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SUMMARY

Substrates and products of the main microbial nitrogen conversions have been
extensively studied for years, as well as extensively applied in engineered systems
[1, 2, 3]. Even if some of the nitrogen conversions are known for more than a decade
now, intermediate steps and enzymatic conversions of these microbial transformations
are generally little understood and a lot of unknowns remain to be solved.

One of the least studied nitrogen compounds is hydroxylamine. Hydroxylamine
is a highly reactive and toxic inorganic compound that some microorganisms use
as intermediate during nitrogen conversions. The aim of this thesis was to further
understand the role of hydroxylamine in the nitrogen cycle.

Current knowledge and challenges regarding the role of hydroxylamine in
the nitrogen cycle were assessed in Chapter 2. Even being known to be an
intermediate in aerobic ammonium oxidation by ammonium oxidizing bacteria (AOB),
ammonium oxidizing archaea (AOA) and complete ammonium oxidizing bacteria
(comammox), it is not yet fully clarified how hydroxylamine is transformed to
nitrite. Furthermore, transient hydroxylamine accumulation has been described
during ammonium oxidation, but the factors promoting its accumulations and further
implications on side communities are not well known. Up until now, the impact of
hydroxylamine on anaerobic ammonium oxidizing bacteria (anammox) and AOB were
little studied and no general agreement on a positive or negative effect of this compound
in these microbial transformations was reached. Few studies assessed, the impact of
hydroxylamine on other nitrogen cycle conversions such as NOB, denitrifiers, AOA and
comammox. Furthermore, part of the N2O emissions in AOA, AOB and comammox
are known to be related to hydroxylamine, but the factors promoting N2O emissions
from hydroxylamine are still to be fully understood. Thus, full of room is left to
increase our knowledge regarding hydroxylamine. According to Chapter 2 the main
obstacle to further advance in hydroxylamine related research is the development of
a sensitive measurement method that can be easily implemented. Also, integrative
approaches combining both omics and 15N techniques would allow for the boosting
of hydroxylamine related research, but also allow for an improved intermediate steps
characterization.

As identified in Chapter 2, hydroxylamine contribution to N2O emissions during
ammonium conversion is yet to be further understood. Thus, in Chapter 3 and Chapter 4
the role of hydroxylamine in abiotic N2O production was investigated. In Chapter 3 the
abiotic reaction of hydroxylamine with free nitrous acid was identified as a potential
contribution to N2O emissions at side-stream conditions, and in a SHARON reactor.
In Chapter 4 the abiotic N2O production was assessed in a planktonic Nitrosomonas
europaea (ATCC 19718) culture during recovery of anoxia. Biological and abiotic
N2O production rates were comparable at the conditions tested. Highlighting that
when assessing biological pathways, intermediates should always be considered in the
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xii SUMMARY

chemical/abiotic controls. Finally, in Appendix A, a kinetic characterization of the
abiotic reaction of hydroxylamine and free nitrous acid was performed. indicating that
in order to minimize the abiotic reaction contribution, low pH (<7), high concentrations
of nitrite (i.e. side stream conditions), low concentrations of metals (iron, specially)
and high temperatures should be avoided. Overall, biological pathways would be better
characterized at conditions that minimize putative abiotic transformations.

Finally, short and long term impact of hydroxylamine was assessed in anammox
and in an AOB enrichment, in Chapter 5 and Chapter 6, respectively. Interestingly,
when investigating the impact of hydroxylamine on the anammox enrichment in
Chapter 5, hydroxylamine addition in batch mode resulted in differences on hydrazine
accumulation - signature of anammox activity- depending on the substrates present
during the batch. Hydrazine accumulation, when hydroxylamine was dosed, was higher
with ammonium and lower with nitrite. Long term hydroxylamine feeding together
with ammonium and nitrite, resulted in a decrease on the nitrate production by the
anammox enrichment. Regarding the impact of hydroxylamine in AOB, dissolved
oxygen was identified as the key parameter impacting hydroxylamine metabolism
in Chapter 6. Higher hydroxylamine accumulation, higher N2O production and
decreased or maintained ammonium consumption were observed at low dissolved
oxygen tensions, when continuous short term hydroxylamine feeding combined with
an ammonium pulse was provided to the partial nitrification biomass. Contrarily, the
same hydroxylamine short term feeding together with ammonium, but at higher oxygen
concentrations resulted in reduced hydroxylamine accumulation and N2O production
and increased ammonium consumption. Ammonium consumption was also reduced
when hydroxylamine was dosed for a long term period to an airlift reactor. However,
nitrite production was maintained indicating that hydroxylamine was transformed to
nitrite reducing the ammonium intake. When assessing the long term impact on the
microbial community in Chapter 5 and Chapter 6 both Ca. Kuenenia stuttgartiensis
and Nitrosomonas sp. were shown to be predominant within the whole operation,
respectively. Consequently, there was no community shift due to continuous limited
hydroxylamine supply and no putative inhibition (according also to the reported reactor
operation).

Ultimately, this thesis advances in the fundamental understanding of the
hydroxylamine transformations within the nitrogen cycle. Still several unknowns and
challenges remain to be solved regarding hydroxylamine and the nitrogen cycle, which
are discussed in Chapter 7. This thesis aims to highlight the importance of intermediate
steps, and how a proper characterization of these conversion could help to widen
the understanding of the microbial conversions, as well as optimize their application,
accordingly.



SAMENVATTING

De substraten en producten van de microbiologische stikstofcyclus worden al lange
tijd bestudeerd en gebruikt in technologische toepassingen [1, 2, 3]. Een aantal van
deze reacties zijn al tientallen jaren bekend. Over de tussenproducten en enzymatische
omzettingen van de microbiologische stikstofcyclus is echter veel minder bekend en van
een aantal omzettingen wordt nog weinig begrepen. Eén van de minst bestudeerde
stikstofverbindingen is hydroxylamine. Hydroxylamine is een zeer reactief en giftig
tussenproduct bij stikstofconversies in sommige micro-organismen.

Het doel van dit proefschrift is het beter begrijpen van de rol van hydroxylamine in
de stikstofcyclus. Een overzicht van de huidige kennis over de rol van hydroxylamine
is te vinden in Chapter 2. Het is bekend dat het een tussenproduct is van
aerobe ammonium oxidatie door ammonium oxiderende bacteriën (AOB), ammonium
oxiderende archea (AOB) en volledige ammonium oxiderende bacteriën (comammox),
maar het is nog onbekend hoe de conversie naar nitriet precies plaats vindt. Daarnaast
is tijdelijke hydroxylamine ophoping beschreven tijdens ammonium oxidatie, maar de
omstandigheden waarin dit gebeurt en de gevolgen voor microbiële populaties zijn
nog niet volledig begrepen. Tot nu toe is het effect van hydroxylamine in anaerobe
ammonium oxidatie (anammox) en AOB sporadisch bestudeerd en is er geen consensus
over het effect van deze verbinding op microbiële omzettingen. Er zijn een klein
aantal studies geweest naar het effect van hydroxylamine op omzettingen door NOB,
denitrificeerders, AOA en comammox. Een deel van de lachgas emissies van AOA, AOB
en comammox zijn in verband gebracht met hydroxylamine, maar de omstandigheden
waarin hydroxylamine zorgt voor lachgas emissies worden nog niet volledig begrepen.
Kortom, er is ruimte om de kennis van hydroxylamine te vergroten. In Chapter 2 wordt
beschreven dat de grootste limitatie in het onderzoek, het ontbreken van voldoende
gevoelige en makkelijk te implementeren analysemethoden is. Daarnaast kan een
gecombineerde aanpak van -omics en 15N technieken helpen bij het hydroxylamine
onderzoek en bij het onderzoek naar andere tussenproducten.

Chapter 2 laat zien dat er over de bijdrage van hydroxylamine aan lachgas emissies
tijdens ammonium oxidatie nog veel onbekend is.Chapter 3 en Chapter 4 focussen
op de rol van hydroxylamine in abiotische lachgas productie. In Chapter 3 wordt het
onderzoeken van de reactie van hydroxylamine met vrij waterstofnitriet in deelstroom
condities en in een SHARON reactor besproken. Met als conclusie dat abiotische reacties
in deze systemen een significante bijdrage leveren.

In Chapter 2 wordt de abiotische lachgasproductie onderzocht in een planktonische
Nitrosomonas europaea (ATCC 19718) cultuur, tijdens het herstel van zuurstofloze
condities. Een belangrijk resultaat hierbij is dat de biologische en abiotische
omzettingen vergelijkbaar waren onder de geteste condities. Daarbij moet opgemerkt
worden dat tussenproducten van biologische omzettingen niet vergeten moeten
worden in chemische/abiotische controle experimenten. Aan het einde van dit
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proefschrift wordt, in bijlage A (Appendix A), de abiotische reactie van hydroxylamine
en waterstofnitriet beschreven. Waaruit wordt duidelijk dat, om de abiotische reactie te
minimaliseren, lage pH (<7), hoge concentraties nitriet (zoals in deelstroom condities),
lage concentraties van metalen (ijzer in het bijzonder) en hoge temperaturen vermeden
dienen te worden. Bij het bestuderen van biologische omzettingen is het aan te raden
om omstandigheden waarin abiotische omzettingen een bijdrage leveren te vermijden.

Ten slotte is het korte- en langetermijneffect van hydroxylamine in AOB en anammox
bacteriën verrijkte culturen bestudeerd, beschreven in Chapter 5 en Chapter 6. In
Chapter 5, bij het bestuderen van het effect van hydroxylamine op een verrijkte
anammox cultuur, zorgde het toevoegen van hydroxylamine in batchexperimenten
voor het ophopen van verschillende concentraties hydrazine (een teken van anammox
activiteit), afhankelijk van de aanwezige substraten. Hydrazine ophoping, als gevolg van
de aanwezigheid van hydroxylamine, was hoger met ammonium en lager met nitriet
als substraat. Langdurige aanwezigheid van hydroxylamine met ammonium en nitriet
resulteerde in verlaagde nitraatproductie in de anammox cultuur. Opgeloste zuurstof
is de belangrijkste parameter met een effect op hydroxylamine omzettingen door AOB,
dit wordt beschreven in Chapter 6. Verhoogde hydroxylamine concentraties, verhoogde
lachgas productie en verlaagde ammonium consumptie werden gezien bij lage zuurstof
concentraties, wanneer hydroxylamine voedingen gecombineerd werden met een
ammonium puls, tijdens fedbatch voedingsmethoden, aan de partiële nitrificerende
biomassa. Daarnaast resulteerde dezelfde hydroxylamine en ammonium voeding bij
hogere zuurstof concentraties in lagere hydroxylamine concentraties, lagere lachgas
productie en een verhoogde ammonium consumptie. Ammonium consumptie werd
ook verlaagd als hydroxyamine voor langere termijn werd gevoed aan een airlift reactor.
Nitrietvorming bleef stabiel in deze reactor, vermoedelijk werd hydroxylamine omgezet
naar nitriet, met als gevolg een verminderde ammonium opname. Bij het bestuderen
van de langetermijneffecten op de microbiële populatie in Chapter 5 en 6 bleek dat Ca.
Kuenenia stuttgartiensis en Nitrosomonas sp. in alle monsters dominant zijn gedurende
het volledige reactor bedrijf, met en zonder hydroxylamine voeding. Hieruit blijkt dat
er geen verschuivingen in de microbiële samenstelling hebben plaatsgevonden door de
gelimiteerde hydroxylamine concentratie (dit bleek ook uit de stabiele omzettingen in
de reactor).

Aan het einde van dit proefschrift blijven er uitdagingen en hiaten in de kennis
rondom de rol van hydroxylamine in de stikstofcyclus bestaan, deze worden beschreven
in Chapter 7. Het doel van dit hoofdstuk is om het belang van tussenproducten
onder de aandacht te brengen. Kennis van deze conversies kunnen ons helpen om
microbiologische omzettingen beter te begrijpen en hun toepassingen te optimaliseren.
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2 1. INTRODUCTION

1.1. THE NITROGEN CYCLE:IMPORTANCE AND CONTEXT

N ITROGEN is one of the essential elements present in all living organisms together
with hydrogen, carbon and oxygen. Nitrogen is mostly found in nature as nitrogen

gas or as ammonia in rocks and sediments, thus it is not bioavailable for most organisms
[3] (see Figure 1.1). Instead, most of the living forms rely on more easily accessible and
reactive forms of nitrogen (i.e. soluble ammonia). Microbial conversions are usually
responsible to make nitrogen bioavailable to other forms of living organisms. The
nitrogen conversions between the different nitrogen compounds are commonly known
as the nitrogen cycle [3].

However, human kind have modified this natural cycles by introducing
anthropogenic nitrogen sources and conversions. The most known anthropogenic
nitrogen flux and the why you might be reading this thesis today is the development of
the Haber-Bosch process. This allowed for the generation of ammonium from hydrogen
and dinitrogen gas at high pressures and temperatures with iron as catalyst [4, 5].
Actually, mimicking the microbial conversion process of nitrogen fixation [6], but at
higher temperature and pressure. The industrial production of fertilizers dramatically
increased crops productivity [5]. For instance, it was estimated that the food supply of
ca. 48% of the human population was dependent on Haber-Bosch generated nitrogen
by 2008 [5].

The availability of industrial produced nitrogen contributed greatly in minimizing
food shortages in the last century. However, not everything related to the Haber-Bosch
process had positive impact. As for instance, it also fuelled the production of explosives
during the First World War [5]. Furthermore, together with the population growth other
problems appeared, besides the necessity of keeping people nourished. Tons of food,
animal and human waste started to be generated yearly and their treatment and correct
disposal became an issue [7].

Initially, wastewater was treated by means of biological filters. Biological based
activated sludge processes were introduced gradually from 1913 onwards [7]. During
the first half of the 20th century rivers were responsible of part of the organic removal.
It was not until the second half of the 20th century that eutrophication became an issue
[7]. Briefly, eutrophication relates to huge algae blooms due to high nutrient contents
(nitrogen and phosphorous mainly). This leads to oxygen depleted environments and
loss of biodiversity. Thus, introducing the necessity of nitrogen and phosphorous
removal from wastewater before its disposal in rivers and lakes [7].

Nowadays, strict nitrogen discharge limits exist (<10 mg-N/L according to the
European Council Directive 91/271/ECC). Thus, nitrogen removal is an integral part
of most wastewater treatment technologies. Furthermore, nitrogen removal is usually
performed biologically, using the natural capacity of some microorganisms to transform
the different forms of soluble nitrogen into dinitrogen gas [7].
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1.2. UNDERSTANDING THE MICROBIOLOGY TO IMPROVE THE

ENGINEERING OF WASTEWATER TREATMENT.

N ITROGEN in wastewater is mainly present as soluble ammonium as it comes from
the degradation of urea and proteins [7]. Conventional biological nitrogen removal

has been based on the combination of nitrification and denitrification (Figure 1.2). In
the first step, ammonium is aerobically and autotrophically transformed to nitrate by
nitrifiers. Usually, ammonium is transformed to nitrite by ammonium oxidizing bacteria
(AOB), and then nitrite is further transformed to nitrate by nitrite oxidizing bacteria
(NOB) (Figure 1.2A). Then nitrate is further converted to dinitrogen gas anaerobically
and heterotrophically by denitrifiers (Figure 1.2A). This last step usually requires of some
additional organic matter as not enough COD reaches the nitrogen removal step and is
needed as reducing equivalent for the reduction of nitrate to dinitrogen gas. Several
configurations based on nitrification/denitrification microbial conversions have been
proposed and implemented over time to optimize nitrogen removal during wastewater
treatment (Figure 1.2B).

Advances in nitrogen related microbiology and new engineering solutions came up
in parallel with the discovery of new microbial pathways for nitrogen removal. A clear
example was the discovery of anoxic ammonium oxidation (anammox) 26 years ago [8].
Anammox bacteria are able to transform anaerobically and autotrophically ammonium
and nitrite to dinitrogen gas [9]. The further understanding of the anammox bacteria
metabolism in the laboratory [9, 10, 11] developed hand in hand with the anammox
implementation at full scale [12, 13]. Anammox combined with a previous step of
partial nitrification of ammonium to nitrite has several advantages to the conventional
nitrification/denitrification processes: i) less oxygen is needed for the process, which
will reduce aeration costs, ii) anammox is an autotrophic bacteria, thus no extra
organic matter will be required to convert ammonium and nitrite to dinitrogen gas
[12]. The partial-nitrification/anammox process has been industrially implemented
in side-stream conditions (high N concentration and temperature), but it becomes a
challenge at main-stream conditions (low N concentration and temperature) [14]. Next
steps, for partial-nitritation/anammox implementation in the main water line relies on
understanding on how NOB can be outcompeted. Thus, avoiding the oxidation of nitrite
to nitrate during nitrification at low temperature and low nitrogen concentrations [14].

Step by step, the improved knowledge of nitrogen microorganisms metabolism has
allowed for the development of new and optimized solutions for nitrogen removal of
wastewater treatment. Up to know, several parameters have been identified to impact
microbial growth and metabolism. For instance, temperature affects growth rate. pH
impacts both microbial growth rate an substrates availability by impacting the chemical
equilibrium (i.e. NH4

+ ←−→ NH3 + H+, HNO2 ←−→ NO2
– + H+ or NH3OH+ ←−→ NH2OH +

H+). Substrates concentration and the microorganism affinity for them will also impact
also growth rate, among others factors. Still the effect of intermediates of most N-cycle
conversion remains elusive.
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Nitrification (AOB,AOA, comammox)

Nitrification (NOB, comammox)
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Figure 1.2: Microbial nitrogen conversions are used in engineered systems for nitrogen removal in wastewater
treatment. A) Microbial conversions used in nitrogen removal in wastewater treatment B) Examples of some
conventional configurations for nitrogen removal (i) Post-denitrification configuration, (ii) Modified Ludzack-
Ettinger configuration, (iii) 4-stage Bardenpho configuration. Adapted from [7].

1.3. IMPORTANCE AND CHALLENGES REGARDING NITROGEN

INTERMEDIATES

R EGULARLY, when looking into nitrogen related processes and conversions, substrates
and products are the main focus of interest. Thus, they are usually measured.

However, the deeper understanding of such microorganisms, the discovery of new
microbial conversions and the growing concerns about greenhouse gas emissions have
brought attention to some of the intermediates involved in the nitrogen conversions.

The most studied intermediates so far, are NO and N2O. They are intermediates in
denitrification (see Figure 1.1) and also known to be emitted during nitrification [15].
However, NO and N2O follow up during real wastewater treatment started only recently
(i.e. [15] cites a first study from 1995). The increased efforts on characterizing NO/N2O
emissions is due to their contribution on greenhouse gas emissions. For instance,
N2O has ca. 300-fold time stronger warming potential than that of CO2 [15]. Thus,
understanding of the microbial pathways and factors leading to NO/N2O emissions has
been crucial to generate mitigation strategies for engineered system such as wastewater
treatment.

Similarly, hydroxylamine is known to be an intermediate during aerobic ammonium
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oxidation by ammonium oxidizing bacteria (AOB), ammonium oxidising archaea (AOA)
and complete oxidising bacteria (comammox) (Figure 1.1) [16, 17, 1]. Hydroxylamine
transiently accumulates in nitrification cultures, but the factors promoting such
accumulations are unknown [18, 19, 20, 21]. Hydroxylamine is also source of NO and
N2O emissions during nitrification [22]. It was initially thought to be an intermediate in
anammox, but up to date hydroxylamine role in anammox metabolism is yet not fully
understood [9, 10, 23].

1.4. LOOKING INTO INTERMEDIATES SUCH AS

HYDROXYLAMINE TO UNDERSTAND MICROBIAL

PROCESSES: OUTLINE OF THIS THESIS

E VEN being an intermediate in different processes related to nitrogen microbial
conversions (Figure 1.1). Hydroxylamine has been generally little studied and not

measured during wastewater treatment related research. The aim of this thesis was
to investigate how hydroxylamine could impact different microbial (and chemical)
processes during nitrogen removal. Specially, highlighting the importance of this
compound in different nitrogen conversions of the nitrogen cycle, as well as during N2O
emissions.

A general overview of the knowledge related to hydroxylamine and the nitrogen cycle
during wastewater treatment is presented in Chapter 2. Highlighting the measurement
of hydroxylamine as a big bottleneck for its study.

The impact of hydroxylamine on N2O emissions were investigated in Chapter 3
and Chapter 4. Putative chemical conversions of intermediates during the study of
biological N2O emissions are not well assessed. Therefore, the occurrence of abiotic
reactions of an intermediate such as hydroxylamine producing N2O at conditions
relevant for wastewater treatment was assessed in Chapter 3. Furthermore, the abiotic
N2O production rate from hydroxylamine and free nitrous acid was compared to the to
biological N2O emissions rate during nitrification in Chapter 4.

As hydroxylamine is known to transiently accumulate during nitrification [18, 19, 20,
21]. The mechanisms leading to hydroxylamine transient accumulation and the impact
of hydroxylamine on the same AOB or neighbouring nitrogen microbial communities
remain to be understood. Furthermore, the continuous limited addition of an
intermediate such as hydroxylamine, could help understanding how the intermediates
are transformed by the microorganisms. Even more importantly, it can give insights on
how the microorganisms regulate intermediate conversions to avoid as much as possible
its accumulation. Therefore, the effect of short term and long term hydroxylamine
addition impacting microbial nitrogen conversions by anammox and ammonium
oxidizing bacteria was investigated in Chapter 5 and Chapter 6, respectively.

A lot of unknowns and challenges regarding hydroxylamine remain to be
investigated. Further steps and recommendations for future research are highlighted
in Chapter 7. Overall, understanding the role and conversions of intermediate steps of
the nitrogen cycle, would help on the understanding of the whole microbial conversion
and related processes (specially N2O emissions). Ultimately, allowing to design and
optimized engineered processes relying on nitrogen microbial conversions.
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ABSTRACT

Aerobic ammonium oxidizing bacteria were first isolated more than 100 years ago
and hydroxylamine is known to be an intermediate. The enzymatic steps involving
hydroxylamine conversion to nitrite are still under discussion. For a long time it
was assumed that hydroxylamine was directly converted to nitrite by a hydroxylamine
oxidoreductase. Recent enzymatic evidences suggest that the actual product of
hydroxylamine conversion is NO and a third, yet unknown, enzyme further converts
NO to nitrite. More recently, ammonium oxidizing archaea and complete ammonium
oxidizing bacteria were isolated and identified. Still the central nitrogen metabolism
of these microorganisms presents to researchers the same puzzle: how hydroxylamine is
transformed to nitrite. Nitrogen losses in the form of NO and N2O have been identified
in all three types of aerobic ammonium oxidizing microorganisms and hydroxylamine
is known to play a significant role in the formation. Yet, the pathways and the factors
promoting the greenhouse gas emissions are to be fully characterized. Hydroxylamine
also plays a yet poorly understood role on anaerobic ammonium oxidizing bacteria and
is known to inhibit nitrite oxidizing bacteria. In this review, the role of this elusive
intermediate in the metabolism of different key players of the nitrogen cycle is discussed,
as well as the putative importance of hydroxylamine as a key nitrogen metabolite for
microbial interactions within microbial communities and engineered systems. Overall,
for the first time putting together the acquired knowledge about hydroxylamine and the
nitrogen cycle over the years in a review, setting potential hypothesis and highlighting
possible next steps for research.

NH2OH TO DO LIST

How is NH2OH converted to NO2
- ?

Why does NH2OH transiently accumulate ?

How do anammox bacteria deal with NH2OH ?

Why are NOB inhibited by NH2OH ?

…. ?
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+ oxidation
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2.1. HYDROXYLAMINE IN THE NITROGEN CYCLE

N ITROGEN is one of the essential elements on Earth, widely present in the
environment, as well as, in living organisms. The biggest reservoir of nitrogen

on Earth is dinitrogen gas (N2), but it is too inert for most of living organisms to
be incorporated into cellular structures [3]. Microorganisms have different enzymes
that catalyse all sorts of nitrogen conversions, generally known as microorganisms
of the nitrogen cycle. For example, nitrogen fixers are able to transform dinitrogen
gas to ammonium, which makes nitrogen bioavailable to other microorganisms and
other forms of life. Microbial conversions are responsible for the major fraction
of the nitrogen fluxes between different nitrogen reservoirs in Earth [3]. Since the
discovery of the Haber-Bosch process, which transforms dinitrogen gas to ammonium
to produce fertilizers, human intervention generated lots of anthropogenic nitrogen
fluxes in Earth, hampering the natural equilibrium [3]. Eutrophication of waters and
increased nitrous oxide emissions are typical examples of human generated problems
related to the nitrogen cycle. To mitigate such problems, engineered systems like
biological wastewater treatment plants (WWTPs) are used, where ammonium dissolved
in water is transformed to dinitrogen gas using different nitrogen microbial conversions
[25]. Thus, detailed knowledge of the nitrogen cycle microorganisms is crucial to
further understand both natural and anthropogenic nitrogen fluxes and avoid possible
environmental problems. Traditionally, nitrogen cycle conversions have been classified
in: assimilation, ammonification, nitrification, denitrification, anaerobic ammonium
oxidation (anammox) and nitrogen fixation (see some of them in Figure 2.1 A). However,
new microbial conversions have been discovered, expanding the traditional processes
(Figure 2.1 B).

Hydroxylamine is an inorganic highly reactive compound that is intermediate
or side metabolite in different nitrogen cycle microorganisms (Figure 2.1 B and C).
Hydroxylamine impacts NO and N2O emissions by aerobic ammonium oxidizers
microorganisms. The impact of this compound in other microorganisms of the nitrogen
cycle is little studied. To the best of our knowledge this review is the first to target
the current knowledge about the role of hydroxylamine in the different communities
of the nitrogen cycle. The review aims to assess the current state of the art on the
role of hydroxylamine in the conversions by the various microbial groups participating
in the nitrogen cycle, with a special focus on wastewater treatment processes. The
level of understanding and research related to hydroxylamine and the microorganisms
transforming nitrogen is not the same for each microbial process in the nitrogen
cycle. Aerobic and anaerobic ammonium oxidizing microorganisms are presented
in Section 2.2 to Section 2.5. AOB and anammox bacteria are known to harbour
hydroxylamine conversion capacity in their genomic inventory. Consequently, a wide
range of studies investigated the role of hydroxylamine on ammonium oxidation
bacteria and anaerobic ammonium oxidizing bacteria (Section 2.2 and Section 2.5,
respectively). Less information is available regarding the role of hydroxylamine in
more recently discovered microorganisms such as ammonium oxidizing archaea or
comammox (Section 2.3 and Section 2.4, respectively). Nitrite oxidizing bacteria
are not able to transform hydroxylamine, but the inhibition of nitrite oxidizers by
hydroxylamine might be of relevance when shaping nitrogen cycle communities, this is
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analysed in section Section 2.6. The impact of hydroxylamine on other nitrogen cycle
microorganisms, such as denitrifiers or dissimilatory nitrate reducers to ammonium
(DNRA) organisms has been hardly investigated, therefore only a brief analysis was
included in Section 2.7. In this section, also other microorganisms that might be relevant
for wastewater treatment are mentioned. Finally, the bottlenecks for hydroxylamine
measurement, its role as a putative interaction compound in microbial nitrogen cycling
communities and research challenges regarding this compound are discussed in the last
sections (Section 2.8 to Section 2.10).

AOB AMXAOA CMX NOB DEN

Intermediate

Impact

NO/N2O emissions

yes * yes * yes *
under 

discussion
no no

under 

discussion

substrate substrate substrate substrate inhibition n.d. n.d.

yes yes yes n.a. n.a. no n.d.

A) B)

C)

NH2OH role

N2

NH4
+

NO2
-

NO3
-

DNRA

N2

NO3
-

NH2OH

NO

N2O

NO2
-

N2O

NO

N2H4

NO2
-

NO

NH2OH

NH4
+

Figure 2.1: Impact of hydroxylamine in the microorganisms of the nitrogen cycle involved in wastewater
treatment. A) Simplified version of the nitrogen cycle, where only major substrates and products are
represented, B) Nitrogen cycle conversions, where intermediates are depicted and the role of hydroxylamine
highlighted, C) Simplified summary of the known roles of hydroxylamine in different microorganisms of the
nitrogen cycle. Point style arrows indicate putative pathways or hydroxylamine interactions. * enzymes
involved in the conversions are under discussion, n.d. – not determined, n.a. – not applicable, AOA -
ammonium oxidizing archaea, AOB – ammonium oxidizing bacteria, NOB – nitrite oxidizing bacteria, AMX –
anammox, CMX – comammox, DEN – anoxic heterotroph denitrifiers, DNRA – dissimilatory nitrate reduction
to ammonium.

2.2. AMMONIUM OXIDIZING BACTERIA (AOB)

A MMONIA oxidizing bacteria (AOB) are able to transform ammonium to
nitrite with oxygen as electron acceptor. These microorganisms are aerobic

chemolithoautotrophic bacteria comprised in the beta and gamma subdivision of
proteobacteria [26].

AOB catabolism consists of the conversion of ammonium to nitrite as electron donor
and oxygen as electron acceptor as in Equation (2.1). In AOB this reaction is divided in
two steps. First, the enzyme ammonia monooxygenase (AMO) catalyses the oxidation
of NH4

+ to NH2OH (Equation (2.2)). Afterwards, hydroxylamine is further converted to
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NO2
– by hydroxylamine oxidoreductase (HAO) (Equation (2.3)) (see Figure 2.2 A). Two

of the electrons generated in this last step are used by AMO to catalyse the first reaction,
whereas the rest are invested in energy generation [21].

NH4
++1.5O2 −−→ NO2

−+2H++H2O (2.1)

NH4
++O2 +2H++2e− −−→ NH2OH+H2O (2.2)

NH2OH+H2O −−→ NO2
−+5H++4e− (2.3)

Recently, it was suggested that the product of HAO is NO instead of nitrite,
and that NO is disproportionated abiotically or by an unknown enzyme to nitrite
[27]. Thus, first ammonium is oxidized to hydroxylamine by AMO (Equation (2.2)),
hydroxylamine to NO by HAO (Equation (2.4)) and NO to nitrite (Equation (2.5)) by
an uncharacterized enzyme. A proteomic comparative study has recently suggested
that nitrosocyanin (NcyA) was highly expressed in 3 different AOB strains, and was
proposed as this third missing enzyme [28] (see Figure 2.2B). Nevertheless, the activity
of HAO producing NO has only been shown in-vitro, thus further confirmation of
this pathway in-vivo is needed. In-vivo metabolic studies in combination with
transcriptomics/proteomics studies could shed light into another putative enzyme
being able to convert hydroxylamine to nitrite.

NH2OH −−→ NO+3H++3e− (2.4)

NO+H2O −−→ NO2
−+2H++1e− (2.5)

Beyond hydroxylamine as an intermediate in AOB metabolism, other putative roles
of hydroxylamine are known. Hydroxylamine has been shown to transiently accumulate
in AOB planktonic or mixed cultures, which might lead to interactions with other
nitrogen communities. The short and long term impact of hydroxylamine has been
tested in AOB without reaching definitive conclusions. Finally, it is known to be a
precursor to N2O emissions. All these roles are discussed in depth in the following
sections.

2.2.1. HYDROXYLAMINE TRANSIENT ACCUMULATION EVENTS
Since hydroxylamine first mention [30] as intermediate and identification by Lees [1], it
has been shown that it can transiently accumulate in the bulk liquid during cultivation
at concentrations from 0.003 up to 4.3 mg-N/L (Table 2.1). These accumulations
were reported in a wide variety of nitrification systems and operation conditions.
For example, when performing batch tests with axenic cultures [18, 19] or nitrifying
cultures [20], when AOB axenic chemostat cultures were switched from anoxic to aerobic
conditions [21, 31] or when partial nitrifying reactors were operated in sequencing
batch mode [32, 33]. Also hydroxylamine accumulated when a change of reactor load
was imposed to a continuous partial nitrification airlift reactor leading to an increase
of ammonium concentration from 2 to 25 mg-N/L [34]. Hu et al., also observed
hydroxylamine accumulation in a continuous reactor when imposing a change of load,
but higher load did not correlate with a change of the hydroxylamine accumulation peak
[32].
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NO

NH3 NH2OH NO2
-

NH3 NH2OH NO2
-

AMO HAO

AMO HAO NOO/NcyA

A)

B)

Figure 2.2: Proposed enzymes for ammonium conversion by ammonium oxidizing bacteria (AOB). A)
Traditional pathway, where hydroxylamine is directly converted to nitrite. B) Alternatively, hydroxylamine
is first transformed to NO and further oxidized to nitrite by a yet not fully characterized enzyme. AMO –
Ammonium monooxygenase, HAO – Hydroxylamine oxidoreductase, NOO - Nitric oxide reductase, NcyA –
Nitrososcyanin. Sources [29, 28].

Overall, all the mentioned experiments (Table 2.1) showed that switching AOB cells
from a resting state (i.e. without/low ammonium or oxygen) to an active state (i.e.
with ammonium or oxygen) triggered hydroxylamine accumulation. Consequently,
hydroxylamine accumulation depended on the unbalanced coupling between the
production and consumption of hydroxylamine by the designated enzymes. Thus,
if AMO produces hydroxylamine faster than can be converted by HAO and other
consumption reactions (or the recently proposed, still unknown enzyme [27]) are able
to consume hydroxylamine, a metabolic imbalance is created, leading to the observed
hydroxylamine accumulation.

Different studies point out that hydroxylamine accumulation can also be strain
dependent. For instance, Nitrosomonas europaea and Nitrosospira multiformis
accumulated hydroxylamine up to 11 and 31 µg-N/L, respectively [18]. In contrast,
other AOB strains such as Nitrosomonas nitrosa Nm90 and Nitrosomonas communis did
not show hydroxylamine accumulation in batch tests with the same initial ammonium
concentrations [18]. The authors attributed the differences observed for hydroxylamine
accumulation levels to differences in the ammonia consumption rates. For example,
N. multiformis showed the highest ammonium consumption rate also resulting in the
highest hydroxylamine accumulation [18]. Nevertheless, N. communis had the fastest
ammonium uptake rate but no hydroxylamine accumulation was detected, which might
be due to a more efficient hydroxylamine conversion to nitrite by HAO [18].

Another study indicating that hydroxylamine accumulation is strain dependent and
might also depend on the surrounding nitrogen community was performed by Stüven
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Table 2.1: Hydroxylamine build-up by ammonium oxidizing bacteria. (a) Recalculated from free
hydroxylamine equilibrium, (b) converted from mM, (c) converted from µM, (d) Nitrosovibrio alone did not
accumulate hydroxylamine, PN – partial nitritation, DO – dissolved oxygen, Max. – Maximum, In. – Initial,
SBR –sequential batch reactor.

Type of biomass Type of test Temperature (◦C) pH DO (mg/L) In. NH4
+ (mg-N/L) Max. NH2OH (mg-N/L) Reference

Nitrosomonas europaea Batch 30 7.7 n.d. 7 and 28 (b) 0.006 and 0.011 (c) [18]
Nitrosospira multiformis Batch 30 7.7 n.d. 7 and 28 (b) 0.013 0.031 (c) [18]
Nitrosomonas europaea Batch 28 7.8 n.d. 140 0.003-0.015 (c) [19]

Nitrosovibrio, Nitrobacter(d) Batch 28 7.8 7.4. 140 0.006-0.024 [19]
Nitrosomonas europaea Recover from anoxia n.d. 6.8-7.4 0.5 230 0.3 [21]
Nitrosomonas europaea Recover from anoxia n.d. 6.8-7.4 1.5 230 0.4 [21]
Nitrosomonas europaea Recover from anoxia n.d. 6.8-7.4 3 230 0.35 [21]
Nitrosomonas europaea Recover from anoxia 21 7.5 30 0.2 [31]

Nitrifying culture Batch test 28 7.0-8.5 0.5-6 200-500 0.3-4.3 (a) [20]
PN granular airlift Load increase 20 7.7 3.5 2 to 22 0.06 [34]

PN sludge SBR Two different loads 30 8 0.4-0.5 50 to 70 0.06 [32]
PN sludge SBR Different pH set point 20-26 6.5, 7, 7.5, 8 and 8.5 0.7±0.1 74±39 0.1-0.05 [33]

and coworkers [19]. For instance, Nitrosovibrio did not accumulate hydroxylamine
when it was cultured alone, and yet hydroxylamine accumulation (5.6-23.8 µg-N/L)
occurred when it was cultured together with the NOB Nitrobacter [19]. Contrarily, in the
same set of experiments Nitrosomonas europaea showed hydroxylamine accumulation
(2.8-15.4 µg-N/L) when it was cultured alone, but in co-culture with Nitrobacter
lower hydroxylamine levels where reported (5.6 to less than 2.8 µg-N/L) [19]. This
is the only study that point towards a possible impact of side communities to the
hydroxylamine accumulation behaviour of AOB strains. The differential behaviour
related to hydroxylamine accumulation when AOB was cultured alone or together with
NOB, might be due to a possible competition strategy to avoid NOB growth in the
co-culture or to promote it to avoid product inhibition. Thus far, the impact of side
communities on hydroxylamine accumulation has been little studied and it is still not
fully understood.

The unbalance between hydroxylamine production and consumption leading to
hydroxylamine accumulation might have different explanations: i) the turnover of HAO
(or the enzyme responsible of hydroxylamine consumption) is smaller than the capacity
of AMO to produce hydroxylamine. Genetic differences between different species in
the hydroxylamine production and consumption enzymes could explain the different
hydroxylamine accumulation dynamics observed between strains. ii) pH can be another
factor that might cause hydroxylamine build up. As pH has an impact on both the
dissociation of ammonium/hydroxylamine, as well as it has a strong impact on the
enzymes rates [33]. For instance ammonium consumption is strongly impacted by
acidification, while hydroxylamine oxidation is barely affected [35].This could be of
importance in biofilm like systems, where strong pH gradients can occur, and pH is
more acidic in the internal part of the granule [36, 37, 34, 38, 39, 40]. Future studies
might shed more light on the difference in balancing the production and consumption
of hydroxylamine in different AOB. For example, comparative transcriptomic/proteomic
between AOB strains, studies focused on enzymatic activities and affinities comparison,
or research focused on characterizing external factors promoting hydroxylamine
accumulation.
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2.2.2. EFFECT OF HYDROXYLAMINE DOSING IN AMMONIUM OXIDIZING

BACTERIA

Several studies have investigated the effect of externally added hydroxylamine on
ammonium oxidising bacteria (Table 2.2). Since hydroxylamine first discovery as
intermediate of nitrification, one of the initial questions was if hydroxylamine could
be used for growth. Two parallel studies have shown that different species of AOB are
able to use hydroxylamine mixotrophically together with ammonium for growth [41, 42].
Both studies [41, 42] reported a higher experimental growth yield than the theoretically
expected, when using a mixture of hydroxylamine and ammonium as substrate. So far,
it is not fully understood why and how hydroxylamine boosts the growth. In addition, to
our knowledge it is still not shown if AOB can grow on hydroxylamine as single substrate.

