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ABSTRACT 

Nowadays, the increasing human population and limited water resources create a 

demand for sustainable wastewater treatment technologies. Chemically synthesized 

elemental sulfur (S0)-based denitrification is an effective and cost-efficient biotechnology for 

nitrate (NO3
-) removal from organic-deficient wastewaters. However, the hydrophobic 

properties of S0 limit its application for denitrification. Thus, the goal of this project is to 

optimize the performance and explore the treatment mechanisms of S0-fueled denitrification 

in biofilm systems, and the understanding of the associated microbial communities. 

To address the limitation of the chemically synthesized S0-driven denitrification 

applications, S0 solubilization prior to S0-driven denitrification was studied in batch 

bioassays. The kinetic experiments showed that the achieved denitrification and denitritation 

rates were 20.9 and 10.7 mg N/L∙d, respectively. Microbiological analysis detected the 

presence of the Helicobacteraceae family onto S0 particles, that was likely responsible for 

the S0 solubilization. A mathematical model of microbially-catalyzed S0 hydrolysis and 

subsequent two-step denitrification was developed. The sensitivity analysis identified the 

dominance of the hydrolysis-related parameters, and suggested that microbially-catalyzed 

surface-based S0 hydrolysis is the rate-limiting step during S0-driven denitrification. 

Autotrophic denitrification with biosulfur (ADBIOS), a by-product of biological gas 

desulfurization, was investigated in batch bioassays as an alternative technological solution 

for treating NO3
- pollution in wastewaters. Denitrification and denitritation rates of 49.4 mg 

NO3
--N/L·d and 73.0 mg NO2

--N/L·d, respectively, were obtained. The Thiobacillus, 

Moheibacter and Thermomonas genera were dominating the ADBIOS microbial community. 

Two duplicate moving-bed biofilm reactors (MBBRs) with AnoxK K1 (K1) and 

AnoxK Z-200 (Z-200) carriers were operated for 309 days. The effect of the nitrate loading 

rate on the ADBIOS performance was studied by decreasing hydraulic retention time (HRT) 

from 72 to 21 h. The denitrification rates of 236 and 234 mg NO3
--N/L·d were achieved at 

an HRT of 24 h for K1 and an HRT of 21 h for Z-200 carrier, respectively. Based on RNA 

analysis, the same active bacteria, belonging to Thiobacillus, Truepera, Flavobacterium and 

Hyphomonas genera, were dominating MBBRs with K1 and Z-200 carriers. 
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SOMMARIO 

Oggigiorno l'aumento della popolazione e il diminuire delle risorse idriche disponibili 

comportano una domanda sempre maggiore di tecnologie sostenibili per il trattamento delle 

acque reflue. La denitrificazione autotrofa con zolfo elementare (S0) è una biotecnologia 

efficace ed economicamente vantaggiosa per la rimozione dei nitrati (NO3
-) da acque reflue 

caratterizzate da basse concentrazioni di sostanza organica. Tuttavia, le proprietà fortemente 

idrofobiche di S0 prodotto per via chimica limitano la sua applicazione nel campo della 

denitrificazione biologica, rendendo lo zolfo poco biodisponibile per i microrganismi. 

Pertanto, l'obiettivo di questo progetto è rivolto all’ottimizzazione delle prestazioni del 

processo di denitrificazione autotrofa con zolfo elementare, ad esplorare i meccanismi di 

rimozione dei composti azotati in sistemi a biofilm, e alla valutazione delle comunità 

microbiche direttamente coinvolte nel processo. 

Innanzitutto, sono stati condotti esperimenti in batch per studiare la fase di idrolisi di S0 

prodotto per via chimica, a monte della denitrificazione vera e propria, al fine di valutare il 

suo effetto limitante sulle cinetiche del processo biologico. I risultati degli esperimenti 

cinetici hanno mostrato che i tassi di denitrificazione e denitritazione raggiunti sono stati 

rispettivamente di 20,9 e 10,7 mg N/L d. L'analisi microbiologica ha rilevato la presenza 

della famiglia dei Helicobacteraceae, esclusivamente adesa sulle particelle di S0, quali 

microrganismi probabilmente responsabili dell’idrolisi biologica di S0. È stato sviluppato, 

inoltre, un modello matematico per la simulazione dell’idrolisi dello zolfo elementare 

catalizzata biologicamente e, successivamente, della denitrificazione biologica in due step, 

includendo sia il passaggio da nitrato a nitrito (NO2
-) quale primo step, che quello da nitrito 

ad azoto molecolare (N2) quale secondo step. L'analisi di sensitività del modello ha 

identificato la predominanza dei parametri relativi all'idrolisi e ha confermato che l'idrolisi 

in tale processo è la fase limitante della cinetica complessiva della denitrificazione autotrofa 

con S0. 

In una seconda fase, è stato studiato in esperimenti batch il processo di denitrificazione 

autotrofa con l’utilizzo di zolfo biogenico (ADBIOS), un sottoprodotto della desolforazione 

del biogas, come donatore di elettroni. Tale processo rappresenta una soluzione tecnologica 

alternativa e fortemente innovativa per il trattamento di correnti contaminate da NO3
-. Sono 

stati ottenuti tassi di denitrificazione e denitrazione di 49,4 mg NO3
--N/L d e 73,0 mg NO2

--
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N/ L d, rispettivamente. Microorganismi appartenenti ai generi Thiobacillus, Moheibacter e 

Thermomonas sono stati rilevati in maggiore abbondanza, sinonimo del fatto che essi hanno 

dominato le comunità microbiche durante il processo ADBIOS. 

Infine, quattro reattori a biofilm a letto mobile (MBBR) sono stati eserciti per lo studio 

del processo ADBIOS in continuo per 309 giorni, di cui due riempiti con supporto del tipo 

AnoxK K1 (K1) e due con supporto AnoxK Z-200 (Z-200). Differenti fattori di carico 

di nitrati, ottenuti facendo variare il tempo di detenzione idraulica (HRT) da 72 a 21 ore, sono 

stati studiati al fine di valutare la loro influenza sulle rese del processo. Tassi di 

denitrificazione pari a 236 e 234 mg NO3
--N//L d, raggiunti rispettivamente con HRT di 24 

ore per i supporti K1 e HRT di 21 ore per i supporti Z-200, sono stati ottenuti, dimostrando 

l’aumento della velocità del processo nei reattori in continuo rispetto agli esperimenti batch. 

Da un punto di vista microbiologico, sulla base dell'analisi sull'RNA, è stata studiata la 

composizione della comunità microbica attiva adesa sui supporti, e i batteri appartenenti ai 

generi Thiobacillus, Truepera, Flavobacterium e Hyphomonas, sono stati rilevati come quelli 

dominanti il biofilm negli MBBR eserciti con entrambi i supporti. 
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ABSTRACT 

Tegenwoordig creëren de toenemende menselijke populatie en beperkte waterbronnen 

een vraag naar duurzame technologieën voor de behandeling van afvalwater. Denitrificatie 

gebaseerd op chemisch gesynthetiseerde elementaire zwavel (S0) is een effectieve en 

kostefficiënte biotechnologie voor de verwijdering van nitraat (NO3
-) uit organische-

deficiënte afvalwaters. De hydrofobe eigenschappen van S0 begrenzen echter de toepassing 

ervan voor denitrificatie. Het doel van dit project is om de prestaties te optimaliseren en de 

behandelingsmechanismen van S0-gestookte denitrificatie in biofilmsystemen en het begrip 

van de geassocieerde microbiële gemeenschappen te onderzoeken. 

Om de beperking van de chemisch gesynthetiseerde S0-gestuurde 

denitrificatietoepassingen aan te pakken, werd S0 solubilisatie voorafgaand aan S0-gestuurde 

denitrificatie bestudeerd in batch-bioassays. Uit de kinetische experimenten bleek dat de 

behaalde denitrificatie- en denitritatiesnelheden respectievelijk 20,9 en 10,7 mg N/L d waren. 

Microbiologische analyse detecteerde de aanwezigheid van de Helicobacteraceae-familie op 

S0-deeltjes, die waarschijnlijk verantwoordelijk was voor de S0-solubilisatie. Een wiskundig 

model van microbieel gekatalyseerde S0-hydrolyse en daaropvolgende tweestaps 

denitrificatie werd ontwikkeld. De gevoeligheidsanalyse identificeerde de dominantie van de 

hydrolyse-gerelateerde parameters, en suggereerde dat microbieel gekatalyseerde S0-

hydrolyse op basis van het oppervlak de snelheidsbeperkende stap is tijdens S0-gedreven 

denitrificatie. 

Autotrofe denitrificatie met biosulfur (ADBIOS), een bijproduct van biologische 

gasontzwaveling, werd onderzocht in batch bioassays als een alternatieve technologische 

oplossing voor de behandeling van NO3
-vervuiling in afvalwater. Denitrificatie- en 

denitritatiesnelheden van respectievelijk 49,4 mg NO3
--N/L d en 73,0 mg NO2

--N/L.d werden 

verkregen. De geslachten Thiobacillus, Moheibacter en Thermomonas domineerden de 

ADBIOS-microbiële gemeenschap. 

Twee dubbele moving-bed biofilmreactoren (MBBR's) met AnoxK K1 (K1) en 

AnoxK Z-200 (Z-200) dragers werden gedurende 309 dagen gebruikt. Het effect van de 

nitraatladingsnelheid op de ADBIOS-prestaties werd bestudeerd door de hydraulische 

retentietijd (HRT) van 72 naar 21 uur te verlagen. De denitrificatiesnelheden van 236 en 234 

mg NO3
--N/L d werden respectievelijk bereikt bij een HRT van 24 uur voor K1 en een HRT 
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van 21 uur voor Z-200. Op basis van RNA-analyse domineerden dezelfde actieve bacteriën, 

behorende tot de geslachten Thiobacillus, Truepera, Flavobacterium en Hyphomonas, 

MBBR's met K1- en Z-200-dragers. 
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ABSTRAIT 

De nos jours, la croissante population humaine et les ressources en eau limitées créent 

une demande pour des technologies durables de traitement des eaux usées. La dénitrification 

autotrophe à base de soufre élémentaire (S0) synthétisée chimiquement est une 

biotechnologie efficace et rentable pour l'élimination des nitrates (NO3
-) des eaux usées 

carencées en substances organiques. Cependant, les propriétés hydrophobes du S0 synthétisé 

chimiquement limitent son utilisation pour la dénitrification. Par conséquent, l’objectif 

général de ce projet est d’optimiser les performances et d’explorer les mécanismes de 

traitement de la dénitrification au S0 dans les systèmes de biofilms, enquêtant l'élimination 

de NO3
- et de nitrites (NO2

-), ainsi que la compréhension des communautés microbiennes 

associées. 

Pour remédier aux limites des applications de dénitrification par S0 synthétisées 

chimiquement, la solubilisation de S0 avant la dénitrification et la dénitritation par S0 a été 

étudiée dans des essais biologiques en discontinu par une approche interdisciplinaire. Plus 

précisément, les expériences de biocinétique ont démontré que les taux de dénitrification et 

de dénitritation obtenus étaient respectivement de 20,9 et 10,7 mgN/L∙d. Une analyse 

microbiologique a mis en évidence la présence de la famille Helicobacteraceae sur des 

particules S0, probablement responsables de la solubilisation S0. Un modèle mathématique 

d'hydrolyse du S0 catalysé par des organismes microbiens et de la dénitrification en deux 

étapes a été développé. L'analyse de sensibilité a identifié la dominance des paramètres liés 

à l'hydrolyse, et a suggéré que l'hydrolyse du S0 à base de surface à catalyse microbienne est 

l'étape limitante pendant la dénitrification par S0 synthétisée chimiquement. 

La dénitrification autotrophe avec biosulfure (ADBIOS), un sous-produit de la 

désulfuration biologique des gaz, a été étudiée dans des essais biologiques par lots comme 

solution technologique alternative pour le traitement de la pollution par le NO3
- dans les eaux 

usées. Des biocinétiques de dénitrification et de dénitritation significativement plus élevées 

ont été obtenues avec le biosulfure par rapport au S0 synthétisé chimiquement, avec des 

activités spécifiques de 223,0 mg NO3
--N/g VSS·d et 339,5 mg NO2

--N /g VSS·d. Les genres 
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Thiobacillus, Moheibacter et Thermomonas dominaient la communauté microbienne 

ADBIOS. 

Enfin, ADBIOS a été étendu au niveau du bioréacteur, et deux réacteurs de biofilm à lit 

mobile (MBBR) en double remplis de AnoxK1 (K1) et de nouveaux supports de biofilm 

AnoxK Z-200 (Z-200) ont été utilisés en continu pendant 309 jours. L'effet du taux de 

charge en nitrates (NLR) sur les performances d'ADBIOS a été évalué en diminuant le temps 

de rétention hydraulique (THS) de 72 à 21 h. Les taux de dénitrification de 236 et 234 mg 

NO3
--N/L·d ont été atteints à un THS de 24 h pour K1 et à un THS de 21 h pour le support 

Z-200, respectivement. D'après l'analyse de l'ARN, les mêmes microorganismes actifs, 

appartenant aux genres Thiobacillus, Truepera, Flavobacterium, Hyphomonas et 

Sphingopyxiz, dominaient les MBBR avec des porteurs K1 et Z-200. 
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TIIVISTELMÄ 

Maapallon kasvava väkiluku ja rajalliset puhtaan veden varannot luovat entistä enemmän 

kysyntää kestäville jätevedenpuhdistusprosesseille. Kemiallisesti tuotettua alkuainerikkiä 

(S0) elektronidonorina hyödyntävä denitrifikaatio on toimiva ja kustannustehokas biologinen 

menetelmä nitraatin (NO3
-) poistoon vähän orgaanisia yhdisteitä sisältävistä jätevesistä. 

Kemiallisesti tuotetun S0:n hydrofobisuuden on kuitenkin havaittu rajoittavan 

denitrifikaation tehokkuutta. Siksi tämän väitöstutkimuksen tavoitteena oli kasvattaa S0-

pohjaisen denitrifikaation tehokkuutta optimoimalla prosessiparametreja sekä lisäämällä 

ymmärrystä prosessin mikrobiyhteisöistä ja mikro-organismien S0-

hyödyntämismekanismeista biofilmireaktoreissa. 

Kemiallisesti tuotettua S0:sta hyödyntävän denitrifikaatioprosessin rajoittavien tekijöiden 

ymmärtämiseksi panoskokeissa tutkittiin denitrifikaation eri vaiheita keskittyen erityisesti 

rikin liukenemiseen denitrifivoiville mikro-organismeille biosaatavaan muotoon. 

Kineettisissä kokeissa saavutettu denitrifikaationopeus oli 20,9 mg-N/L∙d ja 

denitritaationopeus 10,7 mg-N/L∙d. Helicobacteraceae heimoon kuuluvien mikro-

organismien osoitettiin kasvavan S0-partikkelien pinnalla ja siksi niiden uskottiin 

katalysoivan rikin liukenemista. Kokeellisten tulosten perusteella kehitettiin matemaattinen 

malli, jossa S0:ta hyödyntävä denitrifikaatioprosessi jaettiin kolmeen vaiheeseen, jotka olivat 

S0:n liukeneminen, nitraatin pelkistyminen nitriitiksi ja nitriitin pelkistyminen typpikaasuksi. 

Herkkyysanalyysin perusteella mikro-organismien katalysoima rikin liukeneminen oli 

kokonaisprosessin nopeutta merkittävimmin rajoittava vaihe.  

Kemiallisesti tuotetun S0:n sijaan autotrofisen denitrifikaation elektronidonorina voidaan 

käyttää myös biologisesti tuotettua S0:a, jota syntyy mm. polttokaasujen ja biokaasun 

biologisen rikinpoistokäsittelyn yhteydessä. Siksi biogeenisen S0:n käyttöpotentiaalia 

nitraattipitoisten jätevesien käsittelyssä tutkittiin erillisessä panoskokeessa. Tässä kokeessa 

saavutettu denitrifikaationopeus oli 49,4 NO3
--N /L∙d ja denitritaationopeus 73,0 mg NO3

--N 

/L∙d. Kasvatuksissa, joissa biogeenistä S0:sta käytettiin, mikrobiyhteisöä hallitsivat 

Thiobacillus, Moheibacter and Thermomonas sukuihin kuuluvat mikro-organismit. 
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Biogeenisen S0:n käyttöä tutkittiin myös kahdessa rinnakkaisessa erilaista kantaja-ainetta, 

AnoxKTM K1 (K1) and AnoxKTM Z-200 (Z-200), hyödyntävässä kantajakappalereaktorissa 

(engl. moving bed biofilm reactor. MBBR) 309 päivän ajan. Nitraattikuormituksen 

vaikutusta reaktoreiden toimintaan tutkittiin lyhentämällä hydraulista viipymää vaiheittain 

72 tunnista 21 tuntiin. K1-kantaja-aineella saavutettiin korkein denitrifikaationopeus, 236 mg 

NO3
--N/L∙d, 24 tunnin viipymällä, kun taas Z-200 kantaja-aineella korkein 

denitrifikaationopeus, 234 mg NO3
--N/L∙d, saavutettiin 21 tunnin viipymällä. RNA-

analyysin perusteella aktiivinen mikrobiyhteisö oli samanlainen molemmilla kantaja-aineilla 

ja koostui Thiobacillus-, Truepera-, Flavobacterium- ja Hyphomonas-sukujen edustajista. 

 



 

xxv 

ACKNOWLEDGEMENTS 

This thesis, and all the work that led to its completion, would have been impossible 

without the help and support of others. Therefore, I would like to thank the following people: 

I would like to thank my promoter, Prof. Giovanni Esposito, for his guidance through my 

research and for controlling my enthusiasm within the right boundaries. The freedom and 

trust you gave me are very much appreciated, as well as the many discussions. 

I would like to express my special appreciation and thanks to my co-promotor Prof. Piet 

Lens for encouraging my research and for brilliant comments and suggestions on my research 

plans and manuscripts. 

I am very grateful to my co-promoter, Dr. Stefano Papirio, for his open door policy and 

his invaluable time, effort, advice, encouragement and support he gave me throughout the 

last 3.5 years. Thank you, Stefano, for all your patience and time you spent answering my 

questions! 

I am thankful to my co-promoter Dr. Gavin Collins for all his valuable input and support 

throughout my project and also for the time we had working closely together on this project. 

I also thank Dr. Simos Malamis, from National Technical University of Athens, Prof. 

Giulio Munz, from University of Florence, and Prof. Erkan Sahinkaya, from Istanbul 

Medeniyet University for prereviewing and commenting my thesis. 

I would like to extend my utmost admiration to Asst. Prof. Luigi Frunzo and Dr. Maria 

Rosaria Mattei. Their critical analysis of my research plans, guidance during the modelling 

and writing and their constant inspiration and support helped me to achieve my goals. 

I would also like to express my sincere thanks to Dr. Umer Zeeshan Ijaz for his valuable 

contributions in my research work in the field of bioinformatics. I also highly appreciated his 

enthusiastic support and timely advice. 

I would also like to thank Dr. Liam Morrison and Dr. Estefania Porca from NUI Galway 

for very important contributions in my research. 

I would thank also the technicians, which successfully accomplished the difficult task of 

making things work in the laboratories. Particularly, I would thank Gelsomino Monteverde 

from UNICAS for his patience and long hours in lab we spend together and of course his 



 

xxvi 

mothers’ cakes. I am deeply grateful to the MSc. students that helped me with the countless 

reactor runs and other experimental work: Irene Aceto, Murod Khodzhaev and Manuel Di 

Ruscio. Thank you for dedicating so much of your time and effort. It was a pleasure working 

with you! 

I wish to thank my colleagues from ABWET and ETeCoS3 European joint degree 

programmes, for the amazing time spent together both during work and free time. There are 

too many people to thank so I will not mention everybody but I would like to mention a few in 

particular. First of all, Gilbert Dreschke and Gelsomino Monteverde with who we hiked the 

mountains around Cassino and tried delicious Italian cuisine. Andreina Laera and Bikash 

Maharaj, with who we had a few long philosophical talks that have been very encouraging. My 

amazing flatmates Raffaella Palmisano and Paolo Dessi for the lovely dinners we shared. Also 

Sara Spognardi and Nilesh Badgujar for making time in lab and office much more fun. I also 

would like to thank Tejaswini Gowda and Joseph Scoullos for making the excellent research and 

social group in Delft. Finally, I would like to thanks Simon Mills, Victor Birlanga, Anna Trego, 

Chiara Cassarini and Lara Paulo from NUI Galway for the help with lab work and for some social 

activities. 

Last but not least, I would like to thank my parents for their support, acceptance and love 

that I feel all the time. Also, I feel very grateful for the encouragements and inspirations 

received from my aunt Natalia, and for her all-time support and mentorship. I would like to 

thank my boyfriend Tom for being with me during this journey, and for his love, support and 

kind reminder for the beauty of life outside of science. 

This work was supported by the Marie Skłodowska-Curie European Joint Doctorate (EJD) 

in Advanced Biological Waste-To Energy Technologies (ABWET) funded by the Horizon 

2020 program under the grant agreement no. 643071. I acknowledge Fertipaq B.V. (the 

Netherlands), the daughter company of Paques B.V. (the Netherlands), for providing the 

biogenic sulfur; and Veolia Water Technologies AnoxKaldnes (Sweden), for supplying 

AnoxK Z-200 biofilm carriers. 

 

Cassino, October 2018     Anastasiia Kostrytsia  



 

xxvii 

LIST OF PUBLICATIONS 

I. Kostrytsia, A., Papirio, S., Frunzo, L., Mattei, M.R., Porca, E., Collins, G., Lens, 

P.N.L., Esposito, G. Elemental sulfur-based autotrophic denitrification and 

denitritation: microbially catalyzed sulfur hydrolysis and nitrogen conversions (2018) 

Journal of Environmental Management, 211, pp. 313-322. DOI: 

10.1016/j.jenvman.2018.01.064 

 

II. Kostrytsia, A., Papirio, S., Mattei, M.R., Frunzo, L., Lens, P.N.L., Esposito, G. 

Sensitivity analysis for an elemental sulfur-based-two-step denitrification model 

(2018) Water Science & Technology. In production. DOI: 10.2166/wst.2018.398 

 

III. Kostrytsia, A., Papirio, S., Morrison, L., Ijaz, U.Z., Collins, G., Lens, P.N.L., 

Esposito, G. Biokinetics of microbial consortia using biogenic sulfur as a novel 

electron donor for sustainable denitrification (2018) Bioresource Technology, 270, 

pp. 359-367. DOI: 10.1016/j.biortech.2018.09.044 

 

IV. Kostrytsia, A., Papirio, S., Khodzhaev, M., Morrison, L., Ijaz, U.Z., Collins, G., Lens, 

P.N., Esposito, G. Long-term performance, biofilm characteristics, and microbial 

ecology in moving bed biofilm reactors (MBBRs) for autotrophic denitrification with 

biogenic sulfur (ADBIOS) (under preparation). 

  



 

xxviii 

AUTHOR’S CONTRIBUTION 

Paper I: Anastasiia Kostrytsia performed the experiments and all the related analysis, 

wrote the manuscript and is the corresponding author. Stefano Papirio, Gavin Collins, Piet 

Lens and Giovanni Esposito participated in the planning of the experiments, helped in data 

interpretation and thoroughly revised the manuscript. Maria Rosaria Mattei and Luigi Frunzo 

participated in the mathematical model development, in the interpretation of the results of 

the numerical simulations and thoroughly revised the manuscript. Estefania Porca 

contributed to the planning and performing the experiments, microbial community analysis 

and commented on the manuscript. 

Paper II: Anastasiia Kostrytsia performed the simulations and sensitivity analysis for the 

mathematical model, wrote the manuscript and is the corresponding author. Maria Rosaria 

Mattei and Luigi Frunzo participated in writing the code for the sensitivity analysis, and in 

the interpretation of the sensitivity results and thoroughly revised the manuscript. Stefano 

Papirio, Piet Lens and Giovanni Esposito helped in the results interpretation and thoroughly 

revised the manuscript. 

Paper III: Anastasiia Kostrytsia performed the experiments and all the related analysis 

(except physico-chemical and elemental characteristic of biosufur), wrote the manuscript and 

is the corresponding author. Stefano Papirio, Gavin Collins and Piet Lens and Giovanni 

Esposito participated in planning the experiments, helped in data interpretation and 

thoroughly revised the manuscript. Umer Zeeshan Ijaz contributed to deeply reprocess the 

taxonomic data by using bioinformatics techniques, the performing microbial community 

analysis and commented on the manuscript. Liam Morrison performed physico-chemical and 

elemental characteristic of biosufur and participated in the interpretation of the results. 

Paper IV: Anastasiia Kostrytsia performed the experiments and all the related analysis 

(except characterization and imaging of biofilms), wrote the manuscript and is the 

corresponding author. Murod Khodzhaev helped in setting-up the reactors and their operation 

for 3 months. Stefano Papirio, Gavin Collins and Piet Lens and Giovanni Esposito 

participated in planning the experiments, helped in data interpretation and thoroughly revised 

the manuscript. Umer Zeeshan Ijaz contributed to deeply reprocess the taxonomic data by 



 

xxix 

using bioinformatics techniques, the performing microbial community analysis and 

commented on the manuscript. Liam Morrison performed biofilms characterization and 

imaging and participated in the interpretation of the results.  

 



 

1 

Chapter 1 
 

 GENERAL INTRODUCTION AND THESIS 

OUTLINE 
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1.1 Background and problem statement 

Water scarcity and increasing urbanization require sustainable water treatment 

technologies which are capable of effective removal of contaminants. Nitrate (NO3
-) is a 

typical pollutant in urban and industrial wastewaters. Elevated NO3
- concentrations are often 

associated with various negative environmental effects, such as eutrophication and ecological 

disturbances, and human health disorders, including infant methemoglobinemia and intestine 

cancer (Barrett et al., 2013). For these reasons, World Health Organization (WHO, 2011) set 

a guidance value of 50 mg/L for NO3
- in drinking water. 

Conventionally, NO3
- is degraded biologically via heterotrophic denitrification with 

organic substrates used as electron donors. Heterotrophic denitrification produces excess 

sludge and might cause biofouling that results in high operational costs (Sun and Nemati, 

2012). However, some low C/N wastewaters from petrochemical, metal finishing and 

fertilizer industries require external supply of organics for complete denitrification that brings 

additional process costs (Li et al., 2016). Thus, autotrophic denitrification with inorganic 

electron donors, such as reduced sulfur compounds (S0, S2- and S2O3
2), Mn2+, Fe2+ and H2, 

can be used alternatively (van Rijn et al., 2006). 

