in the inlet of the heterotrophic stage is calculated from the inlet 

freight minus the amount required for denitrification. 
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Table 46. BOD loadng to the bioreactor 

  
Parameter Abb. Unit Line 1 Line 2 Source 

1 
Average volume 

loading 
XBOD g/m3/h 125 125 literature 

2 BOD concentration CBOD mg/L 278 278 measured 

3 Inlet flow QIN m3/h 0.25 0.25 measured 

4 Net bioreactor volume VBOD m3 0.56 0.56 calculated 

Table 47. BOD removal bioreactor design 

  
Parameter Abb. Unit Line 1 Line 2 Source 

1 Net bioreactor volume VBOD m3 0.56 0.56 designed 

2 Max. expansion emax % 100 100 literature 

3 Expanded volume VBOD,EXP m3 1.12 1.12 calculated 

4 Diameter DR mm 800 800 calculated 

5 Area AR m2 0.50 0.50 calculated 

6 Height HR m 2.00 2.00 calculated 

 

Oxygen demand for carbon degradation 

About 1.4 gO/gBOD are required for carbon degradation. This results in an oxygen 

consumption of about 100 g O/ h with a medium feed quantity and per line. 

Autotrophic stage (nitrification) 

For the autotrophic stage (nitrification), the required bulk volume was calculated as follows: 
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Table 48. Nitrogen loadings to the bioreactor 

  
Parameter Abb. Unit Line 1 Line 2 Source 

1 
Average volume 

loading 
XN g/m3/h 42 42 literature 

2 N concentration CNH4 mg/L 42 42 measured 

3 Inlet flow QIN m3/h 0.25 0.25 measured 

4 Net bioreactor volume VN m3 0.25 0.25 calculated 

Table 49. Nitrification reacotr design 

  
Parameter Abb. Unit Line 1 Line 2 Source 

1 Net bioreactor volume VN m3 0.25 0.25 designed 

2 Max. expansion emax % 100 100 literature 

3 Expanded volume VBOD,EXP m3 0.50 0.50 calculated 

4 Diameter inside DR, in mm 600 600 calculated 

5 Diameter outside DR, out mm 800 800 calculated 

6 Area AR m2 0.28 0.28 calculated 

7 Height HR m 2.00 2.00 calculated 

Oxygen demand for nitrification 

About 4.5 gO2/gNH4 are required for the nitrification. This results in an oxygen consumption 

of around 47 gO2/h with an average feed quantity and per line. 

Internal recirculation or irrigation pumps were provided for sporadic fluidization of the bed. A 

maximum speed of qA= 10 m / h was assumed. This pump group was also used for recirculation 

H1 or H2 and A1 or A2. The recirculation is 2-12-times the inflow’s. This results in the required 

delivery rate with. 
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Table 50. Recirculation rate in the bioreactors 

  
Parameter Abb. Unit Line 1 Line 2 Source 

1 Recirculation velocity qA m3/m2/h 10.00 10.00 designed 

2 Area D Ai m2 0.28 0.28 literature 

3 Pump performance min QR m3/h 0.50 0.50 calculated 

4 Pump performance max QR m3/h 3.00 3.00 calculated 

Denitrification 

The required bulk volume for denitrification was calculated as follows. 

Table 51. Denitrification reacotr 

  
Parameter Abb. Unit Line 1 Line 2 Source 

1 
Average volume 

loading 
XDN g/m3/h 50 50 literature 

2 NO3-N concentration CNO3 mg/L 36 36 measured 

3 Inlet flow QIN m3/h 0.25 0.25 measured 

4 Net bioreactor volume VBOD m3 0.18 0.18 calculated 
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Table 52. Denitrification reactor design 

  
Parameter Abb. Unit Line 1 Line 2 Source 

1 Net bioreactor volume VDN m3 0.18 0.18 designed 

2 Max. expansion emax % 100 100 literature 

3 Expanded volume VBOD,EXP m3 0.36 0.36 calculated 

4 Diameter DR, mm 800 800 calculated 

6 Area AR m2 0.50 0.50 calculated 

7 Clear water area Hclar m 1.00 1.00 estimated 

8 Height HR m 2.00 2.00 calculated 

Visualization of control panel at the pilot plant designed with CoDeSys TM accorindg IEC 

61131-3 

 

Figure 82. CoDeSys control panel overview both lines 
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Figure 83. CoDeSys control panel for line 1 

 

Figure 84. CoDeSys control panel for line 2 
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Figure 85. CoDesys control panel for operating parameter setting 
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Supplementary Information S6 

The importance of upgrading the batch installation to a pilot and later to a full-scale wastewater 

treatment plant (prototype) is underlined with regards to the technological process 

development, where the specification of the pilot plant components should be defined first, 

automation setup developed, and control systems defined. For this reason, scaling factors were 

selected for this process. During this study, the considered influence of the scaling factors to 

the design parameters was defined. Later in the study, the design algorithm for this process was 

defined as multiple interrelations of the selected design parameters such as water velocity, air 

flow velocity, retention time, sludge age, reactor surface area, reactor volume and reaction rates. 