Other studies have focused on the short term effect of externally added
hydroxylamine to ammonium oxidation using batch tests or respirometry tests. When
providing ammonium to an AOB batch culture, usually there is a lag period, or so
called acceleration phase, which is the time that the culture needs to switch from
a slower ammonium consumption to maximum consumption rate [43]. Different
studies showed that externally added hydroxylamine accelerated this initial ammonium
uptake rate [43, 42, 44, 45]. The externally added hydroxylamine to a biofilm system
led to disaggregation from microcolonies to scattered cells [44, 45]. Based on these
results two different hypotheses on why hydroxylamine accelerates the ammonium
uptake rate were proposed [43, 44, 45]: i) Hydroxylamine impacts the cell morphology,
scattering the cells and having a higher cell area available, so an increased mass transfer,
leading to higher ammonium uptakes, ii) Electrons obtained in the hydroxylamine
transformation to nitrite are recirculated to AMO enzyme, which triggers its activity
increasing ammonium consumption.

Conventional nitrogen removal in WWTPs was traditionally performed by
combination of nitrification and denitrification processes. Since the discovery of
anammox, the possibility to combine partial nitrification with anammox has been
intensively studied. Partial nitrification-anammox technologies offer the opportunity to
lower WWTPs costs. However, one of the bottlenecks for its implementation is the stable
operation of partial nitrification and efficient repression of NOB [14]. Hydroxylamine
has been used to recover partial nitrification in reactors where nitrate started to
accumulate [46, 47, 48]. In these studies hydroxylamine dosing combined with proper
reactor operation triggered the stabilization of partial nitrification. In all three studies,
the activity of AOB was not hampered, whereas NOB were inhibited as nitrate stopped
accumulating in the reactor [46, 47, 48]. A rapid start-up of partial nitrification reactors
was also achieved by hydroxylamine addition. For example, intermittent dosing of
hydroxylamine in up-flow biofilm reactor [49] or SBR [50, 51] helped to speeding up the
start-up of a partial nitritation process. A stable partial nitritation was maintained only
if after stopping hydroxylamine dosage, a proper reactor control was implemented [50].

Overall, hydroxylamine showed to be efficient in inhibiting nitrite oxidation to nitrate
(see next section), not damaging and even promoting AOB activity in most of the
studies [41, 42, 50, 51, 47, 46, 48]. However, there are other studies that claim that long
term exposure to hydroxylamine hampered AOB activity [44] and even an inhibition
model for AOB has been proposed [52]. In addition, the observed negative effect of
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hydroxylamine on mixed cultures biofilm like structures [45, 44] will not be desirable in
certain operational modes, which rely on biofilm systems (i.e. granule, biofilm carriers).

Most of the “long term” hydroxylamine studies have been performed using a pulse
feeding strategy, which leads to initially high hydroxylamine concentrations (Table 2.2).
Furthermore, hydroxylamine feeding was mostly added temporarily for a start-up period
or to promote partial nitritation. These exposures to sudden high hydroxylamine
concentrations are not likely to occur in natural environments. Thus far, the only study
with continuous and limiting hydroxylamine concentration was performed by de Brujin
[42] with Nitrosomonas europaea. Using hydroxylamine limiting conditions can help to
understand the mechanisms (i.e. over or under regulation of genes/proteins) by which
hydroxylamine is promoting or hampering AOB activity in nitrification environments,
without the potential inhibitive effects of hydroxylamine.
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2.2.3. N2O PRODUCTION FROM HYDROXYLAMINE
In addition to the regular ammonia oxidation metabolism, two possible pathways have
been proposed in order to explain the nitrogen loss in form of nitric or nitrous oxide
gasses during nitritation: i) Nitrifier denitrification, which involves the reduction of
NO2

– to NO and N2O by a nitrite reductase (Nir) and nitric oxide reductase (Nor)
respectively. It has been suggested that this pathway is predominant at low oxygen
concentrations [54]. ii) Hydroxylamine oxidation that involves the oxidation of NH2OH
to NO by HAO. Then, NO can be further converted to N2O by Nor. N2O production
through this pathway is thought to be favoured at higher O2 concentrations [55, 56, 54]
(Figure 2.3).

However, recent studies have highlighted the occurrence and contribution of other
pathways to the total N2O emissions [57, 58, 59]. Most of these new proposed pathways
have hydroxylamine as substrate. Briefly, Caranto et al., showed that the cytochrome
P460 of HAO can directly produce N2O from hydroxylamine [57].

NONH3 NH2OH NO2
-

AMO HAO

N2O

NIR

NOR

Cyt P460

HAO/NcyA

Figure 2.3: Putative N2O emission pathways in AOB. Black arrows represent biologically mediated pathways,
grey arrows represent abiotic conversions. AMO – ammonium monooxygenase, HAO – hydroxylamine
oxidoreductase, NcyA - Nitrososcyanin, Cyt P460 – Cytochrome P460, NIR – nitrite reductase, NOR – NO
reductase. Sources: [57, 28, 60, 59].

Besides biological conversion, hydroxylamine has been shown to react chemically
by either disproportionation or with medium components such as Fe, Mn or HNO2

resulting in N2O formation [see [61, 62] for detailed reactions]. Two different studies
showed independently the occurrence of a chemical reaction between nitrite and
hydroxylamine at conditions relevant for wastewater treatment [63, 58]. Furthermore,
the chemical N2O production rate by the reaction of hydroxylamine and nitrite (or the
protonated form, nitrous acid) was comparable to the biological N2O production rates
[60, 59]. Contradicting results were presented by Su and co-workers [64], proposing
that abiotic reactions would only be relevant at acidic pH. All mentioned studies[64,
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58, 60, 59] were performed with different medium compositions, and the impact of
different compounds to the putative final reported rates is yet unknown. For instance,
performing the same test with demineralized water or synthetic medium increased the
hydroxylamine disproportionation by 2 to 22 fold [64]. However, abiotic tests containing
both free nitrous acid and hydroxylamine were only performed with demineralized
water at neutral pH [64]. At pH 8 (when free nitrous acid concentration is really low) the
reaction rate increased by at least one order of magnitude when using medium instead
of demineralized water [64]. Thus, from our point of view it is unclear if pH and/or
medium compounds are both important when determining the chemical reaction rate.
Consequently, we suggest that the kinetic characterization of hydroxylamine abiotic
reactions, and the impact of different environmental conditions (i.e. trace elements
concentrations, iron and others) is of relevance to understand this process properly.
Even more importantly, the impact of a real wastewater matrix into such reactions is
yet to be studied.

From an engineering point of view, N2O mitigation strategies in wastewater
treatment have already been implemented, even if the actual conversions behind the
emissions are not fully understood [65]. To improve these strategies, a more in-depth
understanding of the pathways contributing to the total N2O emissions is needed.
This would help to identify the factors promoting N2O emissions and to include this
knowledge in the design of wastewater treatment process, instead of applying mitigation
strategies after operation started. The challenge is to develop a methodology that allows
to identify the pathways contribution to the total N2O emissions, as well as studying the
factors impacting them. The large number of compounds and microbial groups involved
combined with potential chemical conversions makes this a difficult task. For example,
implementing a comprehensive approach including a combination of 15N tracer studies,
natural isotope signatures, modelling and transcriptomics/proteomics might be needed
to be able to fully differentiate between pathways [66].

Overall, hydroxylamine has been shown for years to be a promotor of N2O emissions,
which has a 300-fold larger warming potential than that of CO2. Thus, further
understanding the factors promoting N2O emissions from hydroxylamine, will help in
the design of mitigation strategies.

2.3. AMMONIA OXIDIZING ARCHAEA (AOA)

A MMONIUM oxidizing archaea (AOA) were firstly identified using genomic tools,
as the detected amo gene was corresponding with an archaeon scaffold [67, 68].

Later, the first isolation of an AOA microorganisms demonstrated its abilities to oxidize
ammonium to nitrite [69]. AOA might play an important role in nitrification in
environments such as the oceans and soils, where substrates are usually found at low
concentrations and AOA high ammonium affinities allow its survival [70, 71]. Nitrifying
drinking water filters are also often reported to contain AOA [72, 73, 74]. Due to their
phylogenetic differences with other archaea, AOA were proposed to be classified inside
a new phylum in the archaea domain; Thaumarchaeota [75]. Even if the first pure
culture of AOA was obtained more thab 16 years ago [69], as their bacterial counterparts,
its central nitrogen metabolism is still under discussion. For instance, AMO enzyme
is conserved in all known AOA, but no HAO homologues have been identified [76, 29,
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28, 77]. Thus, the conversion of ammonium to hydroxylamine Equation (2.2) has been
proposed to be conserved and catalysed by the archaeal AMO enzyme. The further
conversion of hydroxylamine to nitrite is under consideration (as it occurs with AOB
and comammox). The fact that no HAO homologues have been detected in the AOA
genome led to two possible central nitrogen metabolic models [28]: i) a copper complex
uses NO and NH2OH to form two molecules of nitrite, NirK enzyme is involved in the
transformation of nitrite to NO (Figure 2.4A), ii) two enzymes consecutively oxidize
NH2OH to NO and NO to nitrite, proposed to be mediated by NirK or an uncharacterized
copper complex (Figure 2.4B).

A)

B)

NO

NH3 NH2OH NO2
- + NO2

-

NH3 NH2OH NO2
-

AMO Cu-ME

AMO Cu-ME/NirK

NO

+

NirK

Cu-ME/NirK

Figure 2.4: Proposed enzymes for ammonium conversion by ammonium oxidizing archea (AOA). No
homologues of hydroxylamine oxidoreductase (HAO) are present in AOA, thus alternative pathways are
proposed A) A cooper-based enzymatic complex (Cu-ME) is able to transform NO and hydroxylamine to form
two nitrite molecules, one of this nitrite molecules is transformed back to NO by nitrite reductase (NirK)
B) Alternatively, hydroxylamine is first transformed to NO and further oxidized to nitrite by a yet not fully
characterized enzyme that could be either Cu-ME or NirK. Sources - [29, 28].

To the yet not fully resolved hydroxylamine to nitrite conversion pathway, it must
be added the lack of cytochrome-c type proteins usually performing the electron
transportation in AOB respiration. Instead, a copper based electron transport system
has been postulated, as a high number of protein copper domains have been identified
in the genome [70, 78].

Regarding NO and N2O emissions AOA are not capable to perform nitrifier
denitrification [79, 17], as no N2O was formed with limited oxygen supply. Isotopic
signature also suggested that the nitrogen found in N2O comes from both ammonium
and nitrite [79].Thus, N2O production was linked to ammonium conversion, and
proposed that hydroxylamine or N-intermediates abiotically react leading to N2O [79,
17].

Due to its relatively recent identification few experiments used or measured
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hydroxylamine in AOA cultures. So far, externally added hydroxylamine has been used
to demonstrate its role as intermediate and postulate that hydroxylamine oxidation is
coupled to ATP generation in Nitrosopumilus maritimus [77]. In addition, externally
added hydroxylamine concentrations of 14 mg-N/L showed to completely inhibit N.
maritimus [77], which indicates a higher sensitivity to hydroxylamine exposure of AOA
to that observed in AOB (Table 2.2). Nevertheless, to our knowledge no other studies
of batch or continuous exposure to externally added hydroxylamine of other AOA strain
have been reported, yet. Thus, a differential behaviour of AOA strains to hydroxylamine
exposure remains to be investigated.

Hydroxylamine transient accumulation has been shown to occur in AOA culture, also
pointing towards a differential strain behaviour towards hydroxylamine accumulation
[18]. For example, N. gragensis only released hydroxylamine (4.6 µg-N/L) when
incubated with 28 mg-N/L ammonium, but not with 7 mg-N/L. N. uzonensis produced
hydroxylamine with both ammonium initial concentrations of 7 and 28 mg-N/L,
reached higher concentrations (4.8 µg-N/L) when incubated with the higher ammonium
concentrations. Contrarily, N. viennensis and Ca. N. sp. Nd2 did not produce
hydroxylamine. Thus, the hydroxylamine accumulation strain dependency observed in
AOB seems to also be a differential strain trait of AOA.

Overall, the recent identification and isolation of AOA presents still unresolved
questions, such as the central nitrogen metabolism, further characterization of the
NO/N2O emissions or the differential strain response to hydroxylamine accumulation
and exposure.

2.4. COMPLETE AMMONIUM OXIDIZING BACTERIA

(COMAMMOX)

S INCE nitrification first discovery, it was always thought that ammonium oxidation to
nitrate involved a two-step microbial conversion, involving AOB and nitrite oxidizing

bacteria (NOB). Complete ammonium oxidation to nitrate by a single microorganism
was predicted thermodynamically possible [80], but overlooked for years until two
independent studies demonstrated its existence [81, 82].

Complete ammonium oxidating (comammox) bacteria were first identified in
two parallel studies demonstrating that they have all the cell machinery to oxidize
ammonium to nitrite and further to nitrate [81, 82]. Mainly two reasons prevented
comammox identification for so many years; i) AOB dedicated qPCR primers targeting
amo gene were not covering the comammox amoA gene, due to only ca. 60% amino-acid
identity, ii) 16S rRNA sequencing does not allow to distinguish comammox from NOB.
Thus, comammox were usually misclassified as canonical NOB [83].

The current running hypothesis for the central metabolism of comammox is
postulated to involve AMO, HAO and NXR enzymes, as copies of all the genes encoding
for these enzymes have been found in the genome [81, 82]. Thus, ammonium is first
transformed to hydroxylamine by AMO, hydroxylamine is further oxidized to nitrite
by HAO and finally nitrite is converted to nitrate by nitrite oxidoreductase (NXR)
(Figure 2.5A). As well as for AOB and AOA, the occurrence of a third intermediate
step involving HAO converting NH2OH only to NO and a further conversion of NO to
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nitrite is under discussion [84] (Figure 2.5B). As discussed previously, NcyA has been
hypothesised to be a lacking third enzyme for AOB . However, yet no NcyA encoding
gene has been found in the available comammox genomic data [85, 84, 86]. Thus the
hypothesis of comammox encoding a NO oxidoreductase in the genome has not been
confirmed yet.

NO3
-NO

NH3 NH2OH NO2
-

NH3 NH2OH NO2
-

AMO HAO

AMO HAO NOO/NcyA

A)

B)

NO3
-

NXR

NXR

Figure 2.5: Proposed enzymes for ammonium conversion by comammox. A) Traditional pathway, where
hydroxylamine is directly converted to nitrite followed by the conversion to nitrate. B) Alternatively,
hydroxylamine is first transformed to NO and further oxidized to nitrite by a yet not fully characterized enzyme.
AMO – Ammonium monooxygenase, HAO – Hydroxylamine oxidoreductase, NOO - Nitric oxide reductase,
NcyA – Nitrososcyanin, NXR – nitrite oxidoreductase. Sources - [29, 28].

The first kinetic analysis of the first isolate Nitrospira inopinata [16] showed a low
ammonium half-saturation coefficient (high affinity for ammonium) and a high growth
yield (compared to that of AOB or AOA). This is in agreement with the theoretical
higher growth yield prediction [80], as well as the comammox distribution in the
environment [83]. Comammox has been detected at substrate depleted zones [83],
where low ammonium affinity constant and high growth yield allows them to thrive in
such minimal environments.

Due to its recent discovery little is known about the role of hydroxylamine besides
being involved as intermediate in the central metabolism. Regarding hydroxylamine
transient accumulation, Liu and co-workers showed hydroxylamine accumulation in
batch like experiments up to 6 µg-N/L, even calculated hydroxylamine accumulation
could have been up to 25 to 132 µg-N/L, depending on the initial ammonium
concentration used [18]. A recent study also postulated towards abiotically formed N2O
from hydroxylamine as the main comammox emission source [84].

Overall, due to its novelty and recent discovery there is plenty of room for research to
further understand the hydroxylamine role in comammox metabolism. Among others,
the characterization of hydroxylamine build up in cultures, the impact of externally
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added hydroxylamine in the metabolism or the involvement of hydroxylamine in N2O
emissions.

2.5. ANAEROBIC AMMONIUM OXIDIZING BACTERIA

(ANAMMOX)

A MMONIUM conversion without oxygen, even predicted thermodynamically
favourable [87], was thought nonexistent until the discovery of anammox [8].

Anammox bacteria are able to transform ammonium and nitrite to dinitrogen gas
autotrophically and anoxically [9]. The central metabolism of anammox has been a hot
topic of research since its discovery ([88, 89, 90, 10, 11], among others).

Hydroxylamine was initially hypothesized to be an intermediate of the anammox
conversion, as when it was added to anammox cultures, hydrazine accumulated [9, 11].
Since then, hydroxylamine addition/hydrazine accumulation experiments have been
used as characteristic activity tests to demonstrate anammox activity in enrichment
cultures ([91, 9], among others). Later, NO was proposed to be intermediate of the
central nitrogen metabolism instead of hydroxylamine [89]. The current hypothesis for
the anammox nitrogen metabolism consists of three reactions. First, a nitrite reductase
(Nir) enzyme converts nitrite to NO (Equation (2.6)). Then, NO reacts with NH4

+

and forms hydrazine (N2H4) (Equation (2.7)) catalysed by hydrazine synthase (HZS).
Finally, hydrazine dehydrogenase (HDS) further converts hydrazine to dinitrogen gas
(Equation (2.8)) (see also Figure 2.6).

NO2
−+2H++e− −−→ NO+H2O (2.6)

NO+NH4
++2H++3e− −−→ N2H4 +H2O (2.7)

N2H4 −−→ N2 +4H++4e− (2.8)

2.5.1. THE YET UNKNOWN ROLE OF HYDROXYLAMINE IN ANAMMOX

BACTERIA
Hydroxylamine role in the anammox metabolism is still not fully understood. For
instance, not all anammox strains (i.e. Ca. Brocadia spp.) encode the Nir enzyme [92].
Consequently, either another enzyme, like the one encoded in the gene kustc0458, is
doing the job [88], or hydroxylamine is involved in the pathway [90].

Another surprising and characteristic trait is that hydroxylamine oxidase (HOX),
which converts hydroxylamine to NO, is one of the most highly expressed enzymes in
anammox [88, 89]. Thus, anammox is investing energy and nutrients on keeping a high
HOX protein content in the cell, which is puzzling, if hydroxylamine does not have an
important role in the metabolism (Figure 2.6).

The only hypothesis to explain this high HOX expression, is that HZS enzyme can leak
hydroxylamine and HOX is able to transform any leaking of hydroxylamine back to NO
[93, 23]. Precisely, it is proposed that in HZS catalytic centre, NO is actually transformed
to hydroxylamine, and hydroxylamine is reacting with ammonium to form hydrazine
[93, 23]. Another explanation for this high HOX expression is that hydroxylamine might
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N2NO2
-NO3

- NO N2H4

HDHHZSNXR

NH4
+

NH2OH

HOX

Nir *

Figure 2.6: Central nitrogen metabolism of anaerobic ammonium oxidazing bacteria (anammox). * Nir is
depicted here as the enzyme responsible to convert nitrite to NO, this might vary for Ca. Brocadia strain
[90]. Also a proposed enzyme for this conversion is the one encoded in the gene kustc0458 [88]. NXR –
nitrate oxidoreductase, Nir- nitrite reductase, HZS- hydrazine synthase, HDH – hydrazine dehydrogenase,
HOX- hydroxylamine oxidase. Sources- [23].

be important in anammox like environments. Overall, the role of hydroxylamine in the
anammox metabolism remains as yet poorly understood.

Externally added hydroxylamine in form of batch tests had different outcomes
(Table 2.3): i) When hydroxylamine was added, accumulation of hydrazine occueds,
which has been used to demonstrate anammox activity [91, 9], ii) Hydroxylamine
has been shown to “boost” the anammox activity [94, 95], iii) Hydroxylamine
addition allowed to characterize anammox hydroxylamine metabolism [11, 96, 97].
Hydroxylamine anammox metabolism occurs via disproportionation to ammonium and
dinitrogen gas (Equation (2.9)). However during this disproportionation hydrazine
accumulation occurs. The accumulation is due to an imbalance between the two
reactions involved in hydroxylamine disproportionation that produce (Equation (2.10))
and consume hydrazine (Equation (2.11)), respectively [96].

3NH2OH+H+ −−→ NH4
++N2 +3H2O (2.9)

NH4
++2NH2OH −−→ N2H4 +H2O+H+ (2.10)

2NH2OH+N2H4 +2H+ −−→ 2NH4
++N2 +2H2O (2.11)

Co-metabolisation of other substrates with hydroxylamine impacts its metabolism
[97]. Continuous and limiting addition of hydroxylamine to anammox showed to
decrease the stoichiometric nitrate needed for growth and reported no negative impact
on the anammox community [97]. Thus, anammox could use hydroxylamine and
survive in environments where it is present.
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2.6. NITRITE OXIDIZING BACTERIA (NOB)

N ITRITE oxidizing bacteria perform the second step of nitrification catalysing the
conversion of nitrite to nitrate with oxygen as electron acceptor. Up to date, 7

genera have been described belonging to 6 different phyla in α, β, γ Proteobacteria [98].
NOB couple the nitrite oxidation to nitrate as electron donor (Equation (2.12)) with

oxygen respiration as electron acceptor (Equation (2.13)), resulting in NOB central
nitrogen catabolism (Equation (2.14)). Nitrite oxidation to nitrate is catalysed by
nitrite oxidoreductase (NXR), a membrane-bound enzyme that was first isolated and
characterized in Nitrobacter by Meincke et al. [99] (Figure 2.7A).

NO2
−+H2O −−→ NO3

−+2H++2e− (2.12)

1

2
O2 +2H++2e− −−→ 2H2O (2.13)

NO2
−+ 1

2
O2 −−→ NO3

− (2.14)

2.6.1. HYDROXYLAMINE INHIBITS NOB
Hydroxylamine is not an intermediate in NOB metabolism, but NOB communities
usually are found close to AOB, which are able to leak hydroxylamine (Table 2.1).
Hydroxylamine concentrations from 0.2 to 20 mg-N/L have been reported as a
potent inhibitor of NOB Table 2.4. For instance, Castignetti and Gunner (1982)
[100] reported inhibition of Nitrobacter agilis by hydroxylamine at concentration of 5
mgNH2OH-N/L. Stuven et al. [19] also reported hydroxylamine inhibition of Nitrobacter
at concentrations of 1 mgNH2OH-N/L. Later, Hao and Chen [101] demonstrated
hydroxylamine inhibition in NOB by measuring nitrite build-up in complete nitrification
submerged filters by the addition of 2.5-5 mgNH2OH – N/L. Moreover, more than 30
days were needed to recover regular operation [101]. Concentration of less than 0.2
mgNH2OH – N/L were reported to inhibit NOB by Blackburne and co-workers [102].

Another indication that supports strong NOB inhibition by hydroxylamine is
the general trend observed that full nitrification fails, accumulating nitrite, when
hydroxylamine is added to the system [44, 47, 48]. As discussed before, hydroxylamine
external addition in nitrification systems is used to inhibit NOB either to obtain a stable
partial nitrification operation or to achieve a rapid start-up of a partial nitrification
reactor [50, 51, 47, 46].

However, the mechanism of hydroxylamine inhibition in NOB is still unknown
(i.e. if it is affecting the gene expression, interfering with cell compounds). Some
studies refer to a reversible inhibition, as far as full nitrification is restored with time
after hydroxylamine exposure [51, 47, 48]. The only hypothetical theory is that the
un-protonated form of hydroxylamine can diffuse through the membrane and affect
the gene expression [20]. Specifically, in a later study Wang and co-workers reported
a decrease in nxrA, a gene related with NOB [46]. Another interesting observation
is that Nitrospira and Nitrobacter might be differentially inhibited by hydroxylamine,
impacting more Nitrospira than Nitrobacter [51].

In full nitrification and partial nitrification processes, AOB and NOB populations are
usually clustered together. Thus, understanding further the impact of hydroxylamine
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on NOB activity is vital, as AOB have been shown to transiently accumulate this
compound. Addition of hydroxylamine has already been shown to promote a partial
nitritation system over full nitrification [47, 48]. Further understanding of this process
(hydroxylamine accumulation and effect on NOB) could contribute to avoid NOB
proliferation in partial nitritation anammox systems and further understand microbial
community interactions.

N2NO2
-NO3

- NO

NO2
-

N2O
NOSNIR NOR

A)

B)

NO3
-

NXR

NAR/NAP

NO2
-NO3

- NH4
+

NrfA/ONR/εHAO*NAR/NAP
C)

Figure 2.7: Central nitrogen metabolism of: A) Nitrite oxidizing bacteria (NOB), B) Anaerobic heterotrophic
denitrifiers (DEN), C) Dissimilatory nitrate reduction to ammonium (DNRA). NXR – nitrite oxidoreductase,
NAR/NAP – nitrate reductase, NIR – nitrite reductase, NOR – NO reductase, NOS – N2O reductase, NrfA-
ammonia forming nitrite reductase, ONR- nitrite reductase, εHAO- Epsilonproteobacterial hydroxylamine
oxidoreductase.

2.7. OTHER WASTEWATER TREATMENT RELATED

MICROORGANISMS AND THEIR INTERACTIONS WITH

HYDROXYLAMINE

A OB, AOA, anammox and comammox are recognized consumers of hydroxylamine,
and hydroxylamine metabolism has been dedicatedly studied, but still unknowns

remain. The inhibition of nitrite oxidizing bacteria by hydroxylamine has been
dedicatedly studied. Particularly, with the growing interest of implementing partial
nitritation. Conversely, heterotrophic denitrifying bacteria play a crucial role in
engineered systems such as wastewater treatment plants (WWTPs) transforming nitrate
to dinitrogen gas through nitrite, NO and N2O (see Figure 2.7B). There is only very
limited information on the impact of hydroxylamine on denitrifying bacteria. A recent
study showed that nitrite accumulation was favoured when dosing hydroxylamine to
a complete denitrification reactor [103]. Batch tests with hydroxylamine dosing from
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Table 2.4: Summary of literature reporting NOB inhibition by hydroxylamine (a) converted from mg NH2OH/L,
* referred as free hydroxylamine, OUR – oxygen uptake rate, n.d.-not determined, SBR –sequential batch
reactor, FBBR-Fed-batch bioreactor, PN – Partial Nitritation.

Type of biomass NH2OH (mg-N/L) Type of inhibition Comments References

Nitrobacter agilis 5 Irreversible
No activity was detected when the

culture was transferred to fresh medium
[100]

Nitrobacter vulgaris 1 n.d. No nitrate formation [19]

Full nitrification culture 0.3-4.3* n.d.
Deterioration of full nitrification,

nitrite transient accumulation
[20]

Full nitrification culture
(submerged fixed film)

1 - 5 Reversible
Deterioration of full nitrification,

nitrite accumulation. 30 days recovery.
[101]

NOB enrichment (SBR) 0.2- 3 n.d. Hydroxylamine decreased OUR [102]

Full nitrification culture (FBBR) 10-40 n.d.
Deterioration of full nitrification,

nitrite accumulation
[44]

Partial nitritation/anammox 4.2-8.5 (a) Reversible Decreased nitrate accumulation by NOB [47]
Full nitrification culture 1-3 Non-competitive Decreased OUR (Ki=3.233±0.093 mmol-N/L) [52]

Start-up PN (SBR) 1.9 (a) n.d. Nitrospira more inhibited than Nitrobacter [50]

Start-up PN (SBR) 2.1 (a) Reversible
Nitrospira more inhibited than Nitrobacter,

nitrate production recovered
[51]

(2-21 mg-N/L) were also performed. Nitrate consumption seemed to be promoted at
low hydroxylamine concentrations dosages (2-8 mg-N/L), whereas nearly any nitrate
consumption was observed during the first 20min. when hydroxylamine concentrations
were higher than 14 mg-N/L. Interestingly, nitrite accumulation was always higher
when hydroxylamine was added in the batch tests. Nitrate reductase (NAR) and nitrite
reductase (NIR) activity were also measured after hydroxylamine exposure, showing
a grater increase in NAR activity than NIR for increasing hydroxylamine doses. The
difference in enzymatic activities might explain the nitrite accumulation . This was in
agreement with the gene expression, as napA expressions was up to 2.76-fold increased
when hydroxylamine was dosed [103]. Nevertheless, the impact of hydroxylamine on
the subsequent steps: NO and N2O conversions was not investigated. Also the fact
that pH 9 was used in this study, might have impacted the results, as hydroxylamine
is mainly unprotonated. Thus, it is able to diffuse through the membranes. Overall,
more studies confirming the observed trends by [103] would be needed, specially
performed at more usual pH (7-8) for wastewater treatment. Hydroxylamine usage
capacity of dissimilatory nitrate reducers to ammonia (DNRA) (see Figure 2.7C) has
been hypothesised based on the hydroxylamine detoxification capacity of some of
their enzymes (ONR or εHAO) [104, 105] and hydroxylamine has been proposed as
intermediate for Nautilia profundicola [106]. For both denitrifiers and DNRA bacteria
few studies are available and no conclusions can be drawn regarding the impact of
hydroxylamine.

Finally, it is worth mentioning other microorganisms that are able to use
hydroxylamine and that might be involved in wastewater treatment engineered
processes, even not considered directly as part of the nitrogen cycle. For instance,
heterotrophic aerobic bacteria with nitrification or/and denitrification activity. The
pathway for nitrification encoded in these microorganisms includes hydroxylamine as
intermediate [22]. For example, Photobacteriu sp. [107], Alcaligenes faecalis [108, 109,
110], Pseudomonas [111] or Enterobacter [112]. Methanotrophs are also well known to
have hydroxylamine oxidation capacity, which is involved in nitrous and nitric oxide
production by those microorganisms [113, 22, 114].
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Overall, hydroxylamine oxidation capacity is widespread within microorganisms
of the nitrogen cycle and others involved in wastewater treatment, whereas it is also
known to inhibit some of them. To achieve a comprehensive picture of its role when
shaping microbial communities, further investigation on this compound in relation to
the diverse N-cycle conversion is needed.

2.8. HYDROXYLAMINE PRESENCE MIGHT SHAPE MICROBIAL

COMMUNITIES AND BIOFILMS DYNAMICS

A LL of the microorganisms discussed in the present review are known to be found
close together in the natural environment (i.e. ocean, soils) and engineered systems

where they typically grow in biofilms or aggregates (i.e. WWTPs) [3]. Thus, microbial
interactions between different communities occur, and usually microbes rely on these
interactions to get their substrate or to avoid product inhibition (i.e. AOB/NOB
interactions).

In engineered systems, such as WWTPs, the interaction between AOB and NOB
and denitrifiers have been conventionally used to remove nitrogen from wastewater.
More recently, other players such as anammox, comammox or AOA have been added
to the already complex community interactions. In these kind of engineered systems
microorganisms are usually found forming aggregates either as activated sludge,
granules or attached biofilms. As we have seen in this review and according to literature,
AOB, AOA and comammox can leak hydroxylamine, and it can be related to fluctuations
of substrate/oxygen. In WWTPs substrate fluctuations are usual, but also within biofilm
systems strong gradients occur. Thus, fluctuations of substrate/oxygen can be enhanced
by the biofilm structure (i.e. some cells that have been under starvation, receive
substrates when there is an increase in the bulk liquid concentration). Consequently,
hydroxylamine build up can be enhanced within a biofilm system. This fact has already
been proposed by mathematical simulations [115].

Another important factor that can impact hydroxylamine accumulation and usage
by microorganisms is pH. In a biofilm a pH gradient is generated with a more acidic pH
in the inner core of the granule [36, 34, 38, 39, 40]. Acidic pH has been shown to strongly
impact ammonium oxidation by Nitrosomonas, whereas hydroxylamine oxidation was
barely affected [35]. This fact might favour hydroxylamine usage over ammonium by
AOB in inner layers of a biofilm system.

Overall, hydroxylamine build up due to aerobic ammonium oxidizing
microorganisms can have an impact in other microbial communities such as anammox,
NOB, denitrifiers or the same neighbour clusters of aerobic ammonia oxidizers.
Furthermore, hydroxylamine can also trigger N2O emissions, as it has been discussed.
Thus, hydroxylamine might have a yet not fully understood role when shaping microbial
communities.

2.9. HYDROXYLAMINE MEASUREMENT: THE BOTTLENECK?

I N wastewater treatment related research hydroxylamine measurements are almost
absent. This is due to two factors: i) hydroxylamine available measurement
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techniques are laborious and really time consuming, ii) being usually an intermediate,
the method should be sensitive enough for the expected low concentrations.
Nevertheless, the fact that hydroxylamine is mutagenic and toxic compound for
humans, microorganisms and animals has brought the need of its adequate quantitative
measurement in different fields [116].

Focusing on the measurements of hydroxylamine in water samples there are mainly
two extended techniques used Figure 2.8 : i) Spectrophotometric technique, based on
the production of indooxine from the reaction of 8-quinolinol with hydroxylamine in
presence of carbonate and ethyl alcohol, which develops a green colour [117], ii) Gas
chromatography (GC) based method, which relays on the measurement of N2O formed
during the transformation of hydroxylamine to N2O catalysed by Fe3

+ in sealed vials
[118, 119].

Both techniques have their advantages and disadvantages. Briefly, the
spectrophotometric based technique can be easily implemented, as it is a
reactive based methodology which needs of general present laboratory equipment
(spectrophotometer, water bath and pyrex tubes). The use of a fume hood is necessary
due to the toxicity of the chemicals used and it is a quite laborious method. The
GC based method, has a lower detection range (ca. > 0.001 mg-N/L) than that of
the spectrophotometric method (ca. > 0.035 mg-N/L), which might be useful for
applications were concentrations of hydroxylamine are actually low. However, the need
for a GC with an N2O detection method, and ideally an autosampler, might limit its
implementation in many laboratories. Also a good determination of the N2O already
present in the sample is crucial for an accurate hydroxylamine quantification [119].

Both methods are known to be impacted by interferences like pH and salinity
[118]. These interferences impact a lot the N2O recovery from hydroxylamine in the GC
method, thus a good pre-treatment depending on the sample is needed [119].

Independently of the method used, pre-treatment of samples and rapid analysis is
generally extensive, due to the high reactivity of hydroxylamine. For example, addition
of sulfamic acid to the sample is used in both measurement techniques [119, 58] with
two purposes: i) acidify the sample to stabilize hydroxylamine, and ii) remove nitrite
from the sample, which has been shown to react with hydroxylamine and interferes in
both methods [119, 58]. Nevertheless, time from sample collection to its analysis is still
crucial, long time storage is not possible.

The complexity of hydroxylamine measurement is one of the main limitations for
understanding the role of this compound in the nitrogen cycle and N2O emissions.
Thus, developing of commercial available hydroxylamine sensors might be crucial for
future research. Some preliminary results on the development of a hydroxylamine
sensor have been reported ([120, 121], among others). However, to our knowledge, there
are no initiatives to have such sensors commercially available. If such sensors would
become available, as happened for NO and N2O sensors, or an easier measurement
method technique is developed it would boost hydroxylamine related research and our
understanding of the nitrogen cycle.
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B)

Sample pre-treatment with SA.

Transfer to butyl serum vials

6 mL sample (un/diluted).

Add 0.6mL 25 mM FeCl3 solution.

Measure N2O in the 

headspace using a GC

Shake 

(3h, 250 rpm)

A)

REACTION 4 𝐹𝑒3+ + 2𝑁𝐻2𝑂𝐻 → 4𝐹𝑒2+ +𝑁2𝑂 + 𝐻2𝑂 + 4𝐻
+

Water bath 

(1min., 100oC)

Measure absorbance with an

spectrophotometer (705nm).

Sample pre-treatment with SA.

Mix all 5 reagents* and the 

(un/diluted)  sample. 

Cool down 

(15min., RT)

REACTION

Figure 2.8: Hydroxylamine measurement techniques for hydroxylamine concentration determination in water:
A) Spectrophotometric based method, B) Gas chromatography (GC) based method. Based on techniques
described by [117, 119] * Reagents used are phosphate buffer solution, mili-Q water, trichloroacetic acid
solution, 8-quinolinol and carbonate solutions (see [117] for exact concentrations). SA states for sulfamic acid.
RT states for room temperature.

2.10. CONCLUSIONS AND FUTURE OUTLOOK

H ERE the current understanding of the role of hydroxylamine in the nitrogen cycle,
with special focus on the microbial communities involved in wastewater treatment

has been presented. Hydroxylamine conversion is widespread within different nitrogen
cycle microorganisms, whereas some are negatively impacted by it. We have highlighted
that there are plenty of questions and unknowns about the role of hydroxylamine in the
nitrogen cycle. The key gap of knowledge are summarized as follows:

• Clarification on how hydroxylamine is converted to nitrite by AOA, AOB and
comammox is needed. So far, there are biocatalytic evidences that HAO
transforms hydroxylamine to NO in AOB. AOA do not harbour HAO in their
genome, thus a different transformation of hydroxylamine has been proposed.
Comammox pathway for this conversion is still to be mapped. Overall, it will be
interesting to assess if aerobic ammonia oxidizers have evolved differently on how
to deal with the conversion of hydroxylamine to nitrite.

• Transient accumulation of hydroxylamine is usually linked to a switch from low
to maximum activity (i.e., anoxic/aerobic cycles, batch tests, SBR reactors). The
turnover of the differential enzymes involved in the transformation might be
crucial. In addition, it seems to be a strain dependent trait.

• pH might have a crucial role on hydroxylamine usage. Firstly, because pH affects
the equilibrium between the protonated and unprotonated hydroxylamine form.
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Secondly, because ammonium oxidation rate is highly impacted by pH, whereas
hydroxylamine oxidation to nitrite is not. Consequently, pH can be a potential
contributor to hydroxylamine accumulation.

• Transient hydroxylamine accumulations seems also to be strain dependent in
aerobic ammonium oxidizers, as well as it differs between AOB, AOA and
comammox. Differences on enzymatic level are hypothesised to be responsible
for such observations.

• Hydroxylamine is involved in N2O emissions in AOA, AOB and comammox.
Factors promoting N2O emissions from hydroxylamine are still to be fully
understood.