Chemically synthesized S0 has been widely utilized as an electron donor for autotrophic 

denitrification due to its low cost and easy handling (Christianson et al., 2015; Sahinkaya and 

Kilic, 2014; Simard et al., 2015; Wang et al., 2016). However, low solubility of chemically 

synthesized S0 results in its reduced bioavailability to microorganisms and, thus, constraints 

its application for denitrification. Denitrifying microorganisms can utilize chemically 

synthesized S0 only after its preliminary solubilization (Wang et al., 2016). Therefore, to 

achieve higher denitrification rates, the use of the S0 particles with a higher specific surface 

area (e.g., smaller or more porous particles) is recommended (Sierra-Alvarez et al. 2007). 

Indeed, biogenic S0 (biosulfur), which is mostly produced by biological gas 

desulfurization technology (Thiopaq®, Paques BV, the Netherlands), might be used as an 

alternative electron donor for NO3
- removal (Di Capua et al., 2016; Kleinjan et al., 2003). 

The hydrophilic nature of biosulfur makes it an attractive electron donor for sustainable 

denitrification. 
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Within biological wastewater treatment technologies, a moving-bed biofilm reactor 

(MBBR) combines benefits of the suspended and attached growth systems, including lower 

hydraulic retention time (HRT), smaller reactor volume and reduced sensitivity to changing 

environmental conditions (Ødegaard, 1999). The MBBR performance depends on the 

activity and dynamics of the biofilm (Bassin et al., 2016). In addition, MBBR allows the 

retention of slow-growing bacteria (e.g., autotrophic denitrifiers) in a form of biofilm 

(Christensson et al., 2013). Therefore, the study on autotropic denitrification with S0 in the 

MBBR is of great interest. 

1.2 Research aim and objectives 

The overall goal of this project was to optimize the performance and explore the treatment 

mechanisms of S0-fueled denitrification in biofilm systems, through the investigation of NO3
- 

removal, and the understanding of the associated microbial communities. The specific 

objectives of the research were: 

1. To explore the hydrolysis of chemically synthesized S0 coupled to S0-based 

denitrification and denitritation in batch bioassays by microbiological and modeling 

approaches. 

2. To evaluate parameters sensitivity in the model for two-step autotrophic 

denitrification with chemically-synthesized S0, verify the model stability and identify 

the model parameters to be further optimized. 

3. To investigate the fundamental aspects of autotrophic denitrification with biogenic S0 

(ADBIOS) using high-strength NO3
- and nitrite (NO2

-) synthetic waters. Specifically, 

physico-chemical characterization of the biogenic S0 used, the ADBIOS kinetics in 

batch bioassays as well as the microbial communities involved were evaluated. 

4. To investigate the long-term ADBIOS performance and robustness in MBBRs with 

AnoxK1 and novel AnoxK Z-200 biofilm carriers, respectively, and associated 

microbial community development. 

1.3 Thesis outline 

This PhD thesis consists of seven chapters. In the first chapter of the thesis, the background 

and motivations are explained, and the thesis overview is presented (Figure 1.1). 
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In Chapter 2, an overview of the physico-chemical properties of the chemically-

synthesized and biogenic S0, the state-of-the-art of sulfur-based autotrophic denitrification 

and its application as well as the description of the moving-bed biofilm reactor are provided. 

This chapter supports comprehension of the subsequent chapters since the main concepts and 

topics are described. 

Chapter 3 describes the results obtained evaluating the performance and rates of the 

chemically-synthesized S0-based denitrification and denitritation. The effect of electron 

acceptor (NO3
- or NO2

-) on the microbial community structure of the denitrifying bacteria 

was studied. The role of the biomass attached onto S0 particles in S0 hydrolysis was 

investigated. The mathematical model accounting S0 solubilization and two-step 

denitrification was proposed. 

In Chapter 4, the results on the sensitivity analysis for an elemental S0-based two-step 

denitrification model were presented. 

Chapter 5 contains the results from the kinetic batch experiments on autotrophic 

denitrification and denitritation with the novel electron donor, biogenic S0. The detailed 

physico-chemical analysis of biosulfur was performed. Moreover, effect of different electron 

acceptors on microbial communities performing ADBIOS was investigated. 

Chapter 6 reports the results obtained investigating the long-term ADBIOS performance 

in MBBRs with AnoxK K1 and novel AnoxK Z-200 biofilm carriers. Specifically, the 

effect of the nitrate loading rate (NLR) on the ADBIOS efficiency was studied by operating 

MBBRs with different HRT. In addition, the structure of active microbial community under 

variety of reactors performance using different biofilm carriers were evaluated. 

Finally, in Chapter 7, the major findings of the research were spotlighted, future 

perspective and opportunities were discussed, and recommendations were provided. 
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Figure 1.1. Overview of the PhD thesis structure. 
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2.1 Introduction 

In some natural habitats, including the stratified water reservoirs and a zone between oxygen-

rich water and anaerobic sediments, a simultaneous availability of nitrate (NO3
-) and reduced sulfur 

compounds (e.g., hydrogen sulfide [H2S], elemental sulfur [S0] or thiosulfate [S2O3
2-]) result in 

chemolithotrophic processes (Shao et al., 2010). Specifically, the biological oxidation-reduction 

reaction with NO3
- being reduced to dinitrogen gas (N2) and the reduced sulfur compound being 

oxidized to sulfate (SO4
2-) occurs. Therefore, the potential of the chemolithotrophic 

microorganisms was investigated and further applied to bioengineering applications, including 

wastewater treatment systems. 

2.2 Wastewater treatment technologies aimed at NO3
- removal 

Two treatment technologies can be applied for NO3
- removal from wastewaters, namely 

physico-chemical or biological (Sun and Nemati, 2012). However, physico-chemical processes, 

such as electrodialysis, reverse osmosis, ion exchange and distillation, possess slow selectivity and 

high operational costs, and can require use of external chemicals (Sahinkaya and Dursun, 2012). 

Therefore, biological NO3
- removal, or denitrification, is suggested as a favorable process due to 

its efficiency and lower operational costs in comparison to physico-chemical technologies (Wang 

et al., 2016). 

Denitrification is an anoxic bioprocess that results in the transformation of NO3
- into N2 in four 

enzymatic steps via the formation of nitrite (NO2
-), nitric oxide (NO), and nitrous oxide (N2O), as 

intermediates (Figure 2.1). Denitrifying microorganisms (or simply denitrifiers) are a variety of 

prokaryotic organisms, with most of being facultative anaerobes and using NO3
- as electron 

acceptor when oxygen (O2) is depleted. The biological NO3
- removal fueled by organic carbon 

sources (e.g. acetate, methanol and ethanol among others) is notoriously known as heterotrophic 

denitrification. When inorganic electron donors are used for the bioreduction of NO3, autotrophic 

denitrification takes place. 
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Figure 2.1. Schematic representation of the denitrification steps, including both the chemical speciation of nitrogen 

in the intermediates and the enzymatic nomenclature. 

Heterotrophic denitrification is used conventionally in municipal wastewater treatment plants 

(WWTPs), mainly due to a high process efficiency. Additionally, if combined with nitrification, 

heterotrophic denitrification helps to recover alkalinity and decrease the chemical oxygen demand 

(COD) concentration. It is a reliable and rapid process when sufficient amounts of readily 

biodegradable substrates are provided with a C/N ranging between 7.0 and 9.0 (Manconi et al., 

2007). As an exogenous organic carbon to support heterotrophic denitrification, the methanol is 

commonly added due to its low costs and easy assimilation by bacteria (Ahn, 2006) (Eq. 2.1): 

 

5CH3OH + 6NO3
− → 5CO2 + 3N2 + 7H2O + 6OH− (2.1) 

 

In many cases, the supply of additional organic carbon, that might count as 50% of the total 

operational costs, is required in order to achieve complete NO3
- degradation (Bernat et al., 2015). 

However, an addition of the organic carbon requires a post-treatment of residual organic carbon in 

the effluent in order to eliminate secondary pollution (Zhao et al., 2011). Lately, the researchers 

developed cost-effective alternative of heterotrophic denitrification with natural materials (e.g. 

wheat straw) as a carbon source (Andalib et al., 2011). However, such a method requires an energy-

demanding as well as time-consuming pretreatment. 

Some wastewaters from petrochemical, explosive and fertilizers industries, landfill leachate and 

drinking water have a low C/N mass ratio (Park et al., 2016). Therefore, to exclude costly dosage 

of an organic carbon source, required for complete heterotrophic denitrification, autotrophic 

denitrification can be used alternatively. Autotrophic denitrifiers are capable of oxidizing inorganic 

compounds, such as Mn2+, Fe2+, reduced sulfur compounds (S2-, S0 and S2O3
2-) and H2 as an 

electron donor, while using CO2 or HCO3
- as carbon sources (van Rijn et al., 2006). 
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The activity of chemolithotrophic cultures depends on the type of inorganic compound used as 

electron donor (Cardoso et al., 2006). Hydrogen bacteria have a 24 times faster life cycle compared 

to sulfur bacteria, but H2 transportation might be a challenge due to safety reasons (Zhao et al., 

2011). Among reduced sulfur compounds, S2O3
2- is one of the mostly utilized electron donors due 

to its bioavailability. Denitrification with hydrogen sulfide shows a relatively higher performance, 

although this electron donor can have an inhibitory effect on denitrifying bacteria. 

2.3 Autotrophic denitrification with chemically synthesized S0 

Chemically synthesized S0 is recovered from natural ores in the metallurgic industrial processes. 

The amount of the generated S0 is much higher that its market demand (Nguyen et al., 2017). The 

most stable and common form of chemically synthesized S0 is orthorhombic crystals. The S0 

properties such as stability, non-toxicity, easy handling and low cost makes it an excellent electron 

donor for autotrophic denitrification (Soares, 2002). However, the low water solubility of the 

chemically synthesized sulfur could limit its biological oxidation (Cardoso et al. 2006). 

S0 is most stable in aqueous systems as the mineral sulfur in the α-S8 configuration, 

orthorhombic cyclooctasulfur (Kamyshny, 2009). The dissolved cyclooctasulfur (S8(aq)), that exists 

in equilibrium with mineral sulfur (α-S8), has extremely poor water solubility that increases with 

temperature: from 6.1 nM at 4 °C to 478 nM at 80 °C (Garcia and Druschel, 2014). Because of 

rather insoluble properties of S0 particles, bacteria must attach to its surface (Soares, 2002). By 

doing so, microorganisms remove sulfur atoms to obtain intermediate soluble sulfur compounds 

that could diffuse into the cell and undergo chemolithotrophic metabolism. 

Some sulfur-oxidizing bacteria are known to possess membrane or periplasmic proteins that are 

capable of S0 solubilization by reducing it to bioavailable polysulfide (Sn
2- ) (Wang et al., 2016). 

The cleavage of the S8-ring occurs in the presence of bisulfide (HS-), accordingly (Garcia and 

Druschel, 2014): 

 

HS− + (n − 1)S0 = H+ + Sn
2− (2.2) 

 

Other bioavailable intermediate in S0 oxidation, a thiol-bound sulfane sulfur atom (GSSnH), is 

formed by the thiol group of cysteine residues reaction with the S8-ring that could be directly 

transported into the periplasm to catalyze S0 oxidation (Yin et al., 2014). 
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During autotrophic denitrification with chemically synthesized S0, the pH decreases in an 

inadequately buffered system and may result in inhibitory effects for autotrophic denitrifiers (Oh 

et al., 2001). Thus, the use of a buffering agent, such as limestone (CaCO3), bicarbonate (HCO3
-) 

or carbon dioxide (CO2), is necessary. However, limestone application might result in increased 

water hardness (Chung et al., 2014). 

To summarize, S0-based autotrophic denitrification has the following advantages: (1) reduced 

sludge production and handling; (2) decreased risk of bacterial contamination; and (3) low 

operating cost of the process due to use of inorganic carbon compounds as carbon source (Zhao et 

al., 2011; Chung et al., 2014). However, S0-driven autotrophic denitrification creates some 

obstacles, including (1) SO4
2- production, often exceeding discharge effluent standards, (2) 

alkalinity consumption, and (3) lower reaction rates compared to heterotrophic denitrification 

(Kimura et al., 2002). 

In autotrophic denitrification with S0, the amount of sulfate (SO4
2-) generated per NO3

- and NO2
- 

removed is the lowest compared to other reduced sulfur compounds (Sun and Nemati, 2012), as 

shown in Eq. 2.3 and 2.4 and Figure 2.2. In addition, the average SO4
2- concentration of 2700 mg/l 

in sea water allows direct discharge of the denitrification effluent into seawater (Park and Yoo, 

2009). However, discharge into fresh water might need some post-treatment because the elevated 

concentration of SO4
2- can be laxative and potential SO4

2- reduction to H2S might result in corrosion 

problems (Kimura et al., 2002; Park and Yoo, 2009). 

 

5S0 + 6 NO3
− + 2 H2O → 5SO4

2− + 3 N2 + 4 H+ (2.3) 

S0 + 3 NO3
− +  H2O → SO4

2− + 3 NO2
− + 2 H+ (2.4) 

 

NO2
- accumulation is another concern in regard to the use of chemically-synthesized S0 

denitrification. The understanding of NO2
- accumulation (Eq. 2.4) is still limited because of the 

complexity of interconnecting factors that might influence the process, such as pH; the presence of 

dissolved oxygen; source of electron donor and the sulfur to nitrogen (S/N) ratio with high 

concentration of NO3
- or limiting amount of S0; NO2

- competition with NO3
- as an electron 

acceptor; the higher NO3
- production rate compared to its utilization rate and microbial community 

structure (Campos et al., 2008; Christianson et al., 2015; Guerrero, 2015; Sahinkaya and Kilic, 

2014). 
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Figure 2.2. SO4
2- production per NOX

- reduction (mol/mol) in two-step denitrification with S0. 

2.4 Factors affecting S0-driven autotrophic denitrification 

pH, temperature, dissolved oxygen (DO) concentration, S/N ratio, S0 particle size, NO2
- and 

H2S concentrations play a major role on the S0 based denitrification performance. S0 based 

autotrophic denitrification is pH sensitive and complete inhibition of the process was observed out 

of the pH range of 6-9 (Moon et al., 2004). The optimal pH range for autotrophic denitrification is 

between 6.8 and 8.2 (Sierra-Alvarez et al., 2007). In order to compensate the acidity generated 

during denitrification with S0 and keep pH within an optimal range, an alkalinity source should be 

supplied, as previously suggested. 

The activity of denitrifying bacteria is favorable from 5 to 35°C. As the temperature increases 

within the described range, NO3
- removal rate becomes higher with the highest denitrification rate 

occurring at 30-35°C (González-Blanco et al., 2012). 

In order to ensure complete denitrification and account on the potential abiotic oxidation of S0, 

an S/N ratio (g/g) higher than the stoichiometric one of 1.87 should be supplied (Sun and Nemati, 

2012). At an S/N ratio lower than stoichiometric, incomplete denitrification easily occurs and is 

coupled to NO2
- accumulation (Oh et al., 2000). 

The low S0 solubility forces bacteria to attach onto the S0 particles in order to solubilize it. 

(Soares, 2002). Therefore, the high specific surface area of S0 particles is a crucial factor for the 

performance of autotrophic denitrification that either might guarantee a better contact between S0 

particles and microorganisms or improve S0 dissolution kinetics (Sierra-Alvarez, 2007; Soarez, 

2002). 
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Oxygen is an important regulator in denitrification. Most of denitrifying bacteria reduce NO3
- 

in the absence of oxygen. DO concentrations as low as 0.25 mg/L can repress the enzyme activities 

involved in denitrification, that results in the incomplete reduction of NO3
- to intermediates such 

as NO2
-and N2O (González-Blanco et al., 2012). Thus, in the presence of oxygen, high light 

intensity as well as pH value below 5, NO2
- accumulation could take place during denitrification 

(van Rijn et al., 2006). NO2
- has detrimental effect on the activity of most denitrifying bacteria at 

a concentration higher than 100 mg/l (Manconi et al., 2007). Additionally, an elevated H2S 

concentrations above 200 mg S/L can inhibit the activity of denitrifiers (Behrendt et al., 2014). 

2.5 Biological sulfur as a potent electron donor for autotrophic denitrification 

During biogas production from anaerobic digestion and anaerobic treatment of wastewater, the 

formation of H2S occurs. This compound results in both negative impacts on human health and 

environment and is corrosive for human infrastructures (Mora, 2014). Thus, biologically based 

desulfurization processes are typically applied to remove hydrogen sulfide by oxidizing it to other 

sulfur compounds (S0, S2O3
2- and SO4

2-), as reported in Eq. (2.1.-2.3.): 

 

2HS− + O2 → 2S0 + 2OH− (2.5) 

2HS− + 2O2 → S2O3
2− + H2O (2.6) 

2HS− + 4O2 → 2SO4
2− + H+ (2.7) 

 

From a technological point of view, the oxidation of hydrogen sulfide to S0 is the most attractive 

solution due to sulfur recovery potential. The sulfur bacteria and sulfur globules were first 

described in 1887 by Winogradsky, who illustrated the sulfur inclusions in the cells of Beggiatoa 

sp. Biologically produced sulfur globules can be accumulated both intracellularly and 

extracellularly, as illustrated in Figure 2.3. 
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Figure 2.3. Electron micrographs of cells (a) surface of a Thiobacillus accumulating extracellular sulfur (Janssen 

et al., 1999); (b) intracellular sulfur globules from Allachromatium vinosum (Dahl and Prange, 2006). 

Biologically produced sulfur (biosulfur) consists of sulfur particles formed by sulfur oxidizing 

bacteria and has the size up to 1.0 µm (Kleinjan et al., 2003). Biosulfur has a white to pale-yellow 

color and possesses hydrophilic properties. Kleinjan et al. (2003) demonstrated that biosulfur can 

be dispersed in water due to the hydrophilic properties of its surface. In contrast, inorganic S0, with 

its typical crystalline orthorhombic structure, has the maximum aqueous solubility of 5 µg/L 

(Kleinjan et al., 2003). Therefore, the hydrophobic properties of inorganic S0 result in its low 

bioavailability for microorganisms. The distinct properties of the biosulfur compared to the 

crystalline sulfur, especially hydrophilicity, results in its more successful applications as fertilizer 

in agriculture and for bioleaching technologies (Kleinjan et al., 2003). 

Despite having the advantages of chemically synthesized S0, such as easy handling and non-

toxicity, biosulfur possesses the hydrophilic properties. Therefore, the application of biosulfur as 

an alternative electron donor for denitrification is promising due to likely increased metabolic 

activities of the denitrifying bacteria with the soluble substrate (i.e., biosulfur). In the last two years, 

only one study by Di Capua et al. (2016) suggested the higher denitrification rates with biosulfur 

compared to the chemically synthesized S0. Therefore, the application of the biosulfur as a novel 

electron donor for denitrification and denitritation is of great interest and the process fundamentals 

should be studied in order to better understand the associated biochemical mechanisms. 
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2.6 Engineered aspects of chemically synthesized S0-fueled denitrification 

In the last years, chemically synthesized S0 has been often applied as an alternative electron 

donor for NO3
- removal from drinking water and wastewaters in bioreactors (Christianson et al., 

2015; Sahinkaya et al., 2014; Simard et al., 2015; Wang et al., 2016). The packed-bed reactor 

(PBR) configuration, with a biofilm formed onto fixed carrier medium, was mostly applied (Table 

2.1). Despite a simple configuration and low costs, PBR tends to have clogging due to intensive 

biofilm growth onto the packing material. To maintain a high denitrification efficiency, PBR 

should be backwashed regularly. Thus, the denitrification performance and the activity of 

denitrifying biomass might be disturbed and its maintenance brings an additional maintenance cost. 

Only in a few studies (Christianson et al., 2015; Mohammadi et al.; 2011), the potential of 

fluidized-bed reactors (FBRs) to maintain S0-based denitrification was investigated. The attached 

biofilm onto carrier particles is fluidized by a high recirculation rate provided in FBR. Compared 

to PBR, FBR guarantees better contact between biomass and substrate, control of biofouling and 

prevent unnecessary backwashing. However, high energy demand for the bed fluidization as well 

as brakeage of big sulfur particles used as carriers or wash-out of the small sulfur particles makes 

FBR not an optimal choice for chemically synthesized S0-driven denitrification. 

In most studies, CaCO3 is used to provide CO2 that serves as carbon and alkalinity source (Kim 

et al., 2004; Sahinkaya et al., 2014). In addition, bicarbonate (HCO3
-), that does not result in water 

hardness, can be applied as a soluble carbon source and buffer (Mohammadi et al., 2011; Soares, 

2002; Sun and Nemati, 2012). In the studies which investigated the microbial community structure, 

the presence of species belonging to the Thiobacillus genus was mostly detected (Christianson et 

al., 2015; Koenig and Liu, 2001; Sierra-Alvarez et al., 2007; Wang et al., 2016). 
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Table 2.1. Bioengineering applications of autotrophic denitrification with chemically synthesized S0 

Water type 
Reactor 

type 

Identified 

microorganism 
HRT (h) 

Nitrate removal rate 

(mg NO3
--N/L·h) 

References 

Groundwater PBR Unidentified 1.5-12 16.0 
Flere and Zang, 

1999 

Drinking 

water 
PBR Unidentified 

2-3 17.0-25.0 
Kuai and 

Verstrate, 1999 

3-24 12.5 
Sahinkaya et 

al., 2014 

Synthetic 

wastewater 

PBR 

Unidentified 

1-2.4 8.3 Soares, 2002 

14.3-30.5 8.0-17.0 Gu et al., 2004 

12 2.5-5.0 
Moon et al., 

2004 

3.6 8.3 
Zeng and 

Zhang, 2006 

Thiobacillus 

denitrificans 

4-14 8.0-50.0 
Koenig and Liu, 

2001 

1.8-30.5 10.0-12.5 
Sierra-Alvarez 

et al., 2007 

Methylo virgulaligni, 

Sulfurimonas 

autotrophica, 

Sulfurovum 

lithotrophicum, 

3-12 27.5 
Kilic et al., 

2014 

Thiobacilli, 

Curvibacter spp. 
1 85.5 

Wang et a., 

2016 

FBR Unidentified 5.5-1.52 24.6 
Mohammadi et 

al., 2011 

Municipal 

wastewater 
PBR Unidentified 9.5-3.0 13.75 

Ahmed et al., 

2012 

Oil reservoir 

brine 
PBR Unidentified 0.5-94 175.0-242.2 

Sun and 

Nemati, 2012 

Aquaculture FBR 

Thiobacillus, Azoar-

cus, Thauera and 

Paracoccus spp. 

0.05 29.6-33.3 
Christianson et 

al., 2015 

Saline 

aquarium 
PBR Unidentified 8-19 0.07-0.08 

Simard et al., 

2015 
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2.7 Mathematical modeling as an approach to study S0-based 

denitrification 

S0-based denitrification comprises interactions between biological and physico-chemical 

systems. For in-depth understanding of the process and its performance optimization, 

empirical or modeling approach could be applied. Notwithstanding, if only empirical 

approach is used, numerous costly and time-consuming experiments will be necessary. Thus, 

the combination of experimental and modeling studies can be used to get better understanding 

and control of the process while minimizing experimental costs. 

Over the last years, several mathematical models accounting for S0-driven autotrophic 

denitrification have been proposed. In most of them, zero- or half-order reactions have been 

applied to describe the simplified S0-driven autotrophic denitrification kinetics without 

accounting for microbial growth or NO2
- evolution (Koenig & Liu 2001; Moon et al., 2004; 

Qambrani et al., 2015). Xu et al. (2016) established a kinetic model for two-step autotrophic 

denitrification with hydrogen sulfide (H2S) that accurately predicted the concentration of the 

intermediate NO2
-. Recently, Liu et al. (2016) have developed a model for three-step 

autotrophic denitrification linked to H2S and S0 oxidation with a focus on N2O accumulation. 

However, none of the above mentioned models distinctly focused on S0 hydrolysis as a step 

prior to autotrophic denitrification and denitritation (Sierra-Alvarez et al., 2007). 

2.8 Moving-bed biofilm reactor 

The development of biofilm systems reveals a tremendous potential for wastewater 

treatment technologies. Biofilms are dense, hydrated surface-attached aggregations of 

microbial cells formed by extracellular polymeric substances (Stewart and Franklin, 2008). 

Biofilm communities possess group effects that increase microbal fitness compared to 

planktonic cells. Additionally, bacteria can cooperate to expand their individual fitness in the 

biofilm. Moreover, biofilm possesses structural, chemical and biological heterogeneity 

(Stewart and Franklin, 2008). There are concentration gradients of substrates and waste 

products within biofilm due to different microbial activities and diffusion inside it. For 

example, in a denitrifying biofilm, nitrate as substrate is consumed inside the biofilm and its 

concentration decreases with the depth of the biofilm. Nitrite, as an intermediate of nitrate 
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reduction to dinitrogen gas, is produced and consumed within biofilm (Stewart and Franklin, 

2008). 

Immobilized cell reactors have several advantages compared to the conventional 

suspended growth bioreactors such as smaller volumes and a better biomass retention 

(Zinatizadeh and Ghaytooli, 2015). Moving-bed biofilm reactors (MBBRs) represent a new 

advanced biofilm technology for wastewater treatment. The MBBR is a continuous-flow 

completely-mixed system, in which bacteria grow in form of biofilm attached on inert carrier 

support (Figure 2.4) with a density slightly lower than that of water (Borkar et al., 2013). 

 

Figure 2.4. a) AnoxK K1 and b) AnoxK Z-200 biofilm carriers 

The MBBRs mixing is typically performed by aeration (aerobic bioreactors) or 

mechanical systems (anoxic or anaerobic bioreactors), as shown in Figure 2.5. The MBBRs 

show the following advantages, including (1) reduction of reactor volume; (2) increased 

treatment capacity; (3) improved settling characteristics of biomass and no sludge bulking; 

(4) long biomass retention times; (5) less sensitive to hydraulic overloading; (6) low head 

loss; (7) no need of periodic backwashing. 
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Figure 2.5. Schematical representations of MBBRs: a) Anoxic/ anaerobic reactor b) Aerobic reactor 

In the last ten years, MBBR has been successfully applied for the treatment of municipal 

and industrial wastewaters from e.g. pulp and paper industry, cheese factories, refinery, 

poultry processing, slaughterhouse, and phenolic-based processes (Zinatizadeh and 

Ghaytooli, 2015). 

