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Abstract

Nitrification in extreme conditions was studied in a gas/liquid bioreactor treating gaseous ammonia
(NHs) emissions. As autotrophic bacteria can use simple inorganic compounds to supplement their
energy requirements (i.e., NH; and carbon dioxide CO, from air), no nutrients or carbon sources were
introduced into the water to support biomass growth. Furthermore, the continuous recirculation of
water in a closed-loop within the bioreactor resulted in the accumulation of ammonium (NH,*),
nitrite (NO,’), and nitrate (NO5’) concentrations in the water reaching levels in the order of several
thousand milligrams per liter (mg L). The bioreactor underwent continuous monitoring throughout
four experiments, spanning a total duration of two years. The results unveil that unexplained yet
reproducible phenomena occurred during the nitrification process: (1) once NH,* and NO,
accumulated in the water, significant losses of these two nitrogen forms occurred simultaneously
while maintaining the mass transfer of ammonia from the gas phase to the water; (2) continuous
production of NO; was observed despite the absence of nitrite oxidizing bacteria (NOB) due to
inhibition phenomena induced by elevated concentrations of free ammonia (FA) and free nitrous
acid (FNA); (3) sudden unidentified inputs of ionized nitrogen forms NH,*, NO, , and NO;™ occurred in
the bioreactor. The findings and microbial analysis indicate that simultaneous nitrification
denitrification (SND) process could occur in the bioreactor. However, this assumption is constrained
by the unfavorable carbon to nitrogen ratio (C/N <1) and the negligible production of N,0. To date,
the surprising phenomena recorded in the bioreactor remain unresolved, indicating that certain
mechanisms within the nitrogen cycle in challenging environments are still unknown.
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1. Introduction

Anthropogenic ammonia (NH;) emissions contribute significantly to acid rain and acidification of
ecosystems. Consequently, mass transfer and transformation of ammonia through oxidation are vital
aspects in processes designed for the treatment of polluted air. Using environmental technologies
like bioreactors for the purification of gaseous ammonia emissions involves the initial transfer of NH;
into water, where it undergoes conversion into ammonium (NH,*). In water, the chemical balance
between free ammonia (FA, i.e., NH; ) and ammonium is contingent upon both pH and temperature.
Under aerobic conditions, NH,* is oxidized into nitrite (NO,") by ammonia-oxidizing bacteria (AOB)
and ammonia-oxidizing archaea (AOA) then nitrate (NO5’) by nitrite-oxidizing bacteria (NOB). In
bioreactors, this conventional nitrogen transformation process (autotrophic nitrification) results in
the accumulation of three primary ionized nitrogen forms in water (NH,*, NO,7, and NO5’) which can
be quantified by monitoring the increase in the electrical conductivity of the liquid (EC,) [1-4].
Nitrification also induces biomass growth via NH,* assimilation [5,6] and contributes to biofilm
formation. Practically, as the water recirculates continuously in a closed-loop system without
discharge, the cumulative nitrogen salt content in the water can reach levels in the range of several
thousand milligrams of nitrogen per liter (mgN L) and EC, values up to 70 mS cm™ are reported
[4,7]. Nonetheless, the accumulation of nitrogen ions has significant inhibition effects on
microorganisms, resulting in disruptions to the nitrification process [8—13] that require further
elucidation. The presence of free ammonia in equilibrium with NH,* exhibits inhibitory effects on
both AOB and NOB, with AOB demonstrating higher tolerance compared to NOB [9]. Additionally, the
presence of free nitrous acid (FNA, i.e., HNO,) contributes to these inhibitory effects. Inhibitory
effects disrupt the nitrification process, often resulting in substantial accumulations of NO, in the
water [1,2,14]. However, a contrasting phenomenon is also noted, where NO,” concentrations may
occasionally be markedly lower than NO;™ concentrations [2,3]. This could stem from the activity of
comammox bacteria (COMplete AMMonia OXidation), which have the capability to fully oxidize NH,*
to NO; [15,16]. Additionally, the role of heterotrophic nitrifiers, which rely on organic compounds as
their energy source, in contrast to the chemolithotrophic nitrifiers, must also be considered.
However, the limited knowledge about heterotrophic nitrification limits the understanding of
nitrogen oxidation in the nitrogen cycle [17]. Throughout the nitrification process, the production
and release of nitrous oxide (N,0), an environmentally detrimental greenhouse gas contributing to
climate warming [18], may also occur [2,3,19,20]. In bioreactors designed for treating ammonia
emissions from livestock, it was observed that as much as 5% of the transferred ammonia to water
could be transformed into N,O [3]. This suggests the potential occurrence of an aerobic
denitrification process within these apparatus. Consequently, it is challenging to assert that every
ammonia transferred from the gas phase to water in aerobic bioreactors is exclusively retained in
ionized forms (NH,*, NO,  and NOj’), used for biomass growth or solely emitted as N,O. Attempts
carried out to check the nitrogen mass balance in these bioreactors evidenced that balances could
not be closed [3,4,21], suggesting probable nitrogen emissions or sinks. It was thereby hypothesized
that unaccounted nitrogen might be emitted as N, produced by nitrifying bacteria [4] although this
assertion requires further confirmation. Under oxygen limitation, such as in deep zones of the biofilm
poorly oxygenated [22], autotrophic nitrifiers are able to reduce NO, to NO, N,0 or N, [23].
Furthermore, recent findings have unveiled a novel denitrification pathway known as oxygenic
denitrification, which involves the enzymatic reduction of NO, to nitric oxide (NO), followed by the
production of N, and O, [24]. This new pathway avoids the production of N,O as an intermediate in