• Anammox is known to be able to use hydroxylamine as substrate. It is also
proposed to be intermediate in Ca. Brocadia, whereas NO is proposed to be
the intermediate in Ca. Kuenenia stuttgartiensis. Nevertheless, in Ca. Kuenenia
stuttgartinesis, there is a high overexpression of HOX, an enzyme hypothesised
to transform the leaking hydroxylamine from HZS to NO. Thus, the role of
hydroxylamine in anammox is yet to be understood.

• pH also impacts the equilibrium between the unprotonated (free hydroxylamine)
and protonated form of hydroxylamine. Thus, free hydroxylamine has the
capacity to diffuse through the bacterial membranes. This is hypothesised to
be the cause of NOB inhibition by hydroxylamine. However, it is yet to be
demonstrated. A similar inhibition mechanism might impact denitrifiers leading
to nitrite accumulation.

Overall, there are a wide range of topics to be investigated regarding hydroxylamine
and the nitrogen cycle. Below we provide some crucial points and recommendations for
future research, that will broaden our understanding of hydroxylamine:

• Developing an easy implemented hydroxylamine measurement technique would
totally facilitate hydroxylamine related research. Either the use of sensors or an
improved measuring technique that is not extremely labour intensive, would lead
to widespread hydroxylamine measurements in nitrogen related research.

• Developing an integrated research approach including a combination of
transcriptomics/proteomics, enzymology and 15N tracer studies could help to
further understand the mechanisms involved in hydroxylamine conversion and
transient accumulation. Such an integrated approach will be crucial to map
hydroxylamine conversion pathways, as well as studying such conversions in
microbial communities.

• Mapping hydroxylamine enzymatic conversions will help also on understanding
NO/N2O production pathways. Thus, it will allow to design better mitigation
strategies.

To conclude, the main focus of nitrogen cycle research has usually been the
substrates and end products of the microbial conversions. More recently, due to the
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urge to reduce greenhouse gas emissions, intermediates such as NO and N2O, started to
be extensively studied. The complexity of intermediate reactions and the lack of easily
implemented techniques and methods for the usual low concentration measurements,
results in a hard topic of study. Nevertheless the central role of hydroxylamine as
intermediate in the nitrogen cycle and its relation to N2O formation urges more
attention for this compound in future research projects.
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ABSTRACT

The spontaneous abiotic (or chemical) reaction of hydroxylamine (NH2OH) at low
concentrations (<0.4mg−N/L) with free nitrous acid (HNO2) was investigated at the
conditions of partial nitritation of reject water. An abiotic batch reactor test was used
to quantitatively assess the kinetics of the nitrous oxide (N2O) emission. The estimated
chemical N2O emission rate was 0.16 mg−N/L/h. In addition, the concentration of
NH2OH in a full scale nitritation reactor, Single reactor High Activity ammonium Removal
over Nitrite (SHARON) was measured in the range ca. 0.03-0.11 mg−N/L. The presence
of NH2OH in the SHARON reactor together with the abiotic N2O emissions rate (assessed
in the abiotic batch reactor test) points towards a significant contribution of the abiotic
N2O emission in the full scale reactor. An equivalent emission factor (N emitted as N2O/N
oxidized in nitritation) of 1.1 % was estimated to be linked to the abiotic pathway, which
is around one third of the total measured N2O emission rate in the SHARON reactor.
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3.1. INTRODUCTION

H YDROXYLAMINE (NH2OH) is an intermediate in the biological oxidation of ammonia
to nitrite by ammonia-oxidizing bacteria (AOB). One of the first experimental

indications that NH2OH is an intermediate in nitrification was reported by Lees [1]. By
adding NH2OH at a very low concentration (1.5 µg−N/L) to an aerated Nitrosomonas
sp. culture, the consumption of NH2OH in time was measured. At pH of 8.4 and
30◦C, the measured NH2OH consumption rate was found to be even higher than that
of ammonium consumption at the same conditions.

In the past, the extracellular release of NH2OH during the oxidation of ammonia
into nitrite by AOB was considered doubtful [122]. However, several publications also
pointed out that NH2OH is a measurable intermediate in the bulk liquid of reactors
performing either nitritation (oxidation of ammonium into nitrite) or nitrification
(oxidation of ammonium into nitrate) [20, 21, 115, 123, 124]. The values reported for
the NH2OH concentration are in the range of 0.01–1 mg−N/L. Hydroxylamine is not one
of the compounds regularly followed in N2O emission or nitrification studies neither
in laboratory scale reactors nor in full scale wastewater treatment plants (WWTPs).
Some of these investigations were carried out with the specific goal of clarifying the
N2O emissions pathways, quantification of rates or even setting-up mathematical
models for the description of the process (among many others [125, 126, 127, 128]).
In addition, several mathematical models calibrated with experimental data included
NH2OH as intermediate (for instance Ni et al. [129]), but the measurements were
limited to ammonium, nitrite and N2O, whereas actual NH2OH concentrations were
never measured.

Overall, there is a lack of knowledge regarding the formation of NH2OH in WWTPs or
laboratory reactors performing nitritation or nitrification.

Hydroxylamine and nitrite are known to be precursors for abiotic (or spontaneous)
production of nitric oxide (NO) and nitrous oxide (N2O) (see a review by Schreiber et
al. [62]). Therefore, the presence of significant concentrations of NH2OH and/or nitrite
was postulated as potential environment for the chemical production of NO and N2O in
wastewater or natural aquatic ecosystems [62, 130]. The possible chemical reactions of
NH2OH and nitrite to produce nitrogen oxides are numerous and with a rather complex
chemistry. Moreover, the rates can be accelerated by the presence of trace metals [62, 63].
The still reduced knowledge on the potential contribution of abiotic pathways on the
overall N2O emissions from nitrite, ammonia and NH2OH during wastewater treatment
has been previously emphasized [62, 63, 131, 132, 130, 133, 134]. Schreiber et al. [62]
highlighted a few relevant environments in which the chemical production of N2O
could manifest in WWTPs, and cited as main example the nitritation of reject water in
two-stage nitrogen removal systems (e.g. the Single reactor High Activity ammonium
Removal over Nitrite, SHARON rector [12]). In particular, the chemical reaction between
the NH2OH and nitrite (nitrosation of NH2OH) has been reported to produce N2O, with
overall reaction Equation (3.1) [135]:

NH2OH+HNO2 −−→ N2O+H2O (3.1)

The precursor of N2O in Equation (3.1) is known to be the hyponitrous acid (H2N2O2)
– the dimer of HNO [135]. More recently, the chemical production of N2O from NH2OH
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and nitrite has also been investigated through site-specific 15N isotopic signatures [134].
However, Heil et al. [134] did not assess the kinetics of N2O emissions, but rather
focused on the isotopic signature of this reaction. They found that microbial and abiotic
processes share the same intermediate steps, and therefore it was not possible to use
the isotopic signature to assess the contribution of either biological or abiotic N2O
emissions.

The occurrence of Equation (3.1) during biological nitritation has been already
highlighted by Harper et al. [63]. These researchers firstly analyzed the abiotic formation
of N2O and secondly used model fitting in a biological reactor to assess the contribution
of the abiotic pathway to the overall N2O production.

In this study, we investigated the chemical reaction of NH2OH (at low
concentrations) with nitrite and its potential contribution to N2O emissions in
wastewater treatment plants. To this end, some of the experiments targeted specific
conditions found in nitritation reactors in two-stage nitrogen removal process
applied to reject water (SHARON). This process was selected because: (i)there, the
microbial growth rate of AOB is close to the maximum specific growth rate triggering
NH2OH release into the bulk liquid [21], and (ii) the high nitrite concentrations. We
complemented this study with NH2OH measurements in the full scale SHARON reactor
in Rotterdam (The Netherlands), to assess the abiotic N2O emission pathway in that
type of nitrogen-converting bioreactors.

3.2. MATERIAL AND METHODS

3.2.1. ANALYSIS OF NH2OH CONCENTRATION

T HE NH2OH concentration was measured following spectrophotometric procedure
[117]: 1 mL of the sample containing hydroxylamine (range 0.00–0.25 µmol/L of

hydroxylamine) was added to 1 mL of 0.05 M phosphate buffer, 0.80 mL of demineralized
water, 0.2 mL of 12 wt % trichloroacetic acid, 1 mL of 1% 8-quinolinol (w/v) in ethanol
and 1 mL of 1M Na2CO3. After shaking vigorously the mixture was heated 1 min at 100 ◦C
in a water bath and cooled for 15 min before measuring absorbance at 705 nm (Novaspec
III Amersham Biosciences). A blank was prepared by replacing the sample volume by the
same volume of demineralized water.

For the samples withdrawn from the SHARON reactor, a variation of the protocol
described was used, since no demineralized water was added, and 1.8 mL of sample were
used instead. This was done to increase the absolute value of absorbance of samples.
For more details regarding the sampling procedure in the SHARON reactor, see below
the specific Section 3.2.4.

3.2.2. SMALL-SCALE REACTION TESTS

SAMPLING AND STORAGE

The NH2OH reactivity was tested under different conditions in 2 mL Eppendorf tubes.
For each test 1.6 mL of medium was mixed with 0.2 mL of a 3.5 mg−N/L hydroxylamine
solution. Afterwards, 0.2 mL of 10 % sulfamic acid was added in some of the tests, as
far as it is reacting 1:1 stoichiometrically with nitrite to form N2, H2SO4 and H2O [136].
The NH2OH concentration was then immediately measured in samples with or without
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sulfamic acid. After keeping different aliquots overnight at room temperature, 4 ◦C and
−20 ◦C, with and without sulfamic acid, NH2OH concentration was also measured.

The mineral medium used contained: 0.330 g/L NaNO2, 0.344 g/L (NH4)2SO4,
5 mL/L of an iron solution containing 9.14 g FeSO4 and 5 g EDTA in 1 L of demineralized
water, 1.25 mL/L of a magnesium solution containing 160 g MgSO4 ·7H2O in 1 L of
demineralized water, 0.625 mL/L of a calcium solution containing 240 g CaCl2 ·2H2O
in 1 L of demineralized water, and 2.5 mL/L of a trace element solution containing 15 g
EDTA, 0.43 g ZnSO4 ·7H2O, 0.24 g CoCl2 ·6H2O, 1.0 g MnCl2 ·4H2O, 0.25 g CuSO4 ·5H2O,
0.22 g (NH4)Mo7O24 ·4H2O, 0.20 g NiCl2 6H2O, 0.10 g NaSeO4, 0.014 g H3BO3, 0.050 g
NaWO4 ·2H2O per liter of Mili-Q water and pH adjusted to 6 with NaOH.

PRELIMINARY CHARACTERIZATION OF THE REACTION KINETICS

The NH2OH depletion rates were measured in a set of 2 mL Eppendorf tubes at room
temperature (approximately 21 ◦C). The above mentioned medium was added to a set
of 6–7 Eppendorf tubes, then NH2OH was added to all of them to reach a final volume
of 1.8 mL. Finally 0.2 mL of 10 % sulfamic acid was added to each Eppendorf tube at a
different time, in order to stop the reaction (by removing nitrite). Finally, the NH2OH
concentration remaining after different reaction times was measured. For the sample
at time zero, sulfamic acid was added first followed by the medium, in order to remove
nitrite before NH2OH addition. The pH was measured before adding NH2OH using a pH
meter (827 pH lab Methrom Swiss made).

3.2.3. REACTOR SET UP FOR THE CHEMICAL REACTION AND GAS ANALYSIS
Experiments were conducted in a 1.5 L lab-scale glass fermenter, equipped with a Teflon-
coated magnetic stirrer. Air was added using a gas-diffuser with the flow rates 0.316 and
0.214 L/min for batch reactor tests 1 and 2, respectively. Off-gas was measured on-line
(Servomex 4900 infrared gas analyzer), allowing to follow continuously oxygen, carbon
dioxide, N2O and NO. Temperature was controlled with an external jacket and pH
was followed, using a pH meter in samples without sulfamic acid, but not controlled,
because it was stable. Reaction mixture contained 1.9 mL and 3.8 mL of trace element
and iron solutions, respectively, both described previously. 150 mL of a 3.5 mg−N/L
NH2OH solution was added to demineralized water containing the desired amount of
metals, reaching a total liquid volume of 1.5 L. Finally, solid NaNO2 was added to
reach desired concentration in each test Table 3.1. Samples were withdrawn from the
reactor at different times using a syringe and immediately mixed with 0.2 mL of 0.1 g/mL
sulfamic acid. Hydroxylamine concentration was followed in time in the samples using
the procedure mentioned in Section 3.2.1.

3.2.4. MEASUREMENT OF NH2OH CONCENTRATION ANALYSIS IN A

SHARON REACTOR
Samples from the SHARON reactor in Sluisjesdijk–Dokhaven (Rotterdam, the
Netherlands) were withdrawn directly from the bulk liquid at the WWTP. Following
the protocol described in Section 3.2.1 and Section 3.2.2, 1 mL of 0.1 g/mL of sulfamic
acid was added immediately after filtration of the collected sample through cotton and
0.45 mm filter and analyzed in less than 2 h. A fraction of the sample was not mixed with
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the sulfamic acid solution to let the NH2OH react completely with nitrite and therefore
quantify the background absorbance of the supernatant. The SHARON reactor contains
flocculent sludge and the process conditions are summarized in Table 3.2.

Table 3.1: Influence of conditions (pH and temperature) and free nitrous acid (HNO2) concentration in the
NH2OH reaction rate. Free nitrous acid concentration (HNO2) has been calculated with Equation (3.2). Initial
NH2OH concentration for each test is also provided. * A phosphate buffer solution was added.

Eppendorf pH T NH2OH Nitrite HNO2 NH2OH depletion rate
(◦C) (mg−N/L) (mg−N/L) (mg−N/L) (mg−N/L/h)

1 4.3 21 0.27 54 10.0 0.56±0.09
2 5.1 21 0.35 56 1.5 0.29±0.03
3 7.6* 21 0.3 54 0.01 0.56±0.09

Batch
1 6.2 20 0.35 135 0.38 0.2±0.02
2 7.0* 30 0.3 650 0.29 0.27±0.07

3.2.5. CALCULATIONS
From acid-base equilibrium the HNO2 (free nitrous acid, FNA, in mg−N/L)
concentration can be estimated for a given nitrite concentration (TNN, in mg−N/L), pH
and temperature (T in ◦C) using Equation (3.2) [137]:

F N A = T N N

10pH ·exp(− 2300
273+T )+1

(3.2)

The total amount of N2O produced (mN2O , in g−N/L) was calculated through
integration in time of the curve of N2O emission. The conversion of NH2OH into
N2O (XN H2OH/N2O , %) can be calculated by using the initial NH2OH concentration
(CN H2OH ,i ni , in g−N/L), the stoichiometry in Equation (3.1) and the total volume of
reaction (V , in L) as in Equation (3.3):

XN H2OH/N2O =
mN2O

2gN2O−Npr oduced

V · CN H2OH ,i ni

1gN H2OH−Nconsumed

(3.3)

3.3. RESULTS AND DISCUSSION

3.3.1. FAST SCREENING OF NH2OH REACTIVITY IN EPPENDORF TUBES

S INCE NH2OH is known to be a very reactive short-lived compound, some preliminary
tests were carried out to determine the best strategy for sample storage. To

simulate a likely medium composition, the tests were carried out by using a synthetic
wastewater containing ammonium, nitrite, metals and trace elements. To prevent the
oxidation of NH2OH, the addition of sulfamic acid was tested in order to remove nitrite
as nitrogen gas. Nitrite and NH2OH can react [135], and the acid reduces the pH
increasing the stability of NH2OH[138, 139]. In fact, removal of nitrite is known to
improve the hydroxylamine analysis [139]. When NH2OH was determined through the
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colorimetric method immediately after the preparation of the solution (i.e. mixing the
NH2OH standard solution with the synthetic wastewater) the concentration matched
the theoretical expected value (0.14±0.01 mg-N/L, Figure 3.1).

Figure 3.1: Preliminary tests establishing the sampling procedure at 0.14 mg−N/L NH2OH in the samples: RT
= room temperature; I = instantaneous measurement; O = overnight measurement; Fr = fridge storage; Fe =
freezer storage; SA = sulfamic acid addition.

When repeating the same procedure but including the addition of sulfamic acid, the
NH2OH concentration was not significantly different (0.14±0.02 mg-N/L, Figure 3.1).
Therefore, the sulfamic acid addition did not alter significantly the results of the analysis.
When sulfamic acid was not added, the NH2OH was found to disappear completely
when the sample was kept overnight either at room temperature, at 4 ◦C or frozen at
−20 ◦C.

When sulfamic acid was added, the NH2OH concentration was rather stable
overnight, showing less than 10 % decrease (Figure 3.1). Storage at 4 ◦C after addition of
the sulfamic acid produced only a slight improvement (Figure 3.1). Storage at −20 ◦C was
found to be not applicable because of a 50 % decrease in the concentration (Figure 3.1).

It was clear that after addition of sulfamic acid, the NH2OH was stable for several
hours, therefore the addition of sulfamic acid was adopted as a preliminary step for
sample preservation. Nevertheless, the NH2OH stability could be linked to either (i) the
pH of the solution (i.e., sulfamic acid solution has a very low pH, so that the sample pH
dropped from 6.76 to 1.35 after the addition of sulfamic acid), (ii) the absence of nitrite,
or (iii) a combination of both.

3.3.2. CHARACTERIZATION OF THE EXTENT OF N2O EMISSIONS THROUGH

CHEMICAL REACTION
A reactor vessel was used to study the coupling of the conversion of NH2OH and nitrite
with the formation of NO and N2O. Two different experiments were carried out.

In the first experiment, the reaction vessel contained initially NH2OH at a
concentration of ca. 0.35 mg−N/L, pH 6.2 and at 20 ◦C with the synthetic wastewater
containing chelated iron and trace elements, but without nitrite. The reactor was aerated
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Table 3.2: Influence of conditions (pH and temperature) and free nitrous acid (HNO2) concentration in the
NH2OH reaction rate. Free nitrous acid concentration (HNO2) has been calculated with Equation (3.2) . Initial
NH2OH concentration for each test is also provided. * A phosphate buffer solution was added. ** Performed
in this study n.d. - not determined. Tests were done at pH 7 except for the abiotic test 3 that pH was not
determined.

Reactor T NO2
– HNO2 NH4

+ NH2OH N2O rate
(◦C) (mg−N/L) (mg−N/L) (mg−N/L) (mg−N/L) (mg−N/L/h)

SHARON[65] 30 650 0.13 650 0.06* 0.47
AOB,batch [128] 30 400-1000 0.07-0.18 500 n.d. 0.13

Abiotic batch [128] n.d. 0-1000 n.d. 0 1 0
Abiotic batch [127] 20 10 0.003 0 10 0.03

Abiotic batch** 30 650 0.13 0 0.3 0.16

at 0.316 L/min. Hydroxylamine remained rather constant for more than 200 min and no
significant NO or N2O emissions were recorded (Figure 3.2 A). Therefore this indicates
how NH2OH cannot disappear at a significant rate if nitrite is not present.

After 220min, NaNO2 was added to reach a nitrite concentration of 135 mg−N/L in
the reactor vessel. A decrease in the NH2OH concentration was immediately recorded
and N2O was simultaneously emitted, as detected through the gas analyzer (Figure 3.2
A). No nitric oxide (NO) emission was noticeable. Hydroxylamine decreased after nitrite
addition at a rate of 0.20±0.02 mg-N/L/h (Figure 3.2 A, Table 3.1). The maximum N2O
emission rate was ca. 0.2 mg−N/h (Figure 3.2 A). Therefore this indicates that NH2OH
and nitrite react together following Equation (3.1), as expected.

In a second experiment, the reaction was carried out in the conditions commonly
applied in SHARON nitritation bioreactors treating reject water (T = 30 ◦C, pH = 7,
concentration of nitrite 650 mg−N/L, [13]) (Figure 3.2B). The reactor was aerated at
0.214 L/min. In this case, the initial abiotic reaction mixture contained synthetic
wastewater, including nitrite and chelated iron, but without hydroxylamine. Neither
N2O (Figure 3.2B) nor NO emissions were detected. This showed how no significant
reduction of nitrite into either NO or N2O was happening.

After 68 min a pulse of NH2OH was added to reach a final concentration of
0.3 mg−N/L, which resulted in immediate N2O emission (but not NO) and decrease
in NH2OH concentration with an average conversion rate of ca. 0.27±0.07 mg-N/L/h
and a maximum N2O emission rate at ca. 0.25 mg−N/h was maintained for at least
50 min. The initial NH2OH concentration (ca. 0.3 mg−N/L) was selected because a
similar concentration was measured in a chemostat culture of Nitrosomonas sp. [123].

These experiments showed that only when both NH2OH and nitrite were present,
in the conditions tested, one of the reaction products was N2O (as expected from
Equation (3.1)).

The measured N2O emission rate was integrated in time to determine the
reaction yield of N2O from NH2OH. Theoretically, the overall reaction would require
equimolecular amounts of NH2OH and HNO2 (see Equation (3.1)). The experimental
results indicated a conversion of 22 % and 41 % of removed NH2OH into N2O in the
first and second experiment, respectively. However, for the first experiment, the % of
NH2OH converted is underestimated, since we did not record the complete curve of
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N2O emission. The low recovery of N2O indicates that a fraction of the reacted NH2OH
resulted in a different reaction product. Some of the NH2OH might have reacted with
one of the intermediates of Equation (3.1) (HNO, the monomer of hyponitrous acid) to
produce N2 [62, 140]:

NH2OH+HNO −−→ N2 +2H2O (3.4)

Figure 3.2: Chemical reaction of NH2OH and nitrite in a 1.5 L batch reactor. Results of the linearization are
shown in Table 3.1, as batch reactor tests 1 and 2. A) Conditions used were T = 20 ◦C, pH = 6.2, nitrite was
added at time 220 min at a concentration of 135 mg−N/L. Air flow-rate 0.316 L/min. B) Conditions used were
T = 20 ◦C, pH = 7, nitrite concentration 650 mg−N/L (already in the reaction vessel at time zero) and NH2OH
added at time 68 min. Air flow-rate 0.214 L/min.

Although the presence of HNO was not verified in the course of this research,
Equation (3.4) could explain the gap in the nitrogen mass balances. The influence of
alternative reactions of NH2OH (e.g., disproportionation, autoxidation, oxidation by
Fe3+, [62]) is likely very limited at the conditions tested, because before the addition of
nitrite in the first experiment, the NH2OH concentration was stable for more than two
hours (Figure 3.2A). The same reasoning would apply for the potential nitrite reactivity
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to produce N2O (e.g., nitrite reduction by Fe2+, [132]) since in the second experiment no
N2O emissions were noticeable until NH2OH was added (Figure 3.2B).

Given the measured N2O emission rate from Equation (3.2), in case NH2OH is leaking
to the bulk liquid in the SHARON reactor, the contribution of the abiotic pathway to the
total N2O emission rate would be relevant. Therefore, the presence of NH2OH in the
SHARON reactor was also investigated (see Section 3.3.4). A systematic characterization
of the effects of pH and temperature on the abiotic N2O emission rate (i.e. the reaction
kinetics) would be desirable to clarify the contribution of the abiotic pathway in other
nitritation systems used in wastewater treatment.

3.3.3. FREE NITROUS ACID: THE LIMITING COMPOUND

Due to the variability found for the rate of conversion of NH2OH, the effects of pH
and temperature on the conversions were measured. Table 3.1 and Figure 3.3 give
the conversion rates determined as a function of the initial free nitrous acid (HNO2)
concentration. The results indicate that the rate of reaction of NH2OH with nitrite to
produce N2O is in fact limited by the HNO2 concentration. Temperature and pH were
not followed in the Eppendorf tube tests, making it difficult to directly link the rate to
an initial HNO2 concentration. However for the wide range of pH (4.3–7.6) tested the
positive influence of lower pH on the reaction was clear.

Within the tested range of conditions, more acidic pH values would enhance the
N2O emission when NH2OH and nitrite are present in WWTPs reactors. Higher nitrite
concentrations in the wastewater would mean higher HNO2 concentrations (at a given
pH and temperature), which in turn would result in higher N2O emissions due to the
chemical reaction between NH2OH and HNO2. Although a pH of 7 was used here to
mimic the SHARON reactor conditions, often the reactor operates at lower pH values.
For example, in the pH range 6.6–6.7, as reported by Mampaey et al. [141], higher
reaction rates would be expected. It is important to stress that in those tests the
temperature was the same (21 ◦C), the concentration of nitrite was the same (55±2 mg-
N/L) as well as the initial NH2OH concentration (0.31±0.05 mg-N/L). Therefore, the
change in pH was the single parameter affecting reaction rate. This was measured as
NH2OH depletion rate, which ranged from 0.02 mg−N/L/h (at pH 7.6) to 0.6 mg−N/L/h
(at pH = 4.3) (Table 3.1). In fact these results (Table 3.1) are in full agreement with findings
by Döring and Gehlen [135], in which the reaction rate depended more strongly on the
HNO2 concentration than on the NH2OH concentration. The doubling of reaction rate
when increasing temperature from 20 to 30 ◦C found by Döring and Gehlen [135] could
explain the increase in NH2OH depletion rate between the second and the first batch
reactor tests (Table 3.1).

3.3.4. HYDROXYLAMINE PRESENCE IN A FULL SCALE SHARON REACTOR

The presence of NH2OH in large scale biological nitritation reactors would allow the
abiotic N2O formation. The sampling campaign at the SHARON reactor in Rotterdam
(five measurements during January and June 2015) indicated the presence of NH2OH
in the range of 0.03 to 0.011 mg−N/L (average 0.06 mg−N/L) during the aerated phase
of operation. The standard deviation of the determinations based on triplicates was for
all samples below 15 %, and for most of them lower than 5 %. Notably, in the range of
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Figure 3.3: Eppendorf tube tests for determination of the NH2OH depletion rate at different pH
conditions.Corresponding to different free nitrous acid concentrations of 10 1.5 and 0.01 mg-N/L for pH 4.3,
pH 5.1, pH 7.6, respectively.

NH2OH concentrations measured in the SHARON reactor, the abiotic tests still indicated
a high N2O emission rate (see Figure 3.2B). However, the measured absorbance of the
sample backgroundwas in average 76 % of that of the sample containing NH2OH. Given
the high absorbance of the sample background, a more precise analytical method would
be desirable to confirm the absolute values of NH2OH concentration here reported.

In addition to our measurements in the SHARON reactor, residual NH2OH
concentration in the bulk liquid has been reported by several researchers in similar
conditions to those in the SHARON reactor [20, 21, 123, 124]. Low NH2OH
concentrations are still compatible with significant N2O production (and emission) rates
through the abiotic reaction between NH2OH and nitrite (i.e., Equation (3.1)). In many
occasions, reaction intermediates can be at low concentrations but the reaction still
proceeds. For instance, nitrite is usually not measured at high concentrations in WWTPs,
however nitrification of ammonium into nitrate is known to be happening.

Hydroxylamine released to the bulk liquid was detected when the growth rate of
batch nitrifying cultures was close to the maximum [20, 21]. For example, hydroxylamine
concentration was measured in the range of 0.03 to 0.06 mg−N/L, during the exponential
growth in batch culture of Nitrosomonas sp [21]. Therefore, in the SHARON reactor
performing partial nitritation at high specific growth rate, NH2OH release into the bulk
liquid would be expected. In that sense, the NH2OH concentration in the flocculent
sludge could locally be even higher than that measured in the bulk liquid, depending
on the biomass density and the diameter of the flocs [115]. However, the gradient
of NH2OH concentration is expected to be rather low because of the small floc size.
Additionally, Jiang et al. [123] measured sustained levels of NH2OH in the bulk liquid
of a Nitrosomonas sp. chemostat culture, in the range 0.2 to 0.3 mg−N/L. The decrease
in availability of inorganic carbon (e.g. from 40 times to 4 times excess) was reported
to trigger increasing NH2OH levels [123]. The alkalinity levels of reject water (typically
correlated to inorganic carbon) are not enough as to allow oxidation of all ammonium
to nitrite [13]. Therefore, in SHARON reactors the availability of inorganic carbon is
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reduced (although no to the level to limit the partial nitritation), which might also be
a reason why sustained NH2OH levels were detected in the bulk liquid. Also Ma et
al. [124] measured concentrations of NH2OH in the range 0.09 to 0.15 mg−N/L for a
pilot scale partial nitritation/anammox reactor, with a bulk ammonium concentration
of ca. 10 to 15 mg−N/L. In summary, there are several reports of NH2OH detected at
relevant concentrations in nitritation reactors, all in agreement with the results found in
the present study.

The residual NH2OH concentration in the bulk liquid will be stablished as the
balance between the NH2OH leakage rate by AOB, and the amount of NH2OH reacting to
produce N2O (either by abiotic or biotic routes). This is why we stress that the measured
NH2OH is just the residual concentration established in the reactor, as a result of the
balances between these rates: NH2OH leakage and (abiotic and biotic) N2O production.

3.3.5. COMPARING CHEMICAL WITH BIOLOGICAL N2O EMISSION RATES

To put the observed abiotic conversion into the context of overall N2O emissions from
nitritation, a direct comparison to reported cases has been carried out (Table 3.2). Since
the SHARON reactor was monitored in the past [65] this was the first reference case.
Nevertheless,given the abundance of data reported in the literature, other key cases
have been used to compare and discuss the significance of chemical N2O emissions.
The N2O emissions rates found through the chemical reaction of NH2OH and HNO2

are in the same order of magnitude with those reported in the SHARON reactor and in
similar type of biological lab-scale reactors (Table 3.2). This strengthened the idea that
the contribution of the chemical pathway in the SHARON reactor is of major importance
(as hypothesized by Schreiber et al. [62]).The rate estimated in the second batch reactor
test (Figure 3.2B) was 0.16 mg−N/L/h, i.e. an N2O emission factor (N emitted as N2O/N
oxidized in nitritation) of 1.1 % of the converted ammonium under the conditions in the
SHARON reactor.

Following to our assessment of the N2O emission rate by the abiotic pathway and
given the N2O emissions reported for the SHARON reactor (Table 3.2), we conclude that,
in those conditions, both abiotic and biotic routes contribute in a comparable degree.
This is in agreement with the conclusions in Harper et al. [63], who also assessed N2O
emissions in partial nitrification reactors as of hybrid origin, with contribution of both
the abiotic and the biotic routes.

The direct comparison of our estimated rate for the chemical reaction with those
reported for the biological conversion in an AOB batch reactor in Law et al. [128] at
high nitrite (400 to 1000 mg−N/L) and high ammonium (500 mg−N/L) concentrations
showed very similar values (Table 3.2). Although that study initially considered the
possible abiotic production of N2O, this was in the end ruled out based on an
abiotic test with 1 mg−N/L hydroxylamine and nitrite concentrations in the range (0
to 1000 mg−N/L). However, the conditions of that test (pH and temperature) were not
detailed and results were not shown. Therefore their chemical test cannot be directly
compared with our results.

Wunderlin et al. [127] checked the chemical production of N2O with NH2OH and
nitrite in a solution prepared with tap water. They assessed the abiotic contribution
as very reduced, which agrees with our results since the concentration of HNO2 was
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much lower in those conditions (Table 3.2). However, the use of tap water could make a
difference from our experiments, in which Fe2+ together with other metals were added
at known concentrations.

In addition, the chemical nitrite reduction by ferrous iron Fe2+ was reported to be a
relevant N2O emission pathway in a full scale anammox reactor [132]. Iron is present
in the reactor influent as Fe3+ precipitate due to dosage of FeCl3 in earlier stages of the
wastewater treatment plant [132]. The production of Fe2+ necessary for chemical N2O
formation through the nitrite reduction is thought to be mediated by biological activity.
In a laboratory reactor mimicking the conditions of an anammox reactor, with Fe3+ and
formate added, the Fe3+ reduction rate was 19µmol/gDW/h [132]. Despite Fe2+ presence
in the medium (Table 3.1,Figure 3.1 and Figure 3.2), this pathway could be neglected in
our abiotic tests because no significant NO or N2O emissions were measured before the
addition of NH2OH in the batch test No. 2 (Figure 3.2). Moreover, the Fe2+ is expected to
be quickly oxidized in the aerobic conditions used.

Our results agree with those reported by Harper et al.[63]: the abiotic reaction might
be overlooked when calibrating N2O emission models (e.g. Ni et al. [129]; among others)
and therefore the potential contribution of this pathway remains unclear for many
biological systems in which partial nitritation is taking place. In addition, we would
like to point out that the effects of pH and temperature regulating the concentration
of HNO2 (free nitrous acid) and the residual NH2OH concentration in the bulk liquid are
discussed and measured in the present study. It is doubtful that the high concentrations
of NH2OH (up 20 mg−N/L) used in Harper et al. [63] are present in biological systems.
Moreover, the weakness of their model fitting to describe the biological tests is that
NH2OH was added to those high concentrations but its concentration was never
measured.

3.3.6. PRACTICAL IMPLICATIONS FOR THE SHARON REACTOR

Given the dependence of the reaction rate on pH, N2O emissions from the chemical
pathway here described could be mitigated by increasing the pH. However, increasing
the pH may have some consequences to the operation of the reactor. In the SHARON
reactor nitrate production is voided by keeping a dilution rate higher than the maximum
specific growth rate of nitrite-oxidizing bacteria [12]. The reactor is operated with
alternating aerobic anoxic periods in such a way that a mean aerobic retention time
of 1.35 days is established [141], regardless the influent flow rate. Since no pH control
is applied and the alkalinity is limited, the ammonium oxidation rate is reduced by the
rather low pH. Addition of base to increase the pH will therefore produce an effluent with
a lower ratio NH4

+/NO2
– , which would not be convenient for the subsequent anammox

reactor. One possibility would be to reduce the length of the aerated cycles, to decrease
the ammonium oxidation rate achieved at a higher pH. In turn, the overall anoxic
period will be longer and this may induce higher N2O emissions coming from the nitrite
reduction induced by the iron present in the reactor [132]. Although the chemical nitrite
reduction to N2O was indicated as significant in the anammox reactor and mediated
by the anammox capacity to reduce iron, when anoxic conditions are imposed in the
SHARON reactor, it is unknown if this pathway would also be of relevance.

For new installations, designing the SHARON reactor at a slightly higher (controlled)
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pH of operation (i.e. assuming a higher ammonium oxidation rate) should result in
a lower N2O emission rate from the chemical reaction between NH2OH and nitrite.
Further research would be required to find out whether an optimal pH set point could
be found in which N2O emissions would be minimized.

3.4. CONCLUSIONS

I N this study a significant production of N2O from the abiotic reaction between NH2OH
and HNO2 was observed at process conditions in a partial nitritation reactor for reject

water in a two-stage N-removal treatment. The abiotic N2O emission rate measured
at typical operating conditions reported for the SHARON reactor (T=30 ◦C, pH = 7 and
nitrite in excess (650 mg−N/L)) was 0.16 mg−N/L/h. Furthermore, an average residual
hydroxylamine concentration of 0.06 mg−N/L was measured in the SHARON reactor,
which supports that the N2O emissions in that installation can be produced from biotic
and abiotic routes. Therefore the N2O emissions in reject water treatment processes can
have a biotic or abiotic production route.
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ABSTRACT

When investigating the N2O emissions by ammonia oxidizing bacteria, research has
mainly focused on identifying and quantifying the biological pathways. This work
evaluated previous studies with Nitrosomonas europaea (ATCC 19718) and assessed the
role of the abiotic reaction of hydroxylamine with free nitrous acid during transient
anoxia. In cultivations when transient anoxia is cyclically imposed, nitrous oxide and
hydroxylamine peaked every time upon recovery to aerobic conditions. When using the
same culture conditions abiotically (i.e., without biomass, but adding hydroxylamine
and nitrite), the volumetric N2O emission rates were very comparable to those from
the biological experiments, ranging from 0.04 to 0.08 mg−N/L/h in both abiotic and
biotic conditions. These results demonstrate that at the culture conditions tested,
abiotically produced N2O is likely the major source of emission. Therefore, for the correct
investigation of the biological pathways, abiotic tests must always be performed and
hydroxylamine should be added. To our knowledge there is no means to distinguish
abiotic from biological N2O production in a biological system, even using 15N labelling.
We suggest that the contribution of abiotic N2O emissions can be minimized by, for
example, maintaining lower nitrite concentration and higher pH.
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4.1. INTRODUCTION

N ITROUSs oxide (N2O) and nitric oxide (NO) can be emitted during nitrogen removal
in lab-scale reactors and wastewater treatment plants (WWTPs). N2O and NO are

ozone depleting gases. Moreover, due to a 300-fold larger greenhouse effect capacity
compared to that of CO2, the study of N2O emissions has increased over the past years.
Main contributors to N2O and NO emissions are both nitrification and denitrification
processes [15]. Factors identified to contribute to increased emissions are: (i) low
dissolved oxygen and high nitrite concentrations in both nitrification and denitrification
[15], (ii) low COD/N ratio during denitrification [15], (iii) limited inorganic carbon in
nitritation-anammox processes [124].

In nitrification systems ammonium oxidizing bacteria (AOB) or archaea (AOA)
are reported to be the main contributors to NO/N2O emissions [15]. AOB convert
ammonium to nitrite in two steps: ammonium oxidation to hydroxylamine (NH2OH)
by ammonium monoxygenase (AMO) and further hydroxylamine oxidation to nitrite
by hydroxylamine oxidoreductase (HAO). It has been recently proposed that the
ammonium oxidation could also occur via a three-step reaction [27]. Experiments in
vitro showed that NO is an obligate intermediate in hydroxylamine oxidation by HAO,
implying that hydroxylamine is biochemically oxidized to NO which is subsequently
converted in a chemical oxidation to NO2

- [27]. In vivo studies are still needed to confirm
this potential reaction mechanism. Regarding NO/N2O production traditionally, two
pathways have been described for the production of N2O in the AOB metabolism:
by hydroxylamine oxidation and by nitrifier denitrification [15, 142, 22]. However,
recent studies have highlighted the complexity and the existence of multiple pathways
branching from the traditional ones, with contributions by both abiotic and biological
reactions [57, 17, 58, 59] (see Figure 4.1).