In engineered systems such as MBBRs, the complex microbial communities, their 

interactions, components and activities influence dramatically the biochemical 

transformations of the treated substrates. The effective substrate degradation in biofilm 

reactors is highly dependent on the biofilm growth. Thus, for optimal bioreactor design and 

process operation, the biofilm physiology and its microbial interactions should be considered. 
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3.1 Introduction 

The removal of nitrate (NO3
-) and nitrite (NO2

-) is one of the main concerns in wastewater 

treatment plants. High-strength NO3
- wastewaters are produced by petrochemical, metal 

finishing, fertilizer and nuclear industries (Li et al., 2016). Contamination by NO3
- results in 

eutrophication and ecological disturbance of ground and surface water bodies (Sun and 

Nemati, 2012). Compared to NO3
-, NO2

- induces a higher toxicity towards aquatic life, 

including bacteria (Philips et al., 2002). Additionally, elevated NO3
- and NO2

- concentrations 

can lead to human health disorders such as infant methemoglobinemia, non-Hodgkin’s 

lymphoma and intestine cancer (Barrett et al., 2013; Liu et al., 2016). 

The conventional processes aimed at NO3
- and NO2

- removal are denitrification and 

denitritation, respectively. Generally, denitrification is performed by heterotrophic bacteria 

in anoxic environments and in the presence of organic compounds (Papirio et al., 2014; Zou 

et al. 2015). For the treatment of wastewaters poor in organics, autotrophic denitrification 

with chemically-synthesized S0 can be used alternatively. The main advantages of 

autotrophic denitrification and denitritation are: (1) inorganic compounds are used as electron 

donors, decreasing the risk associated with residual organics; (2) no external organic carbon 

is required to maintain the process, reducing the operating costs; (3) a lower cell yield results 

in less sludge production and, thus, lower sludge treatment costs; and (4) less N2O is 

generally produced (Zhang et al., 2015b; Zhou et al., 2015). 

The limited water solubility of chemically-synthesized S0 remains, however, a major 

obstacle to full-scale autotrophic denitrification applications (Park and Yoo, 2009). S0 is 

solely taken up by denitrifying microorganisms after its solubilization and diffusion into the 

cells (Moraes and Foresti, 2012). Because of the rather insoluble properties of the S0 particles, 

a preliminary hydrolysis to make S0 soluble and bioavailable occurs (Wang et al., 2016). 

Some sulfur-oxidizing bacteria are capable of S0 solubilization to bioavailable polysulfide 

(Sn
2-) or thiol-bound sulfane sulfur atoms (GSSnH), which can be further transported into the 

periplasm and oxidized to SO4
2- (Wang et al., 2016). The bacteria from the genera 

Thiobacillus, Sulfurimonas and Ignavibacteriales have been found to dominate the consortia 

in autotrophic denitrification with S0 (Zhang et al., 2015a). However, the bacterial 
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communities involved in the dissolution of S0 as well as S0-driven autotrophic denitrification 

and denitritation need to be further studied. 

Most mathematical models simulating chemolithotrophic denitrification with S0 are 

single-substrate and one-step denitrification models, which account for direct NO3
- 

conversion to dinitrogen gas (N2) linked to S0 oxidation (Batchelor and Lawrence, 1978; 

Qambrani et al., 2015). However, some studies demonstrated that the production of NO2
- 

during the autotrophic denitrification decreases the overall process efficiency (Park and Yoo, 

2009). The feed pH, the source of electron donor, the sulfur to nitrogen (S/N) ratio and the 

microbial community structure affect the extent of the NO2
- accumulation (Christianson et 

al., 2015; Du et al., 2016; Guerrero et al., 2016). Besides, nitrous oxide (N2O) can be 

produced as well (Liu et al., 2016). Recently, an autotrophic denitrification kinetic model 

with S0 as electron donor has been developed (Liu et al., 2016). Nonetheless, none of these 

studies explicitly modeled the likely rate limiting step, i.e. the solubilization of S0 (Sierra-

Alvarez et al., 2007). 

The main objective of this research was to investigate the solubilization of chemically-

synthesized S0 and the subsequent S0-driven autotrophic denitrification and denitritation in 

batch bioassays. The composition and performance of the microbial community of both 

suspended biomass and the biofilm onto the S0 lentils involved in the S0 solubilization during 

denitrification and denitritation were investigated. Based on the experimental evidence, a 

model accounting for the microbially catalyzed surface-based S0 solubilization and two-step 

denitrification is proposed. 

3.2 Materials and methods 

3.2.1 Enrichment of biomass 

The autotrophic denitrifying biomass used in this study was enriched for 3 months in 

serum bottles using activated sludge collected from the denitrification basin of the municipal 

wastewater treatment plant (WWTP) of Cassino (Italy) as inoculum. The concentration of 

suspended volatile solids (VS) of the activated sludge was 4.2 g/l. The tap water basal 

medium contained the following components (per l): 0.4 g NH4Cl, 0.3 g KH2PO4, 0.8 g 

K2HPO4, 0.021 g MgCl2⋅6H2O. Trace elements were supplied from a stock solution (10 ml/l). 
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The trace element solution was prepared by dissolving the following compounds in a solution 

(per l): 1.5 g nitrilotriacetic acid disodium salt (C6H7NNa2O6), 3.0 g MgSO4⋅7H2O, 0.5 g 

MnSO4, 1.0 g NaCl, 0.1 g FeSO4⋅7H2O, 0.1 g CaCl2⋅2H2O, 0.1 g CoCl2⋅6H2O, 0.13 g ZnCl, 

0.01 g CuSO4⋅5H2O, 0.01 g AlK(SO4)2⋅12H2O, 0.01 g H3BO3, 0.025 g Na2MoO4⋅2H2O. 

The activated sludge was maintained in suspension and added to each bottle with a 10% 

(v/v) amount. NO3
- and NO2

- were used separately as electron acceptors at a concentration 

of approximately 225 mg/l as NO3
--N and NO2

--N in each bottle. S0 lentils (particles with an 

average size between 2 and 4 mm and a S0 content of approximately 99%, purchased from a 

local agricultural supply store) were used as both electron donor and carrier for the growth 

of the denitrifying biomass. 2.1 g of S0 (corresponding to 54 ± 8 sulfur lentils) was added to 

each bottle. pH was adjusted to 7.5 by using 1 M NaOH. CaCO3 was added as buffer and 

carbon source with a S0:CaCO3 (g/g) ratio of 1.5. 

Each bottle was purged with helium gas for 3 min to exclude free oxygen and background 

nitrogen, and then sealed with a rubber stopper and an aluminum crimp. Finally, all the bottles 

were placed in a water bath at 30 (± 2)°C and on a gyratory shaker at 300 rpm. The enrichment 

was subcultured every three weeks or as soon as NO3
--N or NO2

--N degradation stopped. An 

enrichment was considered stable when the obtained denitrification or denitritation rates of 

the subcultures varied by less than 5%. 

3.2.2 Kinetic experiments 

Three batch experiments were carried out to study the kinetics of S0-driven autotrophic 

denitrification (NO3
-and S0), denitritation (NO2

- and S0) and simultaneous denitrification-

denitritation (NO2
-, NO3

- and S0) coupled to S0 solubilization in 125 ml glass serum bottles 

with a working volume of 100 ml. Table 3.1 reports the operating conditions. The basal 

medium and trace elements were added to each bottle at the same concentrations as in the 

enrichment phase. An initial suspended VS concentration of 1.0 g/l was used. S0 lentils were 

supplied in a concentration of 21 g/l. 14 g/l of CaCO3 was provided according to the 

S0:CaCO3 (g/g) ratio of 1.5. Controls without biomass were performed to evaluate possible 

abiotic reactions between S0 and NO3
- or NO2

-. Additionally, controls without electron donor 

(S0) or electron acceptor (NO3
- or NO2

-) were carried out to estimate NO3
- and NO2

- 
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degradation or S0 oxidation, respectively, not associated with autotrophic denitrification or 

denitritation. The purging and sealing of the bottles were performed as during the enrichment 

phase. All the bioassays were performed in triplicate. The serum bottles were placed on a 

gyratory shaker (300 rpm) at a controlled temperature of 30 (± 2)°C. 

 

Table 3.1. Experimental conditions used in the batch experiments investigating S0-driven denitrification 

(NO3
--N and S0), denitritation (NO2

--N and S0) and simultaneous denitrification-denitritation (NO2
--N, NO3

--N 

and S0) at 30 (± 2)°C and 300 rpm. 

a Microbial source: biomass enriched on NO3
--N and S0, see Section 2.1 

b Microbial source: biomass enriched on NO2
--N and S0, see Section 2.1 

c Microbial source: raw activated sludge (non-enriched) 

3.2.3 Microbial community analysis 

The total bacterial DNA was extracted in triplicate from both the suspended biomass and 

biofilm attached onto the S0 particles (S0 lentils) of each batch bioassay at the beginning and 

Experiment 
Initial concentration (mg/l) 

pH 
NO2

--N NO3
--N Total N Suspended VS 

Denitrification (NO3
-

and S0) 
30 210 240 1000a 7.4±0.1 

Denitritation (NO2
- 

and S0) 
240 - 240 1000b 7.4±0.1 

Denitritation and 

denitrification 

(NO2
-, NO3

- and S0) 

110 60 170 1000a 7.3±0.1 

NO3
-- and NO2

--free 

control 
- - - 1000c 7.5±0.1 

S0-free controls 

- 210 210 1000a 7.5±0.1 

240 - 240 1000b 7.5±0.1 

Abiotic controls 

- 210 210 - 7.5±0.1 

240 - 240 - 7.5±0.1 
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the end of the experiments according to the protocol by Griffiths et al. (2000). The extracted 

DNA was quantified by an UV-Vis spectrophotometer (NanoDrop Technologies, 

Wilmington, USA) prior to being stored at -20 °C for subsequent molecular analysis. Samples 

of DNA were sent to FISABIO (Valencia, Spain) for high-throughput sequencing of the 16S 

rRNA gene on an Illumina MiSeq platform. Forward and reverse primers for PCR were 515f 

and 806r, respectively (Caporaso et al., 2010). A total of 492111 raw sequences were 

obtained from the samples. Sequence screening, alignment to Silva (v.123) database, 

clustering, chimeras removal and taxonomic classification were performed using Mothur 

v1.39.3 (Schloss et al., 2009). Each dataset was subsampled to the lowest read count (n = 

31192) and all analyses were based on the final subsampled data sets. A threshold of 1% was 

employed to define rare or abundant taxa. Raw sequence data were deposited as FASTQ files 

in the National Center for Biotechnology Information (NCBI) with the accession number 

SRP126842. 

3.2.4 Sampling and analytical methods 

Samples of the liquid phase were taken with 5-ml disposable syringes and needles to avoid 

oxygen transfer into the bottles. Sampling was performed once per week during the 

enrichment phase and twice a day in the batch kinetic experiments. Prior to and at the end of 

the batch kinetic experiments, 10 ml of the liquid phase was taken for VS determination. 

Simultaneously, 2 g of mixed solid (S0 lentils and CaCO3 particles) was removed for 

visualization of biofilm formation on its surface as well as VS analysis. All the liquid samples 

were filtered with 0.2 μm cellulose membranes (Merck Millipore, USA) and stored at -20°C 

prior to analysis. NO3
-, NO2

-, S2O3
2- and SO4

2- concentrations were analyzed by ion 

chromatography (IC) using a 883 Basic IC Plus (Metrohm, Switzerland) equipped with a 4-

mm Metrosep A Supp 5-150 column, a Metrosep A Supp 4/5 guard column and a 863 

Compact autosampler. Dissolved oxygen (DO) was measured with a Multi 3410 DO-meter 

(WTW GmbH, Germany), equipped with a FDO-925 DO sensor. pH and temperature were 

measured using a Sentix 940-3 probe. VS were measured according to the Standard Methods 

(APHA, 2011). 
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Adhering cells on the surface of the mixed solids were visualized by means of scanning 

electron microscopy (SEM). The fixation of the mixed solids was carried out in 2.5% 

glutaraldehyde with 0.2 M sodium cacodylate buffer (Sigma-Aldrich, Germany) at 4 °C for 

16 h. Subsequently, the fixed particles were dehydrated through a graded series of 50-100% 

ethanol. Finally, the samples were gold-sputter coated and mounted onto stubs and viewed 

in a S2600N variable pressure scanning electron microscope (Hitachi, Japan). 

3.2.5 Model development and numerical approach 

A kinetic model simulating S0-based two-step denitrification coupled to S0 dissolution and 

its further oxidation is proposed. The model considered the activities of two microbial 

species: the autotrophic denitrifying bacteria using NO3
- or NO2

- as electron acceptors and a 

hydrolytic biomass growing on the S0 lentils. The model evaluated the interactions between 

the related physical and biochemical processes, S0 solubilization and S0-based denitrification 

and denitritation (Figure 3.1). S0-driven autotrophic denitrification was modeled as a two-

step process: the sequential conversion of NO3
- to NO2

- with its further reduction to N2 by 

denitrifying bacteria was considered (Mattei et al., 2015a). The kinetics of nitric oxide (NO) 

and nitrous oxide (N2O) formation and reduction were neglected due to time-scale 

considerations (Sin et al., 2008). 

 

Figure 3.1. Schematic representation of the proposed model for S0 solubilization and two-step 

denitrification. S0: elemental sulfur, Sb: bioavailable sulfur, NO3
-: nitrate, NO2

-: nitrite, N2: dinitrogen gas, SO4
2-

: sulfate, X1: hydrolytic biomass and X2: denitrifying biomass. 

The dissolution of chemically produced S0 is known to be the rate-limiting step for 

autotrophic denitrification (Liu et al., 2016; Sierra-Alvarez et al., 2007). The specific surface 
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area is the key parameter for the microbial hydrolysis of insoluble compounds insofar it is 

related to the number of bacteria attached onto their surface (Esposito et al., 2011a; Vavilin 

et al., 2008). Therefore, the biological surface-based solubilization of S0 was explicitly 

modeled prior to its oxidation to SO4
2-. S0 uptake was modeled by introducing a new state 

variable, the bioavailable sulfur (Sb), which represents the soluble compound produced by 

the hydrolytic biomass and eventually taken up by denitrifying bacteria for further oxidation 

to SO4
2-. The model did not account for potential redox processes involved in the S0 

solubilization, as the hydrolytic biomass was not considered to remove NO3
- or NO2

-. 

The model equations were derived from mass conservation principles and formulated in 

terms of two microbial components, namely the hydrolytic X1 and denitrifying X2 biomasses, 

and six reacting components considered simultaneously: elemental sulfur S1, bioavailable 

sulfur S2, nitrate S3, nitrite S4, nitrogen gas S5 and sulfate S6. The equations were expressed 

as follows (or as matrix in Table 3.2): 

 

𝑑𝑆1

𝑑𝑡
=  − 𝑘1

𝑆1
𝐾1
 𝑎∗+𝑆1

𝑋1 (3.1) 

𝑑𝑆2 

𝑑𝑡
= 𝑘1

𝑆1
𝐾1
 𝑎∗+𝑆1

𝑋1 −  
𝑟1

𝑌2,3
𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2 −

𝑟2

𝑌2,4
𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4
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= − 

1

𝑌2,3
𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2 (3.3) 

𝑑𝑆4

𝑑𝑡
=

1

𝑌2,3
𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2 −

1

𝑌2,4
𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4

𝑆3+𝑆4
𝑋2

 (3.4) 

𝑑𝑆5

𝑑𝑡
=

1

𝑌2,4
𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4

𝑆3+𝑆4
𝑋2 (3.5) 



 

37 

𝑑𝑆6
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where k1 denotes the hydrolysis kinetic constant for S1; a* represents the mass specific 

area; K1 the volume specific half-saturation constant for S1; kd,i  the decay constant of species 

i; Yi,j, Ki,j and µi,j
max denote the yield, the half-saturation constant and the maximum growth 

rate of species i on substrate j, respectively; K0 represents the efficiency growth coefficient 

for X1; r1 and r2 are the stoichiometric S2 to S3 and S2 to S4 ratios, respectively. The values of 

Y2,3, Y2,4, K2,2, K2,4, r1, r2, kd,1 and kd,2 were adopted from previous studies (Liu et al., 2016; 

Sierra-Alvarez et al., 2007; Sin et al., 2008; Xu et al., 2016). The optimal values of µ2,3
max 

and µ2,4
max were deducted from both the denitrification and denitritation experiments (Table 

3.3). 
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Table 3.2. Stoichiometric matrix used for the mathematical modeling of two-step autotrophic denitrification with S0. 

a Elemental sulfur; b Bioavailable sulfur; c Nitrate; d Nitrite; e Nitrogen gas; f Sulfate; g Hydrolytic biomass; h Denitrifying biomass 

𝐀𝐢𝐣 i component 
𝑺𝟏

 a 

(mg 

S/l) 

𝑺𝟐
 b 

(mg S/l) 

𝑺𝟑
 c 

(mg N/l) 

𝑺𝟒
 d 

(mg N/l) 

𝑺𝟓
 e 

(mg N/l) 

𝑺𝟔
 f 

(mg N/l) 

𝑿𝟏
 g 

(mg VS/l) 

𝑿𝟐
 h 

(mg VS/l) 
Rate (mg VS/l∙d) 

j process 

1. Hydrolysis of 𝑆1 -1 1     𝐾0  𝑘1

𝑆1

𝐾1

 𝑎∗ + 𝑆1

𝑋1 

2. Autotrophic 

growth on 𝑆3 
 − 

𝑟1

𝑌2,3

 −
1

𝑌2,3

 
1

𝑌2,3

  
𝑟1

𝑌2,3

  1 𝜇2,3
𝑚𝑎𝑥

𝑆2

𝐾2,2 + 𝑆2

(𝑆3 − 𝑆3
∗)

𝐾2,3 + (𝑆3 − 𝑆3
∗)

𝑆3

𝑆3 + 𝑆4

𝑋2 

3. Autotrophic 

growth on 𝑆4 
 −

𝑟2

𝑌2,4

  −
1

𝑌2,4

 
1

𝑌2,4

 
𝑟2

𝑌2,4

  1 𝜇2,4
𝑚𝑎𝑥

𝑆2

𝐾2,2 + 𝑆2

(𝑆4 − 𝑆4
∗)

𝐾2,4 + (𝑆4 − 𝑆4
∗)

𝑆4

𝑆3 + 𝑆4

𝑋2 

4. Decay of 𝑋1       −1  𝑘𝑑,1𝑋1 

5. Decay of 𝑋2        −1 𝑘𝑑,2𝑋2 
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Table 3.3. Stoichiometric and kinetic parameters of the developed model for two-step autotrophic 

denitrification with S0. 

d Denitrification experiments 

e Denitritation experiments 

 

Parameter  Value Unit Source 

Stoichiometric parameters 

𝑌2,3 Yield coefficient for X2 on S3 0.25 mg VS/mg N Xu et al., 2016 

𝑌2,4 Yield coefficient for X2 on S4 0.28 mg VS/mg N Xu et al., 2016 

𝑟1 S2 to S3
 stoichiometric ratio 1.2 mg S/mg N 

Sierra-Alvarez et al., 

2007 

𝑟2 S2 to S4 stoichiometric ratio 0.55 mg S/mg N 
Sierra-Alvarez et al., 

2007 

Kinetic parameters 

𝐾0 Efficiency growth coefficient for X1 0.1 mg VS/mg S This study 

𝜇2,3
𝑚𝑎𝑥 Maximum growth rate for X2 on S3 0.0067 1/d This study d 

𝜇2,4
𝑚𝑎𝑥 Maximum growth rate for X2 on S4 0.0058 1/d This study d 

𝐾2,2 Half-saturation constant for S2 0.215 mg S/l Liu et al., 2016 

𝐾2,3 Half-saturation constant for S3 36 mg N/l This study e 

𝑆3
∗ The threshold value for S3 35 mg N/l This study d 

𝐾2,4 Half-saturation constant for S4 40 mg N/l Xu et al., 2016 

𝑆4
∗ The threshold value for S4 37 mg N/l This study e 

𝐾1 
Volume specific half-saturation 

constant for S1 
5.1 1/dm This study 

𝑘1 Hydrolysis kinetic constant 0.12 
mg S/mg 

VS∙d 
This study 

𝑎∗ Mass specific area 0.0008164 dm2/mg Calculated 

𝑘𝑑,1 Decay rate coefficient for X1 0.0006 1/d Sin et al., 2008 

𝑘𝑑,2 Decay rate coefficient for X2 0.0006 1/d Sin et al., 2008 
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Eq. (3.1) governs the dynamics of S1 solubilization and is newly formulated as a modified 

surface-based kinetic equation to account for the hydrolysis of S1 by X1 (Esposito et al., 

2011b; Hills and Nakano, 1984). The concentration and specific surface area of the substrate 

to be hydrolyzed (S1) as well as the concentration of the hydrolytic biomass (X1) are identified 

as key parameters affecting the hydrolysis rate. 

In Eq. (3.2), the first term describes the formation of S2 as a result of S1 hydrolysis and the 

last two terms are expressed as double-Monod kinetics to represent the consumption of S2 by 

X2. Eq. (3.3) reproduces S3 reduction to S4, Eq. (3.4) describes the formation of S4, which is 

further converted to S5 according to Eq. (3.5). The two terms in Eq. (3.6) account for S6 

production via S3 and S4. Eqs. (3.7) and (3.8) describe the synthesis of new biomass as a result 

of substrate consumption and the decay of bacterial cells. Eq. (3.7) couples hydrolysis to the 

growth of X1. Note that the Monod-type kinetics describing the bioconversion rates of X2 in 

Eq. (3.8) include nitrite S3
* and nitrate S4

* threshold concentrations, which account for the 

inability of X2 to grow below these values (Mattei et al., 2015b). The optimal values of S3
* 

and S4
* were estimated from the denitrification and denitritation experiments and were equal 

to 35 and 37 mg N/l, respectively. The ordinary differential equations (3.1) - (3.8) constituting 

the model were integrated by using original code developed on the MATLAB platform based 

on the Runge-Kutta method. The comparison between the simulated results with the 

measured data was performed by evaluating the index of agreement (IoA) according to 

Esposito et al. (2011b). 

3.3 Results and discussion 

3.3.1 Kinetics of S0-based denitrification and denitritation 

The evolution of the NO3
--N, NO2

--N and SO4
2--S concentration during the 3-week batch 

experiments is shown in Figure 3.2. Standard deviation values were below 5%. During the 

S0-driven autotrophic denitrification (Figure 3.2A), NO3
--N was first reduced to NO2

--N, 

which was consequently converted into N2. 62% of NO3
--N was transformed into NO2

--N. 

The highest obtained removal rate for NO2
--N (νNO2- N), which amounted to 8.0 mg NO2

--

N/l·d, was 2.6 times lower than that of NO3
--N (νNO3- N) (Table 3.4). Nitrite accumulation 

was most likely attributed to a higher activity of the NO3
--N reduction enzyme compared to 
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the NO2
--N reduction enzyme, as also reported elsewhere (Du et al., 2016; Sun and Nemati, 

2012). The highest obtained NO3
--N removal rate of 20.9 mg NO3

--N/l·d was about 5 times 

higher than that of a Thiobacillus denitrificans culture enriched on S2O3
2- by Di Capua et al. 

(2016). 

 

Table 3.4. The highest NO3
--N and NO2

--N removal rates in S0-driven autotrophic denitrification and 

denitritation obtained using S0 and biomass enriched on NO3
--N and NO2

--N 

f Microbial source: biomass enriched for 3 months on NO3
--N and S0 

g Microbial source: biomass enriched for 3 months on NO2
--N and S0 

h NO3
--N reduction rate (mg NO3

--N/l·d) 

i NO2
--N accumulation rate (mg NO2

--N/l·d) 

j NO2
--N reduction rate in the presence of NO3

--N reduction (mg NO2
--N/l·d) 

k NO2
--N reduction rate in the absence of NO3

--N reduction (mg NO2
--N/l·d) 

Experiment νNO3- N
 h νNO2- N, ACCU

 i νNO2- N
 j ν'NO2- N

 k 

Denitrification (NO3
-and S0) f 20.9 13.0 8.0 - 

Denitritation (NO2
- and S0) g - - - 10.7 

Denitritation and denitrification 

(NO2
-, NO3

- and S0) f 
4.5 - 2.8 11.6 
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Figure 3.2. Kinetics of (A) denitrification, (B) denitritation, and (C) simultaneous denitritation and 

denitrification coupled to S0 oxidation in batch experiments using NO3
--N, NO2

--N and NO3
--N with NO2

--N, 

respectively, as electron acceptors and S0 as electron donor and biomass carrier at 30 (± 2)°C and pH of 7.4 

(±0.2). NO3
--N ( ), NO2

--N ( ) and SO4
2--S ( ) concentrations profiles. 

After 6 d of incubation in the kinetic tests, NO2
--N accumulated up to 85 mg/l and resulted 

in a drop of the NO3
--N removal rate to 7.0 mg/l·d. This might be attributed to the inhibition 
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effect of NO2
--N on the activity of the denitrifying biomass. In other studies, the inhibition 

of denitrification has been observed at NO2
--N concentrations above 30 mg/l (Guerrero et al., 

2016). The higher NO2
--N tolerance of the microbial consortia obtained in this study was 

likely due to an acclimation of 90 d, i.e. longer than the 60 d used by Di Capua et al. (2016). 

After the first 2 weeks of experimentation, the NO3
--N removal efficiency reached up to 

75%, resulting in a NO2
--N accumulation up to 100 mg/l. A higher NO2

--N accumulation is 

generally achieved when using S0 as electron donor for autotrophic denitrification due to the 

low solubility of the S0-based substrate (Campos et al., 2008; Sahinkaya et al., 2015; Simard 

et al., 2015; Soares, 2002). To increase the S0 solubilization rate, S0 particles with a higher 

specific surface area should be used, such as chemically synthesized S0 powder (Di Capua et 

al., 2016). This both guarantees a better contact between the S0 particles and the 

microorganisms and improves the S0 dissolution kinetics (Sierra-Alvarez et al., 2007). 