The wastewater treatment process considered in this study involves bacteria separation based 

on different bio-carrier media in a flow classifying reactor for nitrogen removal. The process 

includes anaerobic COD treatment followed by nitrification and nitrate removal. The hydraulic 

and process conditions in the reactor enable spatial separation of the bacteria on different 

materials, with fermentative bacteria fixed on the membrane reactor, nitrifying bacteria being 

fixed on one carrier type and iron and sulphur cycling microorganisms being incorporated in 

the granule. This approach promises high process efficiencies and was previously investigated, 

as described in the previous chapters. A major benefit of the idea is the possibility to reduce the 

reaction volumes and energy consumption of the plant. Moreover, the process does not only act 

as an idea in the biological step but also gives the possibility to reduce the necessary steps such 

as preliminary sedimentation and classic secondary sedimentation as conventional steps in the 

activated sludge process. Due to selective separation of the bacteria, optimal reaction conditions 

can be achieved, which should lead to efficient reaction rates. Isolation and fixing of the 

nitrifying bacteria on a carrier material will enable constant presence of nitrifying bacteria in 

the reactor. Thus, this will eliminate the need for recirculation of the sludge from the clarifying 

tank in the activated sludge processes, which serve as recirculation of nitrifying bacteria in the 

nitrification reactor (avoiding the wash out of nitrifying bacteria). Due to efficient reaction 

rates, the process enables effective oxygen supply control which is a major factor in energy 

consumption. Due to the thin biofilm thickness and defined hydraulic and flow pattern, the 

boundary layer renewal of the biofilm will enable effective oxygen diffusion, which causes 

reducing of the energy consumption. 

In this study the interconnection between all processes is analyzed in order to develop an 

algorithm for designing a pilot plant. The development stages in the algorithm is presented in 

Figure 86. 

Research approach 
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Figure 86. Development stages in the design algorithm 

After thoughtful consideration of the challenges experienced in  wastewater treatment 

nowadays (in section 1.3), the idea was developed to bundle the challenges into one technical 

solution (Step 1, Figure 86). For this, the theoretical background of the biochemical processes 

(Step 1.1, Figure 86) with the available technologies on the market (Step 1.2, Figure 86), as 

well as the operational factors of the respective technology were studied. A detailed overview 

of the respective literature review fields is provided in Figure 87. 

 

Figure 87. Literature review for the respective process step in the technical solution 

Defining of the experimental research field was the concessive step (step 2, Figure 86). The 

available knowledge provides the insight, whereas the experimental research in this thesis can 

continue in order to provide an added value in the respective research field. A main 

breakthrough idea was the inclusion of the sulphur and iron cycle in form of “batteries for 

electrons” in the nitrate removal reactor. Here the research focussed on observation of the 

formation and utilization of the sediments in the granules, in dependence from the nitrate 

diffusion and hydrolysis activity in the granules. 

Due to the high investment in the anerobic wastewater treatment pilot plant with MBR  

technology and still missing an appropriate valuable material for anti-fouling of the membrane, 

the high safety standards for appropriate regarding the methane production, as well as the 

expected high complexity of the process operation, for the moment it was decided that this PhD 

research scope should not  focus on the AnMBR technology. Instead the experimental focus 

was set on the nitrification and the lithotrophic denitrification. 
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Experimental research  

Understanding the redox scale in FeS formation (chapter 2) 

The explanation regarding the redox scale in anerobic treatment with the FeS formation is 

elaborated in chapter 2. An overview of the approach with the key statements is provided in 

Figure 88. 

 

Figure 88. Syntrophy and competition within the anaerobic treatment for FeS formation with 

microbial analysis equivalent electron mass balance 

Long term removal rates and iron accumulation (chapter 3) 

Once the key observations regarding the formation of FeS under an anaerobic environment; as 

well as nitrate reduction and FeS oxidation in the granule were studied, two lab scale reactors 

were operated in order to observe the long-term relevance and microbial ecology development, 

as well as whether FeS will be formed or utilized. An overview of the experimental research is 

provided in Figure 89.  