Figure 4.1: Summary of N2O emission pathways in Ammonia Oxidizing Bacteria. Blue pathway is the
tradinionally known as hydroxylamine oxidation pathway. Green pathway is the traditionally known as
hydroxylamine oxidation pathway. Enzymes responsible of each pathway: AMO – Ammonia Monoxygenase,
HAO – Hydroxylamine Oxidoreductase, HAO cytP460 – Cytochrome P460 of HAO, NIR - Nitrite reductase, NOR
– Nitric oxide reductase. The pathways indicated by orange arrows account for putative abiotic contribution.
∗ - tested in vitro with enzymatic extracts, ∗ ∗ - proposed pathway. References a [57] ,b [55], c [59], d [143] , e
[54], f [58], g [63], h [17], i [142], j [27].
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Possible enzymes responsible of hydroxylamine oxidation into N2O have been under
discussion [144]. Recent studies showed a possible involvement of the cytochrome P460
from the HAO enzyme. This cytochrome can convert two NH2OH molecules to N2O
via an iron mediated catalytic reaction [27]. Incomplete oxidation of hydroxylamine by
HAO might also lead to intermediates, such as NO or HNO, that can be further converted
to N2O either by abiotic or biological reactions [17]. Finally, the importance of N2O
production from hydroxylamine and nitrite Equation (4.1) with biological and abiotic
contributions in a partial nitritation system was also highlighted [59].

Regarding nitrifier denitrification, the existence of nitrite reductase (NIR) capable
of converting nitrite to NO and nitric oxide reductase (NOR) catalysing the conversion
of NO to N2O have been demonstrated in AOB [54, 144]. However, not all AOB have a
NOR-related enzyme encoded in the genome [17], which is also the case in some AOA
[145]. Thus, abiotic conversion of NO to N2O has also been postulated when NOR is
missing in the genome [17]. Surprisingly, abiotic N2O emissions were not considered in
most of the proposed models, although chemical N2O production is known to happen
[15, 146, 61, 147]. Recent studies highlighted the contribution of abiotic N2O emissions
produced by reaction of hydroxylamine with free nitrous acid (FNA) [63, 58, 59]:

NH2OH+HNO2 −−→ N2O+H2O (4.1)

The chemical reaction of hydroxylamine with free nitrous acid has not been considered
as a possible contributor to the overall N2O emissions until recently [63, 58], due to
several reasons. Firstly, abiotic controls are usually not executed/reported [148, 21,
125, 142, 149] and even if these controls are performed, hydroxylamine is not included
in the medium [150, 151, 152, 153]. Secondly, the complicated chemistry of related
N-compounds [135, 140, 122] together with the highly reactive hydroxylamine, as the
intermediate that may accumulate in the bulk liquid, is not well characterized. Finally,
complex engineered ecosystems are usually used to study N2O emissions. Thus, (i)
diverse AOB consortia may coexist with other potential N2O microbial producers (e.g.,
heterotrophic denitrifiers) and (ii) micro-gradients of substrates and oxygen in colonies,
flocs and biofilms are usually present, all resulting in a system difficult to interpret
leading to underestimation of some pathways.

A better strategy to understand the basic pathways producing N2O in AOB and the
conditions affecting the extent of N2O emissions has been the use of axenic cultures of a
single representative species (e.g. Nitrosomonas europaea) cultivated as planktonic cells.
This avoids micro-gradients of substrates and oxygen in colonies, flocs and biofilms,
allowing for a more direct examination of potential N2O pathways ([21, 125, 142, 54, 17],
among others).

Consequently, more research is needed to reassess the biological pathways, while
acknowledging the extent of abiotic contributions. Abiotic reaction of hydroxylamine
with nitrite is likely to occur in biological systems with nitrite and hydroxylamine
accumulation [146, 144, 17, 152]. Thus, part of this biologically produced hydroxylamine
and free nitrous acid can abiotically react forming N2O.

Hydroxylamine accumulation in the liquid can be the direct or indirect key factor
promoting N2O emissions. During nitrification, hydroxylamine has been reported to
accumulate in the bulk liquid in the range of 0.01 to 1 mg-N-NH2OH/L [20, 125, 123,
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124, 149]. This is supposed to be happening when conditions in the reactor favours
specific growth rates close to the maximum [21]. At these high conversion rates, the rate
of ammonium conversion to hydroxylamine and its further oxidation to nitrite can be
imbalanced, resulting in hydroxylamine accumulation. For instance, imposing transient
anoxia disturbances in a continuous aerobic axenic culture of Nitrosomonas europaea
triggered hydroxylamine build up in the bulk liquid [142, 149].

Studies of NO/N2O production during transient anoxia are important, as most of
the engineered systems are subject to sudden dissolved oxygen (DO) changes. In
addition, switching conditions between aerobic and anaerobic in a single tank are
imposed in conventional biological nitrogen removal processes. Both the effect of DO
changes and transient anoxia on NO/N2O emissions have been extensively studied
([150, 152, 21, 125, 142], among others). During transient anoxia NO was only produced
in anaerobic conditions, and no N2O emissions were detected [125, 142, 149]. However,
immediately after recovery to aerobic conditions N2O was emitted simultaneously with
the hydroxylamine accumulation [125, 142, 149]. Yu et al. [125], could not find a
correlation between N2O emissions and gene expression, instead, they linked emissions
to a metabolic shift from low to maximum specific activity. However, no abiotic controls
containing both hydroxylamine and nitrite were performed in any of these studies
[125, 149].

In the present study, the dynamics of N2O emission from a Nitrosomonas europaea
axenic culture during transient anoxia are reported, discussed and compared to
abiotic tests. Culture conditions were abiotically replicated, by adding nitrite and
hydroxylamine in the concentrations measured just after the switch to aerobic
conditions in the biological system. The aim was to assess the consequences of transient
anoxia in N. europaea and the contribution of abiotic emissions on N2O formation.
Furthermore, some recommendations are provided for future research in order to reduce
the contribution of abiotic N2O emissions when investigating biological production
pathways in either axenic cultures or natural and engineered ecosystems.

4.2. MATERIALS AND METHODS

4.2.1. Nitrosomonas europaea CULTIVATION

N itrosomonas europaea (ATCC 19718) planktonic cultures were cultivated in dark in
triplicate chemostats (6L total volume, 4L operating volume, 21 ◦C, pH 7.5±0.1 at

a dilution rate of 0.45 d−1 [149]. The growth medium contained 20 mM NH4
+ and (per

liter): 0.2 g of MgSO4 ·7H2O, 0.02 g of CaCl2 ·2H2O, 0.087 g of K2HPO4, 2.52 g EPPS (3-
[4-(2-Hydroxyethyl)-1-piperazine] propanesulfonic acid), 1 mL of 13 % EDTA-Fe3+, 1 mL
of trace elements solution (10 mg of Na2MoO4 ·2H2O, 172 mg of MnCl2 ·4H2O, 10 mg
of ZnSO4 ·7H2O, 0.4 mg of CoCl2 ·6H2O, and 100 mL of distilled water), 0.5 mL of 0.5 %
phenol red, and 0.5 mL of 2 mM CuSO4 ·5H2O [149].

In order to mimic conditions that can be found in engineered systems during
biological nitrogen removal, transient anoxia was imposed and the culture adaptation
was followed in time. Although not applicable across the board, the ‘rule of thumb’
for preliminary design of many pre-anoxic systems is 25 % anoxic, 75 % aerobic, so the
transient aerobic-anoxic cycling was imposed accordingly. To impose transient anoxia,
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air was substituted by filtered N2 once per day during 6 h for 13 consecutive days (both
at a flow rate of 2.7 L/min). Gaseous N2O (gas-filter correlation, Teledyne API 320E,
San Diego, CA), and NO (chemiluminescence, CLD-64, Ecophysics, Ann Arbor, MI)
were measured online once every 2 min. Hydroxylamine concentration was measured
spectrophotometrically [117]. More details on further reactor dynamics, physiochemical
analysis and genomics/proteomics can be found in [149].

4.2.2. ABIOTIC BATCH TESTS
The conditions used for the cultivation of N. europaea [21, 149] were also used in abiotic
tests to assess the N2O emission rates through the reaction of hydroxylamine and free
nitrous acid. In order to achieve a comparable gas composition (in ppmv), air flow to
working volume ratio was maintained as in the N. europaea cultures [149] (0.68 /min)
and as in Yu et al., [21] (0.29 /min), while the ratio headspace to total volume was also
kept to 1:3. Aerobic conditions were used in all abiotic tests, as in biological systems
hydroxylamine accumulation is only related to continued ammonium oxidation, which
only occurs under aerobic conditions.

Reaction mixture contained 20 mM NH4
+ and (per liter): 0.2 g of MgSO4 ·7H2O, 0.02 g

of CaCl2 ·2H2O, 0.087 g of K2HPO4, 2.52 g EPPS (3-[4-(2-Hydroxyethyl)-1-piperazine]
propanesulfonic acid), 1 mL of 13 % EDTA-Fe3+, 1 mL of trace elements solution
(10 mg of Na2MoO4 ·2H2O, 147 mg of MnSO4 ·H2O, 10 mg of ZnSO4 ·7H2O, 0.482 mg
of CoSO4 ·7H2O, and 100 mL of distilled water), and 0.5 mL of 2 mM CuSO4 ·5H2O,
comparable to the medium used by [149, 125]

4.2.3. CALCULATIONS
The N2O measurement in parts per million gas volume (ppmv) was converted to
concentration of N2O in mg-N/L gas. The N2O emission rate (mg-N/h) was obtained
from the N2O concentration multiplied by the air flow used, followed by a normalization
for the working volume to obtain the volumetric emission rate (mg-N/L/h). Details
about these calculations and free nitrous acid calculations are provided in SI.

4.3. RESULTS

4.3.1. N2O PRODUCTION DURING TRANSIENT ANOXIA IN Nitrosomonas
europaea CULTIVATION

A N axenic steady-state chemostat culture of Nitrosomonas europaea was exposed to
transient anoxia. Full details of the experiments and discussion of transcription

analysis, proteomics and metabolic network modelling can be found in [149]. To
illustrate the changes during transient anoxia, the data is used here focusing on gas
emissions and hydroxylamine dynamics (Figure 4.2). The culture had minimal N2O
or NO formation under steady state conditions [149]. Transient anoxia was imposed
for 6 hours a day during 13 days. The nitrite concentration remained high (ca. 230
mg-N-NO2

– /L, 18·10−3 mg-N-FNA/L) during the whole operation [149]. The switch to
aerobic conditions resulted in immediate ammonia consumption [149] and maximum
hydroxylamine accumulation varied from 0.2±0.05 to 0.07±0.01 mg-N/L from day 1 to
day 13 (Figure 4.2A).
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NO/N2O gas emissions were measured throughout the reactor operation. Nitric
oxide (NO) production immediately increased after switching to anoxic period and then
decreased gradually during the rest of the operation (Figure 4.2B). In contrast to NO,
N2O was only emitted immediately after the switch to aerobic conditions (Figure 4.2C).
The highest N2O and NO emissions were observed in the first day of transient anoxia
and the concentrations in the gas reached 1.8 ppmv N2O and 9 ppmv NO (Figure 4.2C).
For hydroxylamine, accumulation in the liquid was detected at the same time with N2O
emission (Figure 4.2A). Similar with the N2O emission pattern, maximum NH2OH values
were reached in the first day (0.2± 0.05 mg-N/L) and decreased to 0.07±0.01 mg-N/L
on day 13 (Figure 4.2A). Hydroxylamine was also detected during anoxic conditions
at a certain constant concentration of ca. 0.07±0.01 mg-N/L (Figure 4.2A). However,
that low and steady hydroxylamine concentration could be linked to the background
absorbance, due to the presence of iron ions that produce a slight yellowish tinge. This
was noticed also in a previous study, where background solutions were prepared with
fresh cultivation medium [58].

4.3.2. ABIOTIC N2O PRODUCTION IN AEROBIC CONDITIONS

When replicating the N. europaea culture conditions without any biomass, N2O
emissions were detected immediately after the addition of hydroxylamine. N2O
concentration peaked from 0.9 to 3 ppmv depending on experimental conditions
(Figure 4.3 and Table 4.1).

For the same nitrite concentration (230 mg-N-NO2
-/L, 18· 10-3 mg-N-FNA/L) and

medium composition, but different hydroxylamine concentrations (0.05 to 0.2 mg-N/L),
the total N2O emissions increased from 0.040±0.002 to 0.14±0.01 mg-N (Figure 4.3A,
Table 4.1). The ratio of air flow to working volume was 0.68 min-1, like in the biological
experiments performed in this study.

For a lower air flow and working volume ratio, similar with conditions used in Yu
et al., [125] the total N2O emissions were the same for 0.1 mg-N/L of hydroxylamine
concentration but 1.6 fold lower for 0.2 mg-N/L hydroxylamine (Figure 4.3B, Table 4.1).

Calculated yields assuming hydroxylamine reaction with free nitrous acid producing
N2O emissions as in Equation (4.1) ranged from 20±1 % to 40±2 % (Table 4.1), clearly
indicating the presence of side reactions because the NH2OH was completely converted
at the end of experiments.

4.4. DISCUSSION

4.4.1. BIOLOGICAL N2O SOURCES

I N the studies of Yu et al., [125, 149] (Figure 4.2, Table 4.2), N2O emissions from N.
europaea cultures imposed to transient anoxia were only observed under recovery to

aerobic conditions. That was also the case in other studies with pure cultures where
different dissolved oxygen concentrations were tested [152]. Higher N2O emissions
correlated with lower oxygen tensions [150, 152]. The increased N2O production during
recovery from anoxia was initially explained by an imbalanced metabolism during the
transition from low to high cell specific activity [125]. However, a more recent study
correlated the N2O emissions to the proteomic level of cytochrome P460 [149]. On
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Figure 4.2: Hydroxylamine and NOx emissions during 3 different days of continuous operation where transient
anoxia was imposed in a Nitrosomonas europaea axenic culture. Grey box indicates anoxic period before
the transition to aerobic period. A) Hydroxylamine bulk concentration, B) NO emissions, C) N2O emissions.
Adapted from [149].
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Table 4.1: Abiotic batch experiments conditions to test the impact of hydroxylamine reaction with nitrite in
the emission of N2O in pure cultures conditions. Tests were done at pH 7.41, 21 ◦C, 230 mg-N/L of nitrite
and 1.33 L working volume. Each test was done by duplicate. CN H2OH ,i ni states for hydroxylamine intital
concentration, Qg /VL is the ratio of gas flow over working volume, YN2O/N H2OH is the yield of hydroxylamine
converted to N2O, RN2O,max is the maximum N2O emissions rate, and rN2O,max is the volumetric maximum
N2O emission rate.

Batch CN H2OH ,i ni Qg /VL Total N2O YN2O/N H2OH RN2O,max rN2O,max

num. (mg-N/L) (min−1) (mg-N) (%) (mg-N/h) (mg-N/L/h)
1 0.05 0.68 0.040±0.002 40±2 0.06±0.01 0.048±0.008
2 0.1 0.68 0.056±0.002 28±8 0.08±0.02 0.06±0.01
3 0.2 0.68 0.14±0.02 35±3 0.106±0.002 0.082±0.001
4 0.1 0.29 0.056±0.005 28±2 0.057±0.0005 0.0440±0.0005
5 0.2 0.29 0.083±0.004 20±1 0.080±0.002 0.065±0.002

the other hand, the model proposed in [149] could not accurately predict the N2O
emissions during the aerobic period compared to the good representation obtained for
NO emissions.

Table 4.2: N2O emissions during 3 different days in biological experiments with repeated transient anoxia
conditions.Where the total N2O refers to the N2O emitted when recovering from transient anoxia, RN2O,max
is the maximum N2O emissions rate, and rN2O,max is the volumetric maximum N2O emission rate.

Day Total N2O RN2O,max rN2O,max

(mg-N) (mg-N/h) (mg-N/L/h)
1 1.05 0.34 0.085
7 0.29 0.21 0.053

13 0.25 0.17 0.043

One of the processes involved in nitrous oxide emissions is the nitrifier
denitrification pathway. NIR and NOR have been identified as the enzymes responsible
of performing successive transformation of NO2

- into NO and then N2O in Nitrosomonas
europaea [131, 146, 54], (Figure 4.1). This pathway is active during anoxic and
microaerobic conditions, where nitrite is used instead of oxygen as terminal electron
acceptor, thus the eventually remaining oxygen can be used for ammonia oxidation.
Moreover, Kozolwski et al.[54], demonstrated that a double mutant lacking NOR and NIR
was unable to produce N2O during anaerobic or hypoxic conditions. However, the same
double deficient mutant did produce N2O during aerobic conditions, thus the authors
suggested the presence of other enzymes not yet characterized as a possible explanation
for aerobic emissions [54]. All this indicates that the main NO emissions measured
during the anoxic phase (Figure 4.2B) are likely due to nitrifier denitrification [125, 149].

However, it is surprising that in spite of NO reactivity, this was not further
transformed to N2O. Genomics and proteomics analyses suggested that long term
response to cyclic transient anoxia lead to downregulation of detoxification proteins (0.6,
0.5 and 0.8 fold for CytP460, c-554 and NOR, respectively), whereas energy conversion
was favored (2-fold change of AMO)[149]. Conversely, the N2O emissions were just
observed in the aerobic period (Figure 4.2C) showing that other pathway than the
nitrifier denitrification was contributing to the N2O production.
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Figure 4.3: Averaged data from two abiotic duplicates replicating biological culture conditions to assess the
amount of N2O produced chemically. Experiments were abiotically performed at 21 ◦C, pH 7.41, 230 mg-N-
NO2

– /L, (18·10−3 mg-N-FNA/L). Air flow to liquid volume ratio: A) 0.69 /min, B) 0.28 /min.
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N2O emissions during aerobic conditions are mainly related to hydroxylamine
oxidation pathways, and the involved enzymes are still being investigated. So far, it
has been reported that enzymatic extracts of HAO were able to catalyze the production
of NO and N2O in vitro, but its potential effect in vivo remains to be assessed
[55]. Recently, cytochrome P460 has been shown to catalyze N2O production from
hydroxylamine, however the experiments were performed also in vitro [57]. Finally,
Terada et al. [59] highlighted the importance of the hydroxylamine reaction with nitrite
either biocatalyzed or by abiotic transformations at high ammonia oxidation rates and
nitrite concentrations in a partial nitritation reactor. The operation conditions were
similar to those used in our study (i.e, high nitrite concentrations). The proteomic and
genomic analysis performed by Yu et al. [149] revealed an adaptation of the biomass
to repeated transient anoxia exposure. However, these experiments were performed in
conditions where abiotic emissions can occur. In view of all these possible biological
conversions, the biological contribution to N2O emissions during the aerobic period of
the N. europaea cultivations [125, 149] cannot be excluded.

4.4.2. IMPORTANCE OF ABIOTIC N2O PRODUCTION IN BIOLOGICAL

EXPERIMENTS WITH N. europaea
Most of the studies focused on the biologically emitted N2O, even if different chemical
reactions are known to produce N2O [19, 63, 147, 61, 58]. In the present study, abiotic
experiments confirmed that chemical N2O production is possible under the conditions
used for the cultivation of N. europaea (Figure 4.2), as well as in the conditions from a
previous study [21]. The high nitrite concentration (ca. 230 mg-N/L) at pH 7.5 leads to
a free nitrous acid concentration in the range of ca. 0.018 mg-N/L, which can react with
hydroxylamine to produce N2O. Hydroxylamine was added in the abiotic experiments
in the concentrations measured during the axenic cultivations performed previously
(Table 4.1). Similarly, other studies have also reported hydroxylamine accumulation
in the liquid in the range 0.01 to 1 mg-N-NH2OH/L [20, 21, 123, 124], and these
concentrations are in agreement with those reported during the recovery from transient
anoxia.

It should be noted that the hydroxylamine measured in the continuous cultivation
is the result of a balance between its continuous production by ammonia oxidation
and consumption by either transformation to nitrite or N2O. This indicates that the
net accumulation of hydroxylamine might be very sensitive to a small change in one
of the main conversions. Thus, the amount of hydroxylamine transformed chemically
to N2O in the continuous biological experiments can be different from the residual
hydroxylamine measured and therefore different from the amount used in the abiotic
tests. That would explain why the total N2O produced during the continuous biological
cultivations is higher than the total N2O produced in the abiotic batch test. A
biological contribution to N2O emissions in the continuous cultivation cannot be ruled
out, because it was not possible to assess the amount of hydroxylamine chemically
transformed to N2O. A study with mixed populations of nitrifiers in aggregates
performed in a partial nitrification reactor [59] found that half of the N2O emitted was
produced through the reaction of hydroxylamine and nitrite (without elucidating the
proportion of abiotic and biotic contributions). However, in the present work and in
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literature [21, 149], axenic cultures of planktonic cells were used, thus gradient effects
due to aggregated biomass and N2O emissions by other pathways than that of N.
europaea can be ruled out.

In the study of Yu et al. [21], N2O emissions in the N. europaea culture during
transient anoxia were associated to differences in specific cell activity upon the
anoxic/aerobic switch and the N2O production was assumed to be biological. In the later
work, protein analysis revealed a 0.6 fold change on cytochrome P460 protein content
adaptation after 13 days imposing transient anoxia cyclcing [149]. However, the source
of reducing equivalents for NO and N2O formation from nitrite remained unknown,
and it is generally assumed to be provided by an endogenous reductant pool [142].
Remarkably, with the biotic and the abiotic results reported in the present study, most
of the emissions found during the biological experiments [125, 149] could be explained
by the chemical transformation (i.e., volumetric rates were comparable). The unknown
source of reducing equivalents (i.e., electron donor) for the nitrite reduction, claimed in
[142] and [125], would be automatically hydroxylamine.

We believe that the main reason why the chemical reaction of hydroxylamine with
free nitrous acid has been given little attention in the past, is that hydroxylamine has
not been regularly included in control tests when trying to identify possible abiotic
N2O production. For instance, Poth et al. performed controls with heat-killed biomass
incubated with ammonia and nitrite [151], Goreau et al. [150] used HgCl2-killed biomass
in ammonia containing flasks, Shaw et al. [153] performed non-inoculated controls
in nitrite and ammonia , whereas Beaumont et al. [148] did not mention any abiotic
control. Summarizing, when trying to assess abiotic N2O production, either killed
biomass or non-inoculated tests were used. The main problem is however that the
medium generally used for the control tests did not contain hydroxylamine. Only
Anderson et al. [154] showed that control tests containing hydroxylamine and nitrite
did produce N2O, but they ruled out the real importance of the chemical reaction based
on the (wrong) assumption that hydroxylamine cannot accumulate in the biological
cultures. Recently, Kozlowski et al., showed that chemical controls with hydroxylamine
and nitrite resulted in lower abiotic N2O emissions compared to those from the
equivalent biological system for different AOB genera [17].

Although this seems to be in disagreement with results obtained in our study, the
differences in medium composition (i.e., higher concentration of nitrite or the presence
of metals) can still trigger the abiotic reaction [63, 58, 59]. Nitrite concentrations used
in the chemical controls from [17] were ca. 3.5 mg-N-NO2

-/L (7 - 23 · 10-5 mg-N-
FNA/L), two orders of magnitude lower than those used in the current and most axenic
studies [21, 125, 149, 142] during transient anoxia (ca. 230 mg-N NO2

-/L, so ca. 18·
10-3 mg-N-FNA/L). Conditions used by Kozlowski et al. [17] are in agreement with the
recommendations given in the present work to study N2O emissions (i.e. low nitrite
concentration, usage of planktonic and axenic cultures). Nevertheless, further research
is needed to assess the contribution of abiotic hydroxylamine reaction with free nitrous
acid under different cultivation conditions.
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4.4.3. IMPLICATIONS AND RECOMMENDATIONS

In view of our current results, all results derived from research assuming that transient
anoxia produces N2O exclusively through biological pathways should be reconsidered.
Because of the “hybrid" biotic/abiotic pathway, a last reaction step involving the fully
abiotic reaction of biologically produced NH2OH with HNO2 to emit N2O is possible.
15N labelling can be used to follow metabolic fluxes in axenic cultures and quantify the
amount of hydroxylamine transformed to N2O, obtaining a rationing between different
possible pathways, as performed by Terada et al. [59]. These experiments should
also be performed in pure cultures of planktonic cells, which could provide insight
in the predominant pathways at different conditions and for different AOB species.
Nevertheless, with 15N labelling it is not possible to differentiate between abiotic and
biological production through this “hybrid" pathway, as the reaction is the same.

Other strategies could be conducted to rule out abiotic N2O emissions, for
instance, by applying low ammonia concentrations together with high dilution rates
in continuous cultures, so that nitrite (and free nitrous acid) concentration remains at
low levels. Similarly, a higher pH in the bulk liquid will lead to lower free nitrous acid
concentrations. Besides changing the concentrations of nitrate/nitrous acid, strategies
can be directed to decrease the hydroxylamine concentration in order to prevent abiotic
and biological emissions. Thus, hydroxylamine measurements are essential to provide
information on conditions that trigger its accumulation in the bulk. Finally, including
nitrification intermediates, like hydroxylamine, when performing abiotic controls is vital
to assess the impact of abiotic N2O emissions in each culture conditions.

4.5. CONCLUSIONS

I N the present work we showed that N2O abiotic emissions from the reaction of FNA
and hydroxylamine occurred at the same conditions and in comparable rates with

those measured during recovery from anoxia in cultures of Nitrosomonas europaea.
Thus, we propose that abiotic N2O production from hydroxylamine reaction with FNA
should be considered when describing the N2O emission pathways. Additionally, to
reduce the impact of the abiotic pathway on the assessment of the biologically produced
N2O, low nitrite concentration and high pH should be maintained during cultivation of
AOB to reduce the amount of FNA available in the culture.

4.6. SUPPLEMENTARY INFORMATION

Supplementary information can also be found online, [60].

4.6.1. N2O CALCULATIONS

Calculations used for conversion of ppmv to mg-N/L (Equation (4.2)) and calculation
of maximum N2O emission rates (Equation (4.3)) and maximum volumetric rate
(Equation (4.4)).

CN2O,g as =
CN2O ·P ·MN2O

0.082 ·T ·1000
(4.2)

https://doi.org/10.1016/j.cej.2017.10.141
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RN2O,g as =CN2O,g as ·Qg (4.3)

rN2O,g as =
CN2O,g as ·Qg

VL
(4.4)

Where CN2O,g as is the concentration of nitrogen in the gas (mg-N-N2O/L). CN2O is the
measured gas fraction by the gas analyser (ppmv). P stands for the pressure registered by
the gas analyser during the measurement (atm), MN2O is the molecular mass of nitrogen
per mol of compound, being 28 g-N/mol for N2O. T is the gas temperature (K). Finally,
R states for the emissions rate (mg-N/h) and r for the volumetric emission rate (mg-
N/L/h), VL is the reactor working volume (L) and Qg is the air flow (L/h).

4.6.2. FREE NITROUS ACID CALCULATION
From acid-base equilibrium the HNO2 (free nitrous acid, FNA, in mg−N/L)
concentration can be estimated for a given nitrite concentration (TNN, in mg−N/L), pH
and temperature (T in ◦C) using Equation (4.5) [137]:

F N A = T N N

10pH ·exp(− 2300
273+T )+1

(4.5)
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ABSTRACT

Hydroxylamine is a key intermediate in several biological reactions of the global nitrogen
cycle. However, the role of hydroxylamine in anammox is still not fully understood.
In this work, the impact of hydroxylamine (also in combination with other substrates)
on the metabolism of a planktonic enrichment culture of the anammox species Ca.
Kuenenia stuttgartiensis was studied. Anammox bacteria were observed to produce
ammonium both from hydroxylamine and hydrazine, and hydroxylamine was consumed
simultaneously with nitrite. Hydrazine accumulation - signature for the presence of
anammox bacteria - strongly depended on the available substrates, being higher with
ammonium and lower with nitrite. Furthermore, the results presented here indicate that
hydrazine accumulation is not the result of the inhibition of hydrazine dehydrogenase,
as commonly assumed, but the product of hydroxylamine disproportionation. All
kinetic parameters for the identified reactions were estimated by mathematical modelling.
Moreover, the simultaneous consumption and growth on ammonium, nitrite and
hydroxylamine of anammox bacteria was demonstrated, this was accompanied by a
reduction in the nitrate production. Ultimately, this study advances the fundamental
understanding of the metabolic versatility of anammox bacteria, and highlights the
potential role played by metabolic intermediates (i.e. hydroxylamine, hydrazine) in
shaping natural and engineered microbial communities.

ANAMMOX HYDROXYLAMINE METABOLISM
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5.1. INTRODUCTION

A NAEROBIC ammonium oxidizing bacteria (anammox) were first reported in the 90s
in a wastewater treatment plant [8]. Anammox bacteria autotrophically oxidize

ammonium to dinitrogen gas with nitrite as electron-acceptor [9]. Before their discovery,
even if predicted thermodynamically, ammonium activation in absence of oxygen
had never been identified in nature [87]. Since then, significant efforts focused on
understanding the central metabolism of anammox bacteria (e.g. [89, 90, 10, 11]).

Initially, hydroxylamine was hypothesized to be an obligate intermediate of
anammox catabolism, and hydrazine was shown to accumulate when hydroxylamine
was added in anammox cultures [11]. More recently, NO was proposed to be the
actual intermediate in the catabolic pathway [89]. The current working hypothesis for
the anammox metabolism involves three reactions. First, nitrite is converted to NO
(Equation (5.1)) via a nitric oxide reductase (Nir) enzyme. Then, NO is used to activate
NH4

+ and form the N-N bond needed to produce hydrazine (N2H4) (Equation (5.2))
catalysed by hydrazine synthase (HZS). Finally hydrazine is further converted to
dinitrogen gas (Equation (5.3)) by hydrazine dehydrogenase (HDH).

NO2
−+2H++e− −−→ NO+H2O (5.1)

NO+NH4
++2H++3e− −−→ N2H4 +H2O (5.2)

N2H4 −−→ N2 +4H++4e− (5.3)

However, even with NO as the central intermediate, hydroxylamine seems to play a
key, yet elusive role in anammox metabolism. For example, Ca. Brocadia spp. strains do
not encode for a Nir enzyme [92]. Thus, either Ca. Brocadia spp. have hydroxylamine
as central intermediate as proposed by Oshiki and coworkers [90], or another enzyme
(like kustc0458) rather than Nir is converting nitrite to NO [88]. Moreover, different
studies showed that one of the most highly expressed enzyme in anammox bacteria is the
hydroxylamine oxidase (HOX; kustc1601), which is proposed to convert hydroxylamine
to NO [89, 88]. The reason for anammox bacteria to invest energy to express HOX at
such high levels has been hypothesized to be the possibility to reuse any hydroxylamine
leaking from HZS [93, 23]. Briefly, the actual reaction mechanisms of HZS is proposed
to involve NO transformation to hydroxylamine, and ammonium and hydroxylamine
reacting to form hydrazine [93, 23]. Overall, the role of hydroxylamine in anammox
metabolism remains poorly understood.

In the environment where anammox bacteria thrive, free hydroxylamine has been
measured [32, 18, 34, 60, 19, 64, 59, 20, 21, 125, 31]. For instance, hydroxylamine has been
shown to transiently accumulate in concentrations ranging from 0.006-1 mg-N/L in
different ammonium oxidizing bacteria (AOB) pure cultures [18, 19, 21, 125, 31] or mixed
consortia [32, 34, 60, 64, 59, 20]. Thus, anammox exposure to external hydroxylamine
cannot be ruled out, in particular in biofilm systems, where hydroxylamine can be
produced by a nitrifying population and can reach higher concentrations than in the
bulk liquid [115]. In these systems, hydroxylamine can be produced in the external
oxic layers where AOB are present, diffuse through the biofilm and reach the anoxic
(anammox bacteria) layers [115].
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Batch tests with hydroxylamine addition are generally used to study the short term
effects of hydroxylamine on anammox bacteria primarily to i) demonstrate anammox
activity [91, 9], and ii) study the “boosting” effect of intermediates on anammox activity
[94, 95]. However, to the best of our knowledge, the effect of different substrate
combinations on anammox hydroxylamine consumption has not been dedicatedly
studied. The only in depth study on the effect of hydroxylamine on anammox
metabolism used ammonium as sole co-substrate [96].

In the present work, the impact of different combinations of substrates together with
hydroxylamine on a planktonic anammox Ca. Kuenenia stuttgartiensis culture in batch
tests was studied. Also, the long-term impacts of hydroxylamine addition were studied,
and the effects on stoichiometry and microbial composition were quantified. Finally,
a thermodynamic and modelling approach was developed to estimate the key kinetic
parameters, and further understand the anammox metabolism with hydroxylamine as
(co)substrate.

5.2. MATERIALS AND METHODS

5.2.1. BATCH TEST PREPARATION AND PROCEDURE

B IOMASS was collected from a 10L MBR highly enriched in planktonic Ca. Kuenenia
stuttgartiensis (79±4 % as estimated by 16S rRNA gene-based amplicon sequencing

analysis) (see SI) and centrifuged for 15 minutes at 4200 rpm at room temperature.
Cells were re-suspended in N2-sparged mineral medium to the desired biomass
concentration. The mineral medium had the same composition as described in SI,
but without ammonium or nitrite and supplemented with 1 g/L NaHCO3. The pH
and optical density at 660 nm (OD660) were measured before aliquoting 50mL of cell
suspension among 112 mL serum bottles. The optical density was correlated with dry
weight (gVSS/L) (Figure 5.6). Biomass used in negative controls was boiled for 5 minutes
before aliquoting. The bottles were sealed with rubber stoppers, and anoxic conditions
were achieved by sparging (ca. 1 minute) and vacuuming (ca. 3 minutes) with Argon
three times per bottle. Bottles were placed on a shaker (Incubator Hood TH30, Edmund
Bühler GmbH, Bodelshausen, Germany) at 21 ◦C and 170 rpm. The pH was not adjusted,
but remained between 8.0 and 8.5, within the optimal range for anammox bacteria [155].
Bottles were incubated overnight with stoichiometric concentrations of ammonium and
nitrite to ensure activity.

After overnight incubation, the experiment was performed by adding a pulse of
ammonium, nitrite, hydroxylamine, and/or hydrazine from anoxic stock solutions to
reach the desired initial concentration in each batch test (see Table 5.1). Sampling was
done over time depending on the biomass activity by removing 4 mL of cell suspension
with a syringe. Samples were centrifuged for 3-5 minutes (4200 rpm, 4 ◦C), and the
supernatant was kept for further analysis of the dissolved nitrogen compounds (see
SI). Samples used for hydrazine [156] and hydroxylamine [117] determination were
treated with 200µL of a 0.1 g/mL sulfamic acid solution to remove the dissolved nitrite.
Nitrite was previously shown to interfere in the hydroxylamine determination [58]. In
the present study, nitrite was also shown to interfere the hydrazine measurement (see
Figure 5.7). Nitrogen consumption/production rates calculations are described in SI.
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Microbial community dynamics were not followed during the batch tests, but they would
not be expected to shift significantly as no significant changes were observed during long
term hydroxylamine feeding in a continuous reactor (see Section 5.3.2).

5.2.2. BATCH TESTS THERMODYNAMICS ANALYSIS
Based on the batch test data, the thermodynamics of the putative reactions involved in
hydroxylamine consumption were studied (see Table 5.2). Reactions 3, 6, 7, 10 and 11
were originally postulated by van der Star [96]. Half reactions were derived based on N,
O, H and charge balances (see example in SI, based on Kleerebezem and Van Loosdrecht
2010 [157]). The standard Gibbs energy change ∆G◦

R of each reaction in Table 5.2
was calculated with the standard Gibbs energy of formation (G◦

R) of each compound
(Table 5.4 and Equation (5.4)). ∆G◦

R was corrected with the measured concentration of
each compound at each batch test time point to obtain the actual Gibbs energy change
of reaction (∆G1

R) evolution during the batch tests (Equation (5.5) and Equation (5.6)).
The aim was to detect any possible thermodynamics limitations to explain the hydrazine
accumulation behaviour or the possibility to have NO as intermediate in reactions
involving hydroxylamine (the approach, calculations and results are detailed in SI).

5.2.3. BATCH TESTS KINETIC PARAMETERS DETERMINATION
A kinetic model (Table 5.5 and Table 5.6) was proposed and adapted from van der Star
[96] to obtain the kinetic parameters of the reactions involved in the batch tests. The
model was implemented in Matlab R2018b and aimed to minimize the error between the
experimental data and the set of differential equations proposed for each compound. As
the experiments were performed in batch, the set of differential equations were equal to
the results of a matrix multiplication between the proposed stoichiometric matrix and
the process rate matrix (Table 5.5 and Table 5.6, respectively). A step wise approach
to obtain the kinetic constants from more simple to more complex batch tests was
followed (Figure 5.8). This was combined with the use of different objective functions
(Equation (5.7) to Equation (5.10)) to assess if the solution of the optimization performed
was independent of the objective function used (full description of the procedure is
detailed in SI).
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5.2.4. REACTOR OPERATION - CONTINUOUS LONG-TERM STUDY
One litre of biomass from the same 10 L MBR used in batch tests and described in SI
was used as inoculum for a 2 L MBR reactor (Figure 5.9). The HRT was kept at 2.3±0.2
d during the whole operation using a custom-made ultrafiltration membrane unit. An
SRT of 8.7±1.0 d was maintained throughout the operation period by withdrawing the
desired reactor content per day. Temperature was controlled at 30 ◦C with an external
jacket, and the reactor was stirred at 170rpm. The reactor pH was controlled at 7.04±0.04
with a 53 g/L NaHCO3 solution.

When hydroxylamine was continuously fed (Phase II, days 38-54 in Table 5.7), two
bottles were used to avoid hydroxylamine reaction with any of the mineral medium
components. The total volumetric mineral medium loads were maintained by correcting
media preparation.

Samples were collected daily from the effluent line and centrifuged, supernatant was
collected for further analysis of the dissolved nitrogen compounds (see SI) and treated
with sulfamic acid if needed. The biomass pellets were kept at −80 ◦C. A fresh sample
from the reactor was used to monitor daily optical density. During reactor operation
volatile suspended solids (VSS) were measured periodically, and the specific correlation
between OD660 and VSS was used for calculations (Figure 5.10). DNA samples from days
23, 33, 38, 40, 45, 50 and 55 were analysed at Novogen for 16S rRNA amplicon sequencing
(see SI).
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5.3. RESULTS AND CONCLUSIONS

5.3.1. SHORT TERM ANAMMOX METABOLISM WITH HYDROXYLAMINE AS

SUBSTRATE

A NAMMOX bacteria primarily convert ammonium and nitrite to dinitrogen gas, yet are
also capable to metabolize other substrates, such as hydroxylamine, hydrazine and

organic carbon [9]. In biofilm systems, hydroxylamine can leak from AOB communities
[18, 64, 20], diffuse through the biofilm [115], and reach anammox bacteria in anoxic
layers. Batch tests to evaluate the capacity of anammox bacteria to metabolize
hydroxylamine were performed by supplying hydroxylamine together with different
combination of substrates to a Ca. Kuenenia stuttgartiensis enrichment. The aim was to
investigate if different combination of substrates impacted the conversion dynamics of
the nitrogen species. Hydroxylamine concentrations used in batch are higher than those
to which anammox bacteria might be exposed in nature (i.e. values of 0.006-1 mg-N/L
hydroxylamine have been reported in different nitrification systems [18, 64, 20], among
others), but were needed to be able to investigate the conversions.