The denitritation kinetics were further studied in the presence of NO2
--N as the sole 

electron acceptor in order to investigate the potential of the biomass enriched on NO2
- to 

reduce high NO2
- concentrations (Figure 3.2B). The NO2

--N removal rate was 10.7 mg/l·d 

(Figure 3.2B), i.e. 1.3 times higher than that observed when NO3
--N and NO2

--N were 

concomitantly present, likely due to a longer acclimation of the biomass to NO2
- (Figure 

3.2B). The denitrifying bacteria were capable of removing up to 81% of NO2
--N, similarly 

as observed by Sun and Nemati (2012). A NO2
--N concentration as high as 240 mg/l did not 

have detrimental effects on denitritation. Therefore, the biomass enriched on NO2
- could be 

used to remove high NO2
- concentrations. For instance, the use of such acclimated biomass 

is recommended when NO2
- considerably accumulates during S0-driven autotrophic 

denitrification treating high-strength NO3
- wastewaters. 

In order to study the effect of high NO2
--N concentrations on denitrification, NO2

--N and 

NO3
--N were simultaneously fed in concentrations of 110 and 60 mg/l, respectively (Figure 

3.2C). During the first 10 d, the NO3
--N removal efficiency was 67%. Simultaneously, NO2

-

-N removal occurred at a rate of 2.8 mg/l·d (Table 3.4). After 10 d, the NO2
--N removal rate 

increased up to 11.6 mg/l·d, demonstrating that the denitrifying bacteria initially preferred to 

use NO3
--N as electron acceptor compared to NO2

--N. Additionally, the presence of NO3
--N 

could inhibit the synthesis and activity of NO2
--N reductase (Philips et al., 2002). When NO3

-
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-N removal stopped, denitrifying bacteria were still capable of removing NO2
--N (Figure 

3.2C), as also reported elsewhere (Kilic et al., 2014; Sierra-Alvarez et al., 2007). 

The maximum NO3
--N (20.9 mg/l·d) and NO2

--N (11.6 mg/l·d) removal rates coupled to 

S0 oxidation were in the same order of magnitude of those obtained in other studies (Kilic et 

al., 2014; Sierra-Alvarez et al., 2007; Wang et al., 2016; Zhou et al., 2015). Because of the 

low S0 water solubility and its bioavailability for microorganisms, the autotrophic 

denitrification and denitritation rates were lower compared to those obtained with other 

reduced soluble sulfur compounds such as S2O3
2- (Mora et al., 2014; Zou et al., 2016). 

Therefore, the study of different sulfur sources with a higher bioavailability and a lower cost 

than chemically-synthesized S0 lentils, such as biogenic S0, might be of great interest for S0-

driven denitrification and denitritation applications. 

The SO4
2--S concentration was in good agreement with the theoretical SO4

2--S production 

according to the stoichiometry (Sun and Nemati, 2012), except at the end of the 

denitrification experiment (Figure 3.2). In the abiotic and electron donor-free controls, 

denitrification and denitritation were not observed (data not shown). 

3.3.2 Microbial community performing the S0-based denitrification and 

denitritation: suspended biomass versus biofilm attached onto the S0 

lentils 

SEM analysis showed a strong biomass colonization on the S0 particles during both 

autotrophic denitrification and denitritation, demonstrating the potential of the S0 particles as 

a biomass carrier (Figure 3.3). The bacteria colonized the crevices of the S0 particles likely 

providing a protection from shear stress (Figure 3.3B). The close contact between the surface 

of the S0 particles and the bacteria in the form of biofilm (Figure 3.3C) likely provided 

favorable conditions for the solubilization of S0 to the intermediate soluble sulfur compounds, 

which were further oxidized to SO4
2-. No biofilm formation was observed onto the CaCO3 

particles (Figure 3.3A). 
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Figure 3.3. SEM image of (A) S0 lentils (top right) and CaCO3 particles (top left and bottom left) with a 25 

times magnification; (B) the center of S0 lentils with a 1.2·103 times magnification; (C) a 15·103 times 

magnification of the biofilm formed on the surface of S0 lentils during the autotrophic denitrification and 

denitritation experiments. 

Figure 3.4 shows the bacterial diversity of the suspended biomass and biofilm attached 

onto the S0 lentils at the family level analyzed by the MiSeq. The raw activated sludge 
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collected from the municipal WWTP (Cassino, Italy) and used as inoculum contained a 

microbial community with 4.2, 4.0, 3.6, 3.2 and 2.9% of Comamonadaceae, Saprospiraceae, 

Chitinophagaceae, Propionibacteriaceae and rare families, respectively, in addition to 

58.2% of unclassified families. Other families were present at a relative abundance below 

2%. Despite the use of different electron acceptors, a similar community structure was 

observed in the experiments performed with NO3
- and NO2

-. This was also observed by Zhou 

et al. (2011), who operated anaerobic up-flow biofilters with digested sludge from a 

municipal WWTP as inoculum. 

Hydrogenophilaceae, with a relative abundance below 0.1% in the inoculum, was by far 

the largest family present in the kinetic experiments, both as suspended biomass and biofilm 

attached onto the S0 lentils with a relative abundance ranging between 36.7 and 59.9%. Most 

members of the Hydrogenophilaceae family are chemolithotrophic using various inorganic 

electron donors such as reduced sulfur compounds (Rosenberg et al., 2013). Previous 

research also demonstrated the predominance of Hydrogenophilaceae in the community 

structure during S0-oxidizing autotrophic denitrification (Zhang et al., 2015a; Zhou et al., 

2015) with T. denitrificans being the main species (Di Capua et al., 2016; Kilic et al., 2014). 
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Figure 3.4. Relative abundance of bacterial families present in the raw activated sludge 

In the suspended biomass, Xanthomonadaceae, Comamonadaceae and 

Ignavibacteriaceae were present with a relative abundance of 6.3-19.9%, 3.2-18.7% and 1.3-

16.6%, respectively. Additionally, the families of Xanthomonadaceae, Comamonadaceae 

and Ignavibacteriaceae were also abundant in the biofilm attached onto the S0 particles with 

a relative abundance of 1.1-7.6%, 3.5-10.1% and 1.5-18.2%, respectively. Microorganisms 



 

48 

belonging to the Xanthomonadaceae family are capable of NO3
- and NO2

- respiration using 

organic products from cell lysis as electron donors (Xu et al., 2015), which would justify 

their presence in the denitrifying bioassays (Figure 3.4). Comamonadaceae is a large and 

diverse bacterial family that includes anaerobic denitrifiers and has been reported in 

previous S0-based denitrification studies (Gao et al., 2017; Hao et al., 2017). 

Ignavibacteriaceae was recently identified as being associated with S0-based autotrophic 

denitrifying processes (Zhang et al., 2015a, 2015b). 

In this study, the dominating microbial community structure including the 

Hydrogenophilaceae, Xanthomonadaceae, Comamonadaceae and Ignavibacteriaceae 

families was similar for denitrification and denitritation experiments. Hence, the same 

bacterial families were likely capable to tolerate NO3
-N and NO2

-N concentrations up to 210 

and 240 mg/l, respectively. 

In the biofilm attached onto the S0 particles, the distinct family of Helicobacteraceae was 

present with a relative abundance up to 37.1%. The high abundance of the bacteria belonging 

to this family in the biofilm (Figures 3.4A and B) was most likely associated with the S0 

hydrolysis (Boyd and Druschel, 2013), which is the necessary step prior to S0-driven 

autotrophic denitrification or denitritation (Moraes and Foresti, 2012; Wang et al., 2016). 

Additionally, the presence of Helicobacteraceae was confirmed in the simultaneous 

autotrophic denitrification-denitritation experiment (Figure 3.4C). Bacteria within the 

Helicobacteraceae family are known for their sulfur-oxidizing capacities in terrestrial and 

marine environments (Waite et al., 2017). 

Families belonging to the sulfate-reducing bacteria (SRB), e.g. Desulfobulbaceae, in the 

activated sludge and kinetic experiments were observed with a relative abundance below 1%. 

Additionally, lower SO4
2– concentrations than those determined by the stoichiometry were 

observed at the end of the denitrification experiments, similarly as illustrated by Di Capua et 

al. (2016). This discrepancy might be attributed to the activity of these SRB using organics 

from bacterial lysis as electron donor. SRB likely played no role in the denitritation 

experiments as NO2
--N at concentrations higher than 170 mg/l is detrimental for their activity 

(Show et al., 2013). 
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3.3.3 Numerical simulations of S0-based two-step autotrophic 

denitrification 

Autotrophic denitrification and denitritation with S0 are promising and efficient processes 

for the treatment of drinking water or NO3
- and NO2

- contaminated wastewater poor in 

organics (Liu et al., 2016; Zhang et al., 2015a; Zhou et al., 2015). The limitation of using S0-

based autotrophic denitrification and denitritation is associated with the low solubility of 

elemental S0 (Park and Yoo, 2009; Wang et al., 2016), which decreases the rates of the entire 

process. Therefore, this work proposes a novel modeling interpretation of the S0 

solubilization step by hydrolytic microorganisms, prior to denitrification or denitritation. 

In the mathematical model proposed in this study, the values of µi,j
max (Table 3.2) were 

lower compared to those obtained by Liu et al. (2016), most probably due to the different 

microbial characteristics and enrichment procedure. The value of µ2,3
max was slightly higher 

than µ2,4
max, resulting in a faster NO3

--N degradation than NO2
--N reduction and, thus, NO2

-

-N accumulation. Additionally, the similar values obtained for µi,j
max confirmed the presence 

of the same denitrifying bacterial biomass X2 in the denitrification and denitritation 

experiments. 

The dynamic simulations were compared with the experimental curves (Figures 3.5 and 

6). Panels (A) and (B) of Figure 3.5 refer to, respectively, NO3
--N removal during 

denitrification and NO2
--N removal in the denitritation experiments coupled to SO4

2--S 

production. Figure 3.6 shows the system dynamics of NO3
--N reduction with NO2

--N as an 

intermediate product of denitrification (denitrification experiment). 
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Figure 3.5. Experimental profiles and model predictions obtained for (A) the denitrification (initial 

condition: 210 mg/l of NO3
--N) and (B) denitritation (initial condition: 240 mg/l of NO2

--N) experiments using 

S0 as an electron donor. 

 

Figure 3.6. Experimental profiles and model predictions obtained for the two-step autotrophic denitrification 

experiment using S0 as an electron donor. Initial conditions: 30 mg/l of NO2
--N and 210 mg/l of NO3

--N. 

The model predictions matched reasonably well the measured data, except for the higher 

SO4
2--S production at the end of the experiments (Figure 3.5A). This was likely attributed to 

the development of a population of SRB in the presence of low amounts of organics from 

cell lysis, as SRB were present in the kinetic experiments (Figure 3.4). The influence of 

sulfate reduction on the mass balance of S-compounds during S0-driven autotrophic 

denitrification needs further investigation. For this, the inclusion of the co-existence of 

denitrifiers and SRB in the model offers an elegant way to study these interactions. This was, 

however, out of the scope of the present study. A further extension of the model might be 

related to the explicit mathematical modelling of the biofilm growth onto the S0 lentils by 

using a continuum approach (D’Acunto et al., 2017). 

The consistency between the simulated and experimental results (Figure 6) demonstrated 

that the proposed model was able to account for NO3
- reduction, NO2

- accumulation, biomass 

growth, S0 surface-based solubilization and oxidation during S0-driven autotrophic 
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denitrification. This was also confirmed by the high IoA values of 0.997, 0.985 and 0.990 

obtained for NO3
--N, NO2

--N and SO4
2--S, respectively. 

3.4 Conclusions 

In the denitrification experiments with S0, the highest NO3
--N removal rate of 20.9 mg/l·d 

was obtained. A NO2
--N removal rate of 10.7 mg/l·d was achieved even at a NO2

--N 

concentration of 240 mg/l, when the biomass enriched on NO2
- was used. The 

Helicobacteraceae family was only present in the biofilm attached onto the S0 particles and 

was considered as the biomass capable of S0 hydrolysis in the surface-based model. The two-

step autotrophic denitrification kinetics were successfully simulated by the model as a 

sequential reduction of NO3
- to NO2

- and then to N2 by denitrifying bacteria.
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4.1 Introduction 

Globally, up to 80% of the wastewaters is released into the environment without adequate 

treatment (UN-Water 2015) affecting the water quality in ground and surface water bodies. 

Contamination by nitrate (NO3
-) and nitrite (NO2

-), due to the excessive use of N-based 

fertilizers and uncontrolled discharge of wastewaters, is one of the main environmental 

concerns (Kilic et al., 2014). Elevated NO3
- concentrations result in eutrophication and 

ecological disturbance, while NO2
- leads to toxicity towards aquatic life. Also, a high NO3

- 

concentration imposes an adverse effect on human health such as methemoglobinemia (also 

known as "blue baby" syndrome) or higher risk of cancer (Liu et al., 2016). Thus, the guidance 

value of 50 mg/l for NO3
- was set for drinking water (WHO 2011). 

NO3
- and NO2

- removal from wastewaters and drinking water can be performed by physico-

chemical or biological processes. However, due to high costs and energy demand of the 

physico-chemical methods (Sierra-Alvarez et al., 2007), biological removal of NO3
- 

(denitrification) and NO2
- (denitritation) represents a valuable alternative technology (Mattei et 

al., 2015). Heterotrophic denitrification which uses organic compounds as energy source is a 

proven technology (Papirio et al., 2014; Zou et al., 2014), widely applied at the industrial scale. 

Notwithstanding, autotrophic denitrification has been suggested as an alternative and 

environmentally sustainable treatment for waters poor in carbon content due to the costly 

supplementation of organics (Zhou et al., 2015). The use of S0 as electron donor is easy handling 

and results in low operational costs and a low N2O production (Soares 2002; Christianson et 

al., 2015). Therefore, reduced capital and operational costs, a decreased sludge production and 

limited greenhouse gas (GHG) emissions (Kilic et al., 2014; Di Capua et al., 2015) make S0-

based autotrophic denitrification an appropriate technology to be applied in decentralized and 

small-scale wastewater treatment systems. 

However, chemically-synthesized S0 has a low solubility, which limits its application in 

autotrophic denitrification and denitritation systems. To obtain higher denitrification rates, the 

use of smaller and more porous S0 particles, with a higher specific surface area, has previously 

been suggested (Di Capua et al., 2016). The specific surface area of the S0 particles, thus, 

becomes one of the key parameters that control the autotrophic denitrification and denitritation 

rates (Sierra-Alvarez et al., 2007). 

Modeling has proven to be an important tool for the understanding, design and control of 

autotrophic denitrification. Over the last years, several mathematical models accounting for S0-

driven autotrophic denitrification have been proposed. In most of them, zero- or half-order 
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reactions have been applied to describe the simplified S0-driven autotrophic denitrification 

kinetics without accounting for microbial growth or NO2
- evolution (Koenig & Liu 2001; Moon 

et al., 2004; Qambrani et al., 2015). Xu et al. (2016) established a kinetic model for two-step 

autotrophic denitrification with hydrogen sulfide (H2S) that accurately predicted the 

concentration of the intermediate NO2
-. Recently, Liu et al. (2016) have developed a model for 

three-step autotrophic denitrification linked to H2S and S0 oxidation with a focus on N2O 

accumulation. 

However, none of the above mentioned models distinctly focused on S0 hydrolysis as a step 

prior to autotrophic denitrification and denitritation (Sierra-Alvarez et al., 2007). In a recent 

study, a mechanistic model accounting for NO2
- accumulation, biomass growth and S0 

hydrolysis has been proposed (Kostrytsia et al., 2018). As demonstrated through numerical 

simulations, the developed model could serve as a tool to predict the performance of autotrophic 

denitrification biofilm systems and assess their process efficiency when compared to other 

denitrification systems. In the present work, the model developed by Kostrytsia et al. (2018) 

was subjected to a sensitivity analysis to verify the model stability as well as identify the model 

parameters to be further optimized. Specifically, the focus was to use a local sensitivity analysis 

to better understand the dominant parameters of the process. 

4.2 Methods 

4.2.1 Mathematical model overview 

A mathematical model was developed by Kostrytsia et al. (2018) to dynamically simulate 

the main processes occurring during the two-step denitrification with S0 (S1). The model takes 

into account the activities of a hydrolytic biomass (X1) growing on S0 lentils and an autotrophic 

denitrifying biomass (X2) using NO3
- (S3) or NO2

- (S4) as electron acceptor and reducing them 

to dinitrogen gas (N2) (S5), and evaluates the interactions between S0 hydrolysis and S0-based 

denitrification and denitritation. S0 uptake was modeled by introducing a new variable, the 

bioavailable sulfur (S2), which is the soluble compound directly taken up by the denitrifying 

bacteria for further oxidation to SO4
2- (S6). A modified surface based kinetic equation was 

introduced to account for the hydrolysis of S0 (Esposito et al., 2008). The model equations were 

derived from mass balances and expressed as double-Monod kinetics (Eqs. 4.1-4.8), as reported 

below or in the matrix in Table 4.1: 

 

𝑑𝑆1

𝑑𝑡
= − 𝑘1

𝑆1
𝐾1
 𝑎∗+𝑆1

𝑋1 (4.1) 
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𝑑𝑆2 

𝑑𝑡
=  𝑘1

𝑆1
𝐾1
 𝑎∗+𝑆1

𝑋1 − 
𝑟1

𝑌2,3
𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2 −

𝑟2

𝑌2,4
𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4

𝑆3+𝑆4
𝑋2 (4.2) 

𝑑𝑆3

𝑑𝑡
= − 

1

𝑌2,3
𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2(4.3) 

𝑑𝑆4

𝑑𝑡
=

1

𝑌2,3
𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2 −

1

𝑌2,4
𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4

𝑆3+𝑆4
𝑋2 (4.4) 

𝑑𝑆5

𝑑𝑡
=

1

𝑌2,4
𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4

𝑆3+𝑆4
𝑋2 (4.5) 

𝑑𝑆6

𝑑𝑡
=  

𝑟1

𝑌2,3
𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2 +

𝑟2

𝑌2,4
𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4

𝑆3+𝑆4
𝑋2 (4.6) 

dX1

dt
= Y1,1k1

S1
K1

a* +S1

X1-kd,1X1 , 
𝑑𝑋1

𝑑𝑡
= 𝐾0𝑘1

𝑆1
𝐾1
 𝑎∗+𝑆1

𝑋1 − 𝑘𝑑,1𝑋1 (4.7) 

𝑑𝑋2

𝑑𝑡
= 𝜇2,3

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆3−𝑆3
∗)

𝐾2,3+(𝑆3−𝑆3
∗)

𝑆3

𝑆3+𝑆4
𝑋2 + 𝜇2,4

𝑚𝑎𝑥 𝑆2

𝐾2,2+𝑆2

(𝑆4−𝑆4
∗)

𝐾2,4+(𝑆4−𝑆4
∗)

𝑆4

𝑆3+𝑆4
𝑋2 − 𝑘𝑑,2 ∙ 𝑋2,(4.8) 

 

where K0 denotes the efficiency growth coefficient for hydrolytic biomass; r1 and r2 are the 

stoichiometric S2 to S3 and S2 to S4 ratios, respectively; Y2,3 and Y2,4 represent the denitrifying 

biomass yield coefficients on NO3
- and NO2

-, respectively; a* denotes the mass specific area of 

the sulfur particles; k1 denotes the hydrolysis kinetic constant; K1 indicates the volume specific 

half-saturation constant for S0; µmax
2,3 and µmax

2,4 represent the maximum growth rates for 

denitrifying biomass on NO3
- and NO2

-, respectively; kd,1 and kd,2 represent the decay constants 

for X1 and X2 biomass, respectively; K2,2, K2,3 and K2,4 denote the half-saturation constants for 

S0, NO3
- and NO2

-, respectively; S3
* and S4

* indicate the lowest NO2
- and NO3

- concentrations 

that enable metabolic activities of X2. The obtained ordinary differential equations (ODE) were 

integrated by using original code developed on the MATLAB platform and based on the 

numerical differentiation formulas (NDFs).
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Table 4.1. Stoichiometric matrix used for the mathematical modeling of two-step autotrophic denitrification with S0 (adopted from Kostrytsia et al., 2018). 

a Elemental sulfur; b Bioavailable sulfur; c Nitrate; d Nitrite; e Nitrogen gas; f Sulfate; g Hydrolytic biomass; h Denitrifying biomass 

𝐀𝐢𝐣 
i component 

𝑺𝟏
 a 

(mg S/l) 

𝑺𝟐
 b 

(mg S/l) 

𝑺𝟑
 c 

(mg N/l) 

𝑺𝟒
 d 

(mg N/l) 

𝑺𝟓
 e 

(mg N/l) 

𝑺𝟔
 f 

(mg N/l) 

𝑿𝟏
 g 

(mg VS/l) 

𝑿𝟐
 h 

(mg VS/l) 
Rate (mg VS/l∙d) 

j process 

1. Hydrolysis of 

𝑆1 
-1 1     𝐾0  𝑘1

𝑆1

𝐾1

 𝑎∗ + 𝑆1

𝑋1 

2. Autotrophic 

growth on 𝑆3 
 − 

𝑟1

𝑌2,3

 −
1

𝑌2,3

 
1

𝑌2,3

  
𝑟1

𝑌2,3

  1 𝜇2,3
𝑚𝑎𝑥

𝑆2

𝐾2,2 + 𝑆2

(𝑆3 − 𝑆3
∗)

𝐾2,3 + (𝑆3 − 𝑆3
∗)

𝑆3

𝑆3 + 𝑆4

𝑋2 

3. Autotrophic 

growth on 𝑆4 
 −

𝑟2

𝑌2,4

  −
1

𝑌2,4

 
1

𝑌2,4

 
𝑟2

𝑌2,4

  1 𝜇2,4
𝑚𝑎𝑥

𝑆2

𝐾2,2 + 𝑆2

(𝑆4 − 𝑆4
∗)

𝐾2,4 + (𝑆4 − 𝑆4
∗)

𝑆4

𝑆3 + 𝑆4

𝑋2 

4. Decay of 𝑋1       −1  𝑘𝑑,1𝑋1 

5. Decay of 𝑋2        −1 𝑘𝑑,2𝑋2 
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The general structure of the described model is illustrated in Figure 4.1. Two main 

compartments can be individuated: the first one is related to the two-step denitrification 

kinetic reaction system, the second one represents the microbially catalyzed hydrolysis 

reaction system. The model parameters have been classified in three main groups: kinetic 

(µmax
2,3, µ

max
2,4, kd,2, K2,2, K2,3, K2,4, S3

* and S4
*) and stoichiometric (Y2,3, Y2,4, r1 and r2), which 

directly affect the two-step denitrification kinetic reaction system (‘biological kinetic 

reaction system’ in Figure 4.1), and hydrolysis parameters (K0, a*, k1, K1 and kd,1) which are 

related to the S0 hydrolysis compartment. K0 represents the efficiency growth coefficient for 

X1; r1 and r2 are the stoichiometric S2 to S3 and S2 to S4 ratios, respectively. The values of Y2,3, 

Y2,4, K2,2, K2,4, r1, r2, kd,1 and kd,2 were adopted from previous studies (Liu et al., 2016; Sierra-

Alvarez et al., 2007; Sin et al., 2008; Xu et al., 2016) (Table 4.2). The optimal values of 

µ2,3
max and µ2,4

max were deducted from both the denitrification and denitritation experiments 

(Table 4.2). 

 

Figure 4.1. General model structure describing the microbially catalyzed S0 hydrolysis and two-step 

autotrophic denitrification kinetics. The model parameters influencing each reaction system are mentioned in 

italic. 
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Table 4.2. Stoichiometric and kinetic parameters (with nominal values) of the developed model for two-step 

autotrophic denitrification with S0 (adopted from Kostrytsia et al., 2018). 

4.2.2 Sensitivity analysis 

The model proposed by Kostrytsia et al. (2018) requires a high dimensional 

(stoichiometric, kinetic and hydrolysis-related) parameter space to be explored. To estimate 

Parameter  Value Unit Source 

Stoichiometric parameters 

𝑌2,3 Yield coefficient for X2 on S3 0.25 mg VS/mg N Xu et al., 2016 

𝑌2,4 Yield coefficient for X2 on S4 0.28 mg VS/mg N Xu et al., 2016 

𝑟1 S2 to S3
 stoichiometric ratio 1.2 mg S/mg N Sierra-Alvarez et al., 2007 

𝑟2 S2 to S4 stoichiometric ratio 0.55 mg S/mg N Sierra-Alvarez et al., 2007 

Kinetic parameters 

𝐾0 Efficiency growth coefficient for X1  0.1 mg VS/mg S Kostrytsia et al., 2018 

𝜇2,3
𝑚𝑎𝑥 Maximum growth rate for X2 on S3 0.0067 1/d Kostrytsia et al., 2018 

𝜇2,4
𝑚𝑎𝑥 Maximum growth rate for X2 on S4 0.0058 1/d Kostrytsia et al., 2018 

𝐾2,2 Half-saturation constant for S2 0.215 mg S/l Liu et al., 2016 

𝐾2,3 Half-saturation constant for S3 36 mg N/l Kostrytsia et al., 2018 

𝑆3
∗ The threshold value for S3 35 mg N/l Kostrytsia et al., 2018 

𝐾2,4 Half-saturation constant for S4 40 mg N/l Xu et al., 2016 

𝑆4
∗ The threshold value for S4 37 mg N/l Kostrytsia et al., 2018 

𝐾1 
Volume specific half-saturation 

constant for S1 
5.1 1/dm Kostrytsia et al., 2018 

𝑘1 Hydrolysis kinetic constant 0.12 mg S/mg VS∙d Kostrytsia et al., 2018 

𝑎∗ Mass specific area 0.0008164 dm2/mg Kostrytsia et al., 2018 

𝑘𝑑,1 Decay rate coefficient for X1 0.0006 1/d Sin et al., 2008 

𝑘𝑑,2 Decay rate coefficient for X2 0.0006 1/d Sin et al., 2008 
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each parameter, excessive experimental results should be provided to avoid ill-conditioning 

of the parameter estimation (Kesavan & Law 2005). Therefore, a model sensitivity analysis 

was performed to identify the parameter targets for further experimental exploration (Jarrett 

et al., 2015). The low sensitive parameters have a negligible effect on the predictions, 

whereas the highly sensitive parameters require some level of certainty to make robust model 

predictions (Croicu et al., 2017). 