the reduction of NO. Therefore, it becomes evident that there are still gaps in our understanding of
nitrogen transformations within bioreactors, and the impact of the accumulated nitrogen ions in
water on nitrification disturbances remains largely unexplored. For instance, unforeseen and
unexplained significant decreases in the electrical conductivity of the water were observed in
industrial plants, which suggests that the nitrogen salt content in the water was decreasing during
the treatment of gaseous ammonia emissions in spite of ammonia removal (unpublished data). In
other words, it is plausible that a significant part of the ionized nitrogen forms (NH,*, NO,, and NO3’)
are transformed into other nitrogen forms, which are either reemitted into the atmosphere or
accumulated in the water as unionized forms. Consequently, there is a need to carry out new
investigations to enhance our understanding of nitrogen transformation in water with high salt
content.

Studies on ammonia nitrification in bioreactors designed for treating gaseous emissions are usually
carried out on pilot plants situated in intensive livestock. In these setups, continuous and accurate
measurements of operating parameters and nitrogen salt content pose challenges, especially during
long-term experiments. Therefore, the objective of this study was to conduct laboratory-scale
experiments under controlled conditions, aiming to establish the nitrogen mass balance of a
bioreactor operating continuously over an extended period. The goal was to gain a deeper
understanding of the impact of elevated nitrogen salt content on the nitrification process. The
objective involved working under severe conditions, particularly concerning nitrogen salt content (up
to several g L'') and nutrients levels, as autotrophic bacteria can derive energy from simple inorganic
compounds. The study focused on the nitrification process through four extended experiments, each
lasting between 3-6 months. Importantly, the water remained unchanged during each experiment,
with only tap water additions used to offset evaporative losses, mirroring real industrial plant
conditions. Over the course of the two-year experiment duration, the bioreactor underwent
continuously monitoring, encompassing measurements of temperature, NH; and N,0O concentrations
in the gas phase at both inlet and outlet points, and measurements of temperature, pH, electrical
conductivity, and NH4*, NO,” and NOj" concentrations in the water. Additionally, samples of biofilm,
sludges and water were consistently extracted from the apparatus to track the evolution of the
microbial community over time.

2, Material and methods
2.1. Experimental setup and operating conditions

The four experiments were carried out using a pilot-scale bioreactor, illustrated in Figure 1,
comprising a cylindrical plastic column (0.305 m inlet diameter) filled with a channel-structured
polypropylene packing material (WAT NET 150 NC 20/48 from WaluTech, Germany; packing height:
1.15 m; packing volume: Vacing material = 0.084 m3; specific surface area: 125 m? m3) and a
hermetically closed tank (volume 100 L; water volume V_ = 80 L). Gaseous ammonia emissions were
generating by blending a clean air stream from a centrifugal air fan (VCP HP 75 Europe Environment,
France) with pure ammonia gas from a NH; storage tank. The flow-rate of pure ammonia gas was
regulated using a mass flow meter (Bronkhorst, Leonhardsbuch, Germany). Water in the bioreactor
was consistently circulated using a centrifugal pump (SERMES, Netherlands). Given the ongoing
evaporation of the water, tap water was added daily to uphold a constant level in the storage tank.
The average properties of tap water were as follows: pH = 8.0-8.8; electrical conductivity = 0.42 mS
cmt; Cl =57 mg L'}, Na* =34.2 mg L?; SO, = 6.6 mg L'Y; NO3” = 4.1 mg L. The temperature and pH
of the water were measured but not controlled. To prevent ammonia mass transfer limitations in the
bioreactor resulting from hydrodynamic conditions, the operating conditions summarized in Table 1
were applied throughout all experiments. At the beginning of experiments EXP 1 and EXP 3 (Table 1),