Trends in nitrogen compounds consumption and production were independent
of the initial concentrations (Table 5.1). Therefore, only tests with higher initial
concentrations are discussed here (Figure 5.1), unless differently stated (Figure 5.11).
The impact of substrate combinations on hydroxylamine metabolism will be discussed
in the present section, whereas the impact on hydrazine accumulation will be discussed
further in the next section. Positive controls to assess anammox activity with ammonium
and nitrite (Figure 5.12A) were included. Data from the positive controls indicated that
once nitrite was consumed, no significant changes in the ammonium concentrations
were detected. Denitrifying activity was ruled out by providing nitrite as substrate
(Figure 5.12D) to the anammox enrichment culture. Abiotic controls with boiled
biomass and all the substrates used in the batch test were performed and did not show
significant activity compared to the biological rates; for example an increase of ca. 0.1
mg-N/L of ammonium was detected in the abiotic control after ca. 7h (Figure 5.12C and
E) compared to 5 mg-N/L of ammonium produced in 2h in biological tests (Figure 5.1A).

AMMONIUM PRODUCTION OCCURS FROM BOTH HYDROXYLAMINE AND HYDRAZINE

When hydroxylamine was added as the only substrate (Batches 2-5, Table 5.1),
hydrazine did accumulate, as expected from previous studies [11, 96]. However, two
distinct ammonium production events occurred (Figure 5.1A and Figure 5.11). The
first ammonium production started as soon as hydroxylamine was added (ca. 0-
2.4h in Figure 5.1A, see also Figure 5.11). When the hydroxylamine concentration
became low, hydrazine started to accumulate (around 1.6h in Figure 5.1A, after
ca. 15-25min. in Figure 5.11, with lower initial hydroxylamine concentration).
Once hydroxylamine was depleted, a second ammonium production period started,
correlating with the decrease of hydrazine (from ca. 2.4h onwards in Figure 5.1A,
see also Figure 5.11). Thus, ammonium was produced both with hydroxylamine and
hydrazine (Figure 5.1A) , apparently, with preference for utilization of hydroxylamine
over hydrazine (Figure 5.12B).

The initial production of ammonium from hydroxylamine is in accordance with the
hydroxylamine disproportionation reactions (reaction 7, Table 5.2) proposed by van
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Figure 5.1: Dynamics of nitrogen compounds during anammox batch tests with different combinations of
substrates: A) Hydroxylamine (Test 2 in Table 5.1) (note that ammonium and hydrazine are represented on
the right axis) , B) Hydrazine (Test 7 in Table 5.1), C) Hydroxylamine and nitrite (Test 8 in Table 5.1), D)
Hydroxylamine, nitrite and ammonium (Test 11 in Table 5.1) (note that ammonium is represented on the right
axis). Error bars represent the standard deviation between duplicates.

de Star et al. [96]. Hydroxylamine disproportionation occurs via two intermediate
reactions (reaction 3 and 6, in Table 5.2). The imbalance of reactions 3 and
6 to the observed hydrazine accumulation (see Section 5.3.1 for further details).
The experimental stoichiometric ratio of consumed hydroxylamine per ammonium
produced was 3.8, which is quite close to the theoretically expected of 3 for
hydroxylamine disproportionation (reaction 7 in Table 5.2).

The second ammonium production from hydrazine was not observed by van der
Star et al.[96], most likely obscured by the high initial ammonium concentration used
in the tests (2-8 mM, 28-112 mg-N/L). The consumption of hydrazine was proposed
to follow two possible reactions (reaction 10 or 11, Table 5.2) [96]. In the present
study, once hydroxylamine was totally consumed, ca. 1.4 mM of ammonium were
produced per mM of hydrazine consumed, close to the 1.3 theoretical ratio of hydrazine
disproportionation via reaction 10 in Table 5.2 (Figure 5.1). Furthermore, hydrazine
disproportionation via reaction 10 was confirmed by performing a batch test with
hydrazine as the only substrate (Figure 5.1B, batch 7 in Table 5.1). 1.2 mM mole
of ammonium were produced per mM of hydrazine, which is in agreement with
the proposed stoichiometry of hydrazine disproportionation (reaction 10, Table 5.2)
producing 1.3 moles of ammonium per mol of hydrazine. Similar stoichiometries for
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ammonium produced per hydrazine consumed were previously shown in a batch test
performed with only hydrazine present, but no mechanisms were proposed [11].

Based on the experimental stoichiometry, the production of ammonium from
hydrazine is most likely to result from hydrazine disproportionation (as in reaction 10,
Table 5.2, see also Figure 5.4, and Section 5.3.1 for a discussion on putative enzymes
involved).

The occurrence of hydrazine disproportionation throughout the batch test
contributed to the ammonium production when hydroxylamine is still present. Multiple
confirmations were obtained from the experimental data sets and the mathematical
model. For instance, when hydroxylamine and hydrazine were provided together as
substrates both were consumed simultaneously (batch 13 in Table 5.1 and Figure 5.12B).
Hydroxylamine was initially consumed c.a. 2.5 times faster than hydrazine (60 ±
4 and 24±2 mg-N/gVSS/h, respectively ) and a transient slow down on hydrazine
consumption could be observed . Furthermore, the proposed mathematical model with
the parameters obtained (see Section 5.3.1 for further details) was used to compute
the rates of reaction 3, 6 and 7 during a batch tests with hydroxylamine as substrate.
The simulations indicate that hydrazine disproportionation is occurring throughout
the batch test, even if at one order of magnitude lower rate than hydroxylamine
disproportionation (see Figure 5.21).

Overall, two ammonium production events were observed in the same batch test
with only hydroxylamine as substrate (test 2 to 4 in Table 5.1). When hydroxylamine
is present, hydroxylamine disproportionation to ammonium and dinitrogen gas via
reaction 7 is the dominant process (Table 5.2) with hydrazine disproportionation taking
place at one order of magnitude lower rate (see Figure 5.21). Once hydroxylamine
is consumed, the accumulated hydrazine is disproportionated to ammonium and
dinitrogen gas via reaction 10 (Table 5.2).

AMMONIUM PRODUCED FROM HYDROXYLAMINE AND HYDRAZINE IS USED TO CONSUME

NITRITE

To further analyse the ammonium production capacity of anammox bacteria
from either hydroxylamine or hydrazine, batch tests 8 and 9 (Table 5.1) were
performed. Hydroxylamine and nitrite were dosed simultaneously to assess if the
ammonium production capacity from hydroxylamine and hydrazine could support
nitrite consumption. As expected, the ammonium produced from hydroxylamine was
used to consume nitrite (Figure 5.1C). A slight transient accumulation of hydrazine
and ammonium was measured. Nitrite consumption stopped as soon as all the
ammonium produced from hydroxylamine and hydrazine was consumed (Figure 5.1C
or Figure 5.12F). Furthermore, the ca. 20 mg-N/L hydroxylamine consumed via the
disproportionation reaction (reaction 7, Table 5.1), would lead to ca. 6.6 mg-N/L
NH4

+ which could be consumed via normal anammox metabolism. If we assume a
stoichiometry close to that reported by Lotti et al. [158] of 1.146 mol NO2

– mol NH4
+,

a maximum consumption of 7.6 mg-N/L nitrite could be converted, which is close to
the experimentally observed of 6.4 mg-N/L of nitrite consumed. These observations,
together with the fact that in the rest of tests (except tests 10-12 in Table 5.1, that also
had nitrite) ammonium accumulated instead of being consumed, confirmed that the
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substrate consumed together with nitrite was ammonium. The transient accumulation
of ammonium with nitrite was shown by Hu and coworkers [94], however no hydrazine
accumulation was described in those tests. Also the hydroxylamine conversion slowed
down with time, maybe due to the higher concentrations used in their tests.

These results further expand the metabolic versatility of anammox bacteria: if
hydroxylamine is present with nitrite only (i.e. without NH4

+), anammox bacteria
can generate ammonium from hydroxylamine and consume nitrite via the canonical
anammox conversion. These results show a potential role of hydroxylamine in Ca.
Kuenenia stuttgartinesis metabolism, in contrast to the prior unique implication of
hydroxylamine in Ca. Brocadia sinica [90]. This situation might occur in partial
nitritation/anammox (PN/A) systems when ammonium is fully depleted while residual,
low concentrations of hydroxylamine might be still present, e.g. in biofilms due to
gradients between microcolonies.

HYDROXYLAMINE IS CONSUMED SIMULTANEOUSLY WITH NITRITE, BUT FASTER

Batch tests were performed to assess the impact of hydroxylamine when both nitrite and
ammonium were present (batches 10, 11, 12 in Table 5.1). This substrates combination
is likely to occur in PN/A biofilms, although hydroxylamine concentrations might be
lower than those used here. Hydroxylamine was consumed simultaneously with nitrite
(Figure 5.1D). The specific hydroxylamine consumption rate (qNH2OH) was 1.6 to 5
times higher than that of nitrite (qNO2

– ), depending on the initial hydroxylamine
concentration. As soon as all hydroxylamine was depleted, a 50 % increase of nitrite
consumption rate was measured (Table 5.1). Interestingly, even after hydroxylamine
depletion, nitrite consumption rates remained lower than the maximal rate measured
in positive controls, performed with nitrite and ammonium, usual anammox substrates
(batch 1, Table 5.1). Thus, these results suggest that hydroxylamine is consumed
simultaneously with nitrite, but faster than nitrite. Hydroxylamine presence together
with nitrite and ammonium had a putative toxic or partially irreversible effect on nitrite
consumption rates, as when hydroxylamine was fully consumed nitrite consumption
rates did not reach the levels of the positive controls.

Within the range of concentrations tested, the hydroxylamine consumption rate
linearly depended on the initial hydroxylamine concentration (Figure 5.2A), and was
not affected by the combination of available substrates. The linear consumption
of hydroxylamine observed is consistent with previously reported measurements
with ammonium only [96]. In biological systems, Monod-like kinetics are usually
observed for substrates consumption. For Monod kinetics to be linear, the substrate
concentration has to be smaller than the half saturation coefficient. Thus, in the present
study, the hydroxylamine half saturation constant would then be unexpectedly high
for suspended cells (ca. > 22 mg-N-NH2OH/L, Figure 5.2A), as for example the half
saturation constant for nitrite in a similar culture was 35 µg-N/L [158]. Another putative
explanation for the observed linearity is the passive transport of hydroxylamine over the
membrane. Hydroxylamine has a pKa of 5.9 at 25 ◦C [159], thus it is mostly unprotonated
under the tested conditions (pH 8 and 30 ◦C in the batch tests). As a result, passive
diffusion through the membrane, strictly depending on the difference between the bulk
and cell concentration of the substrate, is likely [160].
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Ultimately, the presented results further expand the known metabolic versatility
of anammox bacteria. Hydroxylamine and hydrazine disproportionation were proven
to occur simultaneously and, if available, hydroxylamine was shown to be consumed
simultaneously and faster than nitrite as substrate.
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Figure 5.2: Impact of initial NH2OH concentration [NH2OH (mg-N/L) in A] or specific initial hydroxylamine
concentration [NH2OH/Cx (mg-N/gVSS) in B and C] to: A) Initial specific hydroxylamine rate [qNH2OH
(mg-N/gVSS/L)], B) Time to reach the hydrazine peak [Time to peak (h)] and C) maximum measured
hydrazine concentration [N2H4 peak (mg-N/L)]. Cx stands for biomass concentration (gVSS/L). Batch tests
were performed with different combination of substrates: i) NH4

+, NO2
– , NH2OH (squares), ii) NH4

+, NH2OH
(empty circles), iii) NH2OH (filled circles), iv)NO2

– , NH2OH (triangles). Linear dependencies between
parameters are shown in A and B, independently of the combination of substrates used. Batch tests were
ammonium was present (squares and empty circle) had higher N2H4 peak than when no ammonium was
present (filled circles and triangles). Notice the Y axes are different in each figure and X axis scale is different in
Figure 5.3A. Error bars represent the standard deviation between biological duplicates.

HYDROXYLAMINE DISPROPORTIONATION CONTROLS HYDRAZINE ACCUMULATION

To date, hydrazine accumulation has only been reported in the presence of
hydroxylamine (e.g. [9, 89, 11]). However, hydrazine is not usually analysed in anammox
systems, thus its actual concentration is unknown. To understand the mechanisms
underlying hydrazine turnover, hydrazine concentration was measured during all batch
tests (Table 5.1). Hydrazine transiently accumulated when hydroxylamine was added
as substrate (Batches 2-6 and 8-12 in Table 5.1), and the time of the hydrazine peak
depended on the initial specific hydroxylamine concentration (mg-N/gVSS, Figure 5.2B),
consistently with van der Star [96].

Hydrazine transient accumulation can be explained with hydrazine
disproportionation (reaction 7, Table 5.2). The disproportionation is the addition
of two reactions (reactions 3 and 6, Table 5.2). Hydrazine starts accumulating when
hydroxylamine concentration is low (ca. <5 mg-N/L in Figure 5.1A). Hydroxylamine
concentration affects both hydrazine production (reaction 3, Table 5.2) and hydrazine
consumption (reaction 6, Table 5.2), but two moles of hydroxylamine are needed for
hydrazine consumption as opposed to one mole needed for its production. Thus,
a lower concentration of hydroxylamine decreases the hydrazine consumption rate
more than the hydrazine production rate, leading to transient hydrazine accumulation.
This was further supported by the mathematical model (Figure 5.21): the hydrazine
consumption rate (via reaction 6 in Table 5.2) is always lower than the hydrazine
production rate (via reaction 3 in Table 5.2), resulting in hydrazine accumulation.

Originally, the accumulation of hydrazine upon addition of hydroxylamine was



5

74 5. NH2 OH AND ANAMMOX

ascribed to the inhibition of HDH, the enzyme responsible for the conversion of
hydrazine to dinitrogen gas. This hypothesis was based on the observed in vitro
inhibition of HDH by NO and hydroxylamine [161, 11]. However, our results show that
HDH inhibition cannot be the explanation of hydrazine accumulation, as hydrazine
did not accumulate directly after hydroxylamine addition at high initial hydroxylamine
concentrations (ca. 20 mg-N/L Figure 5.1A). Instead, the hydrazine peak occurred after
the consumption of more than ca. 15 mg-N/L of hydroxylamine, when hydroxylamine
concentration was <5 mg-N/L. This delay was also observed by van der Star et al.
[96], who initially proposed that HDH inhibition could not be the cause for hydrazine
accumulation. This is contradictory with the results of Maalcke et al. [161] that
showed that HDH was inhibited by NO and hydroxylamine in vitro. Similarly, Hu
and co-workers [88] did not observe any sign of HDH inhibition when NO was fed
continuously to an anammox culture . Overall, the HDH inhibition by hydroxylamine
(and NO) demonstrated in vitro [161] was not observed to occur in vivo, meaning
another process underlies the hydrazine accumulation. Instead, the imbalance of the
hydrazine production rate and consumption rate (reaction 3 and 6 in Table 5.1) during
hydroxylamine disproportionation is the proposed cause of hydrazine accumulation.

HYDRAZINE ACCUMULATION DEPENDS ON THE AVAILABLE SUBSTRATES

The wide range of combinations of added substrates used in this research showed
that hydrazine accumulation is strongly impacted by the used substrate combination
(Figure 5.2C). Specifically, the accumulation of hydrazine was higher when ammonium
was present, while the presence of nitrite resulted in lower accumulations (Figure 5.2C).
Previous research on hydrazine accumulation used only ammonium and hydroxylamine
as substrate [96].

This can also be explained by the imbalance of reactions 3 and 6 during
hydroxylamine disproportionation. For the hydrazine production during hydroxylamine
disproportionation, ammonium is consumed (reaction 3, Table 5.2), thus higher
concentration of ammonium would favour hydrazine production. Contrarily, hydrazine
consumption results in ammonium production (reaction 6, Table 5.2), thus the presence
of ammonium would result in this reaction being less thermodynamically favourable
(see next sections).

On the other hand, nitrite decreased the hydrazine peak (Figure 5.2C). When
nitrite and hydroxylamine are present as the only substrates, nitrite is consumed
with the ammonium that is being produced from either hydroxylamine or hydrazine
disproportionation (Figure 5.1C). Thus, nitrite presence decreases the final ammonium
concentration, favouring hydrazine consumption (reaction 6, Table 5.2). When both
ammonium and nitrite were present together with hydroxylamine (batches 10,11 and
12, Figure 5.1D), ammonium dominated the possible effect of nitrite, leading to high
hydrazine accumulations.

Overall, we showed that hydrazine accumulation occurs in the presence of
hydroxylamine, and the accumulation is promoted by ammonium and reduced by
nitrite. Elucidating the role and occurrence of hydrazine accumulation in biological
systems requires further full-scale experimental confirmation as measurements of
hydrazine during reactor operation remain rare. Hydrazine accumulation or leakage
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by anammox would be unfavourable from an energetic point of view, as hydrazine
transformation to N2 is one of the anammox electron sources (see Equation (5.3)).
However, leakage of hydrazine can be a potential advantage for anammox against other
direct competitors as hydrazine is toxic to other microbes of the nitrogen cycle, such as
NOB [162]. Further discussion on the thermodynamics of hydrazine accumulation and
the putative enzymes involved can be found in follow-up sections.

THERMODYNAMICS CANNOT EXPLAIN HYDRAZINE ACCUMULATION

To identify any possible thermodynamic limitation underlying the observed hydrazine
accumulation, a thermodynamic analysis of the reactions involved (Table 5.2) was
performed along concentration profiles during batch tests (Figure 5.13 and Figure 5.14).

All reactions involved in hydrazine and hydroxylamine disproportionation were
thermodynamically favourable, as they had a negative Gibbs energy change of reaction
(∆G◦

R), with the exception of the half reaction of ammonium conversion to hydrazine
(reaction 2, Table 5.2). Even after the correction for actual batch conditions, hydrazine
production from ammonium had a positive actual Gibbs energy change of reaction
(∆G1

R) (Figure 5.3A). Even if one of the half reactions was not thermodynamically
favourable (reaction 2), the overall hydrazine production (reaction 3) had negative actual
Gibbs free energy. However, the hydrazine production step (reaction 3; Table 5.2),
was close to the equilibrium, and batch conditions strongly impacted its overall ∆G1

R
(Figure 5.3B). Thus, hydrazine production thermodynamics heavily depend on batch
test conditions (Figure 5.3A and B). Conversely, the reactions involved in hydrazine
consumption were strongly favourable (Figure 5.3C). Consequently, the thermodynamic
analysis does not explain the observed accumulation of hydrazine. A kinetic limitation
or and enzymatic/biological bottleneck impacting hydrazine consumption might be the
explanation, as also discussed in the previous section and as shown by the mathematical
model (Figure 5.21).

Impact of batch conditions, namely pH, temperature, ammonium and
hydroxylamine concentration, on the potential hydrazine conversions were also
investigated (Figure 5.16). Higher hydroxylamine and ammonium concentration
(Figure 5.16A and B) resulted in a more favourable hydrazine production, in agreement
with the experimental results (Figure 5.2C). Higher pH was also shown to make
hydrazine production more thermodynamically favourable (Figure 5.16E), whereas
temperature had little impact over the tested range (Figure 5.16D). In this perspective,
it is worth noting that the anammoxosome - where hydrazine is being produced - is
more acidic than the cytoplasm [163, 164], thus making hydrazine production less
thermodynamically favourable.

THERMODYNAMICS SUGGEST THAT NO IS AN UNLIKELY INTERMEDIATE IN

HYDROXYLAMINE TURNOVER

The feasibility and potential occurrence of NO as intermediate in the reactions
involving hydroxylamine (reactions 12-17; Table 5.2, Figure 5.15) was analysed based
on thermodynamic characteristics of the conversions. Hydroxylamine is hypothesized
to be first transformed to NO, and then NO is transformed to the final product. The
estimated ∆G◦

R for the transformation of NO to hydrazine during batch tests was close
to equilibrium, i.e. could potentially become unfavourable (positive) depending on the
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A B

C D

Figure 5.3: Thermodynamics of selected reactions during different batch tests (Test 2, 6, 8 and 10 of Table 5.1)
A) Ammonium to hydrazine conversion electron donor (reaction 2 in Table 5.2) is the only thermodynamically
positive conversion, B) Hydrazine production in hydroxylamine disproportionation (reaction 3 in Table 5.2),
C) Hydrazine consumption in hydroxylamine disproportionation (reaction 6 in Table 5.2), D) NO conversion
to hydrazine (reaction 12 in Table 5.2).

conditions (Figure 5.3D; reaction 12, Table 5.2). As a result, considering the previously
discussed close to equilibrium reaction 3 (i.e. hydroxylamine to NO; Table 5.2), the
transformation of hydroxylamine via NO would have two intermediate steps close
to thermodynamic equilibrium. From a thermodynamic point of view the forward
conversion is possible, but highly depending on the exact batch test conditions. The
experimental evidence on the potential role of NO as intermediate in the hydroxylamine
conversion would still be needed.

Ultimately, it should also be noted that a better characterization of hydroxylamine
standard Gibbs energy of formation (G◦

f ,NH2OH) value is needed for a definitive
thermodynamic study. In literature, different values for G◦

f of hydroxylamine can be
found (Table 5.4), which profoundly impact the obtained results (Figure 5.17).

HYDROXYLAMINE AND HYDRAZINE DISPROPORTIONATION CAN BE EXPLAINED BY KNOWN

ENZYMATIC ANAMMOX CONVERSIONS

We hypothesize that disproportionation of hydroxylamine and hydrazine might be
catalysed by multiple enzymes, most of which are already characterized in anammox
bacteria. For instance, hydrazine production (reaction 3 in Table 5.2) in hydroxylamine
disproportionation could be catalysed by different combination of enzymes, either with
NO as intermediate or not, in hydroxylamine conversions: i) NH2OH is first transformed
to NO (reaction 12, 13 and overall 14) by HOX. Then, NO and NH4

+ could be reduced
to hydrazine (reaction 2) by HZS (see Figure 5.4). ii) Alternatively, anammox bacteria
encode more than 10 anammox HAO-like proteins in the genome, the function of some
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of them is still unknown. Thus, it could be that one of the HAO-like proteins in Ca.
Kuenenia could perform a similar conversion as the HZS in Ca. Brocadia [90]. Thus, the
Brocadia-like HZS transforms directly hydroxylamine and ammonium to hydrazine, and
HDH funnels hydrazine into dinitrogen gas (reaction 1, 2 leading to the overall reaction
3) (see Figure 5.4).
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Figure 5.4: Putative enzymes involved in hydroxylamine disproportionation conversions depending on the
assumed intermediates: Black lines are conversion where hydroxylamine is directly transformed to hydrazine
or ammonium, black dashed lines are reactions where NO might be an intermediate. Numbers correspond
to reactions in Table 5.2, where corresponding Gibbs free energy values can be found. Regular anammox
metabolism is represented with grey dashed boxes and arrows. Notice that NO and N2H4 have both solid
and dashed line boxes. ∗Anammox genome encodes more than 10 HAO-like proteins, which the function of
some of them is still unknown, ∗∗HZS has been proposed to have hydroxylamine as inner intermediate [93], or
in Ca. Brocadia it has been shown to transform hydroxylamine and ammonium to hydrazine [92, 90]. Thus, we
hypothesise that there is an HZS-like protein able to transform ammonium and hydroxylamine to dinitrogen
gas from the more than 10 HAO-like proteins encoded in anammox genome.

Hydrazine consumption (reaction 6) in hydroxylamine disproportionation could be
a combination of a HAO-like protein reducing NH2OH to ammonium (reaction 4) and
the known activity of HDH (reaction 5) (see Figure 5.4).

Hydrazine disproportionation (reaction 10) would need HDH (reaction 9) and a
dedicated enzyme to produce ammonium from hydrazine (reaction 8). An enzyme
catalysing this last conversion, has not been described yet in anammox.

From the overall enzymatic conversions proposed, ammonium production from
hydroxylamine and hydrazine have not been shown in anammox bacteria. However,
ammonium producing activity from hydroxylamine has been hypothesized to exist
based on metagenomic data from the anammox bacterium Ca. Scalindua profunda
[165]. Furthermore, hydroxylamine conversion to ammonium has been shown in
ammonium oxidizing bacteria Nitrosomonas [166] and enzymatic activity found in the
dissimilatory nitrate reducing bacteria Nautilia profundicola [106], it is hypothesized
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that there is an HAO-like enzyme with an ammonium producing activity from
hydroxylamine. Nevertheless, to further confirm this hypothesis, transcriptomics and
proteomics data would be valuable.

KINETIC MODELLING SUPPORTS THE POTENTIAL IMPACT OF HYDROXYLAMINE ON NITRITE

METABOLISM

The estimation of the kinetic parameters for the discussed reactions is the
prerequisite for their inclusion in mathematical models [167]. Experimental parameter
determination requires highly precise measurements methods, and usually kinetic
models are applied [168]. The fact that hydroxylamine is consumed via two
simultaneous reactions (reactions 3 and 6, Table 5.2), and the need of both of them to
describe hydrazine accumulation, makes the experimental determination of parameters
impossible. Instead, a step-wise modelling approach using different optimization
functions was used to assess if the available data set allows for parameter determination
(see SI). To this end, the kinetic model proposed by van der Star [96] was adapted to take
into account the impact of ammonium (Table 5.6). The anammox stoichiometry was
also introduced in the set of reactions to model the impact of hydroxylamine addition
with ammonium and nitrite (Table 5.6).

Two independent optimizations were performed to determine the kinetic
parameters of hydrazine consumption (k3 and K3,N2H4 ) and anammox (k4, K4,NO2

- ,
and K4,NH4

+ ). Independently of the used optimization function, a single set of
parameters was obtained (Figure 5.18A and D, and Figure 5.19A and D). However, when
hydroxylamine was the only substrate, the values obtained for the remaining kinetic
parameters (k1, K1,NH2OH, K1,NH4

+ , k2, K2,NH2OH, K2,N2H4 ) depended on the objective
function used (Figure 5.18B and Figure 5.19B). The set of parameter values (k1, K1,NH2OH,
K1,NH4

+ , k2, K2,NH2OH, K2,N2H4 ) resulting in the lowest sum of squared errors was selected
(Table 5.3), and used in subsequent optimizations.

Next, parameters obtained with control (k4,K4,NO2
- , and K4,NH4

+ ), hydrazine (k3 and
K3,N2H4 ) and hydroxylamine tests (k1, K1,NH2OH, K1,NH4

+ , k2, K2,NH2OH, K2,N2H4 ) were used
to simulate tests where ammonium, nitrite and hydroxylamine were simultaneously
provided. Without any extra optimization step, the parameters previously obtained
were not able to describe the experimental data. Specifically, the depletion of
nitrite was predicted to be faster by the model (Figure 5.20A), suggesting a direct
impact of hydroxylamine on the regular anammox metabolism of nitrite consumption.
Consequently, parameters affecting the nitrite consumption (k4, K4,NO2

- , and K4,NH4
+ )

were optimized using the experimental data when hydroxylamine was present, while
the other parameters were kept constant (Figure 5.18C, Figure 5.19C and Figure 5.20B).
The optimization resulted in ca. a 50% decrease in the specific maximum anammox
rate constant (k4), and 50% increase in the nitrite half saturation coefficient (K4,NO2

- ).
Consistently with the experimental results, these observations further support the strong
impact of hydroxylamine on the nitrite consumption by anammox bacteria.

In literature, the only available set of parameters for the reactions involving
hydroxylamine [96] estimated a maximum rate constant (k) one order of magnitude
smaller than the ones reported in the present study (Table 5.3). This could be explained
by the use of granular biomass [96] instead of planktonic culture as done here. Part of the
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Table 5.3: Kinetic parameters determined with the kinetic model. When standard deviation is given, average
between the results obtained with different objective functions was performed. When no standard deviation is
given, the value selected is the one that resulted in a smaller error between the model and experimental data.

Substrates k1 K1,NH2OH K1,NH4
+ k2 K2,NH2OH K2,N2H4 k3 K3,N2H4 k4 K4,NH4

+ K4,NO2
–

(mmol/gVSS/h) (mM) (mM) (mmol/gVSS/h) (mM) (mM) (mmol/gVSS/h) (mM) (mmol/gVSS/h) (mM) (mM)
N2H4 0.285±0.007 0.030±0.003

NH2OH 2.8 0.16 0.057 2.8 0.0027 0.56
NO2

– + NH4
+ 4.5±0.1 0.78±0.01 0.03±0.04

NO2
– + NH4

+ + NH2OH 2.2 1.6 0.004

biomass in the granules could be inactive leading to an apparent (slower) rate. Moreover,
differences in the average growth rates between the two systems could also contribute
to the differences in maximum rate constants.

5.3.2. LONG TERM CONTINUOUS EXPOSURE TO HYDROXYLAMINE REDUCES

THE NO3
- PRODUCTION

The long term effects of continuous exposure of anammox bacteria to hydroxylamine
had not been studied yet. To this end, a planktonic culture of Ca. Kuenenia
stuttgartiensis was operated in continuous mode for more than 54 days (Figure 5.5A,
Figure 5.22 and Table 5.7). After the initial 20 days of stabilization, two operational
phases can be distinguished: i) Phase I with ammonium and nitrite (days 20-37,
Table 5.7), ii) Phase II with ammonium, nitrite and hydroxylamine (days 38-54,
Table 5.7). To mimic the expected low hydroxylamine accumulation by AOB in PN/A
processes, a small hydroxylamine load (ca. 26 mg-N/L/d) compared to the nitrite load
(ca. 478 mg-N/L/d; Table 5.7) was chosen.

The addition of hydroxylamine did not impact the microbial community
composition as revealed by 16S rRNA amplicon sequencing (Figure 5.5B). The relative
abundance of Ca. Kuenenia stuttgartiensis remained stable at 79±4 % during 2 complete
SRTs with hydroxylamine feeding. The genus Ignavibacterium represented the most
abundant side population during the whole operation. These results indicate that
simultaneous consumption of hydroxylamine, ammonium and nitrite does not impact
anammox bacteria, and might even represent a competitive advantage in biofilm PN/A
systems against canonical NOB, often reported to be inhibited by hydroxylamine [102,
169, 100, 101, 170, 47].
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During the whole experiment, hydrazine and hydroxylamine concentrations
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remained below detection limits (Figure 5.22C). As soon as hydroxylamine was fed,
a statistically significant decrease (P ≤ 0.001, Mann-Whitney Rank Sum Test) in the
nitrate production to ammonium consumption ratio was observed, from 0.24 ± 0.03
(Phase I) to 0.17±0.01 mol-NO3

– /mol-NH4
+ (Phase II) (Table 5.7 and Figure 5.5A).

Thus, hydroxylamine reduced the formation of nitrate in the anammox conversion. It
is noteworthy that the response was immediate without any visible adaptation effect.
Based on the anammox biochemistry presented in this study, hydroxylamine can be
metabolized via two pathways: i) NH2OH is converted to NO and then further to N2

via the conventional anammox metabolism in Equations (5.1) to (5.3), or ii) NH2OH
is transformed via hydroxylamine disproportionation reactions, forming NH4

+ and N2

as in the batch tests (reaction 7, Table 5.2). From nitrogen mass balances only, the
hydroxylamine pathway could not be resolved. Given the low hydroxylamine load
compared to nitrite, hydroxylamine disproportionation would have resulted in ca. 8
mg-N/L/d of extra ammonium. Such low concentrations would be masked by the high
residual ammonium concentration in the reactor. Nevertheless, in a study from van De
Graaf and colleagues [11] the addition of 15NH2OH together with unlabelled ammonium
and nitrite lead to 30N2 production, most likely resulting from the reaction of 15NH4

+ -
produced from hydroxylamine - and 15NH2OH itself. Thus, based on the latter study
and the batch tests performed here, hydroxylamine disproportionation is likely to be the
dominant pathway.

Recently, anammox bacteria were also shown to grow on only NO and ammonium,
with no nitrate production [88]. These results challenged the common assumption
that nitrite oxidation to nitrate is needed to provide the electrons to reduce CO2 for
biomass synthesis. Instead, the new hypothesis proposed that the high energy electrons
produced during hydrazine conversion to N2 are more likely those used in anabolism
[88]. Similarly, in the present study a clear decrease in nitrate production was observed
with continuous hydroxylamine feeding (Figure 5.5A). Independent of the pathway,
hydroxylamine conversion releases extra high energy content electrons reducing the
need for nitrite oxidation to nitrate.

This study further extends our knowledge of the metabolic versatility of anammox
bacteria, demonstrating the simultaneous consumption of ammonium, nitrite and
hydroxylamine by anammox bacteria. Furthermore, the reactions involved in
hydroxylamine metabolism were further characterized using batch tests. This
characterization resulted in the following findings: (i) ammonium can be produced
from either hydroxylamine or hydrazine; and (ii) the co-metabolization of other
substrates impacts hydrazine accumulation. In addition, hydrazine accumulation
was analysed from a kinetics and thermodynamics point of view, further confirming
that hydrazine accumulation is governed by the reactions involved in hydroxylamine
disproportionation, rather than inhibition of hydrazine dehydrogenase.

Overall, this work highlights the huge metabolic versatility of anammox bacteria.
This unique ability to use a broad range of substrates represents a clear competitive
advantage likely underlying the ability of anammox to thrive in different environments.
For example, hydroxylamine is known to be toxic for NOB, directly competing with
anammox for nitrite [100, 19, 20]. From an engineering point of view, this kind of
competitive advantage can be useful in systems like partial nitritation anammox, where
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NOB are not desired. For example, hydroxylamine external addition has been tested to
obtain a successful partial nitritation anammox process in laboratory conditions [47].

Finally, the present work sets the basis to further understand hydroxylamine
metabolism by anammox bacteria. Next steps could be directed to further confirm the
pathway followed by hydroxylamine in continuous operation with either 15N labelling
or increased loads. Doing similar experiments with other anammox bacteria species
(i.e. Ca. Brocadia) would also help to assess putative differences between anammox
species metabolism. Comparative transcriptomic or proteomic data would provide
more information in the enzymes involved in the process. Overall, intermediates of the
nitrogen cycle are overlooked and not studied in depth, and could be a source for not
recognized conversions or interactions in microbial communities. Understanding such
interactions is crucial for improving its implementation as technology.

5.4. CONCLUSIONS

T HE combination of batch tests, continuous feeding, thermodynamics analysis and
modelling allowed to elucidate more details about the hydroxylamine metabolism

of anammox bacteria,

• Ammonium can be produced from both hydroxylamine and hydrazine. If only
nitrite and hydroxylamine are available, ammonium can be produced from
hydroxylamine and used for nitrite consumption.

• When hydroxylamine, ammonium and nitrite are present together in anammox
batch tests, hydroxylamine and nitrite are consumed simultaneously, with
hydroxylamine consumption being faster than nitrite consumption.

• Hydrazine accumulation only occurs when hydroxylamine is present and seems
to be due to a biological imbalance rather than a thermodynamic limitation or
enzymatic inhibition. The extent of hydrazine accumulation depends on the
combination of substrates provided, i.e. promoted by ammonium and reduced
by nitrite.

• Anammox bacteria can grow simultaneously with ammonium, nitrite and
hydroxylamine, reducing the nitrate production.

• Anammox microbial population is not impacted by long term feeding of
hydroxylamine.

• Hydroxylamine, although not a central intermediate in Ca. Kuenenia
stuttgartiensis, might play an important role in the its metabolism if present in
the environment.
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5.5. SUPPLEMENTARY INFORMATION
Supplementary information can be also found online [97].

5.5.1. MATERIALS AND METHODS

SHORT TERM STUDY - BATCH TESTS

Biomass origin
A highly-enriched planktonic culture of Ca. Kuenenia stuttgartiensis (79 ± 4 %
as estimated by 16S rRNA gene-based amplicon sequencing analysis) was used as
inoculum. The culture originated from a 10 L (working volume) membrane bioreactor
(MBR; pH 7, 30◦C) operating at steady state with an average loading rate of ca. 380 mg-N-
NO2

– /L/d, and sparged with a gas mixture of 95-5% N2-CO2. Hydraulic retention time
(HRT) was set to 3.0±0.5 days and solid retention time (SRT) was set to 10±1 days during
the whole experimental period. Mineral medium fed to the reactor contained per liter of
demineralized water: 0.91g K2HPO4, 0.13g KH2PO4, 5.0g (NH4)2SO4, 5.2g NaNO2, 1.6 mL
of a trace element solution, 3.1mL of an iron solution, 0.8 mL of a magnesium solution
(160g/L of MgSO4 ·7H2O), 0.4 mL of a calcium solution (240 g/L of CaCl2 ·H2O). The
trace elements solution contained per litre of mili-Q water: 19.11 g EDTA (=titriph..),
0.43 g ZnSO4 ·7H2O, 0.24 g CoCl2 ·6H2O, 1.0 g MnCl2 ·4H2O, 0.25 g CuSO4 ·5H2O, 0.22
g (NH4)6Mo7O24 ·4H2O (=1.25 mM Mo), 0.20 g NiCl2 ·6H2O, 0.09 g NaSeO3, 0.014 g
H3BO3, 0.054 g Na2WO4 ·2H2O. The solution was adjust to pH 6 with solid NaOH and
kept in the fridge. The iron solution contained per L of mili-Q water 9.14 g FeSO4 ·7H2O
and 6.37 g EDTA.

Calculations
Biomass concentration in the MBR (in gVSS/L) was correlated to OD660 by means
of a dilution series (Figure 5.6). This correlation was used to estimate the biomass
concentration in each batch test. The volumetric nitrogen conversion rates during batch
tests were determined by fitting a regression line to the measured concentrations of the
desired nitrogen compound in each duplicate. The average and standard deviation of
the volumetric conversion rates were obtained from duplicates. The biomass specific
conversion rate was subsequently calculated by dividing the volumetric conversion rate
by the biomass concentration. Error propagation was used to obtain the error of the
specific rate.