In this model, a local sensitivity analysis was performed to compute sensitivity functions 

for the dynamic simulations with the initial conditions of 30 mg/l NO2
--N and 210 mg/l NO3

-

-N, originating from the kinetic experiments (Kostrytsia et al., 2018). The stochiometric 

ratios (r1 and r2) were calculated on the biotransformation mechanism and obtained by 

previous experimental studies (Sierra-Alvarez et al., 2007). Thus, r1 and r2 were not re-

estimated in the current study. Additionally, the influence of the biomass decay rates (kd,1 and 

kd,2) of the microorganisms performing S0-driven denitrification and denitritation was out of 

investigation, as kd,1 and kd,2 were very low (Liu et al., 2016). Besides, the threshold values 

for NO3
- and NO2

- (S3
* and S4

*, respectively), which represent the concentration values below 

which the microorganisms are not able to grow, were not considered for the sensitivity 

analysis. Therefore, the sensitivity analysis was conducted for the following 11 parameters: 

µmax
2,3, µ

max
2,4, K2,2, K2,3 and K2,4 (kinetic), Y2,3 and Y2,4 (stochiometric) and K0, a*, k1 and K1 

(hydrolysis-related). NO3
--N, NO2

--N and SO4
2--S concentrations were set as the focused 

variables to measure the sensitivity. 

The sensitivities were calculated as the effect of the change in the input parameters on the 

model output over a time span of 22 days. An automatic differentiation tool SENS_SYS 

coupled with the ODE solver of MATLAB was used to predict the local sensitivity. The 

SENS_SYS tool is an extension of the ODE15s tool that allows to solve the ODE system 

while computing derivatives (sensitivities) of the solution with respect to parameters (Molla 

& Padilla 2002). The accuracy of the SENS_SYS tool is controlled by the default relative 

tolerance of 1e-6. The sensitivity analysis of the system F was calculated by differentiating 

the system with respect to the kinetic parameter u, as illustrated in Eq. (4.9). 

 

𝐹(𝑡, 𝑦, 𝑦′, 𝑢) = 0 (4.9) 
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where t denotes the time interval for the integration (days), y represents the input state 

variable, y´ the first derivative of y with respect to t, and u denotes the parameter. 

 

4.3 Results and discussion 

4.3.1 Parameters sensitivity overview on NO3
--N, NO2

--N and SO4
2--S 

concentrations 

The absolute sensitivities of the 11 parameters (K0, Y2,3, Y2,4, a*, k1, K1, µ
max

2,3, µ
max

2,4, 

K2,2, K2,3 and K2,4) to the input state variables (i.e. 210, 0 and 0 mg/L of NO3
--N, NO2

--N and 

SO4
2--S, respectively) are shown in Figure 4.2. The nominal values of the parameters used 

for the model (Eqs. 4.1-4.8) are listed in Table 2. 

 

Figure 4.2. Absolute (or local) sensitivities of kinetic parameters during the simulation time for the 

degradation of (a) NO3
--N and (b) NO2

--N and the production of (c) SO4
2--S. 

The Y2,3, Y2,4, a*, k1, µ
max

2,3, µ
max

2,4 and K2,2 parameters were sensitive to some extent to 

at least one of the model outputs, i.e. NO3
--N, NO2

--N and SO4
2--S (Figure 4.2). Both NO3

--

N and NO2
--N process variables were highly sensitive to a*, µmax

2,3 and µmax
2,4. It is 
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noteworthy to highlight that a negative value of the absolute sensitivity refers to the reduction 

of the process variables with parameter perturbation. For example, the negative value of 

µmax
2,3 sensitivity for NO3

--N indicated NO3
--N consumption (Figure 4.2a), while the 

positive value of µmax
2,3 sensitivity for NO2

--N corresponded to NO2
--N production (Figure 

4.3a). The NO3
- and NO2

- reduction was coupled to S0 biooxidation in order to produce 

energy and facilitate microbial growth. Therefore, the use of NO3
- or NO2

- as a substrate for 

the microbial cultures resulted in a high sensitivity of the µmax
2,3 and µmax

2,3 to the model 

outputs (Figure 4.2). 

The sensitivity analysis results suggest that the parameter vector can be reduced to a*, k1, 

µmax
2,3 and µmax

2,4, based on the minimum magnitude of significance considered (200 as 

absolute sensitivity). The parameters deemed not to be sufficiently significant can be fixed 

at their nominal values (Table 4.2). Further investigation might be related to such a reduced 

model both in terms of assumed parameter distribution and experimental calibration. Further 

calibration is required for the most sensitive model parameters to improve the quality of the 

model. However, the values of absolute sensitivity for K0, K1, K2,3 and K2,4 for each process 

variable were significantly lower than those of Y2,3, Y2,4, a*, k1, µ
max

2,3, µ
max

2,4 and K2,2. The 

effect of each sensitive parameter on the process variables should be investigated in more 

detail due to their crucial role in the model calibration. 

4.3.2 Sensitivity analysis for kinetic (µmax
2,3, µmax

2,4, K2,2, K2,3 and K2,4) and 

stoichiometric (Y2,3 and Y2,4) model parameters 

To investigate the effect of each parameter on the process variables, a series of sensitivity 

curves was obtained by changing the 5 kinetic (µmax
2,3, µ

max
2,4, K2,2, K2,3 and K2,4), and the 2 

stochiometric (Y2,3 and Y2,4) parameters one by one during the simulation. The effect of each 

parameter on the input state variables NO3
--N, NO2

--N and SO4
2--S is illustrated in Figure 

4.3. A greater parameter line slope indicates a more significant role of the parameter in the 

autotrophic denitrification process. 
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Figure 4.3. Output absolute (or local) sensitivity of kinetic and stochiometric parameters: (a) Y2,3, (b) Y2,4, 

(c) K2,2, (d) µmax
2,3, (e) µmax

2,4, (f) K2,3 and (g) K2,4. 

The most sensitive kinetic parameters were the maximum growth rate of the denitrifying 

biomass on NO3
- (µmax

2,3) and NO2
- (µmax

2,4) as illustrated in Figure 4.2a-c and 4.3d-e, with 

a more significant effect on NO3
--N from day 10 to day 15 when the denitrification rate was 

higher (Kostrytsia et al., 2018). The SO4
2--S absolute sensitivity was 10000 and 7500 for 

µmax
2,3 and µmax

2,4 (Figure 4.2), respectively. This was likely attributed to the higher 

metabolic rates, in particular S0 oxidation to SO4
2-, of the denitrifying bacteria growing on 

NO3
- (µmax

2,3) rather than on NO2
-. On the other hand, the half-saturation constants for S2 

(K2,2), S3 (K2,3) and S4 (K2,4) had a minimal impact on the model outputs (Figure 4.3c, f-g). 

A larger set of experimental data would be required to get an accurate evaluation of the half-

saturation constants. More data could be obtained from kinetic tests with different initial 

substrate concentrations for a reliable model calibration of the half-saturation constants. 

Regarding the stochiometric parameters, the denitrifying biomass yield coefficient on 

NO3
- (Y2,3) showed a high sensitivity for NO3

--N, NO2
--N and SO4

2--S outputs (Figure 4.3a). 

The highest sensitivity of the Y2,3 was observed between days 10 and 15 due to the higher 

denitrification rate. The effect of Y2,4 sensitivity on the NO2
--N and SO4

2--S outputs increased 

with time due to the accumulation of NO2
--N as an intermediate product of the NO3

--N 

degradation. 
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4.3.3 Sensitivity analysis for hydrolysis-related (K0, a*, k1 and K1) model 

parameters 

The effect of hydrolysis-related model parameters (K0, a*, k1 and K1) on the input state 

variables NO3
--N, NO2

--N and SO4
2--S is illustrated in Figure 4.4. The mass specific area of 

the sulfur particles (a*) posed, apparently, a major influence on the model outputs and was 

ranked as a first dominant parameter (Figure 4.2). The parameter a* accounts for the overall 

surface area of the sulfur particles to be microbially solubilized prior to denitrification and 

denitritation. As illustrated in Figure 4.4b, the NO3
--N output was more sensitive to the 

change in parameter a*, compared to NO2
--N. The latter might be attributed to the higher 

stochiometric S/N ratio required for complete denitrification than required for complete 

denitritation. This is consistent with the literature, where the impact of the specific surface 

area of sulfur particles was suggested as a prerequisite of S0 oxidation coupled to 

denitrification (Wang et al., 2016). The model proposed by Kostrytsia et al. (2018) describes 

the surface-based S0 hydrolysis as an inevitable aspect and rate-limiting step in the 

denitrification and denitritation processes, and the high sensitivity of parameter a* to the 

model outputs confirmed the significance of the used hydrolysis approach. 

 

Figure 4.4. Output absolute (or local) sensitivity of hydrolysis-related parameters: (a) K0, (b) a*, (c) k1 and 

(d) K1. 

Among the other parameters related to the S0 hydrolysis step, the hydrolysis kinetic 

constant (k1), being dependent on the nature of sulfur, possessed a high sensitivity for the 

model output variables (Figure 4.4c). The absolute sensitivity of both parameters, a* and k1, 

showed a peak between days 5 and 10 due to the high denitrification rate, and then slowly 
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dropped (Figure 4.3b and 3c, respectively). Consequently, the model predictions and 

calibration are crucial during that phase. On the other hand, the efficiency growth coefficient 

for hydrolytic biomass (K0) and volume specific half-saturation constant for S0 (K1) did not 

significantly influence the model outputs (Figure 4.3a and 3d, respectively). 

4.4 Conclusions 

In this work, the results of a local sensitivity analysis performed on a newly developed 

model for microbially-catalyzed elemental S0 hydrolysis and two-step denitrification were 

presented. The sensitivity analysis provided a few insights on the importance of parameter 

values and their impact on process dynamics. The sensitivity analysis demonstrated that the 

model was more sensitive to the mass specific area of the sulfur particles (a*), hydrolysis 

kinetic constant (k1) and the maximum growth rate of the denitrifying biomass on NO3
- 

(µmax
2,3) and NO2

- (µmax
2,4). The high sensitivity of hydrolysis-related parameters (a* and k1) 

to the input state variables (NO3
--N, NO2

--N and SO4
2--S) confirmed the importance of 

including the microbially catalyzed surface-based S0 hydrolysis as a limiting process step in 

the two-step denitrification model. Further experimental and modeling investigations should 

thus focus on the S0 hydrolysis 
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5.1 Introduction 

The increased depletion of resources, the rising water stress, the need of decreasing the 

carbon footprint and the stringent nutrient discharge limits encourage the development of 

new bioprocesses for nitrogen removal from wastewater. Conventionally, nitrate (NO3
-) and 

nitrite (NO2
-) reduction is coupled to the oxidation of organic matter by heterotrophic 

microorganisms in wastewater treatment plants (WWTPs). However, heterotrophic 

denitrification and denitritation typically require the supply of organic matter, resulting in 

higher sludge production and operational costs (Sun and Nemati, 2012). 

To overcome these disadvantages, chemically synthesized elemental sulfur (S0) has been 

used as a cheaper and effective electron donor for autotrophic denitrifying microorganisms 

treating wastewaters poor in organics (Wang et al., 2016). However, the low water solubility 

of chemically synthesized S0 limits its availability to microorganisms and makes 

denitrification and denitritation kinetics slower than that achieved with more soluble electron 

donors (Kiskira et al., 2017a; Mora et al., 2015; Park and Yoo, 2009; Zou et al., 2016). 

Additionally, elevated NO2
- concentrations when using chemically synthesized S0 during 

autotrophic denitrification can decrease the overall process efficiency (Christianson et al., 

2015; Kostrytsia et al., 2018). Specifically, the sulfur to nitrogen (S/N) molar ratio, the feed 

pH and the microbial community structure are known to be among the main factors 

controlling the NO2
- accumulation. Therefore, it is crucial to investigate the potential of 

alternative electron donors for both NO3
- and NO2

- removal, such as biogenic S0. 

Biogenic S0 (or biosulfur) is a biological product obtained from the incomplete oxidation 

of sulfide in gaseous streams under oxygen-limiting conditions by S-oxidizing 

microorganisms (Florentino et al., 2015). The Thiopaq® technology (Paques BV, the 

Netherlands) is, for instance, a well-established process aimed at the biological gas 

desulfurization that integrates hydrogen sulfide (H2S) removal and biogenic S0 recovery, with 

more than 200 installations worldwide (‘THIOPAQ Biogas desulphurization’, 2018). 

Biogenic S0 globules, generated by different strains of bacteria, are considered to be 

hydrophilic, with a structure made of orthorhombic S0 crystals surrounded by a hydrated 

layer of long-chain polymers or polythionates (Kamyshny et al., 2009; Kleinjan et al., 2003). 
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The chemical composition of biogenic S0 globules and their small particle size (2-40 μm) 

affect the S0 (bio)chemical reactivity and make it more bioavailable for microorganisms 

(Findlay et al., 2014). 

These exclusive properties of biogenic S0 have promoted its application as a fertilizer 

(FERTIPAQ, the Netherlands) and in metal recovery technologies (Florentino et al., 2015). 

Only in the last two years, biogenic S0 has been suggested for denitrification applications (Di 

Capua et al., 2016) due to its bioavailable nature and the possibility to offer a more affordable 

and sustainable nutrient removal solution. In this line, a possible integrated solution 

combining desulfurization of biogas with nitrogen removal from wastewaters can become 

applicable in the future, enabling to upgrade the current wastewater treatment configurations 

on a novel water resource recovery facility, in agreement with the EU Action Plan for the 

Circular Economy. To do so, more research on the chemistry and microbiology behind the 

use of biogenic S0 for NO3
- and NO2

- removal is required. 

The present research aims to investigate the fundamental aspects of autotrophic 

denitrification with biogenic S0 (ADBIOS) using high-strength NO3
- and NO2

- synthetic 

waters. The main objectives of this study were to: (i) perform a physico-chemical and 

elemental characterization of the biogenic S0 used; (ii) enrich a microbial consortium capable 

of NO3
- and NO2

- reduction and concomitant oxidation of biogenic S0 in batch; (iii) use the 

enriched microbial community to evaluate the kinetics of biogenic S0-based autotrophic 

denitrification, denitritation, and simultaneous denitrification-denitritation in batch 

bioassays; and (iv) investigate the structure of the bacterial communities in the presence of 

NO3
-, NO2

- or both. The impact of this study for the design and scale-up of biogenic S0-driven 

denitrification and denitritation systems is discussed. 

5.2 Materials and methods 

5.2.1 Source of biogenic S0 and development of the biogenic S0-oxidizing 

microbial consortium 

The biogenic S0 (Fertipaq BV, the Netherlands, purity > 99%, 11% moisture content) from 

the Thiopaq process (Paques BV, the Netherlands) was used as electron donor in the batch 

bioassays aimed at denitrification and denitritation. An activated sludge collected from the 
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denitrifying tank of a municipal wastewater treatment plant (Cassino, Italy) was used as 

inoculum (10% v/v) in the batch bioassays. The biogenic S0-based denitrifying bacterial 

cultures were enriched for 3.5 months in 125 ml serum bottles with a working volume of 100 

ml. The bottles were fed with the basal medium and trace elements as reported by Kostrytsia 

et al. (2018). NO3
- or NO2

- were individually added to the serum bottles with an initial 

concentration of 240 mg N/L. To ensure the presence of an adequate concentration of 

biogenic S0 for complete denitrification or denitritation, an excess S0 was used to maintain 

an S:N (g/g) ratio of 3.76 (1.5 times higher than the stoichiometric value). NaHCO3 was 

added as buffer and carbon source with a concentration of 2.0 g/L. 

Each bottle was purged with helium gas for 3 min to exclude oxygen, prior to sealing the 

bottle with a rubber stopper and an aluminum crimp. Subsequently, the bottles were placed 

on a gyratory shaker at 300 rpm and temperature was maintained at 30 (± 2) °C by means of 

a water bath. The enrichment was subcultured when NO3
--N or NO2

--N concentrations 

approached zero. An enrichment was treated as ‘stable’ when the achieved denitrification or 

denitritation rates of the subcultures alternated by less than 5%. 

5.2.2 Kinetic experiments 

To knowledge of the authors, for the first time biogenic S0-oxidizing microbial consortia 

capable of reducing NO3
- or NO2

- were developed. Three sets of batch bioassays were set up 

using the enriched biomass to investigate the kinetics of ADBIOS, i.e. denitrification (A: 

NO3
-and S0), denitritation (B: NO2

- and S0) and simultaneous denitrification-denitritation (C: 

NO2
-, NO3

- and S0). The initial NO3
- or NO2

- concentrations were similar (i.e. 5% difference) 

to those used in a previous batch study on autotrophic denitrification with chemically 

synthesized S0 (Kostrytsia et al., 2018). In the first experiment (A), batch bioassays were 

conducted to investigate the denitrification characteristics (NO3
--N reduction rate, NO2

--N 

accumulation and NO2
--N reduction rates). During the second set of the experiments (B), 

NO2
--N was used as the sole electron acceptor in order to evaluate the denitritation kinetics 

(NO2
--N reduction rate) and assess the impact of biomass acclimation to NO2

--N degradation. 

The simultaneous denitrification-denitritation experiment (C) was performed to study the 

effect of NO3
--N on NO2

--N degradation. 
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At the beginning of each experiment, the required amount of NO3
--N and NO2

--N from 

stock solutions was added into the serum bottles to achieve the desired initial concentration 

as reported in Table 5.1. Biogenic S0, NaHCO3, the basal medium and trace elements solution 

were supplied at the same concentrations as in the enrichment phase. Each serum bottle was 

inoculated with an enriched culture with an amount of approximately 217.5 (± 2.5) mg/L of 

volatile suspended solids (VSS). Abiotic controls were used to monitor the possible chemical 

reactions involving the electron donor and electron acceptor. Controls without electron donor 

(biogenic S0) or electron acceptor (NO3
- or NO2

-) were carried out to estimate their possible 

degradation not associated with S0-driven denitrification or denitritation. In each experiment, 

the denitrification and denitritation rates were calculated from the slope of the curve 

describing NO3
--N and NO2

--N degradations, respectively, versus time and expressed as mg 

NOx
--N /l·d. The biomass specific denitrification and denitritation activities (mg NOx

--N/g 

VSS·d) were calculated by normalizing the denitrification and denitritation rate data with the 

initial biomass concentration (g VSS/l). 
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Table 5.1. Design of batch experiments to investigate the kinetics of autotrophic denitrification (NO3
--N and 

S0), denitritation (NO2
--N and S0) and simultaneous denitrification-denitritation (NO2

--N, NO3
--N and S0) at 30 

(± 2) °C with biogenic S0 as an electron donor and an S:N (g/g) ratio of 3.76. 

 

a Microbial source: biomass enriched on NO3
--N and S0 

b Microbial source: biomass enriched on NO2
--N and S0 

5.2.3 Sampling and analytical techniques 

The liquid samples were taken twice a day and stored at -20 °C prior to analysis. NO3
-, 

NO2
- and sulfate (SO4

2-) concentrations were determined by ion chromatography, as reported 

elsewhere (Kiskira et al., 2017b). Elemental S0 was determined by reversed-phase 

chromatography as originally described by Kamyshny et al. (2009). In this study, a high-

performance liquid chromatography (HPLC) system (Prominence LC-20A Series, Shimadzu, 

Japan) equipped with a Kinetex LC column (C18, 5,100 Å) and a UV/Vis detector (SPD-

20A, Shimadzu, Japan) at 230 nm was used to quantify elemental S0. Prior to and at the end 

Experiment 
 Initial concentration (mg/l) pH 

NO2
--N NO3

--N Total N S0 VSS  

A: Denitrification (NO3
-and S0) 15 225 240 850 220a 8.7±0.1 

B: Denitritation (NO2
- and S0) 240 - 240 850 215b 8.9±0.1 

C: Denitrification and denitritation 

(NO2
-, NO3

- and S0) 
110 70 180 680 220a 8.8±0.1 

NO3
-- and NO2

--free controls 
- 

- 

- 

- 

- 

- 

850 

850 

220a 

215b 

8.8±0.1 

8.8±0.1 

S0-free controls 

- 240 240 - 220a 8.9±0.1 

240 - 240 - 215b 8.9±0.1 

Abiotic controls 

- 240 240 850 - 8.9±0.1 

240 - 240 850 - 8.9±0.1 
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of the batch kinetic experiments, total suspended solids (TSS) and VSS of the liquid samples 

were determined according to the Standard Methods (APHA, 2011). 

Laser size particle analysis (LSPA) was performed to determine the particle size 

distribution (PSD) of the raw and freeze-dried biogenic S0 in a deionized water by a 

Mastersizer 2000 (Malvern Instruments, UK) laser diffraction particle sizer equipped with a 

HydroG sample dispersion wet unit. The measurement range of the instrument was from 0.02 

to 2000 µm. Size parameters of the diameters d0.1, d0.5 and d0.9 were presented with 10%, 

50% and 90%, respectively, of the volume of the particles below the given number. 

To investigate the chemical and structural origin of biogenic S0, Raman spectra were 

obtained at random positions on the biogenic S0 material using a Horiba LabRAM II Raman 

spectrometer (Horiba Jobin-Yvon, France). The instrument was equipped with a 600 

groove·mm−1 diffraction grating, a confocal optical system, a Peltier-cooled CCD detector 

and an Olympus BX41 microscope arranged in 180° backscatter geometry. The 

measurements were performed using a 532 nm laser channeled through a Leica L100X/0.75 

objective, providing a laser spot diameter of ~1.5 μm. 

Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine 

quantifiable trace metals in biogenic S0. The biogenic S0 samples were freeze-dried at -52 °C 

(Freezone 12, Labconco, USA), and approximately 0.1 g of sample was digested with an 

optimized microwave digestion procedure (Anton Paar Multiwave 3000, Austria) using 3 mL 

of trace metal grade 67-69% HNO3 (ROMIL-SpA™, USA) and 3 mL of 30% H2O2 

(TraceSELECT® Ultra ≥30%, Sigma Aldrich, Germany) (Healy et al., 2016). The digested 

samples were transferred into trace metal-free centrifuge tubes (Labcon, Petaluma, USA), 

and elemental concentrations were determined using a PerkinElmer ELAN DRCe ICP-MS 

(Perkin Elmer, USA) using both standard and dynamic reaction cell (DRC) mode with 

methane as the carrier gas (Ratcliff et al., 2016) in a class1000 (ISO class 6) clean room. 

5.2.4 Microbial community analysis 

5.2.4.1 DNA extraction and high-throughput sequencing 

The total genomic DNA was extracted from the inoculum (Section 2.1) and the biomass 

at the beginning and at the end of the experiments (Table 1) in triplicate, following the 
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protocol described by Griffiths et al. (2000). A high-throughput sequencing of partial 16S 

rRNA gene on DNA samples was conducted by the Illumina MiSeq sequencing service 

(FISABIO, Spain). The primers 515F and 806R were applied to target the 16S rRNA gene. 

The raw sequence files supporting the results of this article are available in the European 

Nucleotide Archive under the project accession number PRJEB27906. 

5.2.5 Bioinformatics 

The abundance table was generated by constructing operational taxonomic units (OTUs). 

Initially, the paired-end reads were preprocessed as described by Schirmer et al. (2015). 

Briefly, the paired-end reads were trimmed and filtered using Sickle v1.200. Then, 

PANDAseq v2.4 was used to assemble the forward and reverse reads into a single sequence 

spanning the entire V4 region. This resulted in consensus sequences for each sample on 

which VSEARCH v2.3.4 was used for OTU construction. The preprocessed reads from each 

sample were pooled together while barcodes were added. The reads were then dereplicated 

and sorted in order of decreasing abundance (Schirmer et al., 2015). Subsequently, the reads 

were clustered based on 97% similarity, followed by a removal of clusters (vsearch). Finally, 

the OTU table was generated by matching the original barcoded reads against clean OTUs (a 

total of 1104 OTUs for n=19 samples) at 97% similarity. The representative OTUs were 

taxonomically classified against the SILVA SSU Ref NR v123 database. Multisequence 

aligned the OTUs and used them with FastTree v2.1.7 to generate the phylogenetic tree in 

NEWICK format. The biom file for the OTUs was then generated by combining the 

abundance table with the taxonomy information using Qiime workflow. 

5.2.6 Statistical analysis 

Statistical analyses were performed in R v3.4.4 using the combined data generated from 

the bioinformatics as well as meta data associated with the study. The vegan package was 

used for alpha and beta diversity analyses. For alpha diversity measures, the following indices 

were calculated: rarefied richness – the estimated number of species after rarefying the 

abundance table to minimum library size; Shannon entropy – a commonly used index to 

measure balance within a community. The ordination of the OTU table in a reduced space 
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was done using Principal Coordinate Analysis (PCoA) plots of OTUs using two different 

distance measures: Bray-Curtis distance metric which considered OTU abundance counts 

and; Weighted Unifrac distance that combined the phylogenetic distances weighted with 

relative abundances. Phylogenetic distances within each sample were further characterized 

by calculating the nearest taxa index (NTI) and net relatedness index (NRI) (Kembel et al., 

2010). This analysis helped to determine whether the community structure was stochastic 

(driven by competition among taxa) or deterministic (driven by environmental pressure). 

Sparse Projection to Latent Structure – Discriminant Analysis (sPLS-DA) was performed 

with the R’s mixOmics package (Rohart et al., 2017). The procedure constructed artificial 

latent components of the predicted variables (OTU table collated at genus level) and the 

response variables by factorizing these matrices into scores and loading vectors in a new 

space such that the covariance between the scores of these two matrices in this space was 

maximized. The loading vector was constructed with the coefficients indicating the 

importance of each variable to define the component, i.e. non-zero coefficients in the loading 

vectors indicated the genera that vary significantly between the categories and were thus 

deemed as discriminants (Rohart et al., 2017). Fine tuning of the algorithm was applied by 

splitting the data into training and testing sets and then finding the classification error rates, 

employing two metrics, i.e. overall error rates and balanced error rates (BER). 

5.3 Results and discussion 

5.3.1 Physico-chemical and elemental characterization of biogenic S0 

The PSD of biogenic S0 is shown in Figure 5.1. The raw biogenic S0 sample consisted of 

particles with a median size of 241.16 µm and the 10% (6.88 µm) and 90% (508.89 µm) as 

measures of variability (Figure 5.1). A surface weighted mean of 24.78 µm was quantified, 

which estimated the average diameter based on the surface area. In contrast, in previous 

studies on chemically synthesized S0-based denitrification, the S0 particle size was between 

500 and 16000 µm (Christianson and Summerfelt, 2014; Sahinkaya et al., 2014; Sahinkaya 

and Kilic, 2014), which is approximately two orders of magnitude higher than that of the S0 

used in the current study. 
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Figure 5.1. Particle size distribution (PSD) of raw ( ), freeze-dried ( ) and raw biogenic S0 after mixing 

(300 rpm, Time=5 min, 30 ºC) in water ( ). 