the water was inoculated with 10 L of activated sludge from a wastewater treatment plant (Procanar,
Lauzach, France). Between each experiment, the saline water was discharged and replaced with fresh
tap water. Throughout the entire experiments, no nutritive solution was added, as autotrophic
bacteria could rely on simple inorganic compounds like NH; and CO, to fulfill their energy needs.
Consequently, apart from the continuous supply of CO, from the air and the two one-time additions
of organic carbon during water inoculation, no additional carbon source was added during the

experiments.
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Figure 1 Overview of the bioreactor for the ammonia treatment (packed absorption column and water tank) and parameters
used for the nitrogen mass balance



Table 1 Operating conditions

EXP 1 EXP 2 EXP 3 EXP 4
Start Jzaonzulary > july22,2021 ;gtz"z”ary 28 August 30,2022
End July 19, 2021 zDggimber 2L uy 13,2022 gggjmber 16,
Duration (days) 195 152 135 108
Biomass inoculation Yes No Yes No
Air flow rate (m3 h) 105+5 102+5 92+5 94+5
Gas temperature (+ 0.2°C) 17.3-27.2  16.9-27.3 18.5-32.2 19.2-29.1
Gas residence time® (s) 25%0.1 26+0.1 29+0.1 2.8+0.1
Gas velocity® (m s?) 0.40+0.02  0.38+0.02 0.35+0.02 0.35+0.02
Maximum inlet NH; concentration
(M M) 20.0+0.4 29.9+0.6 17.8+0.4 20.5+0.4
Maximum NH; loading rate( (g3 25.0+1.5 35.8+2.1 20.4+1.2 227+14

m-3h?)




Liquid flow rate

25+0.1 25+0.1 2.6+0.1 25+0.1
(L min'?)
Liquid temperature

11.8-23.7 13.3-23.7 13.9-23.6 13.5-239
(x0.2°C)
Sprinkling flow-rate(®

20+0.1 20+0.1 2.1+0.1 2510.1
(m3h1m?2)
NH; absorption factor(e 3.2+0.8 3.2+0.8 3.3+0.8 33+0.8
Average daily water intake (Lday?) 17.1+0.1 14.8+0.1 22.6+0.1 15.1+0.1

(@) Gas residence time = volume of the packing material / gas flow-rate.

(b) Gas velocity = gas flow-rate / column cross section.

(©) NH; loading rate = gas flow-rate x ammonia concentration / volume of the packing material.
(d) sprinkling flow-rate = liquid flow-rate / column cross section.

(&) Ammonia absorption factor = (liquid flow rate / (gas flow rate x ammonia Henry constant)); ammonia Henry constant =
NH3 , ~NH3 | . .
Cg ™/ CL"° (dimensionless).

2.2. Nitrogen balance

For the bioreactor illustrated in Figure 1, the mass balance can be expressed as follows: Nitrogen
entering the system = Nitrogen leaving the system + Nitrogen transferred from the gas phase and
accumulated into the liquid phase + Nitrogen assimilated by the biomass (both attached to the
packing material and suspended in the water). The system under consideration is the entire
bioreactor, as delineated by the dashed rectangle in Figure 1. The equation is (in gN h):