Physicochemical measurements
Ammonium, nitrite, and nitrate were measured using the ThermoFisher Scientific
Gallery Automated Photometric Analyzer (Thermos Fisher Scientific, Waltham, USA).
The nitrate measuring method available was measuring TON (Total Oxidized Nitrogen)
and subtracting the measured nitrite. Due to interference of hydroxylamine on the
nitrate determination when using this method, nitrate was measured when required
with a commercially available Hach Lange kit.

Hydroxylamine was measured spectrophotometrically according to Frear and Burrell
[117] and pre-treatment of the samples with sulfamic acid solution 0.1g/L was used to
avoid reaction of hydroxylamine with nitrite as described [58]. Accordingly, 1 mL of

https://doi.org/10.1016/j.watres.2020.116188
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0.05M phosphate buffer, 1 mL of sample (diluted, if applicable), 0.8 mL of demineralised
water, 0.2 mL of a 12wt% tricholoroacetic acid solution, and 1 mL of a 1% 8-quinolinol
solution in ethanol were added to a 15x125 mm Pyrex tube. After mixing, 1 mL of a
1M Na2CO3 solution was also added. This was again shaken vigorously, before placing
the tubes in a water bath (100◦C) for 1 minute. After 15 minutes cooling at RT, the
absorbance of the solution was measured in 1 cm cuvettes at 705 nm with the Novaspec
III Amersham Biosciences. A blank for the measurement was prepared by substituting
the 1 mL sample with demineralised water. The effect of sulfamic acid on the absorption
was determined to be under the detection limit.

Hydrazine was measured spectrophotometrically (range 3-30µM) following the
procedure of Watt and Crisp (Watt and Chrisp 1952) . Briefly, to 750 µL of sample and
200 µL of sulfamic acid solution (diluted, if applicable), 105.6 µL of a reagent solution
was added (0.4 g para-dimethylaminobenzaldehyde dissolved in 20 mL ethanol and 2
mL concentrated hydrochloric acid). After colour development of at least 15 minutes,
the absorbance of the solution was measured in 1 cm cuvettes at 458 nm with the
Novaspec III Amersham Biosciences. A blank for the measurement was prepared by
substituting the sample for demineralised water. Nitrite interfered the measurement
(Figure 5.6), thus sulfamic acid (0.1g/L) was added to the samples. Since the used
hydrazine calibration did not take into account the addition of sulfamic acid, the
absorption of sulfamic acid (diluted, if applicable) was subtracted from the measured
absorbance of the samples.

Dry weight (TSS) and volatile suspended solids (VSS) were determined according to
standard methods [171].

Biomass correlation with OD660nm
25mL aliquots of cell suspension from the 10L MBR reactor were used to perform the
correlation. Dilutions of the cell suspension with demineralized water were used to
decrease the optical density of the culture. Absorbance was measured to determine
the optical density of the cell suspension (at a wavelength of 660nm, OD660nm), before
preforming the dry weight and volatile suspended solids determination.
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Figure 5.6: Calibration curve used for the batch test to find the correlation between the biomass concentration
and the absorbance (at a wavelength of 660 nm). Linear regression resulted in y=0.232x-0.005 with an r2 =
0.899. Where x refers to absorbance at 660nm and y biomass concentration in gVSS/L. The slope had a standard
error of 0.021 gVSS/L/absorbance and the intercept and error of 0.013 gVSS/L.
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Nitrite interference on hydrazine measurement

Nitrite concentration added (mg-N/L)

M
e

a
s
u
re

d
 N

2
H

4
 c

o
n
c
e

n
tr

a
ti
o

n
 (

m
g
-N

/L
)

0.0

0.1

0.2

0.3

0.4
N2H4 + SA 

+ N2H4 

- N2H4 

0 10 20

Figure 5.7: Effect of nitrite to measured hydrazine concentrations targeted to be 0.28 mg-N/L. Black bars
represent hydrazine with sulfamic acid, light grey hydrazine and dark grey without hydrazine.

Thermodynamics analysis of batch tests

Example of half reaction derivation

Electron donor and electron acceptor half reactions are defined by first determining
the oxidized form of the electron donor half reaction (D) and the reduced form of the
electron acceptor half reaction (A). For example, for the hydrazine production reaction
(reaction 3) in hydroxylamine disproportionation (see below), hydroxylamine is defined
as electron acceptor and ammonium as electron donor.
NH4

+ + NH2OH −−→ N2H4 + H2O + H+

First, the elemental balance of the central atom, in this case nitrogen is closed, using
hydrazine as product:
(A)NH2OH −−→ 0.5N2H4

(D)NH4
+ −−→ 0.5N2 H4

Then, the oxygen balance is closed using water. In the case of the donor reaction, no
oxygen is involved:
(A)NH2OH −−→ 0.5N2H4 + H2 O
(D)NH4

+ −−→ 0.5N2H4

Next, the hydrogen balance is closed by adding protons:
(A)NH2OH + H+ −−→ 0.5N2H4 + H2 O
(D)NH4

+ −−→ 0.5N2H4 + 2H+

Finally, the charge balance is closed using electrons:
(A)NH2OH + H+ + e – −−→ 0.5N2H4 + H2O
(D)NH4

+ −−→ 0.5N2H4 + 2H+ + e –

The hydrazine production reaction can be obtained by balancing the electrons of the
donor and acceptor reaction.
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General thermodynamics calculations

Standard (1 M, 1 atm) Gibbs free energy change of a reaction (∆G◦
R ) can be calculated

from the standard Gibbs energy of formation (G◦
f ,i ) of the substrates and products of

the reaction as in Equation (5.4). Values used of for each compound can be found
in Table 5.4. For hydroxylamine the G◦

f value used was -23.4kJ/mol, if not stated

otherwise. Correction by the actual environmental activities for an arbitrary reaction
as in Equation (5.5) can be applied using Equation (5.6) to calculate the actual Gibbs
free energy change of the reaction (∆G1

R ) in kJ/mol. Where R is the gas constant in
8.31·10−3 kJ K−1mol−1 , T the temperature in Kelvin degrees, a refers to the activity of the
indicated compound of a reaction R (Equation (5.5)) (with S1, S2, P1 or P2, where S refer
to substrates and P the products in mol/L) and YR refers to the stochiometric coefficient
of the corresponding compound S or P [157].

∆G0
R =

n∑
i=1

Y R
i ·G◦

f ,i (5.4)

S1 +S2 → P1 +P2 (5.5)

∆G1
R =∆G◦

R +RT l n
a

Y R
P1

P1 ·a
Y R

P2
P2

a
Y R

S1
S1 ·a

Y R
S2

S2

(5.6)

Table 5.4: Standard Gibbs energy of formation (G◦
f ) of the compounds.

Compound Chemical formula G◦
f (kJ/mol) Reference

Hydroxylamine NH2OH -23.4, -43, 221 [96, 172, 63]
Nitric oxide NO 86.6 [173]
Hydrazine N2H4 127.8 [96]

Ammonium NH4
+ -79.4 [173]

Dinitrogen gas N2 0 [173])
Water H2O -237.2 [173]
Proton H+ 0 ([173]

Electron e – 0 [173]

Approach and assumptions

The actual Gibbs energy change of each reaction in Table 5.2 was calculated over time
and corrected with the measured concentration of each compound during the batch
test. Batch conditions were set to a temperature of 30◦C and pH 8. N2 dissolved
concentration was assumed equal to the difference of total nitrogen in the start of the
batch test and the total nitrogen measured at each time point. Thus, it was assumed that
all the missing nitrogen was being converted to dinitrogen and was kept in the liquid
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phase. This was assumed for simplification and it was checked than 10 times more or
less N2 concentration in the liquid phase was not impacting the overall conclusions.
NO concentration was set to 1·10−12 M, assuming that as intermediate the actual
concentrations is low and water concentration was set to 1M.

Model for kinetic parameter estimation

Stoichiometric matrix and reaction rates

Table 5.5: Stoichiometric matrix. Anammox stoichiometry was selected based on the experimental results of
Table 5.7. Nitrate was not included in the model except for the anammox controls.

Process (j) Compound (i) NH2OH N2H4 NH4
+ N2 NO2

− NO3
−

1 Hydrazine formation -1 1 -1
2 Hydrazine oxidation -2 -1 2 1
3 Hydrazine disproportionation -1 4/3 1/3
4 Anammox activity -1 0.986 -1.1 0.24

Units mM mM mM mM mM mM

Table 5.6: Process rates

j Process Process rate Reference

1 Hydrazine formation k1 · CN H2OH

CN H2OH+K1,N H2OH
·

CN H+
4

CN H4+K1,N H+
4

·Cx Adapted from [96]

2 Hydrazine oxidation k2 · CN H2OH

CN H2OH+K2,N H2OH
· CN2 H4

CN 2H4+K2,N2 H4
·Cx [96]

3 Hydrazine disproportionation k3 · CN2 H4
CN2 H4+K3,N2 H4

·Cx [96]

4 Anammox activity k4 ·
CNO−

2
CNO−

2
+K4,NO−

2
·

CN H+
4

CN H+
4
+K4,N H+

4

·Cx Adapted from [174]

Model approach

Kinetic parameters were obtained sequentially from less to more complex (in terms of
externally provided substrates) batch tests. Different objective functions were tested for
each set of optimization procedures to determine if the set of parameters obtained (the
solution) was independent of the objective function used. The model was implemented
in Matlab R2018b to optimize the parameters selected by minimizing the sum of
the square errors between the experimental data and the model (or a variant of this
method, see below Equation (5.7) to Equation (5.10)). To assess if the parameters were
independent of the objective function, four different objective functions were used to
minimize the error. If the parameters were different depending on the objective function
used, Equation (5.7) was used with the resulting modelled data and experimental data
to assess and select the parameters leading to less error (see Figure 5.8).

l∑
k=1

m∑
j=1

n∑
i=1

(Ck, j ,i ,exper i ment al −Ck, j ,i ,model )2 (5.7)
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l∑
k=1

m∑
j=1

n∑
i=1

(Ck, j ,i ,exper i ment al −Ck, j ,i ,model )2

¯Ck, j ,exper i ment al
(5.8)

l∑
k=1

m∑
j=1

n∑
i=1

(Ck, j ,i ,exper i ment al −Ck, j ,i ,model )2

max(Ck, j ,exper i ment al )
(5.9)

l∑
k=1

1

max(Ck, j ,exper i ment al )

m∑
j=1

n∑
i=1

(Ck, j ,i ,exper i ment al −Ck, j ,n,model )2 (5.10)

Where C refers to the nitrogen compound concentration (mg-N/L) either
determined experimentally or with the model. Subscripts l and k refer to the number
of nitrogen compounds, m and j to number of tests used in each optimization and
n and i to the number of data points of each compound. Initial values used for the
optimization were 3 mM/gVSS/h, 0.01 mM, 0.01 mM, 1 mM/gVSS/h, 0.01 mM, 0.1 mM,
0.01 mM/gVSS/h, 3mM, 3mM/gVSS/h, 1 mM, 0.01 mM for k1, K1,NH2OH, K1,NH4

+ , k2,
K2,NH2OH, K2,N2H4 , k3, K3,N2H4 , k4, K4,NO2

- , and K4,NH4
+ , respectively. For those parameters

that were independent of the objective function used, selection of the initial value did
not impact the final solution.

The approach to obtain the parameter sets is summarized in Figure 5.8 and explained
in the following paragraphs:

1. Batch tests with N2H4 as substrate (Test 7 in Table 5.1) were used to obtain k3 and
K3,N2H4 .

2. Anammox positive controls with NO2
−and NH4

+ as substrates (Test 1 in Table 5.1))
were used to obtain parameters k4, K4,NO2

- , K4,NH4
+ , of reaction 4

3. Batch tests with NH2OH as substrate (Tests 2 to 5 in Table 5.1)) were used to
obtain parameters k1, K1,NH2OH, K1,NH4

+ , k2, K2,NH2OH, K2,N2H4 from reactions 1
and 2 in Table 5.6. Parameters from previous optimization (point 1) ) were used
for reaction 3. As resulting parameters from the optimization depended on the
objective function used (see Figure 5.18B), all parameters set were used and tested
in further optimizations.

4. Parameters obtained previously (see points 1, 2 and 3) were used in tests with
NO2

− , NH4
+ and NH2OH as substrate (Test 10 to 12 in Table 5.1)) without any

optimization. As nitrite consumption was not being able to be described with the
current parameters (Figure 5.20A), the impact of hydroxylamine on parameters
of reaction 4 was investigated. Batch tests were split in two (Figure 5.20) and
different approaches were followed depending on the presence or absence of
hydroxylamine:

• Hydroxylamine present - data points where hydroxylamine was still present
were used to optimize k4, K4,NO2

- , K4,NH4
+ , of reaction 4, with the rest of

parameters already obtained from points a and b (see results in Table 5.3)).
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Different sets obtained in point c for constant of reactions 1 and 2 were
tested, and the combination of parameters leading to less sum of squared
error was presented in Table 5.3 and used for Figure 5.17C, Figure 5.18C, and
Figure 5.19B.

• Hydroxylamine absent - no optimization was performed and parameters
from points a to c were used.

a) N2H4 tests k3 and K3,N2H4

Tests
Parameters 

optimized
Outcome

A single solution

b) AMX control tests k4, K4,NO2-, K4,NH4+ A single solution

c) NH2OH tests
k1, K1,NH2OH, K1,NH4+, k2, 

K2,NH2OH, K2,N2H4 

Multiple solutions

d) AMX + NH2OH 

tests

None Not able to represent nitrite consumption

k4, K4,NO2-, K4,NH4+ when 

NH2OH was present. No 

optimization was performed 

when there was no NH2OH.

Multiple solutions depending on the parameter set 

selected for reaction 1 and 2. The combination of 

parameters leading to less error was selected.

Figure 5.8: Graphical summary of the procedure used during the step wise optimization to obtain the values
of the reactions parameters.

LONG TERM STUDY - CONTINUOUS HYDROXYLAMINE ADDITION

Reactor configuration

Filtered effluent Sparger

Ar-CO2 95-5%
Effluent

Sensor level

pH sensor

Stirrer

External jacket for 

temperature control

pH control

Base

Membrane

Water level

Mineral 
medium,

NH4
+ & NO2

-

NH2OH

Figure 5.9: Reactor configuration. Medium was continuously fed, the reactor volume was kept constant by
means of a sensor level that activates a pump, which filters the reactor content through a membrane. Solid
retention time was set with a second pump that withdraws part of the reactor content.



5.5. SUPPLEMENTARY INFORMATION

5

89

Calculations

Mass balances during continuous operation in the 1L MBR system for any soluble
nitrogen compound can be derived as in Equation (5.11).

Vr
dCN

d t
=Q1 · (C out

N −C i n
N )+Q2 · (C out

N −C i n
N )+ rN ·Vr (5.11)

where Q1 (L/d) refers to the mineral medium containing nutrients, nitrite and
ammonium and Q2 (L/d) to the mineral medium containing hydroxylamine. Q2 was
zero during Phase I. During Phase II Q1 and Q2 were equal, and their sum was equal
to the total Q1 added in Phase I. CN (mg-N/L) refers to the concentration of the
desired nitrogen compound. Superscripts in or out refer to the concentration in the
influent or effluent, respectively. rN (mg-N/L/d) refers to the volumetric rate of the
nitrogen compound N. Vr (L) refers to the reactor working volume. t (d) refers to
time. Assuming that the accumulation term can be estimated as a difference quotient
(increment between two consecutive days measurements). Production or consumption
rates of any liquid nitrogen compound can be calculated using Equation (5.12).

rN = {Q1 · (C out
N −C i n

N )+Q2 · (C out
N −C i n

N )}

Vr
+ ∆CN

∆t
(5.12)

To estimate the N2 production rate, it was assumed that all the missing nitrogen was
being converted to dinitrogen gas using Equation (5.13).

rN2 =
{Q1 · (Tot al out

N −Tot al i n
N )+Q2 · (Tot al out

N −Tot al i n
N )}

Vr
+ ∆CN

∆t
(5.13)

The ratio of nitrate produced per ammonium consumed with and without
hydroxylamine was analyzed statistically using Sigma-Plot. As the two data sets to
compare did not have equal variance, a Mann-Whitney Rank Sum Test Statistical
analysis was applied. Obtaining that the difference in the median values between the
two groups is greater than would be expected by chance. Thus, there was a statistically
significant difference (P≤0.001).

Biomass correlation with OD660nm obtained during the continuous operation

Optical density was measured daily in the 1L MBR. VSS and TSS were measured
occasionally, as at least 50mL (5% of the reactor content) are needed for each
measurement to have duplicates and enough sensitivity in the measurement . A
correlation between the biomass concentration (measured as volatile suspended solids
per liter, gVSS/L) and the optical density measured at a wavelength of 660nm throughout
the reactor operation was used for the estimation of the daily biomass concentration in
gVSS/L.
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Figure 5.10: Calibration curve used for the batch test to find the correlation between the biomass concentration
and the absorbance (at a wavelength of 660 nm). Linear regression resulted in y=0.331x-0.01 with an r2 = 0.760.
Where x refers to absorbance at 660nm and y to biomass concentration in gVSS/L. The slope had a standard
error of 0.070gVSS/L/absorbance and the intercept and error of 0.082 gVSS/L.

16S rRNA data
DNA of the selected samples was extracted for analysis using the DNeasy UltraClean
Microbial Kit (Qiagen, The Netherlands). Approximately 250 mg wet biomass was treated
with 5 minutes of heat (65◦C) followed by 5 minutes of bead-beating for cell disruption
on a Mini-Beadbeater-24 (Biospec, U.S.A.). After extraction, the DNA was checked for
quality by gel electrophorese and quantified using a Qubit 4 (Thermo Fisher Scientific,
U.S.A.).

After quality control, samples were send to Novogene Ltd. (Hongkong, China) for
amplicon sequencing of the V4 region of the 16S-rRNA gene (position 515-806) on a
Illumina paired-end platform. After sequencing, the raw read were quality filtered,
chimeric sequences were removed and OTUs were generated on the base of 97% identity.
Subsequently microbial community analysis was performed by Novogene using Mothur
& Qiime software (V1.7.0). For phylogenetical determination the most recent SSURef
database from SILVA (http://www.arb-silva.de/) was used.

5.5.2. RESULTS

SHORT TERM STUDY - BATCH TESTS

Hydrazine dynamics with hydroxylamine as substrate
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Figure 5.11: Batch tests dynamics with hydroxylamine as substrate: A) Batch test 3 in Table 5.1, B) Batch test 4
in Table1, C) Extended batch test 4 with a sample taken after 24h of the test.

http://www.arb-silva.de/
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Batch tests positive and negative controls
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Figure 5.12: Batch tests dynamics with anammox biomass: A) Anammox activity, B) Dynamics with hydrazine
and hydroxylamine, C) Negative control with boiled biomass, D) Control of activity with only nitrite as
substrate, E) Negative control with boiled biomass with hydrazine and hydroxylamine, F) Nitrite and
hydroxylamine as substrate (Figure 5.2C with different x-axis) Note that axes might differ between graphs.
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Thermodynamic analysis of batch tests

Hydroxylamine disproportionation thermodynamics

A B C

D E F

G H

Figure 5.13: Example of thermodynamics analysis results of the reactions involved in hydroxylamine
disproportionation in anammox during a batch test (Test 2, Table 5.1). A) Batch tests nitrogen
concentrations,B) Hydroxylamine reaction to form hydrazine (Reaction 1, Table 5.2), C)Ammonium reaction
to form hydrazine (Reaction 2, Table 5.2), D) Hydrazine production from hydroxylamine and ammonium
(Reaction 3, Table 5.2), E) Hydroxylamine reaction to ammonium (Reaction 4, Table 5.2), F) Hydrazine to
dinitrogen gas (Reaction 5, Table 5.2), G) Hydroxylamine and hydrazine to ammonium and dinitrogen gas
(Reaction 6, Table 5.2), H) Overall hydroxylamine disproportionation (Reaction 7, Table 5.2). Note that y-axes
scale differs between graphs.
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Hydrazine disproportionation thermodynamics

A B

C D

Figure 5.14: Thermodynamics of reactions involved in hydrazine disproportionation in batch tests with
hydroxylamine as substrate (Test 2 of Table 5.1): A) Batch tests nitrogen concentrations, B) Hydrazine
conversion to ammonium (Reaction 8, Table 5.2), C) Hydrazine conversion to dinitrogen gas (Reaction 9,
Table 5.2), D) Hydrazine disproportionation (Reaction 10, Table 5.2).

Studying the feasibility of NO as intermediate in all reactions involving

hydroxylamine.

When hydroxylamine is involved in nitrogen conversions the question if NO is the follow
up intermediate always arises. For instance, in ammonium oxidizing bacteria (AOB)
the first step of ammonium conversion to hydroxylamine is catalyzed by an ammonium
monooxygenase. The subsequent step of hydroxylamine oxidation to nitrite was always
thought to be a single reaction catalyzed by a hydroxylamine oxidoreductase enzyme
[1]. However, the recent work of Caranto and coworkers [27] proposed that this second
step is actually a two step process, where hydroxylamine is first transformed to NO,
and NO subsequently oxidized to nitrite. A similar discussion applies to the central
metabolism of anammox: is nitrite transformed to NO? Is hydroxylamine involved in
any of the intermediate steps? What is for sure known is that anammox is able to use
hydroxylamine [9, 90, 11]. The mechanisms and reactions involved in hydroxylamine
transformation are not fully clear as the putative involvement of NO as intermediate is
still a question [90]. For instance all the reactions proposed by van de Star [96], can also
occur via NO. For example, hydroxylamine disproportionation occurs via a hydrazine
production reaction followed by hydrazine consumption reaction (reaction 1 to 7 in
Table 5.2). Hydroxylamine is involved in both reactions (reactions 3 and 6 in Table 5.2).
Thus, it can be argued that hydroxylamine conversion in any of these reactions can occur
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via NO (reactions 12 to 16 in Table 5.2). The putative thermodynamics of the occurrence
of these reactions during the batch test were analyzed (Figure 5.14).

From all reactions analyzed, most of them were thermodynamically favourable at
the conditions of the batch tests, even if the standard Gibbs energy change (∆G◦

R ) of
hydroxylamine conversion to NO at standard conditions was positive (see Table 5.2). The
actual Gibbs energy change (∆G1

R ) was close to equilibrium for the transformation of NO
to hydrazine (Figure 5.14B, reaction 12 in Table 5.2). Thus, batch conditions will have a
strong impact on the thermodynamic equilibrium.

Consequently, hydroxylamine transformation via NO would mean having two
reactions close to the equilibrium: i) hydrazine production in hydroxylamine
disproportionation (reaction 3, Table 5.2), and ii) the transformation of NO to hydrazine
if hydroxylamine is transformed via NO (reaction 12, in Table 5.2). See further discussion
in the main manuscript.

A B C D

E F G

Figure 5.15: Anammox batch tests with hydroxylamine as substrate (Test 2, Table 5.1). Thermodynamics
analysis of the occurrence of hydroxylamine transformation via NO. A) Batch tests nitrogen concentrations, B)
NO to hydrazine (Reaction 12, Table 5.2), C) Hydroxylamine to NO (Reaction 13, Table 5.2), D) Hydroxylamine
to hydrazine (Reaction 14, Table 5.2) , E) NO to ammonium (Reaction 15, Table 5.2), F) Hydroxylamine to NO
(Reaction 16, Table 5.2), G) Hydroxylamine to ammonium (Reaction 17, Table 5.2).

Impact of batch test conditions on the hydrazine formation reaction

Batch test conditions, either concentration of a nitrogen compound, temperature or pH
was changed within a desired range to assess what was the impact on the actual free
energy Gibbs of hydrazine formation (reaction 3 in Table 5.2). The rest of the variables
were kept at pH 8, 30◦C, concentration of 20 mg-N-NH4

+/L, 5 mg-N-NH2OH/L and 1
mg-N-N2H4/L.
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A B C

D E

Figure 5.16: Impact of batch tests conditions on actual Gibbs energy change of reaction of hydrazine
production during hydroxylamine disproportionation: A) Effect of hydroxylamine concentration, B) Effect of
ammonium concentration, C) Effect of hydrazine concentration, D) Impact of temperature, E) Impact of pH.

Selection of free energy Gibbs of formation value of hydroxylamine strongly

impacts hydrazine production reaction

In literature there are several references for the energy Gibbs of formation of
hydroxylamine that strongly differ from each other. Just as examples: i) -43 kJ/mol used
by Poughon [172], ii) -23.4 kJ/mol by van der Star [96] o iii) 221 kJ/mol used by Harper
[63]. Furthermore, to our knowledge, the value has not been determined experimentally
but rather estimated by different methods. Thus, the impact of the selection of the
hydroxylamine free Gibbs energy of formation value was studied (Figure 5.15) on the
close to equilibrium reaction involving hydrazine formation (reaction 3 in Table 5.2).
The more negative the G◦

f value of hydroxylamine was, the closer to the equilibrium was

the formation of hydrazine. Thus, the thermodynamic analysis is strongly influenced by
the correct determination of this value, which has not been determined experimentally
yet, to our knowledge.

Figure 5.17: Impact of energy Gibbs of formation of hydroxylamine selection of the thermodynamics of
hydrazine production reaction in an anammox batch tests with hydroxylamine as substrate (Test 2).
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Model for kinetic parameter estimation -batch tests
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Figure 5.18: Sum of squared errors (SSE) of the model and experimental data depending on the objective
function used. Each bar corresponds to the SSE of each nitrogen compound curve in all the tests used in
the optimization or the total error of the estimate using the parameters obtained during the optimization
with different objective functions. Parameters were estimated with batches provided with different substrates:
A) Hydrazine as substrate (m=2), B) Hydroxylamine as substrate (m=6), C) AMX (anammox) substrates, so
ammonium and nitrite, together with hydroxylamine (m=6) , D) AMX (anammox) controls with only nitrite and
ammonium as substrates (m=4). SSE, weights, mean and ponderated as type of objective functions refers to
the usage of of Equation (5.7) to Equation (5.10), respectively, for the optimization of the selected parameters.
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Figure 5.19: Parameters values obtained using different objective functions. Affinity constants (K) in mM and
rate constants (k) in mM/gVSS/h. SSE, weights, mean and ponderated as type of objective functions refers to
the usage of Equation (5.7) to Equation (5.10), respectively, for the optimization of the selected parameters.
Parameters were estimated with batches provided with different substrates: A) Hydrazine as substrate (m=2),
B) Hydroxylamine as substrate (m=6), C) AMX (anammox) substrates, so ammonium and nitrite, together with
hydroxylamine (m=6), D) AMX (anammox) controls with only nitrite and ammonium as substrates (m=4).
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Figure 5.20: Example of modelling results with results from one duplicate of Test 12 from Table 5.1. Nitrite,
ammonium and hydroxylamine were used as substrates. A) No optimization was performed and parameters
obtained in previous steps were used, B) Parameters k4, K4,NO2

- and K4,NH4
+ were optimized with the data

points where hydroxylamine was present (left part of the dashed black vertical line), whereas in the absence
of hydroxylamine (right part of the dashed vertical line) parameters from the previous optimization steps was
used.

A) B)

Figure 5.21: Batch test with hydroxylamine as substrate dynamics and mathematical simulation results. A)
Nitrogen compounds concentrations, symbols represent experimental data points of one replicate of Test 2 in
Table 5.1 and lines the mathematical model with the parameters of Table 5.3, B) Simulated rates during the
batch tests of reaction 3, 6 and 10 of Table 5.2.
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5.5.3. LONG TERM STUDY - CONTINUOUS HYDROXYLAMINE ADDITION

REACTOR DYNAMICS
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Figure 5.22: Reactor operation dynamics. Grey area indicates time were hydroxylamine feeding was
performed. A) Load and biomass OD660nm absorbance, B) Production and consumption rates, C) Effluent
nitrogen concentrations.
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ABSTRACT

Hydroxylamine is a nitrogen intermediate of ammonium oxidizing bacteria (AOB)
that can transiently accumulate during nitrification. The impact of hydroxylamine
on aerobic ammonium oxidation is still obscure. In the present study the short
and long term impact of hydroxylamine on partial nitritation granular sludge was
investigated. Dissolved oxygen was the governing factor determining the hydroxylamine
impact in short term studies with continuous hydroxylamine feeding. Continuous
short term hydroxylamine feeding together with low dissolved oxygen resulted in higher
hydroxylamine accumulation, higher N2O production and decreased or maintained
ammonium consumption. Instead, high dissolved oxygen reduced hydroxylamine
accumulation and N2O production and increased ammonium consumption. Long
term continuous hydroxylamine feeding reduced ammonium consumption rate while
the constant nitrite production rate indicated that dosed hydroxylamine was mainly
transformed to nitrite. This indicates that hydroxylamine was preferred over ammonium
as substrate. Nitrosomonas sp. was shown to be predominant during continuous
hydroxylamine feeding while side community shifted.
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6.1. INTRODUCTION

A EROBIC ammonium oxidizing bacteria (AOB) have been studied for over a
century. These autotrophic organisms are able to transform ammonium to nitrite

aerobically. Hydroxylamine was postulated as intermediate in ammonium oxidation
by Lees and coworkers [1]. Thus, according to the current AOB central nitrogen
metabolism ammonium is transformed to hydroxylamine by the enzyme ammonium
monooxygenase (AMO) (see Equation (6.1)). The transformation of ammonium by AMO
requires oxygen and two electrons. Then produced hydroxylamine is subsequently
transformed to nitrite (see Equation (6.2)) by hydroxylamine oxidoreductase (HAO). It
has also been proposed that HAO only catalyses the transformation of hydroxylamine
to NO (see Equation (6.3)), while NO is further transformed to NO2

– chemically or by
a yet unidentified enzyme (Equation (6.4)) [27, 55]. Independently of the intermediate
steps, the conversion of hydroxylamine to nitrite results in 4 electron being produced. It
is generally accepted that two of these electrons are funnelled back to HAO, while two
are dedicated to energy generation within the terminal electron acceptor [131, 105, 22].
Where, oxygen generally acts as terminal electron acceptor Equation (6.5).

NH3 +O2 +2H++2e− −−→ NH2OH+H2O (6.1)

NH2OH+H2O −−→ NO2
−+5H++4e− (6.2)

NH2OH −−→ NO+3H++3e− (6.3)

NO+H2O −−→ NO2
−+2H++1e− (6.4)

0.5O2 +2H++2e− −−→ H2O (6.5)

Two N2O production pathways have been described in AOB. When there is not
sufficient terminal electron acceptor (anoxic conditions), nitrite or hydroxylamine can
act as terminal electron acceptor while generating N2O. The use of nitrite as electron
acceptor is the so called nitrifier denitrification pathway [22]. The anoxic conversion
of hydroxylamine to N2O has been recently proposed to be mediated by the cytP460 of
HAO [57]. Contrarily, the hydroxylamine oxidation pathway producing N2O is generally
associated to high oxygen concentrations leading to hydroxylamine partial oxidation to
NO or N2O [146, 21]. Hydroxylamine is seldom measured or experimentally evaluated
in wastewater treatment related research. Only few studies have reported transient
hydroxylamine accumulation events with concentrations ranging from 0.003 up to 4.3
mg-N/L [32, 18, 58, 19, 33, 21, 31]. Generally, reported data are associated with SBR
operations [32, 33], batch tests [18, 19] or switching conditions from aerobic/anoxic
environments [21, 31]. The mechanisms leading to such transient hydroxylamine
accumulations are not fully understood.

Different studies have investigated the impact of hydroxylamine on AOB
communities, with contradictory results. For instance, Wang and co-workers
proposed the use of hydroxylamine to avoid complete nitrification (considered as
nitrite being further oxidized to nitrate by nitrite oxidizing bacteria) and achieved
a stable partial nitritation operation [47, 46]. Contrarily, Harper and co-workers
showed that hydroxylamine addition boosted ammonium consumption in the
short term, but negatively impacted conversion on the long term resulting into a
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disaggregation of microcolonies [44]. Most of these studies used a pulse like feeding
strategy of hydroxylamine, with generally high hydroxylamine concentrations. High
concentrations of hydroxylamine are not usual in natural environments and might have
caused inhibitory effects, as it is a highly reactive compound. Instead, using a limited
continuous feeding would limit the potential toxicity of hydroxylamine and would
mimic putative environmental conditions of hydroxylamine exposure due to transient
accumulation. The only study that supplied limited concentrations of hydroxylamine
was by de Bruijn et al. [42] with a planktonic chemostat culture of Nitrosomonas
europaea. In this study hydroxylamine led to a higher biomass yield as compared to
growth on ammonium only. They also observed a soluble nitrogen loss that increased
with increasing hydroxylamine load, as NO and/or N2O was formed [42].

Additionally, mathematical models developed to describe NO and N2O emissions
from nitrifying sludge included the description of the hydroxylamine oxidation by
declaring hydroxylamine concentration as state variable [144]. Most of the modelling
calibrations to determine the kinetic parameters related to hydroxylamine oxidation
were performed by fitting other measured nitrogen species, DO and/or N2O [175, 176,
129], but without direct measurements of hydroxylamine concentration. The exception
is the study by Domingo-Felez and coworkers (2017), that included hydroxylamine
concentration measured data in order to estimate the parameters of hydroxylamine
oxidation step and N2O production [177].

A more comprehensive understanding of the hydroxylamine metabolism by AOB
is needed since its metabolism has a complex kinetic regulation, impacting also the
associated N2O emissions. To further investigate the factors governing hydroxylamine
metabolism and its regulation, short term fed-batch addition of hydroxylamine at
different dissolved concentrations on a granular sludge culture performing partial
nitritation was used. Continuous addition of hydroxylamine was used to study the
long term impact on nitrogen conversions and microbial community dynamics. The
results were analysed using a simplified kinetic model that help identifying the rate
limiting steps depending on the substrate conditions and it was also used to explain the
hydroxylamine accumulation dynamics. Finally, the apparent kinetic parameters related
to the hydroxylamine oxidation were roughly estimated.

6.2. MATERIALS AND METHODS

6.2.1. REACTOR SET-UP AND OPERATION

T WO different airlift reactors were operated in this study: R1 with a 5L working volume
and R2 with a 2.6L working volume (Figure 6.9 and Figure 6.11 and Figure 6.13).

Inoculum characteristics and synthetic medium are described in SI.

The pH and the dissolved oxygen (DO) concentrations were measured using online
sensors, but they were not controlled. Airflow was controlled with a rotameter (Aalborg,
Denamark) in both R1 and R2. Airflow rate and influent rate were adjusted, when
needed, to maintain partial nitritation (see Figure 6.9, Figure 6.11A). During R2 operation
with hydroxylamine loading, air flow was maintained at 6L/h. Between days 140 and 240
of operation of R2 (Figure 6.11 and Figure 6.13), the reactor operation was maintained
but not fully characterized due to impossibility to go often to the laboratory.
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N2O was measured when needed and when possible using a Clark type sensor
(Unisense, Denmark).

Temperature was controlled with an external water jacket and subsequent external
cryostat at ca. 22◦C, when needed during R1 operation (Figure 6.9B). Temperature
in R2 was only controlled during the start-up at ca. 25◦C for ca. 100 days
(Figure 6.11B). However, during the hydroxylamine loading experiments, temperature
was not controlled but remained rather stable at ca. 22◦C (Figure 6.13B).

Periodically, samples were withdrawn from the reactor for further analysis of
dissolved nitrogen compounds concentrations, biomass concentration, average size
distribution, settling velocity tests, FISH and 16s analysis.

6.2.2. BATCH AND FED-BATCH TESTS

To assess the short term impact of hydroxylamine, a slow feeding of hydroxylamine
in ammonium oxidizing granular biomass batch tests was studied. Once ammonium
was totally consumed, a fed-batch test was performed with an ammonium pulse
and continuous limited hydroxylamine feeding. Granular sludge from two reactors
(R1 and R2, see SI for further details) performing partial nitritation was used. The
rationale behind using a continuous addition strategy for the hydroxylamine feeding
was to mimic what could happen in natural environments where hydroxylamine can
transiently accumulate in the bulk liquid [18, 19, 33, 31]. Instead of using pulse like
additions with high initial hydroxylamine concentrations, as it has been previously
done [43, 47]. The batch tests performed with biomass from R1 were performed at
different days of operation and also targeting different hydroxylamine loading rates.
Consequently, different dissolved oxygen concentrations were reached at each test
(Table 6.1). A targeted study of the DO impact was performed with biomass from R2
and in 4 consecutive days to perform batch and fed-batch tests 6 to 9 in Table 6.1. In
between experimental days the R2 biomass was aerated and left with an ammonium
pulse, to avoid as much as possible starvation. Thus, the next morning the biomass was
washed with free nitrogen medium and the procedure for the tests started.

To perform the tests 1L of R1 or R2 biomass was withdrawn from the reactor and
washed twice with nitrogen free synthetic medium. R1 biomass was resuspended in 1L
of free nitrogen medium and transferred to a 1.2L vessel to perform the batch/fed-batch
tests. The final volume of the vessel used with biomass from R2 was 0.8L, as 1L vessel was
used. A magnetic stirrer was used for agitation. Tests were performed at 25◦C controlling
the temperature with an external water bath. pH was controlled at pH 8.00±0.08 with
a pH sensor (WTW-Sentix 81), and acid (1M HCl) or base (1M NaOH) addition with a
microburete. An O2 sensor (WTW-Cellox 325) and an N2O sensor (Unisense) were used
to monitor dissolved oxygen and nitrous oxide online. Compressed air or nitrogen (when
needed) were sparged using a stone diffuser at a flow rate controlled with a mass flow
controller (Bronckhorst F201-C).

After stabilization of all online signals (DO, pH) once pH control was started, the
oxygen gas transfer coefficient (kLa) was estimated for each batch tests by stopping the
air flow (or sparging with nitrogen) followed by air sparging again (see SI). Afterwards,
the batch tests (B) were started by a pulse addition of ammonium to the targeted initial
concentrations (Table 6.1). Once the batch was finalised, the fed-batch test was started
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by combining a pulse of ammonium and fed-batch (FB) addition of hydroxylamine
at the desired load with a programable microburete. A co-metabolization (COM in
Table 6.1) test of hydroxylamine and ammonium was performed by pulse addition of
both substrates to assess putative hydroxylamine inhibition.

Liquid samples (3-4mL) were withdrawn over time, filtered and stored in the fridge
for further analysis of nitrogen compounds. For hydroxylamine determination, 1.8mL of
sample was mixed with 0.2mL of sulfamic acid at 5g/mL. Biomass concentration during
the test was analyzed at the end. See Physiochemical analysis section for further details.
Rate calculations are described in SI.