To evaluate the degree of agglomeration of the biogenic S0 and its behavior in suspension, 

the size distribution of the S0 particles was also determined after mixing them in water (5 min 

at 300 rpm and 30 ºC). The measured particles were with the median size of 4.69 µm and 

variability of the 10% (1.37 µm) and 90% (12.8 µm). This shows that the particle size of the 

biogenic S0 was of the same order of magnitude of the S0 particles (up to 1 µm) produced by 

sulfide-oxidizing bacteria in aqueous environment (Findlay et al., 2014). The contact of 

biogenic S0 with water under mixing (i.e. 300 rpm) was likely to break sulfur agglomerations 

(Figure 5.1). This could be explained by the hydrophilic surface of biogenic S0, which 

hinders the particle-aggregation in water (Kleinjan et al., 2003). In contrast, chemically 

produced S0 is more hydrophobic and aggregates quickly in aqueous solutions (Findlay et al., 

2014). 

The specific surface area (SSA) of elemental S0 particles is a main driver for its 

biooxidation rate, including oxidation coupled to denitrification and denitritation (Kostrytsia 

et al., 2018). In previous studies, the higher reactivity of biogenic S0 was attributed not only 

to its unique surface characterization, but also to a higher SSA associated with a smaller 

particle size compared to that of the chemically produced S0 (Kleinjan et al., 2003). In this 

study, the small biogenic S0 grain size of 4.69 µm obtained after mixing provided a high SSA 

of 3.38 m2/g, compared to that of raw biogenic sulfur that had a 0.242 m2/g SSA 

corresponding to a 241.16 µm grain size. In addition, the results of LSPA (Figure 1) and 

Raman spectroscopy (data not shown) confirmed that the biogenic S0 used in this study is an 
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elemental microcrystalline orthorhombic sulfur. These findings are in line with a previously 

proposed biogenic model of a microcrystalline solid elemental sulfur covered by biopolymers 

(Janssen et al., 1999). Therefore, the microcrystallinity of biogenic S0 particles results in its 

higher reactivity and solubility, as suggested by Pasteris et al. (2001). 

During denitrification, the reactions of NO3
- or NO2

- reduction to nitrogenous oxides are 

catalyzed by metalloenzymes (Shao et al., 2010). Among the quantifiable trace metals 

detected in biogenic S0 (Table 5.2), copper (Cu), molybdenum (Mo) and iron (Fe) are co-

factors of metalloenzymes (Shao et al., 2010). Nitrite reductase (NiR) and nitrous oxide 

reductase (N2OR) enzymes contain Cu. Mo is covalently attached to the protein in nitrate 

reductase (NaR), and Fe is cofactor for nitric oxide reductase (NOR). Additionally, Fe-S 

proteins, so-called ferredoxins, mediate electron transfer during NO3
- and nitric oxide (NO) 

reduction (Shao et al., 2010). Thus, the supply of trace metals is essential for the high 

performance of denitrification and denitritation, and biogenic S0 can effectively provide the 

necessary trace metals during these processes (Table 5.2). The possible stimulatory and 

inhibitory effects of heavy metals released by biosulfur on the activity of denitrifying biomass 

can be taken into consideration in a future study. 

Table 5.2. Quantifiable trace metals in biogenic S0 detected using ICP-MS (averages ± standard deviation; 

n=3). 

 

5.3.2 Effect of electron acceptor on ADBIOS kinetics 

The evolution of pH, NO3
--N, NO2

--N and SO4
2--S concentrations as well as the remaining 

S0 throughout the 2-week batch experiments is shown in Figure 5.2. In the denitrification 

Element Value (±SD) 

(µg g-1) 

 Element Value 

(±SD) 

(µg g-1) 

 Element Value (±SD) 

(µg g-1) 

Al 5.11±0.97  Ni 1.04±0.10  Cr 9.63±0.23 

Ti 0.89±0.13 Cu 6.79±0.32  Fe 129.05±5.21 

Mn 4.19±0.20 Mo 2.11±0.06  Zn 19.69±1.34 

Co 2.78±0.11 Ba 0.61±0.04    
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experiment (Figure 5.2a and d), the achieved degradation rate of 49.4 mg NO3
--N/l·d 

allowed the complete NO3
- degradation in 14 days with a final biomass concentration of 450 

mg VSS/L. The NO3
--N removal efficiency reached up to 84% after the first 5 days, with 

NO2
--N accumulating up to 135 mg/l. The NO2

- accumulation was most likely ascribed to a 

higher enzyme activity of NaR compared to NiR, as also reported elsewhere (Du et al., 2016; 

Sun and Nemati, 2012). The high NO2
--N build-up was followed by a drop of the NO3

--N 

degradation rate to 7.8 mg/l·d from day 5 onwards. This was likely due to the inhibition of a 

NO2
--N concentration above 60 mg/l on the activity of the denitrifying biomass (Guerrero et 

al., 2016). 

 

 

Figure 5.2. Kinetics of denitrification (a, d), denitritation (b, e), and simultaneous denitritation-

denitrification (c, f) coupled to biogenic S0 oxidation in batch experiments using NO3
--N, NO2

--N and NO3
--N 

with NO2
--N, respectively, at 30 (± 2) °C and pH of 8.8 (±0.2): NO2

--N ( ), NO3
--N ( ) and pH ( ) evolution 
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is shown in a), b) and c), while SO4
2--S ( ) concentration and the remaining biogenic S0 ( ) are shown in d), 

e) and f). 

In the denitritation experiments, the potential of the biogenic S0-oxidizing biomass 

enriched on NO2
- to reduce high NO2

- concentrations was investigated (Figure 5.2b and e). 

The bacteria were capable of completing NO2
--N removal with the rate of 73.0 mg NO2

--N 

/l·d, which resulted in a biomass growth up to 430 mg VSS/L. No detrimental effects were 

observed on denitritation at a NO2
--N concentration as high as 240 mg/l. Additionally, the 

kinetics of simultaneous denitritation-denitrification were investigated in the presence of 

high NO2
--N concentrations and microbial community enriched on NO3

- (Figure 5.2c). 

During the experiment, the highest NO2
--N and NO3

--N removal rates were 31.3 and 21.8 

mg/l·d, respectively. The final biomass concentration in simultaneous denitritation-

denitrification experiments was 320 mg VSS/L. Thus, the presence of NO3
--N did not result 

in an inhibition of the NiR activity. 

A higher accumulation of NO2
--N and its slow degradation are generally observed when 

using chemically synthesized S0 as electron donor for denitrification due to the low solubility 

of the S0-based substrate (Sahinkaya et al., 2015; Simard et al., 2015). As the 

microcrystallinity and hydrophilic properties (Section 5.3.1) provided a higher 

bioavailability of biogenic S0, a faster degradation of the accumulated NO2
--N (20.9 mg NO2

-

-N/l·d) during denitrification was achieved (Figure 5.2a and c). Even a higher NO2
--N 

degradation rate (73.0 mg NO2
--N/l·d) could be obtained by using the biomass enriched on 

NO2
- (Figure 5.2b). Therefore, the use of NO2

- acclimated biomass is recommended for 

biogenic S0-driven denitrification treating high-strength NO3
- wastewaters to control the high 

NO2
--N accumulation. 

S0-driven denitrification and denitritation are known to produce acidity (Mora et al., 

2015), as also shown in Figure 5.2. In the denitrification experiments, pH dropped from 8.7 

to 7 (Figure 5.2a). In denitritation experiments, pH drop was from 8.9 to 7.9 (Figure 5.5b), 

while in simultaneous denitrification and denitritation experiments, pH decreased from 8.8 

to 7.8. Complete denitrification, in contrast to denitritation, produced more acidity that 

resulted in the more significant pH drop in denitrification experiments. Despite pH 
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fluctuation during the experiments, supply of NaHCO3 buffer guaranteed pH values being 

within the optimal range of 6.8 and 8.0 for denitrifying bacteria (Sierra-Alvarez et al., 2007). 

SO4
2--S was the only sulfur product of the biogenic S0 oxidation (Figure 5.2f). This 

observation was confirmed by the stochiometric consumption of the biogenic S0 with NO3
--

N or NO2
--N (Sun and Nemati, 2012). No denitrification and denitritation were observed in 

the abiotic and electron donor-free controls (data not shown). In this study, specific 

denitrification and denitritation activities of 223.0 mg NO3
--N/g VSS·d and 339.5 mg NO2

--

N/g VSS·d, respectively, were achieved by the biogenic S0-oxidizing microbial consortium 

(Table 5.3). The high solubility of biogenic S0, which was likely attributed to the hydrophilic 

properties and the lower particle size of the biogenic S0 particles (Section 5.3.1), induced a 

significantly higher NO2
--N degradation (Figure 5.2a). The kinetics of ADBIOS (including 

both denitrification and denitritation) was characterized by 10-time higher rates compared to 

those obtained with chemically synthesized S0 (Kostrytsia et al., 2018), with both studies 

being performed at similar initial NO3
- and NO2

- concentrations. 

 

Table 5.3. The highest denitrification and denitritation rates obtained with different S0 sources as electron 

donor by a 3.5-month enriched biomass at initial concentrations of 225.0 and 240.0 mg/l for NO3
--N and NO2

-

-N, respectively, and 220 and 215 mg VSS/l in denitrification and denitritation experiments with biogenic S0, 

respectively, and 1000 mg VSS/l in experiments with chemically synthesized S0 (Kostrytsia et al., 2018). 

a Biomass enriched for 3.5 months on NO3
--N and S0 

b Biomass enriched for 3.5 months on NO2
--N and S0 

5.3.3 Effect of different electron acceptors on microbial communities 

performing ADBIOS 

Electron 

acceptor 

 
Biogenic 

S0 

Chemically synthesized S0 

(Kostrytsia et al., 2018) 

NO3
- 

Denitrification rate (mg NO3
--N/l·d) a 49.4 20.9 

Specific denitrification activity (mg NO3
--N/g VSS·d) a 223.0 20.9 

NO2
- 

Denitritation rate (mg NO2
--N/l·d) b 73.0 10.7 

Specific denitritation activity (mg NO2
--N/g VSS·d) b 339.5 10.7 
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The efficiency of biological NO3
- and NO2

- reduction depends on the community 

composition of microorganisms (Shao et al., 2010). Thus, the genera prevailing under each 

experimental condition (Figures 5.3a), i.e. denitrification (A), denitritation (B) and 

simultaneous denitritation-denitrification (C) at the beginning (T0) and at the end (TF) of the 

experiments, as well as the microbial community of the raw activated sludge (AS) used as 

inoculum, were analyzed in this study (Figures 5.3, 5.4). 
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Figure 5.3. a) The sampling points used for microbial community analysis: activated sludge (AS) used as 

inoculum, and samples at the beginning (T0) and at the end (TF) of the denitrification (A), denitritation (B) and 

simultaneous denitritation-denitrification (C) experiments. b) Taxa plots with the relative abundances of the 25 

most abundant genera and their correlation with the environmental data; c) Alpha diversity metrics; d) PCoA 

of community data using Bray-Curtis distance and Weighted Unifrac dissimilarity; e) Stochastic vs 

deterministic nature of communities using NRI and NTI. 

 

 

Figure 5.4. a) The number of latent components for genera table after evaluating the performance of the 

PLS-DA algorithm. b) The number of discriminating features in each of 3 components with minimum 
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classification error rates. c) Color-coded clustered image map of the discriminating genera with the hierarchical 

agglomeration clustering on rows and columns shown as dendrograms. 

The enrichment in both denitrification (A) and simultaneous denitrification-denitritation 

(C) (i.e. NO3
- and NO2

-both involved) led to similar microbial communities with samples A 

TF and C TF clustering closer to each other on the PCoA plots (Figure 5.3d). In contrast, 

when denitritation was performed alone (B) (i.e. with the sole NO2
- involved), a distinct 

community was formed (B TF) (Figure 5.3d). Thus, different key representative genera are 

selected when both (A and C) or only one electron acceptor (B) are used, with the former 

enriching for Petrimonas, Bacillus, Truepera, Ferruginibacter, Castellaniella, Aminobacter 

and the latter comprising of Comamonas, Truepera, Bacillus and Clostridium sensu stricto 

13, based on taxa differential analysis (Figure 5.3b). Some members of the genera 

Comamonas and Bacillus have been shown to be involved in NO3
- reduction (Park and Yoo, 

2009; Zhang et al., 2015), while in this study these were also abundant in the denitritation 

(B) experiment. 

Additionally, in the top 25 most abundant genera Thiobacillus and Moheibacter were 

predominantly selected for the conditions with two electron acceptors (A and C) (Figure 

5.3b). In contrast, the condition with one electron acceptor (B) selected for different 

communities predominantly (~75%) comprising of Thiobacillus and Thermomonas (Figure 

5.3b). Thiobacillus has been reported as ubiquitous in denitrification applications with 

reduced sulfur compounds, e.g. particulate chemically synthesized S0 and soluble S2O3
2- (Di 

Capua et al., 2016; Kostrytsia et al., 2018) and is capable of withstanding high NO2
- 

concentrations (Chen et al., 2018; Gao et al., 2017; Zhang et al., 2015), as also observed in 

this study with hydrophilic biosulfur (Figure 5.2b). The recently isolated species within the 

Moheibacter genus were not yet reported to perform NO2
- reduction (Schauss et al., 2016). 

Following the sPLS-DA algorithm, only 40 genera were varying between the conditions 

in the kinetic experiments (Figure 5.4a-c). The communities, when two (A and C) or one 

electron acceptor (B) were used, mainly differed in terms of genera represented by 

Strenotrophomonas, Kaistia, Moheibacter, Brevundimonas, Thauera, Propionicicella, 

Seculamonas ecuadoriensis (block b1); and Bryobacter, Diaphorobacter, Actinotalea, 

Rhodanobacter, Microbacterium, Pseudaminobacter, Dokdonella, Intrasporangium, 
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Halothiobacillius, Thermomonas, and Sphingopyxis (block b4). Block 1 was under 

expressed in denitritation (B), whereas block b4 was over expressed in denitritation (B), and 

vice versa for denitrification (A) and simultaneous denitrification-denitritation (C). 

Similarly, Strenotrophomonas, Thauera, Diaphorobacter and Halothiobacillius were also 

reported in denitrifying reactors with chemically synthesized S0 (Xu et al., 2015; Zhang et 

al., 2015). Rhodanobacter, Dokdonella and Thermomonas genera within the 

Xanthomonadaceae family are capable of using organic products from cell lysis to fuel 

denitrification (Xu et al., 2015). Pseudaminobacter is capable to oxidize reduced sulfur 

compounds directly to SO4
2- (Ghosh and Dam, 2009). 

The co-presence of the two electron acceptors mainly selected for (Figure 5.4d): Shinella, 

Rhizobium, Pleomorphomonas, Simplicispira, Limnobacter (block b2); and Nakamurella, 

Truepera, Cellulomonas, Petrimonas, Clostridium sensu stricto 13, Bacillus, Ferruginibacter, 

Aminobacter, Castellaniella, Isosphaera (block b3). Shinella, Rhizobium, Simplicispia and 

Limnobacter were detected in reactors with reduced sulfur compounds treating NO3
- 

pollution (Christianson et al., 2015; Zhang et al., 2015). The Nakamurella, Truepera, 

Petrimonas, Clostridium sensu stricto 13, Bacillus, Ferruginibacter Aminobacter, 

Castellaniella, Isosphaera genera are known to comprise of some denitrifying bacteria (He et 

al., 2018; Zhao et al., 2016). In addition, looking at block b3, the right tree comprising 

Clostridium sensu scricto 13, Bacillus, Ferruginibacter, Aminobacter, Castellaniella and 

Isosphaera is overexpressed for both denitritation (B) and denitrification (A), indicating that 

those genera can degrade NO2
- (Park and Yoo, 2009; Spain and Krumholz, 2012; Xu et al., 

2017). 

5.3.4 Opportunities for ADBIOS as a part of a sustainable and integrated 

wastewater treatment system 

ADBIOS (Figure 5.5 [1]) provides a sustainable technological solution for biological 

nitrogen removal fueled by biogenic S0, as a by-product of biogas desulfurization (Figure 

5.5 [2]). The benefits of the process, such as a 10-time faster kinetics (Section 5.3.2) 

compared to that of autotrophic denitrification with chemically synthesized S0, make it 

technologically attractive and economically feasible. In addition, the high NO2
- degradation 



 

93 

rate in the presence of a NO2
--enriched biomass suggests that ADBIOS can also be applied 

for NO2
- removal from wastewaters (Figure 5.5 [1]). Generally, ADBIOS implements the 

reuse of a waste resource (S0) into conventional nitrogen removal systems and creates a 

potential for an integrated process combining wastewater and flue gas treatment. Therefore, 

the scale-up of ADBIOS is of great interest, and the current study can serve as the basis of 

the necessary fundamental information on the process. However, not each site may have 

readily-available biogenic S0 supply, and biosulfur transportation might be required, which 

needs to be considered within an economic balance. 

 

Figure 5.5. Integrated ADBIOS (1) with NO3
- and NO2

- used as electron acceptors and biological gas 

desulfurization Thiopaq® (2). 

5.4 Conclusions 

The biogenic S0-oxidizing microbial consortia capable of reducing NO3
- or NO2

- mostly 

included Thiobacillus, Moheibacter and Thermomonas. The biogenic S0 showed an 

orthorhombic crystalline structure, having a 4.69 µm median particle size and a 3.38 m2/g 

SSA, which made it particularly reactive and bioavailable. The specific denitrification and 

denitritation activities as high as 223.0 mg NO3
--N/g VSS·d and 339.5 mg NO2

--N/g VSS·d, 

respectively, resulted in enhanced denitrification and denitritation rates compared to those of 

chemically synthesized S0. Moreover, the use of biogenic S0 induced a lower accumulation 

of NO2
-, alleviating the activity of the denitrifying consortia.
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6.1 Introduction 

Conventionally, nitrate (NO3
-) pollution from wastewaters is treated by heterotrophic 

denitrification with organic compounds used as electron donors. However, some wastewaters with 

low organic carbon content generated from landfill leachate, fertilizer and textile industries require 

external carbon source for a complete denitrification (Wang et al., 2016). Therefore, for 

wastewaters with low C/N ratio, the application of autotrophic denitrification becomes an 

attractive option due to its lower costs and higher efficiency (Park et al., 2016). 

In recent years, chemically synthesized elemental sulfur (S0) has gained incremental attention 

as an electron donor for autotrophic denitrification in batch bioassays (Di Capua et al., 2016; 

Kostrytsia et al., 2018a) and bioreactors (Christianson et al., 2015; Sahinkaya and Kilic, 2014; 

Simard et al., 2015; Wang et al., 2016). Despite being cheap and easy to transport, chemically 

synthesized S0 is almost insoluble in water that drastically influences its bioavailability to 

microorganisms and decreases bioprocess rates (Kostrytsia et al., 2018b). Alternatively, biogenic 

S0 (biosulfur) has been recently proposed for denitrification applications, i.e. autotrophic 

denitrification with biogenic S0 (ADBIOS) process (Kostrytsia et al., 2018a). 

Being a by-product of the well-established biological gas desulfurization technology 

(Thiopaq®, Paques BV, the Netherlands), biogenic S0 is particularly reactive and bioavailable due 

to its hydrophilic nature (Janssen et al., 1999; Kamyshny et al., 2009; Kostrytsia et al., 2018a). 

The preliminary experiments on ADBIOS process in batch microcosms (Kostrytsia et al., 2018a) 

illustrated a 10-time faster denitrification kinetics compared to that obtained with chemically 

synthesized S0 (Kostrytsia et al., 2018b). Therefore, further study on ADBIOS process is of great 

interest and the upgrade of the ADBIOS biotechnology up to the reactor scale is strongly 

encouraged. 

Within biological wastewater treatment processes, attached growth systems allow to retain the 

microorganisms in a form of biofilm, a fascinating bacterial aggregate that results in a lower 

sensitivity of microbes to unfavorable environmental conditions, promotes shorter hydraulic 

retention times (HRTs) and reduces reactor volumes (McQuarrie & Boltz, 2011; Ødegaard et al., 

1994). Moving-bed biofilm reactors (MBBR) possess not only the advantages of all biofilm 

systems, but also have benefits of suspended-cell reactors, as they are less prone to clogging due 

to the continuous movement of the biofilm carriers (Ødegaard, 1999). 



 

101 

In addition, MBBRs allow decoupling hydraulic retention time (HRT) from sludge retention 

time (SRT), which can be maintained high enough to enable the development and retention of 

slow-growing microorganisms, such as autotrophic denitrifiers (Christensson et al., 2013). The 

performance of the MBBR, as a biofilm-based process, relies on the growth dynamic and activity 

of the denitrifying biofilm (Bassin et al., 2016). Specifically, type of biofilm carriers plays a crucial 

role on biofilm thickness, active fraction of biofilm and microbial community structure. Up to the 

knowledge of the authors, S0 has never been tested as a substrate for denitrification in MBBRs 

because of the particulate nature of the substrate. 

The present research aims to investigate the ADBIOS performance in MBBRs with AnoxK 

K1 and Z-200 biofilm carriers, respectively, and associated microbial community development. 

The main objectives of this study are to: (i) to compare the ADBIOS performance in MBBRs 

operated with to different biomass carriers, i.e. AnoxK K1 and Z-200; (ii) investigate the 

robustness of ADBIOS by decreasing the HRT in the MBBRs; (iii) investigate the evolution of the 

dominant taxa in each MBBR operated in a continuous mode under different HRT conditions; and 

(iv) study the main characteristics of the (active) microbial communities living on the different 

biofilm carriers. 

6.2 Materials and methods 

6.2.1 Experimental setup 

The experimental setup consisted of four identical 2-wall glass MBBRs with a working volume 

of 1.5 L each (Figure 6.1). In this study, two types of biofilm carrier were used: (1) most studied 

MBBR carrier AnoxK K1 with a 10mm diameter (Ødegaard et al., 1994), and (2) a novel 

AnoxK Z-200 (a diameter of 30 mm and 200 µm grid wall height) as recently developed by 

Welander & Piculell (2016). MBBR1 and MBBR2 were filled by 40% (Vcarriers/Vreactors) with 

AnoxK K1 carriers, while the other two reactors (MBBR3 and MBBR4) were filled with the 

AnoxK Z-200 carriers up to 20% (Vcarriers/Vreactors) (Figure 6.1). The chosen media-filling 

fractions guaranteed the same protected surface area (PSA) of 0.3 m2 and good mixing condition 

for each reactor, as recommended by Ødegaard (1999) for K1 carriers and Piculell (2016) for Z-

200 carriers. 
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Figure 6.1. a) Flow scheme of experimental and b) the lab-scale setups used for investigating the ADBIOS process 

in the continuously-operated MBBRs. MBBR1 and MBBR2 are filled with the AnoxK K1 carriers while MBBR3 

and MBBR are packed with the AnoxK Z-200 carriers. 

The temperature in the MBBR was maintained at 30 (± 2) °C by means of a heating circulator 

(F12-ED, Julabo GmbH, Germany). pH, dissolved oxygen (DO) and oxidation reduction potential 

(ORP) values were controlled by pH sensor (HI11312 HALO, Hanna Instruments, USA), DO 

portable meter (ProfiLine Oxi 3205, WTW, Germany) and ORP electrode (SenTix, WTW, 

Germany), respectively. Each MBBR was placed on a magnetic stirrer (M2-A, Argo Lab, Italy), 

which guaranteed an agitation speed of 300 rpm. Peristaltic pumps (Gilson Minipuls 3, Gilson, 

USA) were used to feed influent to MBBRs and pump out the effluent. 
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6.2.1.1 Inoculum and medium composition 

The MBBR were inoculated with an activated sludge (10% of the entire MBBR volume) 

obtained from the denitrifying tank of a municipal wastewater treatment plant (Cassino, Italy). The 

reactor medium included a bicarbonate buffer of 2.0 g NaHCO3/L. In addition, the distilled water 

basal medium contained 0.4 g NH4Cl, 0.6 g KH2PO4, 1.6 g K2HPO4, 0.021 g MgCl2⋅6H2O and 1.6 

g KNO3 (per L). A trace element solution was added (10 ml/L) as reported elsewhere (Kostrytsia 

et al., 2018a). The pH of the feed was kept at 8.5 ± 0.3 at 25 °C. The 99%-pure biogenic S0 

(Fertipaq BV, the Netherlands), originated from the Thiopaq process (Paques BV, the 

Netherlands), was provided at an S:N ratio of 3.76 (1.5 times higher than stoichiometric value) to 

fuel denitrification, as described previously (Kostrytsia et al., 2018a). 

6.2.1.2 Carrier colonization phase: MBBR semi-batch operation 

The four MBBRs were operated in fed-batch mode for 6 months to enrich biogenic S0-based 

denitrifying bacterial cultures and allow the microorganisms to colonize the carrier prior to starting 

with the continuous-flow operation. The reactors were filled with the mineral medium and trace 

elements as described in Section 6.2.2. Half of the MBBR volume was replaced with a fresh feed 

solution when NO3
--N concentration approached zero and the pH was adjusted to 8.5 by the 

addition of NaOH. The enrichment was considered ‘stable’ when the obtained denitrification rate 

varied by less than 5% between the subcultures. 

6.2.1.3 Experimental conditions 

After a 6-month enrichment phase, the MBBRs were operated in a continuous mode for 309 

days in order to investigate the effects of HRT, biofilm carrier type (K1 and Z-200) and biogenic 

S0 dosage strategy on denitrification in ADBIOS process (Table 6.1). For the first 92 days, the 

biogenic S0 was dosed daily into MBBRs and the HRTs of 72, 48, 36 and 24 h were tested. Between 

days 92 and 206, MBBRs were operated at HRT of 36, 30 and 24 h and biogenic S0 was supplied 

continuously in a form of suspension from the separate canister in order to stabilize the 

denitrification process. After day 206, HRT was decreased from 48 to 21 h and biogenic S0 was 

supplied twice a day in a form of a powder in order to recover denitrification and test the robustness 

of the ADBIOS process. 
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Table 6.1. Experimental conditions used in the MBBRs aimed at ADBIOS of a synthetic wastewater containing a feed NO3
--N concentration of 215 mg/L. 

MBBRs were operated at a constant temperature of 30 (± 2)°C and an agitation speed of 300 rpm. 