G Cgin + G Cgfy + W Clyin Netrioneg | EOUAtion 1
— NH3 N20 strippe
=G CGout + G CGout +G CGout

dbiomass dcN

FlampCl+ —g— Vg



The substantial amount of nitrogen entering and leaving the system in the form N, was excluded
from consideration since it cannot be absorbed into water due to: (i) the brief contact time between
the gas phase and the liquid phase in the bioreactor (around 1-2 s), (ii) the Henry’s law constant of N,
in water (Table 2). The potential production of N2 resulting from biological activity within the

bioreactor, which was unavoidably stripped and re-emitted into the air, is considered through the

term ng;rtlpped. This term is also applied to account for the potential production of NOy by the

biological activity. In Figure 1, (G CRi13) and (G CRII3) are the gaseous ammonia mass flow rates
entering and leaving the system respectively; (G CN20) and (G CN29,) are the gaseous nitrous oxide
mass flow rates entering and leaving the system, respectively; (W Cl\;,) is the nitrogen content in the
water entering the system to compensate the evaporated water (with nitrate being the primary
nitrogen ion in tap water); (LdmpCE) is the mass flow rate of nitrogen substances potentially leaving

dbiomass

the system through droplet entrainment; ( ) is the rate of nitrogen consumption utilized for

biofilm formation (including the growth of microorganisms and the production of extracellular
polymeric substances (EPS) [25]) and the potential assimilation of inorganic nitrogen to organic

N
nitrogen (Nog); and (Vde%) is the nitrogen mass flow rate accumulated in the water in the inorganic

forms NH,*, NO,” and NO5". Assuming that droplet entrainment was avoided by the presence of an
efficient demister, Equation 1 can be reformulated as:

dbiomass dcl

—_— Equation 2
g g

NH3 NH3 N20 N20 N Nstripped
G (CGin - CGout) +G (CGin - CGout) +W CWin =G CGout +

Apart from the inorganic species NH,*, NO," and NOj5’, the water also contained free ammonia (FA,
i.e. NH3,), hydroxylamine (NH,OH), free nitrous acid (FNA, i.e. HNO,), nitric acid (HNO3) and nitric

oxide (NO). Considering the high Henry’s law solubility of NO (Table 2), this nitrogen form was

therefore stripped from the water and was also considered through the term ngfﬂpped. On the

contrary, hydroxylamine, free nitrous acid and nitric acid exhibit high solubility in water.
Nonetheless, due to the absence of water renewal, the amount of inorganic nitrogen forms (NH,*,
NO,  and NOj3) was notably greater than that of unionized nitrogen forms like FA, FNA,
hydroxylamine and nitric acid. The main unionized element, FA, and FNA can be calculated using the
following relationships [8,9,21]:

NHI(m_gN) 10PH Equation 3
L

FA mgN\ =
( L ) 10PH+ex <ﬂ)
P\273+ Ty

NOZ_(ngN) Equation 4

ENA many = —2300
o el 2 )
P\273+ Toqy




In the typical pH range measured in bioreactors treating gaseous ammonia emissions (around
neutrality [2]), the amount of FA is less than 1% of the NH,* accumulated in water, and FNA is less
than 0.1% of the NO,".

Integrating Equation 2 with respect to time gives:

[G (CNH3 — chi3) + G (CN20 — cN20) + W Cyin] At — vy ACY

Nstripped

] Equation 5
= Abiomass + G Cqg e At

Given that the left terms of Equation 5 are measured daily, it is possible to determine the overall
amount of nitrogen used for biomass growth and the amount stripped from the bioreactor, i.e. re-
emitted to the atmosphere (right terms).

Table 2 Henry’s law solubility constants at 298.15 K [26]

Nitrogen form H (dimensionless)
Ammonia (NHs) 6.84 10+

Nitrogen (N,) 63.1

Nitrous oxide (N,O) 1.68

Nitric oxide (NO) 21.2

Nitrogen dioxide (NO,) 2.88

Nitrogen trioxide (NO;) 1.06

Nitrous acid (HNO,) 8.41 10*

Nitric acid (HNOs) 1.92 107



Hydroxylamine (NH,OH) 2.88 107

2.3. Physico-chemical analysis of gas and liquid phases

Ammonia NH; and nitrous oxide N,O in the gas phase at the inlet and outlet of the bioreactor were
daily measured using a Fourier Transform InfraRed (FTIR) gas analyzer (GasmetTM DX-4030,
Environment SA). The ammonia removal efficiency was subsequently calculated based on these
continuous gaseous measurements:

CNH3 _ (NH3
Gin Gout Equation 6

REmeasureda = 100 ( CNH3
Gin

For water analysis, pH and electrical conductivity (EC.) were measured using a multi-channel analyzer
consort C834 (Consort bvba, Turnhout, Belgium) with temperature correction. Concentrations of
inorganic nitrogen species, namely NH,*, NO,” and NOj, were quantified through High Pressure lon
Chromatography (940 Professional IC Vario, Metrohm, conductivity detection, cation eluent: 3.2 mM
Na,CO; + 1 mM NaHCO;, cation column: metrosep C4 250/4.0, anion eluent: 3.5 mM Na,CO; + 3.0
mM NaHCO; + 10 % MeOH, anion column: Metrosep A Supp 5 150/4.0). Upon measuring the inlet
ammonia concentration Cgi]ff (in mgnus M3), pH, liquid temperature and NH,4* in water (in gN L), the
predicted RE value, as determined by Dumont et al. [27], can be calculated using the following

equation and subsequently compared with the measured value.