6.2.3. DETERMINATION OF HYDROXYLAMINE KINETIC PARAMETERS FROM

EXPERIMENTAL DATA
The continuous airlift reactor data was used to estimate the maximum hydroxylamine
consumption rate and the half-saturation coefficient for hydroxylamine. Residual
hydroxylamine concentration measured during the continuous reactor operation
against total AOB consumption (qN H+

4
+ qN H2OH ) was fit to a Monod equation

Equation (6.6) using Sigma Plot. Total AOB consumption was used as assumed that all
ammonium being transformed was being converted via hydroxylamine to nitrite. Thus,
contributing to the total hydroxylamine consumption rate of the system.

qN H2OH =
qmax

N H2OH ·CN H2OH

KN H2OH +CN H2OH
(6.6)

6.2.4. PHYSICOCHEMICAL ANALYSIS AND MICROBIAL COMMUNITY

ANALYSIS
Nitrogen compounds were analysed in liquid samples after filtration (0.22µm). Nitrite
and nitrate were analysed by ionic chromatography using ICS-2000 Integrated Reagent-
Free IC system (DIONEX Corporation, USA). Ammonium was measured using a gas
selective electrode (AMTAX sc, Hach Lange, Germany). When needed, ammonium,
nitrite or nitrate were measured using Hach Lange kits. Hydroxylamine was measured
spectrophotometrically after pre-treatment with sulfamic acid as in [117, 58]. Briefly,
1 mL of 0.05M phosphate buffer, 1 mL of sample (diluted, if applicable), 0.8 mL of
demineralised water, 0.2 mL of a 12wt% trichloroacetic acid solution, and 1 mL of
a 1% 8-quinolinol solution were added to Pyrex tubes. After mixing, 1 mL of a 1M
Na2CO3 solution was also added. After mixing, the tube’s content was boiled in a
water bath (100◦C) for 1 minute and cooled down for 15 minutes at room temperature.
Finally, samples absorbances were measured at 705nm. Blank was performed by
substituting the 1mL of sample for 1mL of mili-Q water. For biomass concentration
determination total suspended solids (TSS) and volatile suspended solids (VSS) were
determined according to standard methods [171]. The Sludge Volume Index (SVI) of 1L
of biomass was determined at 5 minutes and 30 minutes in a graduated cylinder. Volume
size distribution and average particle size was determined with a laser diffraction
analysis system (Malvern Mastersizer Series 2600, Malvern instruments Ltd., UK) (see
Figure 6.10, Figure 6.12 and Figure 6.14). Biomass was harvested periodically for
microbial community analysis by FISH and 16S rRNA sequencing as described in SI.
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6.3. RESULTS

6.3.1. BATCH/FED-BATCH TESTS AS A TOOL TO ASSESS THE IMPACT

OF HYDROXYLAMINE IN PARTIAL NITRITATION AEROBIC GRANULAR

SLUDGE

DISSOLVED OXYGEN REGULATES AMMONIUM AND HYDROXYLAMINE CONSUMPTION AS

WELL AS N2 O PRODUCTION

G RANULAR sludge from two different reactors was used for batch (B) tests with an
ammonium pulse followed with fed-batch (FB) tests with the same ammonium

pulse but with hydroxylamine continuous feeding (see Figure 6.1). Comparing the
ammonium consumption rate results of tests with only ammonium and the tests where
hydroxylamine was also continuously fed, the impact of a low (limiting) hydroxylamine
concentration in the medium on the ammonium uptake rate (qNH4

+ in Table 6.1) could
be assessed. Depending on the dissolved oxygen concentration during the test two
different trends where observed: i) at low DO to middle DO range (0.8 to 3.6 mg-O2/L,
being tests 1, 2, 3, 4, 7, 8 and 9 in Table 6.1), hydroxylamine dosing resulted in a slight
increase (1-5%) in the ammonium uptake rate (tests 3, 7 and 9 in Table 6.1) or a 1-
31% decrease in the ammonium uptake rate (tests 1, 2, 4 and 8 in Table 6.1). ii) At a
high DO concentration (3.6 to 5.8 mg-O2/L, test 5 and 6, in Table 6.1), the ammonium
uptake rate increased when hydroxylamine was also dosed to the system (13 and 19%
increase, respectively). Total nitrogen oxidation activity (i.e., including N-ammonium
and N-hydroxylamine) was generally increased (see Figure 6.1).

Overall, with granular sludge from both R1 and R2, DO concentration was
the variable impacting the most the metabolism of ammonium and hydroxylamine
consumption. The effect of DO concentration can be observed specially with tests
6-9 (Figure 6.1B and Table 6.1). Dissolved oxygen (DO) strongly affected ammonium
consumption rates as it ranged from ca. 30 to 93 mg-N/gVSS/h) depending on the DO.
Instead, hydroxylamine consumption rate was slightly influenced being rather constant
around 10-13 mg-N/gVSS/h (Table 6.1 and Figure 6.1B).

Interestingly, DO not only impacted consumption rates, but also hydroxylamine
accumulation and N2O emissions Figure 6.2, only when hydroxylamine was dosed
continuously during the fed-bath tests. Lower DO led to higher hydroxylamine
accumulation, as hydroxylamine accumulation went from 0.35 mg-N/L to 1.4 mg-N/L
when oxygen went down from 4.5 to 0.8 mg-O2/L (Figure 6.2A). Furthermore, lower
DO also resulted in higher N2O emissions factor. The N2O emission factor went from
1.3-3% at DO 1.8-5 mg-O2/L up to ca. 21% at DO of 0.8 mg-O2/L (Figure 6.2B) when
hydroxylamine was continuously added in the tests. Consequently, lower DO resulted in
higher hydroxylamine accumulation and higher N2O emissions.

As just mentioned, in some fed-batch tests hydroxylamine was accumulating
up to relatively high concentrations (>1 mg-N/L see Table 6.1). To specifically
investigate the effect of elevated hydroxylamine concentrations the co-metabolization
of hydroxylamine and ammonium was evaluated in tests were a pulse of both
hydroxylamine and ammonium where added after a nitrification batch test without
hydroxylamine addition. The initial hydroxylamine concentration was 7 mg-N/L,
for test 9 (see Table 6.1). Thus, hydroxylamine concentrations were higher during
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the co-metabolization experiments than those observed in the tests with continuous
hydroxylamine addition. The ammonium oxidation rate was 61 mg-N/gVSS/h during
the batch with only ammonium and 56 mg-N/gVSS/h when hydroxylamine and
ammonium were both present.

Summarising, at low DO hydroxylamine addition resulted in decreased or slightly
increased ammonium consumption rate, hydroxylamine accumulation and N2O
production, whereas at high DO, hydroxylamine addition increased ammonium
consumption with less hydroxylamine accumulating and less N2O produced (Figure 6.1
and Figure 6.2).
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Figure 6.1: Tests results performed with biomass from either inoculation period 1 (R1) or 2 (R2) followed by
the number that corresponds with test conditions in Table 1. All respirometer tests consisted of an initial
batch test (B) with only ammonium followed by a fed-batch (FB) with ammonium batch addition combined
with hydroxylamine fed-batch. A) Comparison of all tests performed batch and fed-batch ammonium
oxidation activity specific activity (qAOB ), it is the addition of ammonium oxidation specific activity (qN H+

4
)

and hydroxylamine oxidation specific activity (qN H2OH ) sorted by increasing conditions of oxygen. B)
Comparison of batch and fed-batch tests performed with biomass from R2, sorted by increasing dissolved
oxygen concentrations. Notice that between the same batch and fed-batch test, slight oxygen decrease might
occur in the second test. Thus, the order of increased DO is based on the batch tests.
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Figure 6.2: Nitrification tests with ammonium present and continuous hydroxylamine feeding with granular
sludge (biomass from reactor R2). Impact of dissolved concentration on: A) Maximum accumulated
hydroxylamine concentration (total amount added was between 7.4 to 3.5 mg-N/L, depending on the duration
of the test) and B) N2O emissions as percentage of ammonium conversion.

6.3.2. LONG TERM IMPACT OF HYDROXYLAMINE FEEDING TO A

CONTINUOUS FLOW PARTIAL NITRITATION REACTOR

HYDROXYLAMINE IS TRANSFORMED TO NITRITE AND REDUCES AMMONIUM CONSUMPTION

A stable operating continuous flow granular sludge nitritation reactor was subjected to
adding hydroxylamine at various loading rates. The impact on the nitrogen conversion
processes and the microbial population dynamics were assessed. The hydroxylamine
load to the granular sludge airlift reactor was gradually increased during 3 operational
phases (Phase I, II and III in Figure 6.13 and Figure 6.15). The airflow was maintained
stable during the whole operation, the DO gradually increased from 3.6±0.2 mg-O2/L
without hydroxylamine addition to 4.3±0.4, 4.4±0.9 and 5.2±0.5 mg-O2/L in phase I, II
and III, respectively (see Figure 6.13B and Figure 6.15B). The pH did not vary significantly
during the operation (see Figure 6.13B and Figure 6.15C). Granule size and particle size
distribution was stable over time (Figure 6.14) as well as biomass concentration during
Phase I,II and III (see Figure 6.13C and Figure 6.15A).

Interestingly, ammonium consumption rate decreased with increasing
hydroxylamine loading rate (see Figure 6.3A). Nitrite production remained the same
with or without hydroxylamine. The decreased ammonium conversion and constant
nitrite production indicates that the hydroxylamine conversion to nitrite compensated
the decreased ammonium conversion. The stoichiometric ratio calculated from the
produced nitrite over total nitrogen consumed, including NH2OH and ammonium
consumption, was close to the theoretical value of 1 (Figure 6.3D). A maximum of
ca. 2-7% nitrogen was unaccounted in the nitrogen balance during the whole reactor
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operation, which can be due to accumulated measurement error combined with N2O
production. For instance, occasional N2O was detected in the liquid phase at the
beginning of hydroxylamine feeding during Phase I, but decreased after few hours (see
Figure 6.16A). Occasionally, N2O peaks were detected in the liquid (<1 mg-N/L), but
not in a consistent and continuous way (see Figure 6.16B). More N2O measurements
could not be performed during the rest of the phases due to technical problems with the
sensor.

A B

C D

Figure 6.3: Airlift reactor conversion rates and stoichiometric ratios for different hydroxylamine loading rates.
A) Ammonium consumption rate, B) Nitrite production rate, C) Sum of ammonium and hydroxylamine
consumption rate, D) Stoichiometric ratio of nitrogen produced over nitrogen consumed taking into
hydroxylamine consumption.

MICROBIAL COMMUNITY DYNAMICS

The microbial population dynamics during the airlift reactor operation without and
with hydroxylamine feeding was investigated using FISH and 16S rRNA sequencing.
FISH performed with pottered biomass indicated that the majority of the population
was formed by AOB. Over time, a slight increase in NOB population and a decrease of
the EUB signal was observed (Figure 6.17). When observing cryosectioned granules a
very low number of NOB could be observed (Figure 6.18). The relative abundance of
AOB Nitrosomonas sp. in the 16S rRNA analysis was stable at 42±6% of the operational
taxonomic units (OTUs) over the full operational period (see blue colored bars in
Figure 6.4). This is in agreement with the generally distributed hybridization of Nso190
probe in the FISH. Three different OTUs were identified as AOB Nitrosomonas. One of
them Nitrosomonas sp. 2 (dark blue bars in Figure 6.4) significantly increased from the
beginning of the hydroxylamine feeding from 5±2% to 13±3% in days 102-283 and days
296-332, respectively. Interestingly, no NOB OTUs were detected with 16S rRNA analysis
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contradicting partially the FISH results for pottered biomass samples.

The side population, as observed by 16S rRNA sequencing, showed a considerable
change when hydroxylamine was fed. For instance, Acidovorax went from ca. 6±1% in
the control phase up to ca. 25±3% in Phase I and II (green bar in Figure 6.4). However,
in Phase III it decreased again down to 14±2 % and the side population switched to
Unclassified microorganisms from the family Xanthomonadaceae, Thermomonas and
Brevundimonas (dark to light orange color bars in Figure 6.4).

0

10

20

30

40

50

60

70

80

90

100

R
e
la

ti
v
e
 f

re
q

u
e
n

c
y
 (

%
)

Time (day)

Others

 Pseudomonas sp

 Brevundimonas sp

 Thermomonas sp

 Thauera sp

 Unclassified

 Ideonella sp

 Dokdonella soli

 Thiobacillus sp

 Denitratisoma sp

 Unclassified

 Afipia sp

 Acidovorax sp

 Unclassified

 Nitrosomonas sp 3

 Nitrosomonas sp 2

 Nitrosomonas sp 1

Figure 6.4: Microbial relative frequency based on 16S rRNA sequencing of the predominant OTUs during
different days of the airlift reactor operation. Phase I, II and III were exposed to increasing loads of
hydroxylamine. Nitrosomonas strains are AOB.

EXPERIMENTAL ASSESSMENT OF APPARENT HYDROXYLAMINE CONSUMPTION KINETICS

In the present work, during the continuous feeding of hydroxylamine and ammonium
to the continuous flow granular sludge airlift reactor, residual hydroxylamine was
measured daily for each hydroxylamine loading rate. The total hydroxylamine
consumption by the reactor is derived from the inflow hydroxylamine as well as from
the ammonium oxidation (as hydroxylamine is an intermediate step). The apparent
half-saturation coefficient and maximum consumption rate for the granular sludge
system was estimated using curve fitting of the data to a Monod Model (Figure 6.5).
Maximum hydroxylamine consumption was estimated to be 359±16 mg-N/L/d (46 ± 22
mg-N/gVSS/h) and hydroxylamine half-saturation coefficient was estimated as 0.015±
0.006 mg-N/L.
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Figure 6.5: Estimations of kinetic parameters for ammonium oxidation by fitting Equation (6.6) to the data
from experiments with long and short term feeding of hydroxylamine: A) Effluent residual concentration
over total ammonium oxidation consumption (hydroxylamine and ammonium) during continuous long term
feeding. B) Example of results B and FB.

6.4. DISCUSSION

6.4.1. DISSOLVED OXYGEN GOVERNS HYDROXYLAMINE ACCUMULATION

AND N2O PRODUCTION

T HE DO concentration was identified as the main factor governing hydroxylamine
accumulation and N2O production in a nitrification process (Figure 6.1 and

Figure 6.2). Additionally, the ammonium consumption rate was impacted by
hydroxylamine dosage, depending on the DO concentration (Figure 6.1). In order
to be able to explain the observed impact of hydroxylamine addition on ammonium
oxidation, the kinetics and factors governing ammonium oxidation are crucial
(Figure 6.6). Four main processes are responsible for the observed ammonia
oxidation rates: 1) ammonium transformation to hydroxylamine (mediated by AMO), 2)
Hydroxylamine oxidation to nitrite (mediated by HAO), 3) the terminal electron acceptor
where electrons are funeled into oxygen by electron transport chain (E.T.C), and 4)
Nitrifier denitrification pathway for N2O production as a sink for Mred equivalents.
These processes are all linked by the reduced (Mred) or oxidized forms of the electron
carriers (Mox) (see Figure 6.6).

When both ammonium and oxygen concentrations are high, their corresponding
Monod terms will tend towards one (see rN H3 of process 1, and rO2 of process 3 in
Figure 6.6, respectively), resulting in the simplified Equation (6.7) and Equation (6.8).
The availability of Mred will depend on the hydroxylamine consumption rate (rN H2OH ).
Consequently, rN H2OH will determine the overall ammonium consumption process
velocity. In such conditions, hydroxylamine is not likely to accumulate as sufficiently
Mox should be available and hydroxylamine consumption will determine both rN H3

and rO2 by providing them with Mred. Consequently, rmax of each reaction and the
affinities for Mred will govern the rN H3 and rO2 kinetic rates (see Equation (6.7) and
Equation (6.8)).
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Figure 6.6: Schematic model of ammonium oxidation. Electron transport has been simplified by using Mred
and Mox as the reduced and oxidized forms of the electron carriers, respectively. Each Mox/Mred is able to
accept or donat 2 electrons. AMO – Ammonium monooxygenase, HAO – hydroxylamine oxidoreductase, E.T.C
– Electron transport chain. Notice that the location of the catalytic site of AMO is not fully defined. Thus, it
could also be located in the periplasm. Also as hydroxylamine oxidation can occur without ammonium, thus
two Mox equivalents might come from the E.T.C..

rN H3 = r max
N H3

· CMr ed

KMr ed ,N H3 +CMr ed
(6.7)
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rO2 = r max
O2

· CMr ed

KMr ed ,ETC +CMr ed
(6.8)

On the contrary, if ammonium concentration is high and dissolved oxygen
concentration is low, the conversion of hydroxylamine (rN H2OH from process 2 in
Figure 6.6) will be limited by the turnover of Mox, once Mred is used during ammonium
consumption or the oxygen electron consumption in the terminal electron acceptor
chain. In such conditions, the ammonium Monod term or rN H3 will not play an
important role as it will approach 1 (see rN H3 of process 1 in Figure 6.6). As oxygen
concentrations are low, oxygen affinities and maximum rates will now play an important
role and small differences in these values will determine if rN H3 or rO2 is the rate limiting
process (see Equation (6.9) and Equation (6.10)). Thus, hydroxylamine (and putatively
other intermediates) will tend to accumulate, if the Mox needed for the reaction is
not regenerated fast enough. As a strategy to avoid NH2OH (and other intermediates)
accumulation, Mred can be used to convert nitrite to N2O and generate Mox, as it does
not depend on oxygen availability.

rN H3 = r max
N H3

· CO2

KO2,N H3 +CO2

(6.9)

rO2 = r max
O2

· CO2

KO2,ETC +CO2

· CMr ed

KMr ed ,ETC +CMr ed
(6.10)

Overall, ammonium oxidation is highly regulated by the availability and turnover
of Mred and Mox. The affinities for substrates and the difference of maximum rates
between the AMO, HAO and the E.T.C corresponding reactions might impact the process
regulation (see Equation (6.6) to Equation (6.9)). Depending on the ammonium and
oxygen consumption parameters, hydroxylamine accumulation will be most likely at
high ammonium concentrations and limiting oxygen concentrations.

The kinetic explanation is in agreement with the experimental observations reported
here. For instance, in the fed-batch tests where hydroxylamine was continuously
dosed and performed at lower DO and high initial ammonium concentrations (batches
8 and 9 in Table 6.1 and Figure 6.2A) hydroxylamine accumulated the most. More
N2O was produced at lower DO concentrations (Figure 6.2B), as a strategy to use the
available Mred to generate Mox without consuming oxygen. When DO was higher,
less hydroxylamine accumulated and less N2O was produced (Figure 6.2). Overall, the
impact of DO on hydroxylamine accumulation shows that somehow the limiting step
for the process is the Mox production (either resulting from ammonium consumption
or oxygen consumption in E.T.C.).

The kinetic analysis proposed here, also easily fits with observed transient
accumulation events of hydroxylamine reported in literature (without external addition
of hydroxylamine). For instance, hydroxylamine has been transiently detected when
switching from anoxic to aerobic conditions, in planktonic chemostat cultures of
Nitrosomonas europaea [21, 149, 31]. At such conditions, the oxidized form of the
electron carriers will be limiting at the beginning of the aeration phase, limiting the
availability of Mox for hydroxylamine consumption. It makes it likely that hydroxylamine
transiently accumulates until sufficient Mox is generated. Indeed N2O peaks were
detected just after the switch from anoxic to aerobic conditions in nitrification cultures
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[21, 149, 31]. Consequently, N2O was generated at the beginning of the transition to
aerobic conditions to use the available Mred and convert it to Mox to generate sufficient
Mox for hydroxylamine conversion. Similarly, in SBR processes with mixed cultures
transient hydroxylamine production right after the start of the feeding phase has been
detected [33]. A step increase in ammonium loading rate also showed to generate
transient accumulation events in continuous systems [32, 34]. When a step-increase in
ammonium load occurs, the system will tend to be more (kinetically) oxygen limited.

Finally, when performing batch tests with only ammonium, hydroxylamine has
also been shown to accumulate [18, 19]. The initial high concentration of ammonium
allowing a fast conversion can easily lead to oxygen uptake limitations and higher levels
of Mred and accumulation of some hydroxylamine. Liu et al [18] measured higher
hydroxylamine concentration peaks with higher initial ammonium concentrations. The
higher the ammonium concentration the more likely it will be kinetically limited by
oxygen. In the same study, different hydroxylamine accumulation pattern were also
observed depending on the AOB/AOA and comammox strains used [18]. This would
fit with the high dependency of hydroxylamine accumulation on the affinities and
maximum rates of AMO and E.T.C. conversions. Thus, depending on the affinities or
maximum velocities of the different AOB/AOA/comammox strains they will be able to
maintain a sufficiently high Mox supply or reducing ammonium consumption to avoid
hydroxylamine accumulation.

In the present study, during the batches (B) with only ammonium as substrate,
no hydroxylamine accumulation was observed independent of the DO concentration
imposed. It should be highlighted that the granular structure of our sludge might
have masked putative transient accumulation of hydroxylamine in the inner parts of
the granule, where DO concentrations are much lower than in the bulk liquid. Thus,
hydroxylamine could be transformed before reaching the bulk liquid.

Overall, it should be highlighted that when having conditions with low oxygen
and high ammonium concentrations, the ammonium oxidation or the consumption of
oxygen in the electron transport chain could be limiting the hydroxylamine conversion
step. This would favour hydroxylamine accumulation, if the oxidized electron mediators
are not provided fast enough.

6.4.2. AMMONIUM CONSUMPTION IS REGULATED BASED ON

HYDROXYLAMINE AND ELECTRON DONOR AVAILABILITY

The DO concentration not only triggered hydroxylamine accumulation, but also had a
direct impact on the ammonium consumption rate. In the batch tests with continuous
hydroxylamine feeding, ammonium consumption was increased when hydroxylamine
was present at high DO (batches 5 and 6 in Figure 6.1 and Table 6.1). However, if DO was
low, ammonium consumption was maintained or slightly reduced when hydroxylamine
was fed (Figure 6.1, Table 6.1). The increase of ammonium consumption at high DO can
be explained based on the fact that hydroxylamine conversion will be less limited by Mox
(Figure 6.6). When hydroxylamine is added extra, the available Mred will increase which
can boost the ammonium consumption (see Figure 6.7A).

In previous studies, the impact of hydroxylamine was only investigated during
the so called “acceleration phase”, but never during continuous exposure. The
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“acceleration phase” is related to the delay observed on reaching the maximum
ammonium consumption capacity when adding an ammonium pulse to a nitrification
system [43, 178]. The hypothesis was that the level of reduced electron mediator was
initially limiting the ammonium oxidation [178]. Adding hydroxylamine in form of a
pulse to an aerated system, before the addition of ammonium, reduced dramatically the
acceleration phase [43]. It was hypothesised that hydroxylamine oxidation previous to
the addition of ammonium increased the level of reduced electron mediator, allowing
ammonium to proceed at maximal rate once it was added tot he system [43]. However,
our study did not focus on the initial ammonium consumption rate as in [43, 178], but
rather on the ammonium consumption rate once stable DO was reached. Our study
indicates extra hydroxylamine can increase ammonium consumption when sufficient
oxygen is available continuously.

When DO was low and hydroxylamine was provided, ammonium consumption
was either maintained, slightly increased or reduced and hydroxylamine accumulated
resulting in high N2O formation in the fed-batch tests (Figure 6.1 and Figure 6.2).
When hydroxylamine was fed continuously to the airlift reactor at different loading
rates, ammonium oxidation was also reduced and DO increased gradually, indicating
a decrease on the oxygen uptake rate (Figure 6.3A and SI). During the long term
feeding of hydroxylamine, the DO might have been rate limiting especially in the inner
parts of the granules. The conditions observed during the continuous feeding might
have been comparable to the middle DO conditions of the fed-batch test experiments:
low amounts of hydroxylamine accumulated and a low N2O production was observed
while ammonium consumption decreased with increasing hydroxylamine loading rates
(Figure 6.3A). The range of DO triggering higher ammonium consumption rates might
be impacted by other conditions. Continuous long term operation was performed at
lower pH and temperature (ca. 7.6 and 22◦C) than the batch tests (pH 8 and 30◦C).
At lower temperature and lower pH the ammonium consumption rate is decreased
[179]. Consequently, maximum ammonium consumption rate will be lower and extra
hydroxylamine dosing might have a different impact as limiting DO ranges will differ.

The reduction of ammonium consumption when hydroxylamine was provided and
DO was kinetically limiting might be explained as follows: from a kinetic point of view
other process competing for similar substrates (oxygen and Mred) are relatively faster
than ammonium consumption, resulting in the reduced ammonium oxidation rate.
Alternatively, when supplying extra hydroxylamine, more Mred is generated with higher
DO. Thus, the affinity for Mred is less critical. If DO is not sufficiently high, the extra
generated Mred is not redistributed to increase ammonium consumption. Oxygen will
then limit the turnover of Mred to Mox, not providing the Mox needed for hydroxylamine
conversion (Figure 6.7B).

Having a slightly faster oxygen consumption in the E.T.C than for ammonium
consumption when oxygen is limiting makes sense as a strategy to avoid as much as
possible intermediates accumulation (NH2OH or NO) under oxygen limiting conditions.
This is what was actually observed in the continuous airlift reactor, where ammonium
consumption was reduced and dissolved oxygen in the system increased with increasing
hydroxylamine loading rates (see Figure 6.3A and SI). It should be highlighted that even
ammonium consumption was reduced, total nitrite production was not (Figure 6.3).
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Indicating that hydroxylamine was mainly being transformed to nitrite (Figure 6.3).
With the observed increased bulk DO concentration over time, it would have been

expected for AOB to use such extra DO to consume more ammonium. However,
ammonium consumption rate was reduced. Suggesting that the E.T.C. rate was the
main rate-governing factor in the process, as if more electrons were derived from
NH2OH there was less demand to derive electrons from full ammonium oxidation
to nitrite. Consequently, reducing the ammonium consumption and also the oxygen
consumption. Overall small differences between the parameters will efficiently regulate
the whole process. As oxygen consumption during ammonium consumption needs
to be generally faster than the E.T.C, otherwise, ammonium consumption would not
take place. Understanding the coupling between each process would allow to further
understand the central nitrogen metabolism regulation.

N2O formation was detected both in the batch tests and during the continuous airlift
reactor feeding (Figure 6.2 and Figure 6.17). Specifically, higher N2O emissions were
detected during the batch tests with hydroxylamine feeding at low DO concentration
(Figure 6.2). At the conditions at which the tests were performed (pH 8 and 25◦C and low
nitritre concentrations), the abiotic reaction of hydroxylamine and free nitrous acid is
not likely [58, 64]. The traditional biochemical pathway resulting in N2O emissions when
oxygen concentration is low, is called nitrifier denitrification [146]. Nitrite is reduced to
N2O to compensate limiting amounts of oxygen as terminal electron acceptor. However,
in our experiments hydroxylamine accumulation might be more direct related to N2O
formation. Recently a biochemical route from hydroxylamine to N2O was proposed to
be mediated by cytP460 [57] in the absence of oxygen. At the low DO in granular sludge
systems the deeper layers in the granules will be deprived of oxygen. To further confirm
if either nitrite or hydroxylamine was being consumed to form N2O, 15N or/and site
preference studies will be necessary.

Overall, when oxygen is high, the hydroxylamine oxidation step is in charge on
regulating the whole AOB metabolism. At these conditions, if external hydroxylamine
is available, ammonium consumption is boosted by the extra formation of Mred. It is
interesting to realize that the ‘maximal’ ammonium oxidation rate can be increased in
the presence of external added hydroxylamine. When oxygen is limiting, the preferential
use of oxygen as terminal electron acceptor will reduce the ammonium oxidation
rate, preventing accumulation of nitrification intermediates. Indirectly, hydroxylamine
oxidation will be also regulated by the oxygen use in the E.T.C., if not sufficient Mox is
provided hydroxylamine will accumulate. Consequently, the differences between the
ammonium oxidation rate and the turnover of terminal acceptor will determine the
putative accumulation of hydroxylamine.

6.4.3. MORE HYDROXYLAMINE LIMITED CONTINUOUS FEEDING STUDIES

ARE NEEDED TO UNDERSTAND THE LONG TERM IMPACT OF

HYDROXYLAMINE ON AMMONIUM OXIDATION
In the continuous airlift reactor hydroxylamine was efficiently transformed to nitrite,
combined with a reduced ammonium oxidation. However, after ca. 3 months of
operation with hydroxylamine feeding, the reactor operation deteriorated quite quickly
(see Figure 6.13). Other indications of deterioration are the decreased EUB signal



6.4. DISCUSSION

6

119

NH4
+

NH2OH NO2
-

E.T.C

+ O2

½ O2 +

AMO

Mred Mox

Mred

NO

HAO

Mred

Mox Mred

Mox

Mox

C
y
to

p
la

s
m

(-
) 

P
e
ri
p
la

s
m

(+
)

M
e
m

b
ra

n
e

H+

H+

NADH

DH

nH+

nH+

NADH NAD+

A
NH2OH ↑O2

NH4
+

NH2OH NO2
-

E.T.C

+ O2

½ O2 +

AMO

Mred Mox

Mred

NO

HAO

Mred

Mox Mred

Mox

Mox

C
y
to

p
la

s
m

(-
) 

P
e
ri
p
la

s
m

(+
)

M
e
m

b
ra

n
e

H+

H+

NADH

DH

nH+

nH+

NADH

B
↓O2

NH2OH

NAD+

Figure 6.7: Redistribution of Mox/Mred leads to higher or lower ammonium consumption when external
hydroxylamine is provided depending on the DO available on the system: A) High dissolved oxygen
concentration, B) Low dissolved oxygen concentration.

observed with FISH over time, and the appearance of a mainly oligotrophic side-
population (Figure 6.4 and Figure 6.17 and Figure 6.18). Different possibilities might
explain this deterioration. At the working conditions (pH 7.7) hydroxylamine is mainly
unprotonated (see Figure 6.19B), thus it can diffuse over the cell membrane. This gives
an uncoupling effect and results in extra energy demand reducing the growth of bacteria.
Another possibility was that the cell could not cope with the reduced ammonium
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consumption, increased E.T.C. velocity and growth at the same time. Interestingly, the
occurrence of the oligotroph community when hydroxylamine was continuosly fed to
the reactor Figure 6.4 might indicate that they might be resistant to small hydroxylamine
concentrations (<1 mg-N/L). Still, their activity was not directly targeted in the present
work, it could be interesting to assess possible resistance and usage of hydroxylamine by
these communities.

Previous studies with hydroxylamine were mainly performed by pulse like addition
strategies [44, 49, 52, 47]. With these type of feedings a negative impact of hydroxylamine
was reported by Harper and co-workers on the long run [44], while other studies used
hydroxylamine as a strategy to promote partial nitrification over full nitrification [52, 47].

The only comparable study in terms of feeding strategies was performed by de Bruijn
and co-workers [42]. A higher growth yield was reported when feeding mixotrophically
ammonium and hydroxylamine than when feeding only with ammonium, and no
deterioration was mentioned. Thus, indicating that Nitrosomonas europaea could grow
mixotrophically with hydroxylamine. This would fit with the fact that the biomass
concentration was maintained during the different hydroxylamine feeding (Figure 6.13C
and Figure 6.15A). De Bruijn et al. also observed a bigger nitrogen imbalance [42] than
observed in the present study. Their experiments were performed with planktonic cells
and conditions (i.e 30% DO saturation, pH 8 and 30◦C)[42] that are deviating from
those in the present study (i.e. granular sludge, 22.3 ±1.2◦C, pH 7.4±0.1, DO from
3.6±0.2 to 5.2±0.5 mg-O2/L, see Figure 6.15). One putative explanation for the higher
nitrogen imbalance observed by de Bruijn et al. is that at higher pH and temperature
ammonium consumption is promoted (see Figure 6.20). Thus, if on top of that, an
intermediate like hydroxylamine is fed, it is more likely that hydroxylamine accumulates;
promoting a bigger nitrogen imbalance and the formation of N2O emissions, as seen
in the experiments of de Bruijn et al. [42]. It would be interesting to have a better
characterization of NO/N2O emissions, as due to technical problems N2O was not
followed during the whole operation with hydroxylamine.

Overall, to assess the possible long term impact of hydroxylamine feeding,
transcriptomics and proteomics will be crucial to give more insight on the impact of
hydroxylamine in nitrification. More studies will be needed with limiting hydroxylamine
feeding to reach definitive conclusions.

6.4.4. IMPORTANCE OF THE HYDROXYLAMINE OXIDATION STEP IN

MODELLING N2O EMISSIONS

The hydroxylamine accumulation and the NO or N2O production as a function of the
oxygen concentration will be very sensitive to the kinetic parameters (half-saturation
coefficient and maximum rate) governing each process step in a mathematical model.
The importance of parameter estimations in model applications is crucial for a good
model use and process understanding [180, 181]. The widely used Activated Sludge
Models (ASM) did not include intermediate processes, such as nitrite or hydroxylamine
[167]. This was justified by the main model purpose, estimating the effluent
concentrations. The concentrations of intermediates of ammonium conversion to
nitrate have a marginal impact on the nitrogen mass balance of a municipal wastewater
treatment plant. In recent years the ASM have been extended for nitrite because of
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the interest in partial nitrification/anammox process [182]. With the growing interest
in greenhouse gas emissions also other intermediates in nitrogen conversion processes
(NO and N2O) became state variables in activated sludge models [144]. Parameters
related to the hydroxylamine oxidation step in nitrification (rN H2OH in Figure 6.6), such
as hydroxylamine half-saturation coefficient (KN H2OH ) or maximum hydroxylamine
oxidation rate (r max

N H2OH , KN H2OH or r max
N H3

in d−1 or mg-N/gVSS/h depending on the
nomenclature and notation used) are usually not evaluated from dedicated experiments.
Even, more importantly, the oxygen affinity of the E.T.C. during hydroxylamine oxidation
as single substrate has rarely been determined. Hydroxylamine conversion related
parameters have usually been obtained from multivariable optimization of a large
set of parameters through ammonium, nitrite, DO and/or N2O data fitting [175,
176]. Recently, Domingo-Felez et al. [177], presented a calibration methodology
to obtain such parameters which takes into account hydroxylamine measurement
data and dedicated respirometry experiments [177]. There are hardly or no good
hydroxylamine conversion data with mixed cultures and only few experimental data
with hydroxylamine conversion by pure cultures [42, 35, 183]. Furthermore, in view
of the DO impact on ammonium and hydroxylamine oxidation rates as well as on the
N2O formation (see Figure 6.1 and Figure 6.2). Kinetic parameter determinations will be
really sensible to oxygen concentrations. For instance to be able to determine maximum
ammonium consumption rates one should be aware to avoid or reduce as much as
possible oxygen limitations. With the hydroxylamine continuous addition experiments
performed in the present study a maximum hydroxylamine conversion coefficient and
apparent affinity constant were estimated (Figure 6.5). It should be noted that the
parameters presented here are all apparent and performed with granular sludge. Thus,
they might differ depending on the biofilm type, structure and microbial composition.

Also the inclusion of NO measurements would allow for a better understanding of the
role of this other intermediate in nitrification [182, 184, 65]. NO measurements during
hydroxylamine feeding might also be of interest to see if this compound transiently
accumulates or is emitted when hydroxylamine is added.

6.4.5. IMPLICATION OF THE FINDINGS AND FUTURE CHALLENGES

In the present study the effect of DO on hydroxylamine by an AOB enriched granular
sludge biomass was studied. One important aspect that was not investigated is the
pH effect. The dissociation of nitrogen compounds has in general a strong impact
on nitrification processes [137]. Hydroxylamine is a weak base (pKa value 5.94 at
25◦C [159]) and will therefore change from NH3OH+ to NH2OH in the physiological
pH range (see Figure 6.19). In the simplified model proposed (Figure 6.6), pH
can have several effects on the different reactions involved in ammonium oxidation:
i) the equilibrium between protonated and unprotonated form of ammonium and
hydroxylamine might impact its diffusion through the membrane, ii) Frijlink et al. [35]
showed that ammonium oxidation was highly impacted by pH whereas hydroxylamine
oxidation was not, reducing ammonium oxidation with lower pH iii) The difference
in proton concentration between the periplasm and cytoplasm will impact the E.T.C.
and potentially also the energy generation step. Besides, the intrinsic impact of pH
on substrates and each conversion step rates, pH gradients usually exist in biofilm
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systems and granule systems. Thus, different consumption rates might be expected
depending on the location in the biofilm. This overall complexity of influence of pH
on hydroxylamine conversion warrants a more detailed investigation in the future.
The impact of intermediates (NO and hydroxylamine) on nitrous oxide production
during nitrification can only be understood when the detailed biochemistry of these
conversion has been revealed [97, 146]. Proteomics and transcriptomics techniques
have emerged and strongly developed in recent years. Transcriptomics and proteomic
studies in similar systems as the one studied here might help to reveal the enzymes
involved in N2O productions or the putative enzyme involved in NO conversion to
nitrite (if there is one). As if forcing hydroxylamine conversion, one would expect that
the enzymes related to its transformation to be up-regulated. As also discussed in the
present study, the combination of limited hydroxylamine feeding with 15N and site
preference techniques could help also to elucidate and further understand the fate of
hydroxylamine in such systems depending on the conditions. For example, helping to
reveal if it is nitrite or hydroxylamine the one being transformed to N2O at low dissolved
oxygen concentrations.

Finally, it should be highlighted that most of the wastewater treatment facilities
operate at low DO concentrations, to minimise aeration energy and costs. Furthermore,
fluctuations in ammonium concentrations are usually occurring [7]. These form
the perfect conditions for hydroxylamine accumulation, according to what has been
discussed in the present work and the transient hydroxylamine accumulations events
observed in literature [18, 19, 33]. The transient accumulation that is seen in the
bulk liquid is the result of consumption and production processes. Inside flocs and
biofilms conditions also vary and DO is low. Thus, accumulation of hydroxylamine in
the inner parts of the biofilms is likely, even due to the reactivity of hydroxylamine it
cannot be measured in the bulk liquid. Consequently, the understanding of how small
quantities of hydroxylamine might impact common side communities of AOB, such as
NOB, anammox, DNRA, denitrifiers or neighbouring cells of AOB is important. More
interestingly, the contribution of hydroxylamine to produce N2O anoxically has still to
be further investigated. Highlighting the importance of unders¬¬tanding intermediate
steps to be able to understand the process as a whole.