 

Time (days) 0-50 50-63 63-77 77-92  92-144 144-166 166-206   206-223 223-247 247-264 264-280 280-309 

HRT (h) 72 48 36 24  36 30 24   48 36 30 24 21 

Nitrogen loading rate 

(NLR) (mg NO3
--N/L·d) 

73.3 110.0 146.7 220.0 
 

146.7 176.0 220.0  110.0 146.7 176.0 220.0 251.4 

Sulfur loading rate (SLR) 

(mg S0/L·d) 
280.0 420.0 560.0 840.0 

 
560.0 672.0 840.0  420.0 560.0 672.0 840.0 960.0 

S0·supply Powder (daily dosage) In suspension  Powder (dosage twice a day) 
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6.2.2 Sampling and analytical techniques 

Effluent samples were taken every second day from a sampling point located before the effluent 

tank, and the biofilm carriers were sampled directly from the MBBR at the end of each 

experimental condition (Figure 6.1a). Anion concentrations (NO2
-, NO3

-, SO4
2- and S2O3

2-) were 

analyzed by ion chromatography, as reported elsewhere (Kiskira et al., 2017). The elemental S0 

concentration was measured by reversed-phase chromatography as reported by Kostrytsia et al. 

(2018a) and Kamyshny et al. (2009). pH, temperature, DO and ORP were measured by the 

instruments described in Section 6.2.1. Suspended total solids (TS) and volatile solids (VS) of the 

liquid samples were quantified according to the Standard Methods (APHA, 2011). The mass of 

biological material attached onto the carrier material, expressed as attached TS, was quantified as 

previously described (Piculell et al., 2016). 

Samples of the biofilm attached to the carriers and fragments of the carries without the biofilm 

present (controls) were gold coated (Emitech K550, Quorum Technologies Ltd, West Sussex, 

United Kingdom) and examined using scanning electron microscopy (SEM) in secondary electron 

mode (Hitachi model S-4700, Hitachinaka, Japan). The analyses were performed at an acceleration 

voltage of 20 kv, an emission current (Ic) of 10 µA and a working distance of 12 mm (Morrison et 

al. 2009). Energy dispersive spectrometry (EDS) [INCA®; Oxford Instruments (high Wycombe, 

UK)] in point and identification mode was employed to determine the presence of a range of 

elements on the surface of the carriers with biofilm present and on control samples. Point and ID 

spectra analysis were randomly recorded from different locations and at different magnifications 

from each carrier. 

Raman spectra were obtained at random positions on samples of the biofilm attached to the 

carriers using a Horiba LabRAM II Raman spectrometer (Horiba Jobin-Yvon, France). The 

instrument is equipped with a 600 groove.mm−1 diffraction grating, a confocal optical system, a 

Peltier-cooled CCD detector (255 by 1024 pixel array at -67 °C) and an Olympus BX41 

microscope arranged in 180° backscatter geometry. Measurements were performed using a 532 

nm laser channelled through a Leica L100X/0.75 objective, providing a laser spot diameter of ~1.5 

μm. Micro Raman analysis were conducted for 30 to 45 seconds over the spectral range 400 - 3200 

cm-1, while suitable signal-to-noise ratios were generated using a minimum of two accumulations 

per measurement. Instrument operating parameters, spectral acquisition settings and spectra 
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manipulation (e.g., fluorescence reduction) were controlled using LabSpec v.6.4.35 (Horiba 

Scientific) (Jonker et al., 2015). Calibration of the LabRam instrument was performed before each 

analytical session and routinely between individual analyses using the Raman peak of a crystalline 

silicon wafer (520.2 ± 0.5 cm−1). Raman spectra were identified using the instruments Raman 

Spectral Library and reference to published Raman spectra in the literature. 

6.2.3 Microbial community analysis 

6.2.3.1 DNA and RNA co-extraction and high-throughput sequencing 

Total DNA and RNA co-extractions were performed from biofilm attached onto carriers (K1 

for MBBR1 and MBBR2; and Z-200 for MBBR3 and MBBR4) at seven different time points 

(days 0, 63, 77, 144, 206, 223 and 264) according to the protocol by Griffiths et al. (2000). The 

extracted DNA and RNA were measured spectrophotometrically (UV-Vis spectrophotometer, 

NanoDrop Technologies, Wilmington, USA) and kept at -20 and -80 °C, respectively, prior to 

molecular analysis. 

The RNA extracts were exposed to DNase treatment with the TURBO DNase-freeTM Kit 

(Thermo Fisher Scientific, Lithuania) for removing residual DNA. The bacterial 16S rRNA genes 

were amplified by polymerase chain reaction (PCR) using primers 515F and 806R. To confirm the 

efficiency of DNA removal, the PCR products were visualized on 1% agarose gel electrophoresis. 

Subsequently, the synthesis of first-strand cDNA was performed using SuperScript™ IV First-

Strand Synthesis System (Thermo Fisher Scientific, Lithuania). Finally, the 1% agarose gel 

electrophoresis and PCR analysis (reported above) confirmed the quality of the cDNA and DNA. 

The 16S rRNA gene on DNA and cDNA samples were high-throughput sequenced on the Illumina 

MiSeq platform (FISABIO, Spain). The 515F and 806R primers were applied. 

 

6.2.3.2 Bioinformatics 

The abundance table was generated by constructing operational taxonomic units (OTUs), a 

proxy for species. Both DNA (n=57) and cDNA (n=32) samples were combined together which 

resulted in a joint OTU construction. Initially, the paired-end reads were preprocessed according 

to the recommendations given in author’s recent publications (D’Amore et al., 2016; Schirmer et 

al., 2015), which results in significant reduction of substitution errors. Briefly, the paired-end reads 

were trimmed and filtered using Sickle v1.200 (Joshi & Fass, 2011) with a sliding window 

approach and trimming the reads where the average base quality drops below 20. Only the reads 



 

107 

that were above 10 bp length after trimming were kept. Next, Bayes-Hammer (Nikolenko et al., 

2013) was used from the Spades v2.5.0 assembler, which error-corrected the paired-end reads. 

Following this, pandaseq v (2.4) (Masella et al., 2012) was used to assemble the forward and 

reverse reads into a single sequence spanning the entire V4 region with a minimum overlap of 10 

bp. This resulted in consensus sequences for each sample on which we used VSEARCH (v2.3.4) 

for OTU construction. The preprocessed reads (overlapped) from each sample were pooled 

together while barcodes were added to keep track of which sample the read originated from. The 

reads were then dereplicated, sorted in order of decreasing abundance and singletons were 

discarded. Next, the reads were clustered based on 97% similarity followed by a removal of 

clusters which had chimeric models built from more abundant reads (--uchime_denovo option in 

vsearch). Finally, the OTU table was generated by matching the original barcoded reads against 

clean OTUs (a total of 2442 OTUs for n=89 samples) at 97% similarity (a proxy for species-level 

separation). 

The assign_taxonomy.py script from the Qiime workflow (Caporaso et al., 2010) was used to 

taxonomically classify the representative OTUs against the SILVA SSU Ref NR database release 

v123 database. OTUs were multisequence aligned using mafft-ginsi v7.273 (Katoh & Standley, 

2013) and used with FastTree v2.1.7 (Price et al., 2010) to generate the phylogenetic tree in 

NEWICK format. The biom file for the OTUs was then generated by combining the abundance 

table with taxonomy information using make_otu_table.py from the Qiime workflow. Functional 

capabilities of the microbial communities were predicted using Tax4Fun (Aßhauer et al., 2015). 

All prokaryotic KEGG organisms are available in Tax4Fun for SILVA v123 and KEGG database 

release 64.0. 

6.2.3.3 Statistical analysis 

Statistical analyses were performed in R using the combined data generated from the 

bioinformatics as well as meta data associated with the study. The vegan package (Oksanen et al., 

2011) was used for alpha and beta diversity analyses. For alpha diversity measures the following 

indices have been used: rarefied richness – the estimated number of species after rarefying the 

abundance table to minimum library size; Shannon entropy – a commonly used index to measure 

balance within a community. Ordination of OTU table in reduced space was done using Principal 

Coordinate Analysis (PCoA) plots of OTUs using three different distance measures were made 

using Vegan’s cmdscale() function: (1) Bray-Curtis is a distance metric which considers only OTU 
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abundance counts, (2) Unweighted Unifrac is a phylogenetic distance metric which calculates the 

distance between samples by taking the proportion of the sum of unshared branch lengths in the 

sum of all the branch lengths of the phylogenetic tree for the OTUs observed in two samples, and 

without taking into account their abundances and, (3) Weighted Unifrac is a phylogenetic distance 

metric combining phylogenetic distance with relative abundances. This places emphasis on 

dominant OTUs or taxa. Unifrac distances were calculated using the phyloseq package (McMurdie 

& Holmes, 2013). To supplement beta diversity exploration, analysis of variance was performed 

on samples grouping using Vegan’s adonis() against distance matrices (Bray-Curtis/Unweighted 

Unifrac/Weighted Unifrac) to give an estimate of percentage variability explained by the 

groupings. This function, referred to as PERMANOVA, fits linear models to distance matrices and 

used a permutation test with pseudo-F ratios. 

Phylogenetic distances within each sample were further characterized by calculating the nearest 

taxa index (NTI) and net relatedness index (NRI). This analysis helped determine whether the 

community structure was stochastic (driven by competition among taxa) or deterministic (driven 

by strong environmental pressure). The NTI was calculated using mntd() and ses.mntd(), and the 

mean phylogenetic diversity (MPD) and NRI were calculated using mpd() and ses.mpd() functions 

from the picante package (Kembel et al., 2010). NTI and NRI represent the negatives of the output 

from ses.mntd() and ses.mpd(), respectively. Additionally, they quantify the number of standard 

deviations that separate the observed values from the mean of the null distribution (999 

randomisation using null.model-‘richness’ in the ses.mntd() and ses.mpd() functions and only 

considering taxa as either present or absent regardless of their relative abundance). Based upon the 

recommendations given by (Stegen et al., 2012), we used only the top 1000 most abundant OTUs 

for the calculations. In majority of the figures displaying boxplots, we have performed pair-wise 

ANOVA taking two categories at a time, and where significant (p ≤ 0.05), joined them together 

by a line and plotting significance on top (*: 0.01 ≤ p < 0.05; **: 0.05 ≤ p < 0.001; ***: p ≤ 0.001). 

For analyzing community structure between K and Z carriers, community congruence between 

the two carriers was considered with mantel() function (with 10,000 permutations) from the ecodist 

package as well as symmetric procrustes analysis using the protest() function from the vegan 

package using monoMDS() on the dissimilarity measures. For both tests, three dissimilarity 

measures were used, i.e., Bray-Curtis distance, Unifrac, and Weighted Unifrac. 
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The Multivariate Integration (MINT) algorithm (Rohart et al., 2017), which is an extension of 

the multi-group Projection to Latent Structure (mgPLS), was used to find a common projection 

space across all studies, defined on a small subset of discriminative variables that consistently 

discriminate the outcomes. MINT was used in two capacities. In the first instance DNA samples 

were only considered and 𝑀 = 2 datasets denoted 𝑋(1)(𝑁1 × 𝑃), and 𝑋(2)(𝑁2 × 𝑃) for K and Z 

study were combined, respectively, where both datasets share the P OTUs although whilst the 

number of samples differ, i.e., 𝑁1 and 𝑁2 for K and Z study respectively. Both studies have 

associated dummy indicator outcome 𝑌(1), and 𝑌(2) in which all classes/days (000, 063, 077, 144, 

206, 223 and 264) are represented. In the second instance, both DNA and cDNA samples were 

considered and 𝑀 = 2 datasets denoted  𝑋(1)(𝑁1 × 𝑃), and 𝑋(2)(𝑁2 × 𝑃) for DNA and cDNA 

comparison for K and Z carriers separately were combined. The dummy indicator outcome  𝑌(1), 

and 𝑌(2) in this case were the days when data for both DNA and cDNA samples were available 

(000, 206, 223, 264). MINT then solved the problem: 
max

𝑎ℎ,𝑏ℎ
∑ 𝑁𝑚cov(𝑀

𝑚=1 𝑋ℎ
(𝑚)

𝑎ℎ, 𝑌ℎ
(𝑚)

𝑏ℎ), such 

that ‖𝑎ℎ‖2 = 1 and ‖𝑎ℎ‖1 ≤ 𝜆, where the covariance of scores between the datasets are 

maximised by finding the global loading vectors 𝑎ℎ and 𝑏ℎ common to all studies. ℎ represents 

the number of components (akin to PCA analysis). Since there is a sparsity control parameter 𝜆 in 

the above equation, adjusting it enforces shrinkage and any non-zero weights in the global loading 

vector 𝑎 are for discriminant OTUs. In all cases where the MINT algorithm were used, firstly 1% 

of the lowest abundant OTUs were filtered according to recommendations given at 

http://www.mixomics.org and afterwards, the TSS+CLR (Total Sum Scaling followed by 

Centralized Log Ratio) normalization was performed before applying the MINT algorithm. Unless 

otherwise stated, Leave-One-Group-Out Cross Validation was used and “centroids.dist” in the 

procedure to reduce the error rate significantly to not only identify the number of components but 

also their corresponding loading vectors. Finally, the discriminating OTUs along with their 

abundances were extracted along with the subset of phylogenetic tree of the discriminant OTUs 

and are drawn using EvolView http://www.evolgenius.info/evolview/) in the form of a heatmap.  

6.3 Results and discussion 

6.3.1 Performance of the lab-scale ADBIOS systems 

http://www.mixomics.org/
http://www.evolgenius.info/evolview/
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During fed-batch operation, the denitrifying microbial community colonized effectively the 

biofilm carriers, resulting in an attached TS concentration of 0.135 and 0.017 g/L in MBBRs with 

K1 and Z-200 biofilm carriers, respectively (Figure 6.3). 

 

 

Figure 6.2. Performance of the MBBRs: (a) NO3
--N concentrations in the effluents and feed; (b) NO2

--N 

concentrations in the effluents; (c) S0 concentrations in the feed and SO4
--S concentrations in the effluents; (d) pH 

values in the feed and effluents; (e) Oxidation reduction potential (ORP) in the effluents; and (f) Dissolved oxygen 

(DO) in the effluents. The average values for MBBR with AnoxK K1 (MBBR1 and MBBR2) and MBBR with Z-

200 (MBBR3 and MBBR4) were plotted. 
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Figure 6.3. Biomass concentration (g TSattached/L) in MBBR with AnoxK K1 (MBBR1 and MBBR2) and MBBR 

with AnoxK Z-200 (MBBR3 and MBBR4), and photos of the representative carrier sampled on days 0, 63, 77, 144, 

206, 223 and 280. 

During the first 92 days, the feed NO3
--N concentration was 225 mg/L and the HRT was 

gradually reduced from 72 to 24 h. Biosulfur was supplied daily in the form of powder (11% 

moisture content) at a sulfur loading rate (SLR) varying between 280.0 and 840.0 mg S0/L·d 

(Table 6.1). For the first 29 days of the continuous MBBR operation, the stabilization period took 

place with the NO3
--N concentration fluctuating between 50 and 200 mg/L. At HRT of 72, 48 and 

36 h, a complete NO3
--N degradation without NO2

--N accumulation was achieved in both MBBRs 

with K1 and Z-200 carriers (Figures 6.2a and b) with the nitrate loading rate (NLR) increasing 

from 73.3 to 146.7 mg NO3
--N/L·d (Table 6.1). The effluent SO4

2--S concentration remained 

stable at approximately 580 mg/L in all MBBRs and was similar to the theoretical value for 

complete denitrification, as proposed by Mora et al. (2015) (Figure 6.2c). 

However, at HRT of 24 h (day 77-91), the denitrification efficiency dropped up to 58% and 

resulted in a NO2
--N accumulation of 96 mg/L. This was followed by a decrease of SO4

2--S 

production (Figure 6.2c, day 84-91). This decrease of denitrification performance was attributed 

to the S0 dosage strategy, i.e. supplying biosulfur once a day from the top of the MBBR (Table 

6.1), that resulted in the washout of the part of the biosulfur with the time and the transparency of 



 

112 

the reactor medium. Therefore, the actual biosulfur concentration was lower than that required by 

the stoichiometry for complete denitrification. 

At an HRT of 72, 48 and 36 h, denitrification resulted in acidity production with pH dropping 

from 8.5 to 6.6-7.1 in the MBBR effluents (Figure 6.2d). Effluent ORP values were between -63 

and 8 mV on average (Figure 6.2e) and DO concentration remained below 0.07 mg/L. 

 

 

Figure 6.4. Denitrification rate (mg NO3
--N/L∙d) and denitrification efficiency (%) in MBBR with AnoxK K1 

(MBBR1 and MBBR2) and MBBR with AnoxK Z-200 (MBBR3 and MBBR4) achieved at different HRT. 

On day 92, the biosulfur dosage strategy was changed to continuous supply of the biosulfur in 

a form of suspension from a feed tank in order to provide an adequate amount of the electron donor 

to be retained in the denitrifying MBBR. Thus, on day 92, HRT was increased up to 36 h to recover 

the system from unstable operation in the previous phase (Figure 6.2a and b, day 77-91). At HRT 

of 36 h, a NO3
--N concentration dropped and varied between 31 and 65 mg/L (Figure 6.2a, day 

92-130), while a NO2
--N accumulation fluctuated between 60 and 147 mg/L (Figure 6.2b, day 92-

130). Elevated NO2
--N and NO3

--N concentrations in MBBR with Z-200 carriers compared to 

MBBR with K1 carriers resulted in the higher SO4
2--S production up to 540 mg/L in MBBR with 
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K1 carriers (Figure 6.2c, day 92-130). From day 130 to 144, a stable MBBR operation was reached 

with a denitrification efficiency of 84%, a NO2
--N accumulation up to 52 mg/L and SO4

2--S 

production of 480 mg/L. 

The further stepwise increase of NLR to 176 and 220 mg NO3
--N/L·d was done by decreasing 

HRT to 30 and 24 h, respectively (Table 6.1). From day 144 to 151, the buildup of NO2
--N up to 

130 mg/L was observed. On day 152, the NO2
--N degradation up to 45 mg/L occurred (Figure 

6.2b). Subsequently, complete NO3
- removal occurred between day 152 and 166 (Figure 6.2a). It 

was likely attributed to reduced detrimental effect of the NO2
--N concentration below 60 mg/L on 

the activity of denitrifying microorganisms (Guerrero et a., 2016). 

At an HRT of 24 h (day 166-194), the denitrification efficiency in the MBBRs varied between 

63 and 100% (Figure 6.2a) with a NO2
--N accumulation up to 172 mg/L (Figure 6.2b). In 

addition, SO4
2--S production fluctuated between 188 and 519 mg/L. At day 194-206, relatively 

stable effluent concentrations of 23 mg NO3
--N/L, 128 mg NO2

--N/L and 274 SO4
2--S /L were 

achieved in MBBRs. Despite reaching denitrification efficiency of 89%, excessive NO2
--N 

accumulation (>60 mg/L) was observed. 

At day 92-206, the measured values of the environmental parameters in the MBBR effluents 

fluctuated noticeably. In particular, pH was neutral and varied between 6.45 and 7.5 (Figure 6.2d). 

ORP was between -124 and 42 mV (Figure 6.2e). DO concentration was maintained below 0.34 

mg/L (Figure 6.2f).  

At day 92 to 206, the stable MBBR operation with the insignificant NO2
--N accumulation (<60 

mg/L) occurred only in 35% of the days. Therefore, the biosulfur supply from feed tank resulted 

in unstable MBBRs operation. Moreover, an occasional clogging of the biosulfur feed pipes 

occurred that required a regular backwash of the tubes. Despite continuous pumping of the 

biosulfur feed into reactors, some part of the biosulfur was lost inside tubes and the amount of the 

biosulfur that reached reactor was not enough for complete denitrification. 

Therefore, the biosulfur dosage strategy was changed to its supply twice a day in the form of 

powder (11% moisture content) (Table 6.1). In order to rule out kinetic limitation of the 

denitrifying community, an HRT of 48 h was used based on the MBBR operation during the first 

206 days. Step-wise HRT decrease of 48, 36 and 30 h resulted in the complete denitrification 

(Figure 6.2a) without NO2
--N buildup (Figure 6.2b), except for a few NO2

--N peaks at the 

beginning of each operational phase, i.e. on days [212-214], [226-235], [249]. In addition, SO4
2--
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S concentration similar to the theoretical one (Figure 6.2c) indicated the realization of complete 

denitrification. It might be concluded that stable MBBR operation at HRT of 48, 36 and 30 h was 

attributed to the precise periodic dosing of biosulfur twice a day. 

At day 264-309, HRT was further decreased in MBBR, first to 24 h and then to 21 h achieving 

NLRs of 220 and 251 mg NO3
--N/L·d, respectively (Figure 6.2a). At an HRT of 24 h, complete 

NO3
--N and NO2

--N removals were achieved in the MBBR with K1 (Figure 6.2a and b). However, 

despite 100% denitrification efficiency in MBBR with K1, NO2
--N accumulation up to 50 mg/L 

(Figure 6.2b) was observed and resulted in the SO4
2--S production slightly lower than that of 

theoretical one (Figure 6.2c). At day 280-309, all MBBRs demonstrated the denitrification 

efficiency of 91% (Figure 6.2a) with the significant NO2
--N accumulation up to 175 mg/L (Figure 

6.2b). It resulted in the lower biosulfur oxidation and the reduced SO4
2--S production of 

approximately 335 mg/L. 

At day 206-309, the effluent pH was equal to 6.6-7.1 (Figure 6.2d), ORP fluctuated between -

138 and -7 mV (Figure 6.2e) and DO concentration was kept below 0.1 mg/L (Figure 6.2f) in all 

MBBRs. During 309 days of the MBBR operation in a continuous mode, ORP varied between -

138 and +42 mV with the medium value of -60 mV. It was close to the optimal ORP values of -50 

to 50 mV for denitrification (Lepine et al., 2016). 

This study reveals that ADBIOS can be effectively maintained (i.e. complete denitrification 

without NO2
- accumulation) in the MBBR with K1 at an HRT as low as 24 h and at an HRT of 21 

h in the MBBR with Z-200. At the feed NO3
--N of 210±10 mg/L, an NLR reached 251.4 mg NO3

-

-N/L·d which is similar to that obtained in the previous studies on denitrification with chemically 

synthesized S0 (Sahinkaya et al., 2014; Sierra-Alvarez et al., 2007; Soares et al., 2002; Wang et 

al., 2016). In this study, the relatively high denitrification rate was achieved because of the 

effective biomass retention in the form of the biofilm onto the MBBR carriers. In addition, the 

hydrophilic properties and the small particle size of the biosulfur used in the current study 

guaranteed its high bioavailability to denitrifying microorganisms (Findlay et al., 2014; Kostrytsia 

et al., 2018a). 

In this study, the highest obtained denitrification rates of approximately 236 and 234 mg NO3
-

-N/L·d for the MBBR with K1 and Z-200 carriers, respectively, were achieved (Figure 6.4). The 

denitrification potential of ADBIOS process in the MBBR may be intensified by increasing the 

frequency of the biosulfur dosage in the form of powder. At day 92-206, the biosulfur dosage 
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strategy resulted in the lower S/N ratio than the stochiometric one and the subsequent NO2
--N 

accumulation. Later, at the same HRTs (i.e., 36, 30 and 24 h), an adequate amount of the biosulfur 

was supplied in a form of powder and the ADBIOS performance was optimized (complete 

denitrification without NO2
--N accumulation). Similarly, the crucial role of S/N mass ratio on the 

efficiency of chemically synthesized S0-based denitrification and the extend of the intermediate 

NO2
--N formation was previously reported (Guerrero et al., 2016; Kostrytsia et al., 2018b). 

6.3.2 Biofilm characteristics 

To examine the overall performance the ADBIOS process in the MBBRs, the evolution the 

biomass concentration attached onto K1 and Z-200 carriers was evaluated (Figure 6.3). Following 

biofilm ‘life cycle’ model onto MBBR carriers proposed by Zhu et al. (2015), the four stages were 

applied to the K1 and Z-200 biofilms: (1) at day 0, biofilm attachment occurred; (2) at day 63, 77, 

144 and 206 biofilm accumulation was observed; (3) at day 223, regeneration took place; and 

finally (4) at day 280, biofilm maturation occurred. Despite K1 and Z-200 biofilms concentration 

followed the same trend with the time, the concentration of the Z-200 biofilm had less significant 

variation compared to that of K1 biofilm (Figure 6.3). It is likely attributed to the Z-200 design 

with the fixed 200 µm grid height that determines the maximum biofilm thickness. 

Biomass concentration (expressed as g TSattached/L) in the MBBR with K1 carriers was 

significantly higher than that in the MBBR with Z-200 carriers, as observed in Figure 6.3. On day 

280, the concentration of biomass attached onto K1 carriers was 4.8 times higher than that onto Z-

200 carriers and was equal to 1.26 g TSattached/L. Despite having a significantly lower biomass 

concentration (Figure 6.3), MBBR with Z-200 carriers illustrated the same denitrification rates as 

MBBR with K1 carriers (Figure 6.4). It might be explained because MBBR efficiency is attributed 

to the active fraction of the biofilm (Bassin et al., 2016). Therefore, most probably there was a 

significant inactive or inert fraction of the biofilm onto K1 carrier that was retained within the 

carrier during operation. This assumption could be confirmed by observing sulfur inclusion in 

biofilms (Figure 6.5). The geometry of the K1 carrier provided the conditions for the retention of 

the mass (biofilm and biosulfur) within the carrier, while Z-200 carriers fixed the maximum 

biofilm thickness at 200 µm. 
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Figure 6.5. SEM micrograph, EDS and Raman spectrum of biofilms onto AnoxK K1 carrier of MBBR1 (a) and 

MBBR2 (b) as well as biofilm onto AnoxK Z-200 carrier of MBBR3 (c) and MBBR4 (d). Start indicates location 

of point scan corresponding to EDS spectrum. 

6.3.3 Characterization of the bacterial communities present in the ADBIOS 

biofilm reactors 

The difference within each microbial community (alpha diversity) and between them (beta 

diversity) as well as the effect of the environmental processes on the selected microbial community 
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(environmental filtering) were explored (Figure 6.6). The richness (Alpha diversity, Figure 6.6) 

for the active members of microbial community (cDNA-based OTUs) is lower than that for DNA-

based OTUs in both studies on MBBR with AnoxK K1 (K) and MBBR with AnoxK Z-200 

(Z) carriers. In addition, active community members have very high NRI/NTI (much higher than 

2), implying a strong influence of environmental pressure, and, therefore, phylogenetic clustering. 