17 H NH 10(-PKat+pH) :
REpredicted = 100 | 1 — —10° Equation 7

14 ChH3

2.4. Analysis of microbial community

Microbial community structures in the bioreactor were analyzed using samples collected during EXP
3. The samples included: (i) decanted sludges in the water tank (collected at days 0, 27, 69 and 151);
(ii) biofilm extracted from the packing material at days 27 and 69; and (iii) water filtered at days 27,
69 and 151. All samples underwent centrifugation at 3000 g for 10 min, with subsequent removal of
the supernatant. The resulting pellet was stored at — 20 °C until DNA extraction. DNA extraction was
carried out using the Macherey Nagel NucleoSpin Soil kit. Microbial community dynamics were
investigated through high throughput DNA sequencing employing lon Torrent Personal Genome
Machine methods and technologies (ThermoFisher ScientificLife Technologies, MA, USA), as outlined
in Madigou et al. [28]. The analysis focused on the V4-V5 hypervariable regions of the bacterial and
archaeal 16S rRNA genes through PCR amplification (Platinium SuperFi PCR protocol from Life



Technologies) and fusion primers 515F (5'- lon A adapter—Barcode—GTGYCAGCMGCCGCGGTA-3'),
928R (5'-lon trP1 adapter—CCCCGYCAATTCMTTTRAGT-3’) and a specific primer for anammox
928Ramx bacteria (5'-CCCCGY-CAATTCHTTTRAGT-3') [29], incorporating a barcode and sequencing
adapters. The resulting amplicons were purified and quantified using the Agencourt AMPure XP
magnetic beads (Beckman Coulter), DNA 1000 kit and 2100 Bioanalyzer (Agilent Technologies),
respectively. Template preparation for emulsion PCR and subsequent sequencing were performed
using the lon PGM Hi-Q View OT2 Kit and lon PGM Hi-Q View Sequencing kit (Life Technologies) as
described in [28]. The high-throughput DNA sequencing yielded an average of 3369/10071 + 2291
sequence reads, each approximately 380 base pairs in length, for every sample. These sequences
underwent processing using the FROGS pipeline [30], adhering to the recommendations provided by
the authors on the MIGALE Galaxy instance (INRAE, Jouy-en-Josas, France). Abundance of
Operational Taxonomic Unit (OTUs) and calculations of microbial community diversity indices were
performed using Easy16S, a shiny web interface accessible at
https://shiny.migale.inrae.fr/app/easy16S (accessed on 7 April 2022), which is based on the phyloseq
R package [31]. The investigation of principal OUTs recovered in samples was used to predict
nitrogen functional metabolism through marker genes mapped to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database [32].

3. Results

The ammonia removal efficiency (REmeasured) and time changes in pH and electrical conductivity (EC,)
of water are depicted in Figure 2. Considering first EXP 1, the analysis of experimental results
highlights several surprising findings.

During the biomass acclimatization period, the bioreactor demonstrated the capability to absorb
ammonia from the initial days of operation, even under alkaline conditions that are typically
unfavorable for ammonia mass transfer (pH = 8.8£0.1). In the initial 30 days, REeasured ranged from
20 to 30+£6%, while the predicted RE values calculated from Equation 7 were 0. The main issue is that
a large amount of the transferred ammonia was not found in the water. Thus, by day 32, the
cumulative amount of NH; transferred from the gas reached 257+10 gN, whereas only 4214 gN were
measured in the water, in the forms NH,*, NO,  and NO;™ due to the gradual start of nitrification. This
finding suggests that the ammonia transferred from the gas was dissolved into various nitrogen
forms, likely including free ammonia in equilibrium with NH,*. However, the FA concentration
calculated from Equation 3 clearly indicated that the FA amount in the water was around 3.210.4 gN
only. Consequently, it is challenging to explain where the missing nitrogen is, and in what forms it
exists. This observation was already reported in the literature through studies carried out under
similar operating conditions and using the same pilot [27,33], as well as in an industrial setting [7].
However, no satisfactory explanation has been suggested to describe this phenomenon.