 

Figure 89. Long-term experiments with process parameters in FeS reduction and oxidation 

based on nitrate reduction 
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Hydraulic pattern and airlift for nitrification reactor (chapter 4) 

Three phase hydrodynamic model was developed in order to provide optimization between 

the energy required for fluidization of the reactor as well as the energy required for aeration 

for the nitrification defined with the ammonia load in the wastewater. An overview of the 

research is provided in  

Figure 90. 

 

Figure 90. Three-phase hydrodynamic mathematical model for energy input in airlift reactor 

Nitrification rates based on microbiological activity (chapter 5) 

The microbiological population on the bio-carrier materials was analyzed in order to define the 

nitrification rates of the bacteria that were fixed on the material in Chapter 5. The analysis 

showed that the nitrification rates from the bacteria that were on the carrier materials doubled 

in comparison with the nitrification rates of flocs of activated sludge processes. 
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Figure 91. Process and microbial analysis on the nitrification performance under different C/N 

ratios and different shear force conditions 

Nitrifying biofilm growth behavior (chapter 6) 

The growth of the nitrifying microorganisms was tested in chapter 6, where various 

microbiological analyses were performed for analyzing the biofilm on the carrier. An overview 

is provided in Figure 92. 

 

Figure 92. Microbial analysis on the development of the nitrifying biofilm growth on carriers 
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Observation of interconnections as basic for further design development 

A proper design of a pilot plant as the first step towards process implementation can help 

avoiding poor performance of the process as well as reduce the unnecessary elevated costs 

during piloting due to possible mechanical and operational difficulties. The design 

methodology takes into consideration the definition of the design parameters and the 

interrelation of the design criteria in order to develop a design algorithm for this biofilm process. 

The scale up factors should be understood as correction factors to the parameters measured in 

lab scale experiments.  

A methodology for designing a pilot plant for testing an wastewater treatment process based on 

biofilm technology was developed using an integrated approach. The obtained results 

considered the influence of the critical scaling features on the process performance as well as 

on the automation set up and process controlling.  

Nitrification and lithotrophic denitrification 

For the design of the nitrification, the air velocity will be influenced by the scaling factors of 

fluidization and oxygen diffusion that is not the same under lab scale conditions and pilot plant 

conditions. Furthermore, the water velocity will be influenced by the scale up flow pattern and 

friction coefficients. At last, the reaction rates will be influenced by the scale up of the heat 

exchange and substrate diffusion. The scaling factors that will influence the design parameters 

in the lithotrophic denitrification will be the degradation of the particulate matter (increased by 

gravitation) or similar granules properties.  

The mutual interconnection among the scaling factors was a valuable outcome that was taken 

into consideration when designing of the pilot plant. For example, heat exchange is important 

since the biological reactors have different heat exchange in comparison with large scale plants 

which influences the speed of the reaction. Moreover, oxygen diffusion in the biofilm limits the 

nitrification rate in the reactor as well as the oxidation rate for organic compounds in 

comparison with batch experiments. Definition of the flow pattern helps understanding the 

effect on the yield of the biomass activity and the degree of dispersion of the biofilm structure. 

Additionally, the correlation between the process kinetics obtained from laboratory results and 

the design parameters, such as sludge age needed to design the pilot plant, should be addressed 

in a way to reveal the competitive effects on the process kinetics (e.g. inter and intra phase 

transport, mixing, dead zones and bypasses). 

Hydraulic rate. One crucial parameter in the design of the pilot plant and its scale effect were 

the flow conditions in the pilot plant. In order to achieve similarity between the flow conditions 

from the batch reactor experiments with the pilot plant, the pilot plant flow conditions must 

display similarity of form (geometric similarity), similarity of motion (kinematic similarity) and 

similarity of forces (dynamic similarity) [Chanson 1999]: 
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where L is length, H is height, V is flow velocity, F is sheer force, subscript p stands for pilot 

plant, subscript m stands for model. Nevertheless, achieving the similarity of three phase system 

(water, air, and particle) as whole, like the one we have here is still not able to be defined and 

remains to be trial error.  

Reaction rates. When scaling up the microbiological activity, a high importance is given to the 

handling of the process media, where many impurities can drastically influence the linearity of 

the extrapolation. Therefore, the parameter that can be used for scaling up the microbiological 

activity is the oxygen transfer that in our case can be described with two film model on the gas 

liquid mass transfer rate: 

)()( LiLiGG CCkppkf −=−=                                                          (15) 

where f is the oxygen flux, kG and kL are the local mass transfer coefficients, pG is the oxygen 

partial pressure in the bubble, and CL is the oxygen concentration in the bulk liquid and i index 

refers to the gas-liquid interface [Garcia-Ochoa and Gomez 2009]. 