This is further confirmed by observing the cDNA-based microbial communities being clustering 

closer to each other on PCoA plot (unweighted Unifrac plot). 

Despite having little commonality in term of abundance (Bray-Curtis PCoA plot), cDNA-based 

microbial communities demonstrated similarity on term of phylogeny within each carrier type 

(unweighted Unifrac plot). Phylogeny had more impact than abundance for microbial communities 

of each carrier type (K and Z). Therefore, in view of the environmental filtering (NRI/NTI) and 

PCoA (unweighted Unifrac) results, it is likely that specific clades were being selected. In addition, 

Procrustes analysis illustrated that at DNA level both K and Z studies have a very high correlation 

(R=0.9254 with p=0.012) in term of phylogeny (unweighted Unifrac) i.e., the same species are 

present in both K and Z studies although they differ in abundances (lower correlation in terms of 

Bray-Curtis distance). Hence, microbial communities were following the same trend for K1 and 

Z-200 over time and could be considered as similar (Mantel test). 
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Figure 6.6. Diversity measures for a) K (AnoxK K1) and b) Z (AnoxK Z-200) carriers using both DNA and cDNA samples colored according to the day 

of MBBR operation.
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Figure 6.7 explores K and Z studies from the perspective of inter-study differences giving out 

OTUs that discriminate over time and give an account of discrepancies (highlighted in yellow) and 

commonalities (not highlighted) between the two studies. OTUs responsible for variation between 

microbial communities within study K and Z at day 0 were found. There were many OTUs that 

were markedly abundant on day 0 for Z study, i.e. OTUs 1167, 123 and 107 (no hits), Thiobacillus 

(OTUs 1, 178 and 231), Aquamicrobium (OUT 714), Flavobacterium (OTU 106), Moheibacter, 

Nitratireductor (OTU 14), Pannonibacter and Sphingopyxis. Concurrently, in the K study, there 

were no dominating OTUs, and diversity was relatively balanced that was confirmed by higher 

Shannon entropy for study K than Z at day 0 (Alpha Diversity, Figure 6.6). 
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Figure 6.7. Study-wise comparisons between K (AnoxK K1) and Z (AnoxK Z-200) carriers using the MINT 

algorithm. 

Between days 63 and 73, OTUs abundances followed a similar profile for study K and Z, but 

from day 144 onwards, there were fewer and more abundant OTUs for Z study than K study. There 

were some novel phylogenetically-similar OTUs that characterized the microbial community for 

both K and Z studies at higher abundance such as OTU_61, OTU_347, OTU_1, OTU_112, 

OTU_120, OTU_102, OTU_165, OTU_65, OTU_77, OTU_138, OTU_70, OTU_55, OTU_136, 

OTU_123, OTU_103, OTU_139, OTU_95, OTU_76, OTU_51, OTU_297, but these were found 

neither in Silvamod123 database nor NCBI (Query Coverage > 95%; Percentage Identity > 95%). 

The highest abundance of the 3 OTUs (109, 294 and 90) of Thiobacillus genus was observed for 

both carriers K and Z at different days (highlighted in yellow in Figure 6.7d), but their high 

abundance was consistent through MBBR operation (Figure 6.7d). OTUs belonging to 

Thiobacillus genus play a core role in the ADBIOS process in both K and studies, which is 

consistent with the literature on denitrification with chemically synthesized S0 (Di Capua et al., 

2016; Wang et al., 2016). 

In addition, Truepera, Flavobacterium (OTU 9), Hyphomonas and Sphingopyxiz were detected 

at high abundance for each experimental condition for both K and Z carriers, that also indicates 

the important role of such bacteria groups in the ADBIOS process. Truepera was detected in the 

previous ADBIOS batch experiments (Kostrytsia et al., 2018a) and microorganisms belonging to 

this taxon possess nitrate reductase (Nar), nitrite reductase (Nir), nitric oxide reductase (Nor) 

(KEGG PATHWAY: tts00910) and sulfur oxidizing (Sox) (KEGG PATHWAY: tts00920) 

enzymes. Some bacteria within Hyphomonas genus have Nar (KEGG PATHWAY: hne00910) 

and Sox (KEGG PATHWAY: hne00920) enzymes. Microorganisms belonging to Flavobacterium 

genus are capable of heterotrophic denitrification (Drysdale et al., 1991) and have Nir and Nor 

enzymes (KEGG PATHWAY: fjo00910). Some bacteria within Sphingopyxiz genus possess Nar 

and Nor enzymes (KEGG PATHWAY: sgi00910). 

Only 23 OTUs were detected as discriminant within DNA and cDNA studies for K carrier, 

which indicated relatively stable microbial community formed in MBBR1 and MBBR2 overtime 

(Figure 6.8c). The following OTUs were detected to have the highest abundance for cDNA 

samples compared to DNA ones at the end of the experiment (day 264): Mycobacterium, Shinella, 

Pannonibacter, Mesorhizobium (OTUs 17 and 603) and Comamonas. The representative bacteria 
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within Mycobacterium genus possess Nar enzyme (KEGG PATHWAY: mdx00910), while both 

Shinella and Pannonibacter are capable of the complete denitrification (KEGG PATHWAYs: 

shz00910 and pphr00910). Bacteria of the Mesorhizobium genus not only could oxidize sulfur via 

Sox pathway (KEGG PATHWAY: mci00920), but also have Nir enzyme (KEGG PATHWAY: 

mci00910). Comamonas comprises anaerobic denitrifiers and has been reported in the previous 

denitrification and denitritation studies with biosulfur (Kostrytsia et al., 2018a). In addition, at day 

206, when the performance of MBBR with K1 was not optimal due to NO2
- accumulation (Figure 

6.2b), Thermomicrobia (OTU 45), Anaerolineaceae (OTUs 53 and 941), Desulfobacteraceae 

(OTU 16) and Chryseobacterium (OTU 8) were abundant within an active microbial community 

(Figure 6.8c). The bacteria belonging to Thermomicrobia and Anaerolineaceae taxa are known to 

have nitrous oxide reductase (NosZ) and Nir enzymes, respectively (KEGG PATHWAYs: 

tro00910 and tro00910), Desulfobacteraceae and Chryseobacterium are capable of SO4
2- 

reduction (KEGG PATHWAYs: dat00920 and chz00920). 
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Figure 6.8. Study-wise comparisons between DNA and cDNA using the MINT algorithm. 
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In contrast, the Z-carrier (Figure 6.8d) had 128 discriminatory OTUs between DNA and 

cDNA samples. It illustrates that microbial community differed significantly overtime in the 

MBBR3 and MBBR4. Most OTUs were present in high abundance at the same day of MBBR 

operation within both DNA and cDNA samples. It implies that most of the present 

microorganisms within biofilm were the ones performing metabolic activities (based on 

cDNA data). 

Within Thiobacillus genus, 8 different OTUs (i.e., 112, 15,109, 357,1,130,97,6587 and 

218) were detected as discriminant between cDNA and DNA. Thiobacillus (based on DNA 

studies) are usually detected as a dominant group in sulfur based autotrophic denitrification 

(Kostrytsia et al., 2018; Wang et al., 2016), however, they were mostly down-regulated in 

terms of cDNA in this study. Therefore, the high abundance of this bacteria at DNA level 

does not imply its high activity. 

At day 63, the immature biofilm was formed with the most abundant taxa of 

Obscuribacterales, Actinotalea, Propionibacteriaceae (OTUs 171, 590 and 624), 

Ancalomicrobium, Parvibaculum, Thiobacillus (OTUs 1 and 87) and Nitrosomonas being 

active but getting down-regulated with the time. Bacteria within taxa of Actinotalea, 

Propionibacteriaceae and Parvibaculum can use both NO3
- and NO2

- to perform 

heterotrophic denitrification (Li & Lu, 2017; Kostrytsia et al., 2018a). Ancalomicrobium is 

not capable of reducing NO3
-, but rather utilizes ammonium (NH4

+) or ferment organic 

carbon substrates (e.g., glucose) (Staley, 1968). The bacteria belonging to Nitrosomonas 

possess Nir and Nor enzymes (Bock et al., 1995). 

At day 206 (with accumulated NO2
- in MBBR3 and MBBR4), most abundant active taxa 

included Cellulomonas, Patulibacter, Solirubrobacterales (OTUs 91 and 93), 

Anaerolineaceae, Bosea (OTUs 25 and 172), Shinella, Devosia (OTUs 187 and 1573), 

Castellaniella and Comamonas (OTUs 181 and 1170). Bosea, Devosia and Comamonas are 

capable of NO3
- reduction coupled to Sox pathway (KEGG PATHWAYs: bos00920, 

deq00920 and ctt00920). In addition, Devosia and Anaerolineaceae possess a nir enzyme for 

NO2
- degradation (Falk et al., 2010; (KEGG PATHWAY: tro00910). Castellaniella and 

Shinella are capable of complete heterotrophic denitrification (Kämpfer et al., 2006; KEGG 

PATHWAYs: cdn00910 and shz00910). Solirubrobacterales and Cellulomonas have Nar 
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enzymes (KEGG PATHWAY: cwo00910 and cfi00910), while Cellulomonas can also 

reduce NO2
- via Nir (Feng et al., 2017). 

The following discriminating taxa of Mycobacterium, Corynebacteriaceae, Gordonia, 

Patulibacter, Thermomicrobia, Aquamicrobium, Mesorhizobium (OTUs 17 and 603), 

Ketogulonicigenium, Sphnigomonassp, Luteimonas, Moheibacter, Ignavibacteriales, 

Thermomonas and Thiobacillus (OTUs 112 and 218) were upregulated in cDNA samples 

between days 223 and 264, when mature biofilm was formed on Z-200. 

6.4 Conclusions 

For 309 days, the ADBIOS performance and robustness in the duplicate of each MBBR 

filled with either AnoxK K1 or novel AnoxK Z-200 biofilm carriers, respectively, were 

investigated under increasing NLR by decreasing HRT from 72 to 21 h. The denitrification 

rates of 236 and 234 mg NO3
--N/L·d were achieved at an HRT of 24 h for K1 and an HRT 

of 21 h for Z-200 carrier, respectively. At HRT lower than 30 h, a higher NO2
- accumulation 

was observed in the MBBRs operated with Z-200 carrier. At the end of the MBBRs operation, 

the biomass concentration in MBBR with K1 carriers was 4.8 times higher than in the 

MBBRs with Z-200 carriers, and was equal to 1.26 g TSattached/L. Based on RNA analysis, 

the same active microorganisms, belonging to Thiobacillus, Truepera, Flavobacterium, 

Hyphomonas and Sphingopyxiz genera, were dominating MBBRs with K1 and Z-200 

carriers, but they differed in occurrence. 
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CHAPTER 7 
 

 GENERAL CONCLUSIONS AND FUTURE 

PERSPECTIVES 
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7.1 Introduction and objectives 

Contamination by nitrate (NO3
-) and nitrite (NO2

-), due to the unscrupulous use of N-

based fertilizers and uncontrolled discharge of wastewaters, is one of the main environmental 

concerns for ground and surface water bodies (Christianson et al., 2015). High NO3
- and NO2

- 

concentrations result in ecological disturbances, such as eutrophication and a high toxicity 

towards aquatic organisms, respectively (Wang et al., 2016). Autotrophic denitrification with 

elemental sulfur (S0) is a sustainable alternative to the conventional heterotrophic 

denitrification for the treatment of wastewaters poor in organics. The use of S0 results in 

lower operational costs, easy handling and a reduced N2O concentrations. 

Chemically synthesized S0 has been extensively studied as an electron donor for 

denitrification (Christianson et al., 2015; Sahinkaya et al., 2014; Wang et al., 2016), however, 

its insignificant solubility drastically limits its application. Therefore, the hydrolysis of the 

chemically synthesized S0, as a rate-limited step in the process, should be investigated in 

detail. Alternatively, biogenic S0, which is generally produced in desulfurization plants aimed 

at removing H2S from gas streams (Kleinjan et al., 2003), has been suggested recently for 

denitrification (Di Capua et al., 2016). The hydrophilic properties of biosulfur make it a 

potent electron donor for denitrification and denitritation. 

The current PhD research investigates the feasibility of denitrification with various S0 

sources for treating high-strength NO3
- synthetic wastewaters in the suspended and/or 

attached growth systems. Two different types of S0, namely chemically synthesized and 

biogenic, as electron donors for autotrophic denitrification, are investigated separately using 

interdisciplinary approach. Specifically, biokinetic experiments in batch bioassays, microbial 

community analysis and mathematical modelling are used to evaluate the fundamental 

aspects of the chemically synthesized S0-based autotrophic denitrification. Based on 

sensitivity analysis, the hydrolysis of chemically synthesized S0 is determined as a rate-

limiting step in the proposed two-step autotrophic denitrification model. Moreover, 

biokinetics and a microbial community involved in autotrophic denitrification with biosulfur 

(ADBIOS) are studied in detail. In the ADBIOS process, physico-chemical characterization 

of biosulfur is performed to evaluate its behavior in biochemical reactions. Finally, the 

studied fundamental aspects of the ADBIOS process are taken into consideration while 
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designing the bioreactors, i.e. moving-bed biofilm reactors (MBBRs). The long-term 

ADBIOS performance and the activity of associated microbial community are investigated 

in MBBRs with AnoxKTM K1 and novel AnoxKTM Z-200 biofilm carriers. 

7.2 Major research findings 

The summary of the main findings from the chapters of the PhD are stated in Figure 7.1. 

 

Figure 7.1. Summary of the major findings in this PhD research 

7.2.1 S0-based denitrification and denitritation: microbially catalyzed sulfur 

hydrolysis and nitrogen conversions 
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Limited solubility of the chemically synthesized S0 is the principal challenge to the full-

scale application of S0-driven autotrophic denitrification and denitritation. In this study 

(Kostrytsia et al., 2018a), hydrolysis of chemically-synthetized S0 and the successive S0-

driven autotrophic denitrification and denitritation in batch experiments are studied using an 

interdisciplinary approach (biosystem engineering, microbiological and modeling). The high 

biomass concentration (1 g/L), achieved due to biofilm formation onto porous S0 particles, 

helps to obtain an NO3
- removal rate of 20.9 mg/L∙d, which is similar to that observed for 

soluble electron donors, i.e. thiosulfate (S2O3
2-) (Di Capua et al., 2016). Biomass enriched on 

NO2
- is capable of degrading NO2

- at concentrations as high as 240 mg N/L, despite NO2
- at 

high concentrations being known to have a detrimental effect on denitrifying cultures 

(Guerrero et al., 2016). Thus, the application of the biomass enriched on NO2
- can help to 

eliminate NO2
- accumulation in S0-based denitrification treating high-strength NO3

- waters. 

The present work gives a novel contribution to the study of S0-based autotrophic 

denitrification and denitritation, and puts forward a new modeling interpretation of the S0 

solubilization step by hydrolytic microorganisms. The Helicobacteraceae family is present 

solely in the biofilm immobilized onto the chemically synthesized S0 particle, indicating that 

it is the bacterial group responsible for S0 hydrolysis in the novel surface-based model. 

Moreover, denitrification is simulated as a two-step process of sequential degradation of NO3
- 

to NO2
- and further to N2 by the denitrifying microbial community. 

The developed model can serve both as an efficient tool for maximizing pollutants 

degradation and decision-making instrument. Therefore, in this study a deeper understanding 

of the S0-driven autotrophic denitrification and denitritation processes is obtained, also for 

their application at a larger scale. 

7.2.2 Sensitivity analysis for a S0-based two-step denitrification model 

Hydrolysis is an important process occurring prior to chemically synthesized S0-based 

denitrification or denitritation, as it is very likely to be the slowest and rate-limiting step for 

the entire process (Kostrytsia et al., 2018a; Liu et al., 2016; Sierra-Alvarez et al., 2007). 

Microbial solubilization of the particulate substrates, such as chemically synthesized S0, is 

highly dependent on the specific surface area of the particles and the fraction of the surface 
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immobilized by bacteria (Esposito et al., 2011). Thus, in the recent study (Kostrytsia et al., 

2018a), the model on two-step S0-based denitrification accounting S0 hydrolysis was 

developed. The performed numerical simulations confirmed that the proposed model could 

predict the behavior of the denitrification biofilm system. 

However, the developed model possesses an extensive parameter space that has to be 

investigated. Thus, a local sensitivity analysis is carried out to define the highly sensitive 

parameters that possess a significant effect on the model predictions. The model parameters 

are classified into 3 categories, including kinetic (µmax
2,3, µ

max
2,4, kd,2, K2,2, K2,3, K2,4, S3

* and 

S4
*), stoichiometric (Y2,3, Y2,4, r1 and r2) and hydrolysis-related (K0, a*, k1, K1 and kd,1) 

parameters. 

The results of local sensitivity analysis demonstrate that the parameter vector can be 

shrunk to the mass specific area of the sulfur particles (a*), hydrolysis kinetic constant (k1), 

and the maximum growth rate of the denitrifying biomass on NO3
- (µmax

2,3) and NO2
- (µmax

2,4), 

which are dominant parameters. The effect of the kinetic parameters (µmax
2,3 and µmax

2,4) are 

more significant between days 10 and 15 when the process rates (i.e., denitrification and 

denitritation) are the highest (Figure 3.2). Thus, the model predictions are decisive during 

that period. The high sensitivity of hydrolysis-related parameters a* and k1 proves the 

relevance of the surface-based hydrolysis approach used in the chemically synthesized S0-

based two-step denitrification model. To conclude, the sensitivity analysis helps to 

investigate the role of the model parameters in process kinetics. 

7.2.3 Biokinetics of microbial consortia using biogenic sulfur as a novel 

electron donor for sustainable denitrification 

Autotrophic denitrification with biogenic S0 (ADBIOS), as a by-product of biological gas 

desulfurization and an alternative electron donor for the removal of NO3
- and NO2

- from 

industrial wastewaters, is in detail investigated in this study (Kostrytsia et al., 2018b). The 

sterilization of biosulfur was considered as unnecessary step because of additional denitrifiers 

(i.e., Thibacillus), typically present in biosulfur source, could benefit the process. However, 

when using biogenic sulfur for drinking water treatment, the sterilization should be 

performed to exclude biological pollution of drinking water from the biosulfur source. 
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In terms of the denitrification and denitritation performance and kinetics, it is shown that 

biogenic S0 can successfully fuel nitrogen removal, allowing to obtain specific denitrification 

and denitritation activities as high as 223.0 mg NO3
--N/g VSS·d and 339.5 mg NO2

--N/g 

VSS·d, respectively. In addition, in comparison with chemically synthesized S0, the use of 

biosulfur results in a low NO2
--N accumulation, promoting the activity of the denitrifying 

bacteria and contributing to the higher rates of the process. 

An in-depth physico-chemical characterization of the used biogenic S0 is performed. 

Scanning electron microscopy (SEM) and Raman spectroscopy reveal that the biosufur is a 

microcrystalline orthorhombic sulfur. A particle size distribution analysis allows 

investigation of the median S0 particle size, which was only of 4.69 µm leading to a specific 

surface area of 3.38 m2/g. The microcrystallinity characteristics coupled to the high specific 

surface area results in the high S0 reactivity, solubility and bioavailability, enhancing the 

denitrification and denitritation kinetics. 

It is noteworthy to mention that for the first time the biogenic S0-oxidizing microbial 

consortia, capable of reducing NO3
- or NO2

- , is being for 3.5 months enriched within the 

ADBIOS process. This reveals mostly bacteria belonging to the Thiobacillus, Moheibacter 

and Thermomonas genera, with the structure of the microbial communities changing when 

two electron acceptors (i.e. NO3
- and NO2

-) or one (i.e. NO2
-) are present. The taxonomic 

data is deeply reprocessed by using modern bioinformatics techniques. 

7.2.4 Long-term performance, biofilm characteristics, and microbial 

ecology in MBBRs for ADBIOS 

Recently, biosulfur was suggested as a potent electron donor capable of fueling NO3
- and 

NO2
- degradation in wastewaters with low soluble organic carbon content (Kostrytsia et al., 

2018). Specifically, the knowledge gained on denitrification/denitritation kinetics, microbial 

community structure and properties of biosulfur are being used for ADBIOS scale-up to 

bioreactor level, using the MBBR configuration for further investigation. 

The exclusive characteristics of the MBBR, including separation of hydraulic and sludge 

retention times, allows to have high concentration of the biomass immobilized onto the 

plastic carriers. Thus, the growth of the slow-growing autotrophic denitrifiers is being 
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promoted in such biofilm systems. The effect of the packing material, i.e. AnoxKTM K1 and 

Z-200, on the performance of the ADBIOS under increasing nitrate loading rate (NLR) is 

evaluated in the separate MBBRs. Duplicates for each carrier-type reactor are being used in 

order to guarantee the results reproducibility, which is especially of a concern when operating 

a complex system as a biofilm bioreactor aimed at ADBIOS for the first time. The duplicate 

of each carrier-type MBBR has the same performance, and, thus, the results of the ADBIOS 

kinetics are plotted as an average of the duplicate reactors, i.e. MBBR with AnoxKTM K1 and 

MBBR with AnoxKTM Z-200, respectively (Figure 6.2). 

During long-term operation, the denitrification capacities of 236 and 234 mg NO3
--N/L·d 

are achieved at hydraulic retention time (HRT) of 24 h for AnoxKTM K1 and at HRT of 21 h 

for Z-200, respectively. At HRT lower than 30 h, slightly higher NO2
- accumulation for 

MBBRs with AnoxKTM Z-200 is observed. It is likely due to the five times lower biomass 

concentration in MBBRs with Z-200 compared to AnoxKTM K1. Simultaneously, at HRT 

higher than 30 h, both MBBRs types can degrade the same amount of the NO3
-, despite 

having different biomass concentration (Figure 6.3). Therefore, the activity of the biomass 

attached onto AnoxKTM Z-200 carriers is higher than those onto AnoxKTM K1. 

In addition, the activity of the microbial community within biofilm attached onto 

AnoxKTM K1 (K study) and AnoxKTM Z-200 (Z study) carriers, respectively, is evaluated 

under different NLRs. The congruency analysis shows that the same microbial taxa (e.g., 

Thiobacillus, Truepera, Flavobacterium, Hyphomonas and Sphingopyxiz) are being 

dominant in K1 and Z-200 studies, but they vary in occurrence (Figure 6.6). The active 

microbial community (cDNA-based results in Table 6.8) is more differentiating within Z-

200 study than K1 study due to the thinner biofilm formation onto AnoxKTM Z-200 (Figure 

6.3) that likely provides a better diffusion of NO3
- into biofilm with the increasing NLR. 

Lastly, different biosulfur dosage strategies are being tested for the ADBIOS MBBRs, 

including dosage of the biogenic S0 as a powder (once or twice a day) and supplying it in 

suspension from the feed tank. However, due to lower loading rates and subsequent smaller 

diameters of the feed tubes of the laboratory scale bioreactors, the biosulfur supply as a 

suspension results in biosulfur loss in the system (e.g., due to clogging of the tubes) that 

negatively influences denitrification performance. In contrast, periodical dosage of the 
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biosulfur in the form of powder allows to achieve higher denitrification rates. The challenges 

associated with the biosulfur dosage can be eliminated during the development of the 

ADBIOS technology at pilot-scale due to bigger reactor volumes, higher loading rates and, 

therefore, potential to use the tubes with bigger diameter that will reduce clogging. 

7.3 Future research perspectives 

In this PhD study, the fundamental aspects of novel autotrophic denitrification with 

biogenic S0 (ADBIOS) (Figure 7.2 [1]) for the treatment of nitrogen pollution (i.e., NO3
- and 

NO2) in wastewaters are investigated (Chapter 5). Furthermore, the scale-up of ADBIOS 

from simple batch bioassays in serum bottles is being performed by evaluating long-term 

operation of high-rate MBBRs (Chapter 6). Biogenic S0, as a product of biological gas 

desulfurization (Figure 7.2 [2]), serves as a novel electron donor for sustainable biological 

nitrogen removal. In the long run, ADBIOS implements the circular economy principle of 

resource reuse (biosulfur) into conventional nitrogen pollution treatment systems and 

establishes opportunities for a sustainable, integrated process combining nitrogen removal 

and gas desulfurization. To integrate Thiopaq® with ADBIOS, two scenarios of sulfate 

reduction could be applied by using either hydrogen gas (H2) (Figure 7.2 [3.1]) or organic 

waste (Figure 7.2 [3.2]). Noteworthy, the unique properties of biogenic S0 also make it an 

excellent adsorbent for the recovery of trace metals from wastewaters (Figure 7.2 [4]), which 

can then be released and taken up by microbial consortia for the enhancement of their activity. 

Therefore, the further scale-up of the ADBIOS process by investigating its performance at a 

pilot scale plant is of great interest, and the results of this PhD can provide the necessary 

fundamental information. 
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Figure 7.2. Integrated biological gas desulfurization Thiopaq® (1) and autotrophic denitrification with 

biogenic S0 (ADBIOS) (2), autotrophic (3.1) and heterotrophic sulfate reduction (3.3), and metals recovery from 

wastewater (4). 

A significant uncertainty remains on the role of the organic matter on S0-based autotrophic 

denitrification treating wastewater with low C/N content. Typically, at a COD/N ratio 

between 1.6 and 3.3, different microbial cultures have been reported to coexist in the system: 

NO3
- is degraded by the cooperation of autotrophic and heterotrophic bacteria while organics 

are removed by heterotrophic denitrifiers (Li et al., 2009). Thus, the heterotrophic combined 

with autotrophic denitrification (HAD) approach might be applied, leading to an overall 

lower sulfate production and a higher denitrification rate. Heterotrophic denitrification results 

in an alkalinity gain while autotrophic denitrification produces acidity. Thus, the addition of 

external alkalinity, that is typically needed under strict autotrophic denitrifying conditions, 

would be excluded or decreased (van Rijn et al., 2006). Moreover, HAD leads to an 

optimization of the carbon consumption. The autotrophs metabolize extra organics that could 

be consumed by heterotrophs; when organic carbon is limited, the HAD process could switch 

to autotrophic denitrification (Kim et al., 2004). Additionally, autotrophic bacteria could use 

CO2 as a carbon source which is the product of heterotrophic denitrification (Zhao et al., 

2011). However, it is challenging to obtain successful removal for each pollutant, since the 

process is sensitive to many parameters and environmental factors. The integration of 
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autotrophic and heterotrophic denitrification in the single reactor is of a practical interest. 

However, the development of a microbial competition strategy is of major importance in 

order to achieve a pre-determined goal in the treatment of such complex wastewaters. 
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