6.5. CONCLUSIONS

O VERALL, there are still a lot of research questions related to hydroxylamine.
However, in the present study limited hydroxylamine feeding allowed for a better

understanding of the hydroxylamine metabolism by AOB, which could be summarized
as follows:

• DO combined with high ammonium concentrations kinetically governs
hydroxylamine accumulation and N2O emissions. Lower DO leads to higher
hydroxylamine accumulation and higher N2O emissions.

• DO also determines the impact of hydroxylamine in ammonium consumption.
When DO is sufficiently high, ammonium consumption can be increased, as more
reducing equivalents are generated from supplemented hydroxylamine oxidation.
On the contrary, when DO is low, ammonium consumption will be reduced.
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• Long term hydroxylamine feeding reduced ammonium consumption, while nitrite
production was maintained. Dissolved oxygen increased with increasing loading
rate and that extra electron generated from hydroxylamine were allocated in the
electron transport chain instead of ammonium oxidation.

• Nitrosomonas remained rather dominant during long term airlift reactor operation
with hydroxylamine continuous feeding

• A better experimental estimation of hydroxylamine kinetic parameters will allow
for improved NO/N2O models.
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6.6. SUPPLEMENTARY INFORMATION

6.6.1. MATERIALS AND METHODS

REACTOR SET-UP AND OPERATION: INOCULUM AND SYNTHETIC MEDIUM COMPOSITION

Granular biomass already performing partial nitritation was used as inoculum for the
R1 operation. However, R2 inoculation was performed with a mixture of fast settling
partial nitritation granular sludge and bioaugmentation with granular biomass. Biomass
was obtained from a pilot scale reactor performing partial nitritation at side-stream
conditions. The difference on the initial inoculum size distribution can be seen in
(Figure 6.10 and Figure 6.12).

Synthetic wastewater was used, containing per litre of demineralized water: 0.73 g
K2HPO4, 0.104 g KH2PO4, 1.2 g NaHCO3, 0.25 mL of an iron solution and 0.12mL of
a trace elements solution. (NH4)2SO4 was used as ammonium supply at the desired
concentration to achieve the targeted medium concentration (200 mg-N/L in R1 and
100-150 mg-N/L in R2, see Figure 6.9 and Figure 6.11)

Trace elements solution contained per litre of mili-Q water: 19.11 g EDTA (=titriph..),
0.43 g ZnSO4 ·7H2O, 0.24 g CoCl2 ·6H2O, 1.0 g MnCl2 ·4H2O, 0.25 g CuSO4 ·5H2O, 0.22
g (NH4)6Mo7O24 ·4H2O (=1.25 mM Mo), 0.20 g NiCl2 ·6H2O, 0.09 g NaSeO3, 0.014 g
H3BO3, 0.054 g Na2WO4 ·2H2O. The solution was adjust to pH 6 with solid NaOH and
kept in the fridge. The iron solution contained per L of mili-Q water 9.14 g FeSO4 ·7H2O
and 6.37 g EDTA.

RATE CALCULATIONS DURING BATCH AND FED-BATCH TESTS

To calculate consumption rates during the batch and fed-batch tests linear regression
was performed with the ammonium measurement points over time. Thus, errors
of the rates could be estimated using Excel Linest function. The ammonium
consumption rate was calculated in two different moments during the tests: i)
initial ammonium consumption rate concerning the first three ammonium time point
measurements, ii) ammonium consumption rate during stable DO concentration
concerning the ammonium time point measurements while DO was stabilized. Average
DO concentration was calculated during the time interval that DO was stable (see
Figure 6.8 in SI for an example). During the fed-batch phase, the addition of
hydroxylamine over time did not represent in total more than the 5% of the batch
volume, which was also compensated with the sampling over time. Thus, the liquid
volume was considered constant over time. To assess the hydroxylamine rate rN H2OH

in mg-N/L/h at each measurement point the general mass balance can be reordered as
in Equation (6.11), assuming constant volume and that there is no effluent.

rN H2OH = ∆CN H2OH

∆t
− QN H2OH

Vr
·C i n

N H2OH (6.11)

∆ CN H2OH mg-N/L being the difference in hydroxylamine concentration during two
consecutive time point measurements. ∆t in h being the increase of time between two
consecutive measurement points. QN H2OH in L/h being the hydroxylamine influent rate
during the fed-batch tests.Vr in L is the reactor volume and C i n

N H2OH in mg-N/L is the
hydroxylamine concentration in the feeding solution.



6.6. SUPPLEMENTARY INFORMATION

6

125

The increase or decrease of ammonium consumption (∆qNH4
+,FB/B in Table 6.1)

when comparing the batch (B) and fed-batch (FB) was calculated using Equation (6.12).

∆qN H+
4,F B/B

=
q+

N H4,F B −q+
N H4,B

q+
N H4,B

·100 (6.12)

Regarding the N2O balance in the liquid phase it can be derived as in Equation (6.13)
and Equation (6.14).

dCN2O,L

d t
= rN2O −TL→G ,N2O (6.13)

TL→G ,N2O = kL a,N2O · (CN2O,L(t )−C∗
N2O,L) (6.14)

Where
dCN2O

d t refers to the accumulation of N2O in the liquid phase in mg-N/L/d,
rN2O is the N2O production rate in mg-N/L/d, and TL→G is the transfer rate of N2O
from liquid to gas phase in mg-N/L/d. CN2O,L refers to the concentration of N2O in
the liquid phase in mg-N/L, and kLa refers to the specific transfer coefficient of N2O
in d−1. As C∗

N2O,L is the liquid concentration in the interphase in mg-N/L which must be
in equilibrium with the partial pressure of N2O in the gas phase, which can be calculated
as in Equation (6.15).

C∗
N2O,L = Hcp ·P · fN2O (6.15)

Where Hcp is the Henry constant defined via concentration in mol/L/atmN2O,
thus refers to the aqueous concentration of N2O in the aqueous phase function of the
partial pressure of N2O in the gas phase under equilibrium. However, the fraction of
N2O in compressed air is around 310ppb [185], which is negligible. Thus, simplifying
the accumulation term with increments, the rate calculation can be rearranged as in
Equation (6.16).

rN2O = ∆CN2O

∆t
+kL a,N2O ·CN2O,L (6.16)

Then from the rN H2OH over time, total N2O emitted can be calculated by trapezoidal
integration. As there were several measurements per minute, a moving average was used
to minimize the noise, specially the one due to the accumulation term.

REACTOR NITROGEN BALANCES

Mass balances during continuous operation of R1 and R2 can be derived from the mass
balance in Equation (6.17) and applied to any soluble nitrogen compound.

Vr · dCN

d t
=Q1 · (C i n

N −C out
N )+Q2 · (C i n

N −C out
N )+ rN ·Vr −TL→G ·Vr (6.17)

Where Q1 (L/d) refers to the mineral medium containing nutrients and ammonium
and Q2 (L/d) to the medium containing hydroxylamine. Q2 was zero during R1 operation
and the control phase of R2. During Phase II to Deterioration in R2 Q1 and Q2

were estimated based on the total flow rate recovered over time from the effluent
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and the weight difference of the hydroxylamine medium. CN (mg-N/L) refers to the
concentration of the desired nitrogen compound. Superscripts in or out refer to the
concentration in the influent or effluent, respectively. rN (mg-N/L/d) refers to the
volumetric rate of the nitrogen compound N. Vr (L) refers to the reactor working volume.
t (d) refers to time. TL→G (mg-N/L/d) is transfer of the soluble gases from liquid to gas
phase.

For the rate calculation of nitrogen compounds that are soluble and not a gas
(ammonium, nitrite and nitrate) Equation (6.18) can be used. Assuming that the
accumulation term can be estimated as a difference quotient (increment between two
consecutive days measurements).

rN = [Q1 · (C out
N −C i n

N )+Q2 · (C out
N −C i n

N )]

Vr
+ ∆CN

∆t
(6.18)

If we perform the balance for N2O in the bulk liquid, the influent N2O in the liquid
is zero, thus the following derivation applies assuming that the accumulation term
can be estimated as a difference quotient (increment between two consecutive days
measurements)

rN = (Q1 +Q2) ·C out
N

Vr
+ ∆CN

∆t
+TL→G (6.19)

As in the batch tests, the reactor is sparged with air, which has a negligible
concentration of N2O. Thus, all the produced N2O will be stripped. Consequently, the
term TL→G can be substituted as in Equation (6.16).
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KL A CALCULATIONS

Oxygen mass transfer coefficient of either the reactors R1, R2 or during the respirometry
tests were obtained by measuring dissolved oxygen concentration when either switching
off the air or sparging with N2 (abiotic controls) and switching back on the air supply.
Oxygen concentration in the liquid was followed in time with a dissolved oxygen probe
and kLa was estimated at different conditions (Table 6.2Table S1) assuming a first order
differential equation (Equation (6.20)).

dCO2

d t
= kL aO2 · (CO2,E −CO2 (t ))(E q.S10) (6.20)

Where, dCO2 /dt (mg-O2/L/d), refers to the accumulation of oxygen in time in the
liquid phase kLaO2 (d−1), is the oxygen mass transfer coefficient, CO2,E (mg-O2/L)
refers to the constant oxygen concentration reached after starting again the aeration,
is equivalent to the oxygen saturation concentration at the working conditions. CO2 (t)
(mg-O2/L) refers to the measured oxygen concentration at each time point (t).

Then, nitrous oxide mass transfer coefficient was estimated with N2O and O2

diffusivities as in Equation (6.21). Parameters used can be found in Table 6.2Table S1).

kL aN2O = kL aO2 ·
√

DF,N2O

DF,O2

(E q.S11) (6.21)

Where kLa refers to mass transfer coefficient, DF,O2 and DF,N2O to oxygen and nitrous
oxide diffusivities were obtained being 2.2.10−5 and 1.88.10−5 cm2 s−1, respectively [186,
187].

Table 6.2: Oxygen kLa values for batch tests performed with biomass from R2 and parameters used to estimate
N2O kLa. *Estimated from linear regression of air flow versus kLa experimental data from the rest of tests.

Test Temperature Air flow kL aO2 kL aN2O

(◦C) (L/min) (h−1) (h−1)
R2,B/FB 25 10 3.2 3.0
R2,B/FB 25 40 3.9* 3.7
R2,B/FB 25 100 5.4 5.0
R2,B/FB 25 400 11.4 10.6

FLUORESCENCE IN SITU HYBRIDIZATION (FISH)
Pottered biomass and granules cryosection were used aiming to assess the quantity
and location of the microbial population within the biofilm. Pottered biomass was
resuspended in phosphate buffer and fixed for 1h in a 4% paraformaldehyde solution
after washing 3 times with 1xPBS solution. After fixation, 3 washings with PBS were
performed and stored in the freezer with a 0.6 parts of volume of ethanol. For
cryosection, granules were washed in PBS for 1h and the same fixation procedure as
for the pottered biomass was applied.

Before the cryosection, granules stored in the freezer were washed three times in a
0.1M phosphate buffer and resuspended in a 30% sucrose solution in 0.1M phosphate
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buffer. A freeze-microtome (Leica CM3050S), freezing medium OCT (Tissue Tek®,
Sakura 4583) and plastic mold (Tissue Tek Cryo mold, biopsy, 25mm x 20mm x 5mm
(4557)) were used to cut the granules. The 10 µm slices containing different granule
sizes per sample day were put onto pre-coated slides (Thermo Scientific® Menzel®,
SuperFrost PlusTM).

Probe hybridization in both pottered and cryosectioned granules was performed
by successively immersing the slides in 50%, 80% and 96% ethanol solutions for
3minutes each. After drying, two consecutive hybridization were performed at 55%
formamide concentration for Nso190-Alexa594 probe, followed by a hybridization at
40% formamide concentration of EUB -Alexa488 and NOBmix-Alexa647 (see Table 6.3).

A confocal microscope (Leica TCS SP5) , equipped with Diode UV 405 nm,
multilinear Argon 458, 476, 488, DPSS 561 nm, Helium-Neon 633 lasers and the
subsequent required detectors were used for imaging.

Table 6.3: FISH probes used in this study

Probe Probe mix Dye Sequence Formamide (%) Ref.
Nso-190 AOB Alexa 594 CGA TCC CCT GCTTTT CTC C 55 [188]

EUB 338 I EUB mix Alexa 488 GCT GCC TCC CGT AGG AGT 40 [189, 190]
EUB 338 II EUB mix Alexa 488 GCA GCC ACC CGTAGG TGT 40 [189, 190]
EUB 338 II EUB mix Alexa 488 GCT GCC ACCCGT AGG TGT 40 [189, 190]

Nit3 NOB mix Alexa 647 CCT GTG CTC CATGCT CCG 40 [191]
Ntspa662 NOB mix Alexa 647 GGA ATT CCG CGCTCC TCT 40 [192]

Ntoga122b NOB mix Alexa 647 TCCGGGTACGTTCCGATAT 40 [193]
Nit3 competitor NOB mix CCT GTG CTC CAGGCT CCG 40 [191]

Ntspa662 competitor NOB mix GGA ATT CCG CTCTCC TCT 40 [192]
Ntoga122_1 competitor NOB mix TCW GGG TAC GTT CCG ATA T 40 [193]
Ntoga122_2 competitor NOB mix TCY GGG TAC GTT CCG ATG T 40 [193]

16S RRNA ANALYSIS

Biomass was pottered and centrifuged and stored in the freezer until further use
every ca. 2 weeks. DNA from selected samples from different reactor operation days
were extracted using the Soil DNA Isolation Plus KitTM (Norgen Biotek Corp, Canada)
following the manufacturer protocol. Research and Testing Laboratory (Lubbock, Texas,
USA) performed the DNA sequencing with an Illumina MiSeq platform. Bacterial 16S
rRNA primer pair 515F-806R was used targeting the general bacterial regions V2-V4.
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6.6.2. RESULTS

REACTOR OPERATION
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Figure 6.9: Reactor operation dynamics after first inoculation (R1): A) Ammonium load and air flow, B)
Dissolved oxygen, pH and temperature, C) Biomass concentration, D) Nitrogen concentrations in the influent
and effluent. Dotted line indicates a day when biomass was removed from the reactor, a respirometry tests was
made and biomass was put back after the test. Dashed line indicates a day when biomass attachment on the
top of the reactor started to occur daily.
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Figure 6.10: Granule morphology dynamics after first reactor inoculation (R1) during reactor operation: A)
Particle size distribution, B) Average size distribution.
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SECOND INOCULATION (R2 - Start-up and respirometries)
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Figure 6.11: Reactor operation dynamics after 2nd inoculation (R2): A) Ammonium load and air flow, B)
Dissolved oxygen, pH and temperature, C) Biomass concentration, D) Nitrogen concentrations in the influent
and effluent. Dashed line indicates a day when half of the biomass was removed and used for respirometry
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SECOND INOCULATION (R2 - Hydroxylamine loading)
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Figure 6.16: N2O measurements in the liquid during continuous addition of hydroxylamine in the system.

MICROBIAL POPULATION DYNAMICS

EUBmix – Alexa488-Green             AOB- Nso190 – Alexa594 – Cyan         NOBmix – Alexa 647 - Magenta
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Figure 6.17: FISH results performed in R2 with pottered biomass over different operational days.
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Figure 6.18: FISH results with cryosectioned biomass performed in R2 over different operational days.

EFFECT OF PH AND TEMPERATURE ON SUBSTRATES AND µmax

BA

Figure 6.19: Equilibrium of the protonated and unprotonated forms of A) ammonium and B) hydroxylamine
at different pH and temperature.
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7.1. MINIMIZING ABIOTIC REACTIONS AS KEY TO UNDERSTAND

THE BIOLOGICAL NITROGEN CONVERSIONS

A BIOTIC hydroxylamine conversion with free nitrous acid to N2O is likely to
occur in environments with elevated nitrite concentrations, slightly acidic pH

(<7), mesophilic temperature (20-30◦C) and the presence of metals in the medium
(Chapter 3, Chapter 4 and Appendix A). Working at conditions that minimize the abiotic
contribution when studying N2O emissions would help in the interpretation of results.

Nevertheless, as seen in the present thesis, a wide range of factors influence
hydroxylamine abiotic reaction with free nitrous acid. Interestingly, a 100% yield of
conversion was never achieved in the present work or in literature [44, 64]. Indicating,
that yet unidentified abiotic side-reactions might be hindering the characterization of
chemical (and also biological) kinetic rates. Introducing real wastewater conditions
would make it even more challenging. The potential catalysing effects of certain
metals/minerals further complicates the evaluation of the chemical conversions. Still,
a lot of room for the kinetic characterization of free nitrous acid abiotic reaction
with hydroxylamine is left. Furthemore, the exact mechanism leading to transient
hydroxylamine accumulation in biological cultures is yet to be characterized. It is
important to remember that the transient hydroxylamine accumulation seen during
some nitrification conditions is the result of consumption and production reactions.
This further complicates the analysis of the contribution of putative abiotic conversions
to the total N2O emissions.

Not only hydroxylamine might react abiotically, but also nitric oxide (NO). The
current central nitrogen model proposes that hydroxylamine is transformed to NO
in AOB, AOA and comammox (see Chapter 2 and [27]). For instance, the enzymes
responsible for transformation of NO to nitrite are yet to be identified. Alternatively,
it is proposed that this last step could be chemically driven. Thus, not only
hydroxylamine might react abiotically, but also other intermediates of the biological
nitrogen cycle. Recently, the abiotic transformation of micropollutants by AOB and
specifically hydroxylamine has been also highlighted [194, 31].

As a key take home message, the inclusion of abiotic controls with intermediates
when assessing physiological activities might shed light into possible reactions that
usually are unaccounted or attributed only to biological pathways. Specially now that
abiotic reactions have been proposed to be part of the central metabolism of different
microbial conversions (i.e. AOB, AOA, comammox etc). Consequently, the inclusion
of abiotic controls including intermediates, will be even more important to be able to
clarify and distinguish between biologically mediated reactions and chemical reactions.
Thus, arising the next challenge: could natural isotopes abundance in combination
with isotope labeling be implemented to distinguish between abiotic or biological
conversions if the end product is the same?
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7.2. HYDROXYLAMINE FEEDING TO UNDERSTAND THE

NITROGEN METABOLISM REGULATIONS

I N the present thesis, short and long term hydroxylamine feeding strategies have been
used to understand the metabolism rearrangement when dealing with hydroxylamine

during anaerobic and aerobic ammonium oxidation (Chapter 5 and Chapter 6, see
Figure 7.1).
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Figure 7.1: Summarized schematic model of the pathways analysed in the present thesis in ammonium
oxidizing bacteria (AOB) and anaerobic ammonium oxidizing bacteria (anammox). Abiotic N2O emissions
from free nitrous acid and hydroxylamine is also depicted. Yellow dasehd line depicts putative hydroxylamine
leakage from AOB that can reach anammox microbial communities. AMO – Ammonium monooxygenase, HAO
– hydroxylamine oxidoreductase, ETC – Electron transport chain,HOX - hydroxylamine oxidoreductase, HZS -
Hydrazine synthase, HDH - Hydrazine dehydrogenase, NcyA - Nitrosocyanine, NOO - Nitric oxide reductase,
NOR - NO reductase, NIR - nitrite reductase, Cyt P460 - Cytochrome P460, NXR - Nitrite oxidoreductase.

For instance, short term hydroxylamine addition experiments performed with
anammox showed that depending on the co-substrates concentrations the hydrazine
accumulation was impacted (Chapter 5). Long term hydroxylamine continuous limited
feeding reduced the need of nitrate production (Chapter 5) in the anabolic conversions.
NO addition showed similar reduction in nitrate production [88] as when hydroxylamine
continuous limited feeding was performed. The fact that less nitrate is produced during
anammox growth, indicates that anammox is not dependent on the nitrate production
for CO2 fixation into biomass. Interestingly, similar experiments to those performed
in the present work, or with other intermediates such as NO [88] might shed light on
putative differences on the central metabolism of different anammox species (i.e.Ca.
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Brocadia, vs. Ca. Keunenia).

In Chapter 6 it was shown how short and long term hydroxylamine continuous
addition allowed to identify dissolved oxygen as the key substrate governing the
hydroxylamine metabolism in a partial nitritation reactor. Low dissolved oxygen
in combination to an ammonium pulse and continuous hydroxylamine feeding led
to higher hydroxylamine accumulation and N2O production in comparison to high
DO tests. Ammonium consumption was increased when hydroxylamine was dosed
continuously in combination with ammonium if DO was sufficiently high (ca. >3.6 mg-
O2/L). Both facts allowed to identify the turnover of electron carriers (Mred/Mox) as the
rate limiting step when hydroxylamine was fed (see Figure 7.1).

Several transient hydroxylamine accumulation events in AOB cultures have been
described in literature when switching from low to high activity (i.e. SBR operation,
batch test, transient anoxia [43, 18, 19, 33], among others). In the present thesis, it
was hypothesized that hydroxylamine transient accumulation was due to a transient
limitation of the oxidized electron carriers equivalents (Mox). Mox are needed for
hydroxylamine consumption to take place Chapter 6. However, further dedicated
experiments would be needed to confirm the factors promoting hydroxylamine
accumulation during ammonium oxidation. These type of experiments will be quite
challenging, as small difference in the state of the cell could impact the results and the
characterization, specially if performed with biofilm or sludge systems. A good strategy
to characterize the factors impacting hydroxylamine accumulation experimentally,
would be the use of planktonic cultures first, and then switching to more complex
systems. Furthermore, the combination of limited continuous hydroxylamine feeding
in combination with a detailed follow up of NO and N2O production might be also a big
possibility to identify pathways and factors promoting emissions from side metabolisms.

Finally, the characterization of the transcriptomic and proteomic response to
limited continuous hydroxylamine feeding (or other intermediates), could also help
in understanding the regulation of intermediates at the enzymatic level. Thus,
the combined use of intermediate feeding strategies with the detection of up/down
regulated pathways, could help identifying key regulatory steps and enzymes that are
important to avoid intermediates accumulation. These kind of strategies might help in
the future with the identification of the yet unknown putative enzymes responsible for
NO transformations to nitrite in AOB, AOA and comammox (among others).

7.3. WHAT ABOUT THE OTHER MICROORGANISMS INVOLVED IN

WASTEWATER TREATMENT?

T HE generally widespread capacity of hydroxylamine usage among microorganisms
in the wastewater treatment is at least intriguing (Chapter 2). Hydroxylamine

consumption capacity is not only present in the nitrogen cycle, but also for example
methanotrophs are able to use it [114, 195].

In the present thesis, when hydroxylamine was fed continuously in an anammox
reactor (Chapter 5) no significant changes in the side communities were observed.
Contrarily, a development of a side community of oligotrophs was detected when
hydroxylamine was fed in the partial nitritation reactor (Chapter 6). Even the
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conversions of this side communities were not dedicatedly studied with activity tests,
it might indicate that some of the usually considered denitrifiers are at least resistant
to small hydroxylamine accumulations (<1 mg-N/L) or either they thrive on the extra
microbial subproducts resulting from hydroxylamine.

Transient accumulation of hydroxylamine might impact not only aerobic
ammonium oxidizing bacteria, but also other microorganisms that are usually
clustered together in wastewater treatment environments, soils or others. An interesting
process where hydroxylamine impact could be relevant is partial nitritation anammox
(PN/AMX). One of the bottlenecks for PN/A implementation at mainstream conditions
is NOB proliferation. Interestingly, hydroxylamine transient accumulation by AOB could
promote anammox conversion and inhibit NOB. Preliminary studies have pointed
out to the usage of externally added hydroxylamine to promote PN/AMX over NOB
[50, 51]. Next steps, could be directed to investigate if conditions promoting transient
accumulation of hydroxylamine by AOB could be used to inhibit NOB in PN/AMX
processes.

Understanding hydroxylamine impact on other microbial communities is needed:
NOB, denitrifiers, DNRA, methanotrophs, etc. Even the occurrence of hydroxylamine-
consuming aerobic heterotrophic bacteria or the discovery of putative microorganisms
able to grow on hydroxylamine. Investigating either the capacities to resist
hydroxylamine inhibition or identifying other microorganisms able to consume
hydroxylamine could broaden our understanding of the metabolism of this compound
in the nitrogen cycle and also unravel unidentified microbial interactions.

7.4. THE UNRESOLVED MYSTERIES SURROUNDING

HYDROXYLAMINE

T HE intermediate conversion steps of many nitrogen cycle metabolic pathways
present challenges and unresolved questions. Focusing on hydroxylamine the

mysteries and unresolved questions are wide and various (see Chapter 2). One of the
key unresolved questions corresponds to the characterization of the conversion step
of hydroxylamine to nitrite in AOB, AOA and comammox. Solving this puzzle might
help also to further understand the N2O emission pathways related to hydroxylamine.
The experimental characterization of the factors that trigger hydroxylamine transient
accumulation would also be important to investigate putative interactions between
microbial communities based on hydroxylamine. Finally, a proper experimental
determination of hydroxylamine energy Gibbs of formation (Chapter 5) would allow
for an accurate thermodynamics analysis of putative nitrogen conversions involving
hydroxylamine. Overall, to improve hydroxylamine related research, hydroxylamine
measurement techniques need to be further developed Chapter 2. Ultimately, more
precise and easily implemented hydroxylamine measurement techniques could allow
for a more widespread measurement of this compound. The development of better
measurements techniques will definitely lead to a better understanding of the role of
hydroxylamine in the nitrogen cycle.
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A.1. INTRODUCTION

A FTER assessing in Chapter 2 and Chapter 3 that abiotic N2O production from
hydroxylamine and free nitrous acid could occur at environmental conditions

relevant for wastewater treatment (pH 7 to 7.5, 20-30◦C and high nitrite concentrations).
Further characterization of the factors impacting the abiotic reaction of free nitrous acid
and hydroxylamine were assessed with a special focus on temperature, concentration of
metals and pH.

A.2. MATERIALS AND METHODS

A First screening was performed (Table A.1) and then selected conditions were tested
again in duplicate (Table A.2). A change of laboratory took place between the first

and second characterization (identified as old/new laboratories). Medium used was a
0.05M phosphate buffer with ratios of monobasic and dibasic salt adapted depending
on the pH conditions to test (Table A.1 and Table A.2). pH was controlled with
0.5M NaOH and 0.5M HCl solution and temperature was controlled with an external
jacket at the desired conditions (Table A.1 and Table A.2). The impact of metals
concentrations was tested by using a mixture of a trace element solution and iron
solution (described in Chapter 3, Chapter 5 and Chapter 6) at different concentrations: i)
absence (identified as no metals), ii) 0.25 and 0.125 mL/L of the iron and trace elements
solution, respectively (identified as metals) or iii) 2.25 mL/L or 1.25 mL/L of the iron
and trace elements solution, respectively (identified as 10xmetals). Nitrite concentration
mimicked side-stream conditions (i.e., wastewater resulting of the dewatering of the
digested sludge) and was 600 mg-N/L in all tests. Initial hydroxylamine was targeted
to 0.35 mg-N/L in all tests. Abiotic tests were performed by first addition of nitrite
and the selected concentration of metals (if applicable), later a pulse of hydroxylamine
hydrochloride solution was added. Samples for hydroxylamine rate determination
were taken overtime, mixed with a sulfamic acid solution and measured according to
Frear and Burrell [117] (see Materials and Methods in Chapter 3 and Chapter 4 for a
more detailed description). N2O in the off-gas was followed online (Servomex 4900
infrared gas analyzer). Free nitrous acid and N2O rate was calculated as in Chapter 4.
Hydroxylamine consumption rate (rNH2OH) was calculated by linear regression.

Table A.1: Abiotic batch tests experiments conditions to assess the impact of different parameters in the
reaction between hydroxylamine and free nitrous acid. Initial targeted hydroxylamine concentration was 0.35
mg-N/L. Final reactor working volume was 1L. cons. – Consumption, max. – maximum, prod. – production.
Kinetic constant was determined only in those tests were hydroxylamine was measurements were performed.

Test Temp. pH Iron solution Trace elements solution Air gas flow FNA rNH2OHcons. rN2Omax. prod. Yield kabi oti c

(◦C) (mL/L) (mL/L) (L/min) (mg-N/L) (mg-N/L) (mg-N/L/h) (%) (L/mmol/h)
1.No metals, 20◦C 20 6.74 0 0 0.18 0.34 - 0.053 29.0 -

2.Metals, 20◦C 20 6.66 0.25 0.12 0.17 0.32 0.11 0.078 30.6 19
3. Iron, 20◦C 20 6.68 0.25 0 0.212 0.33 0.082 0.057 29.4 15

4. No metals, 30◦C 30 6.65 0 0 0.25 0.30 0.099 0.060 26.4 21
5. Metals, 30◦C 30 6.6 0.25 0.12 0.25 0.27 0.26 0.208 33.1 58

6. 10xMetals, 30◦C 30 6.64 2.5 1.2 0.23 0.27 0.53 0.373 33.7 188
7. 10xIron, 30◦C 30 6.65 2.5 0 0.25 0.27 - 0.330 34.4 -

8. 10xTrace, 30◦C 30 6.65 0 1.2 0.25 8.29 - 0.173 40.4 -
9. pH=5, 10xMetals, 30◦C 30 5.15 2.5 1.2 0.33 1.49 - 2.5±0.5 64.4 -

10. pH=6, 10xMetals, 30◦C 30 5.9 2.5 1.2 0.33 0.01 - 1.3±0.04 60.1 -
11. pH=8, 10xMetals, 30◦C 30 7.9 2.5 1.2 0.33 0.34 - 0.054 19.3 -
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A.3. RESULTS AND DISCUSSION

A.3.1. LOW PH AND THE PRESENCE OF METALS AS TRIGGERING FACTORS OF

HYDROXYLAMINE AND FREE NITROUS ACID ABIOTIC CONVERSION

T HE impact of different conditions to the abiotic transformation of hydroxylamine
and free nitrous acid was assessed. Generally, N2O production trends were

comparable, but absolute values differed (see Figure A.1). Metals concentrations were
identified as an important factor, as higher metals concentrations (10x metals) led
to up to 6 fold higher N2O production than when no metals were added in the test
(Figure A.1A). When trying to identify whether iron or the metals present in the trace
elements solution were impacting the most the abiotic rate, tests with only one of those
solutions were performed (Test 7 and 8 in Table A.1 and Table A.2). Iron had a slightly
higher impact on the N2O production rate than the trace element solution (Figure A.1A).

Temperature had a big impact on the N2O production rate, particularly if metals were
present. At 30◦C a 4 to 6 fold N2O production rate increase was observed compared
to tests performed at 20◦C, with metals (old lab) and 10xmetals (new lab), respectively
(see Figure A.1B). When metals were not present, there was not a big increase on N2O
production rate with a 10◦C temperature difference (see Figure A.1B).

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

rN
2
O

m
a

x
. 

(m
g

-N
/L

/h
) Old lab

New lab

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

rN
2
O

m
a

x
. 

(m
g

-N
/L

/h
)

Old lab

New lab

A B

Figure A.1: Maximum reported N2O production rate depending on the conditions tests: A) Impact of metals
concentration, B) Impact of temperature and metals. Missing columns indicate tests that were not performed.
Notice the slight difference on pH between tests (Table A.1 and Table A.2).

Finally, low pH was identified as the major factor triggering the production of N2O
(see Figure A.2). At lower pH (<6), constant NO emissions were also detected when
nitrite was added (data not shown), due to nitrite decomposition at low pH. Small
variations in pH led to a significant difference in the maximum N2O production rate
and hydroxylamine consumption rate (see Figure A.2). For example, see test 4, 5 and 6 in
Table A.2. Hydroxylamine recovery yield as N2O increased with decreasing pH, but was
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never higher than 60% (Figure A.2B). Most likely, due to yet unidentified side reactions.
Volumetric N2O rates reported here at around pH 7 (ca. 0.05 to 0.37 mg-N/L/h)

depending on the metals concentration were in the range with those reported in
Chapter 3 and Chapter 4 (0.2-0.25 mg-N/L/h and 0.057 to 0.1 mg-N/L/h, respectively).

The trends observed in the present section are also in agreement with those reported
by Su and coworkers [64], where the pH was also identified as the main factor impacting
the abiotic transformation. It was also observed a difference of 1 order of magnitude
increased in the hydroxylamine conversions depending if mineral medium instead of
demi water was used [64]. However, it was concluded that abiotic conversion would
only be relevant at acidic pH [64]. Nevertheless, the impact of metals on the production
rate was not assessed at neutral pH, only at pH 8 and at pH 4.5. Thus, taking into account
that metals concentrations are way higher in wastewater treatment compared to those
found in demineralized water ([196]), abiotic hydroxylamine reaction with free nitrous
acid might still occur at a relevant rate at neutral pH. For instance, as it has been showed
in Chapter 4 and in Figure A.1 here.
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Figure A.2: Impact of pH on abiotic conversion of hydroxylamine with free nitrous acid: A) Maximum N2O
production rate and B) Reaction yield. Tests performed with 10xMetals and at 30◦C.

A.3.2. PH AS THE MAIN GOVERNING FACTOR OF THE REACTION RATE

I N the present study, differences were observed between tests performed at the old
and new laboratory. Mainly they could be attributed to differences in the pH, as small

variations impacted a lot the results (Figure A.1 and Figure A.2). Differences in the N2O
curve shape were observed (Figure A.3). Overall, resulting in the impossibility to fit a
first order reaction (Equation (A.1)) to most of the characterization results performed in
the new laboratory (Table A.2). Using the kinetic model different factors (i.e. gas flow
rate, kLa, constant) were assessed in order to check if the plateau like curve could be
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Table A.2: Abiotic batch tests experiments conditions to assess the impact of different parameters in the
reaction between hydroxylamine and free nitrous acid. Initial targeted hydroxylamine concentration was
0.35 mg-N/L. Final reactor working volume was 1L. 0.4 L/min of air was used. cons. – Consumption, max.
– maximum, prod. – production.

Tests Temp. pH Iron solution Trace elements solution FNA rNH2OH con. rN2Omax. prod. Yield
(◦C) (mL/L) (mL/L) (mg-N/L) (mg-N/L/h) (mg-N/L/h) (%)

1. 10xMetals, 20◦C 20 7.2 2.5 1.25 0.10 0.346±0.005 0.059±0.009 41±7
2. No Metals, 30◦C 30 6.9 0 0 0.15 0.201±0.005 0.042±0.007 26±11

3. Metals, 30◦C 30 6.9 0.25 0.125 0.15 0.390±0.009 0.09±0.03 45±27
4. 10xMetals, 30◦C 30 6.9 2.5 1.25 0.15 0.33±0.01 0.294±0.009 49±1
5. 10xMetals, 30◦C 30 7.1 2.5 1.25 0.09 0.30±0.01 0.108±0.002 33.9±0.5
6. 10xMetals, 30◦C 30 6.7 2.5 1.25 0.24 0.51±0.01 0.46±0.04 54±7

7. 10xIron, 30◦C 30 6.9 2.5 0 0.15 0.345±0.08 0.131±0.009 50±6
8. 10xTrace, 30◦C 30 6.9 0 1.25 0.15 0.528±0.005 0.119±0.004 60±6

9.pH=4.6, 10xMetals, 30◦C 30 4.6 2.5 1.25 28.42 0.6±0.8 3.80±0.09 61±6
10. pH=5.4, 10xMetals, 30◦C 30 5.4 2.5 1.25 5.25 0.56±0.04 1.9±0.2 60±5
11. pH=8, 10xMetals, 30◦C 30 8 2.5 1.25 0.01 - - -

simulated, but any of the factors yielded successful results (Figure A.3B). However, the
first order reaction could be fitted to the results of the characterization performed in
the old laboratory (see Figure A.3A, Table A.1). It should be highlighted that the kinetic
constants obtained here are higher (from 15 to 188 L/mmol/h) than those obtained by Su
and coworkers (kinetic constants lower than 20 L/mmol/h at pH 6) [64]. However, kinetic
constants were calculated for the experiments performed with demineralized water,
temperature was between 24-26◦C and initial nitrite was 249.2 mg-N/L. Thus, quite
different conditions than those tested in the present section (Table A.1 and Table A.2).

rN H2OH = kN H2OH ,abi oti c ·CN H2OH ·CH NO2 (A.1)

In view of the present results and the impossibility to fit the first order reaction
model to part of the results of the second characterization, it was hypothesized that a
side reaction of hydroxylamine was impacting the hydroxylamine reaction emissions
and recovery yield. For instance, it was known that high cupper contents were found
in the water in the new laboratory, as blue crystals precipitates were formed in the
influent when feeding a biological reactor. Consequently, it was assessed the impact
of using mili-Q water or demi-water in the tests (with the supplement of metals), but
no significant difference could be observed (data not shown). Another possibility for
such different behaviour could be due to difference in free nitrous acid caused by the
small differences in pH. For instance, in most of the tests performed in the second
characterization free nitrous acid was lower than initial hydroxylamine (0.35 mg-N/L)
(see Table A.2). Whereas in the first characterization free nitrous acid concentrations
were closer to the initial hydroxylamine addition (Table A.1). Thus, it could have affected
the initial maximum rate reported and the N2O curve shape, as free nitrous acid might
have been limiting in the second characterization.

Furthermore, hydroxylamine was added as hydroxylamine hydrochloride salt
dissolved in water. Thus, its addition generally causes a small descent in the pH before
the pH control is able to return to the set point. Consequently, small variations during
addition might have caused differences in initial free nitrous acid, thus different N2O
productions rates and shapes.

No definitive explanation could be found for the differences observed during the
characterizations. Consequently, highlighting the sensitivity of such abiotic reaction
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Figure A.3: Experimental and simulated results assuming a first order reaction as in Equation (A.1) of tests
performed with 10xMetals and 30◦C A) Test 5 in Table 1, B) Test 4 in Table 2.

to small changes. These shows the importance of characterizing the abiotic reactions
with hydroxylamine in each specific set of conditions used. The characterization of such
conversion with, for example, real wastewater can be an even bigger challenge.

A.4. CONCLUSIONS

O VERALL, to minimize N2O emissions from abiotic sources low nitrite concentrations
can be used, also higher pH (ca. 8) and lower temperature (ca. 20◦C or less)

would favour low abiotic reactions rates. Finally, the less supplemented and limited
the metals are in solution, the lower the abiotic N2O emissions would be. The results
of this section confirm that side-stream conditions (high nitrite, temperature and
likely high concentrations of other compounds generated during anaerobic digestion)
are the perfect conditions for hydroxylamine abiotic conversions. Consequently, if
the aim would be to characterize biological emissions, working at conditions that
minimize abiotic transformations would be of importance. At the same time, the
characterization of the chemical conversions of intermediates at the working conditions
of each particular case would be crucial, in view of the sensitivity of the abiotic reactions
to both pH and metals concentrations.
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