Granules Properties. The granules properties about granules fluidization correlate with the 

sedimentation of the granules. Knowing that we analyze the granules properties of an process, 

where the granules properties can be analyzed only after verified process operation of processes, 

nitrification and lithotrophic denitrification. Therefore, it was difficult to scale up the expected 

expansion of the granules from the batch scale regarding the pilot plant, as different quantity of 

granules was used. 

The Figure 93 represents the design algorithm of the nitrification reactor. The art of designing 

applied in this study includes design parameters that are influenced by stirring efficiencies, heat 

exchange, hydraulic flow patterns, flow distribution, oxygen diffusion effects, and nitrification 

and denitrification kinetics. A proper identification of the influence of each scaling factor plays 

a crucial role in the pilot plant designing. Quantification of the scale up (correction factors) 

remains un unknown for further scientific studies. The area of the nitrification reactor was 

dependent from the area of the carrier materials and the internal recirculation, which was needed 

for fluidization of the reactor. Additionally, the fluidization of the reactor was dependent form 

the aeration of the system, which was dependent from the air requirements for the process 

reaction. The volume of the nitrification reactor is defined with the nitrification rates and the 

nitrogen load to the reactor. 
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Figure 93. Design parameters for nitrification, based on scale up correction factors. 

The denitrification reactor will be designed by the design algorithm as defined in Figure 47. 

Different operation scenarios for a biofilm reactor can be described with design parameters, 

such as water velocity, air flow velocity, retention time, sludge age, reactor surface area and 

volume as well as reaction rates. Moreover, this kind of approach not only implies the plant 

constructor’s capability of designing and operating large plants but also a skill of developing 

new and more efficient reaction-based wastewater treatment technologies in order to become 

cost and product competitive and to meet environmental and legislative requirements.  

The selection of the design parameters was approached from two sides: by extrapolating the 

values that were obtained during batch scale reactor experiments and by down scaling the 

available design values from the existing WWTPs based on similar processes with biofilm 

reactors. The identification of the correlation of the design parameters is presented in the Figure 

47. 

The area of the denitrification reactor was designed according to the limited sedimentation 

velocity and the up-flow velocity of the wastewater, which was defined according to the 

hydraulic and mass load of the inflow parameters. The volume of the denitrification reactor was 

defined after consideration of the mass load of the inflow parameters and the reaction rate of 

the denitrification, which was dependent from the granules concentrations in the denitrification 

reactor. The granules concentrations in the reactor were dependent from the granules supply 

and outflow, which was defined from the granules production from the anaerobic treatment and 

granules degradation by the hydrolytic activity in the granules.  
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Economic evaluation of the design viability 

A sound procedure in the first steps of designing the pilot plant includes an accurate economic 

evaluation of the process and its life cycle. The economic calculation includes the specific 

investment cost as well specific costs for operation. This evaluation aims at detecting changes 

in the experimental domain of interest, which can lead to different operational conditions of the 

pilot plant. 

One of the major challenge of the methodological approach is to take into consideration the 

economic evaluation (defining investment and operational costs of the pilot plant and scale it 

up in form to be comparable with conventional process design) of the design from where the 

viability of the process can be evaluated.  

Once the first design was drafted, a simple economic evaluation was done with regard to 

investment and operational costs. Under investment costs, volume specific costs were measured 

and compared to volume specific costs of conventional wastewater treatment. Regarding the 

operational costs, the evaluation was limited only to energy consumption as most crucial 

parameter when evaluation the operation of the process. 

 

 

Figure 94. Design parameters for economic evaluation 

The overall outcome of this methodological approach was to draft an algorithm that can be used 

in order to design the pilot plant under detailed consideration of factors that influence the 

scaling up of the batch results. Moreover, the algorithm should consider all correlations between 

the scaling factors and the design parameters. The algorithm includes an economic evaluation 

that proofs that design of its economic viability. An installed mechanism to correct some of the 

economic parameters is then proofed from the process design if such change of the economic 

parameter will influence the process operation and its stable operation.  

Conclusions 

This proper methodological design aligned with required experience and know-how in the non-

standardized approaches in designing of pilot plants was an important outcome for focusing on 

demonstration of the process and providing design criteria. The result of this study, based on 
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the available batch results under consideration of the relevant scaling factors, can make design 

directions for other processes in the future as well. The development of the design algorithm as 

process was result of a systematization of knowledge, based on previous research work and 

interdisciplinary teamwork among shareholders from different areas such as microbiology, 

process engineering, civil engineering and automatization engineering as well as treatment 

plant construction companies and wastewater treatment public utilities 
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