After the biomass acclimatized, nitrification begun and the pH decreased from 8.8+0.1 (tap water
value) to 7.4+0.1 (from day 42). As soon as the pH decreased, REc.sured Feached around 80+5%,
indicating that large amounts of ammonia were transferred from gas to water. The rapid
accumulation of NH,* in the water, and its subsequent oxidation into NO,™ by nitrifying bacteria, led
to a quick increase in the electrical conductivity of water. Considering that the measured EC, value
accounted for both the ionized species forms coming from tap water and those resulting from the
ammonia mass transfer in water and subsequent nitrification, the EC, value was recalculated to
remove the contribution of electrical conductivity from tap water (EC, corrected). As depicted in
Figure 2, the gap between the measured EC, value and the corrected EC, value logically widened over
time (up to 10 mS cm™ at the end of EXP 1). By day 51, EC, reached 22.0+0.2 mS cm™ and given that
elevated EC, values impede ammonia mass transfer [27], REeasureq therefore decreased as rapidly as

10



EC, (mS cm'?) - NH, RE (%)

100

it had increased, converging towards 20+2% by day 66. At this time, EC, reached its maximum value,
i.e. 69.7£0.7 mS cmL. Although this value may appear elevated, it is consistent with results
occasionally achieved in industrial conditions [7], and the continuous evolution of EC, does not

indicate measurement errors. Nevertheless, the substantial increase in EC, recorded between days

60 and 66 (rising from 35.7+0.4 to 62.1+0.6 mS cm) is surprising and difficult to explain.

One of the most notable and unexpected findings from EXP 1 is the continuous decrease in EC,
observed from day 74, despite the fact that RE,c.sureq Femained constant at 20+2%. In other words,
the bioreactor demonstrated the simultaneous capacity to absorb ammonia from gas to water and
remove ionic species dissolved in the water, presenting a seeming contradiction, unless one
considers the possibility of a substantial emission of gaseous nitrogenous forms other than NH; and
N,O into the atmosphere (i.e. N, or NO,). To explore this, three disruptions in the inlet ammonia
concentration were then applied (initial increase up to 20.0+0.4 mg m3, subsequent decrease to
7.0+0.2 mg m3, and a final increase to 15.0+0.3 mg m=3). However, these disruptions had no effect on
changes in REqeasureq Values, nor did they halt the decrease in EC,.

The unexpected findings observed during EXP 1 are confirmed by EXP 2, 3 and 4 with marginal
differences among them (Figure 2). Between EXP 1 and 2, the saline water was discharged and

replaced with fresh water, which explains that the pH was 8.8+0.1 at the beginning of EXP 2. As the

biomass had already acclimatized, nitrification rapidly started as indicated by the pH drop and the
rapid increase in REmeasured- With the NH; inlet concentration set at 29.0+0.6 mg m3, a substantial

guantity of ammonia was transferred to the water, consequently leading to a rapid increase in EC,,
up to 45.620.5 mS cmL. Similar to EXP 1, an unexpected continuous decrease in EC, was observed for
EXP 2 (from day 26 to day 96), while REcasureq fluctuated between 14 and 22+2%, even after the
change in the NHj; inlet concentration to 8.5+0.2 mg m=3. From day 96, RE,casureq NOtably increased to
around 40+3%, then decreased, resulting in an EC, increase from 23.0£0.3 to 32.0+0.3 mS cm™. A
steady state was finally observed from day 128 to day 153 in terms of REeasured, ECL and pH values. At
the beginning of EXP 3, salty water was replaced with fresh water which was inoculated since two
months had elapsed between both experiments (Table 1). Although NH; inlet concentrations varied,
results recorded during EXP 3 were similar to those achieved during EXP 2 in terms of EC, and pH

values. However, RE  casured Was slightly below 10+1% during the EC, decrease period. In EXP 4, the
experiment commenced with a very high REeasureq Value (90£6%) due to the pH of the fresh water
being close to neutrality (7.5+0.1). Nevertheless, results recorded over time in EXP 4 were similar to

those observed in the other experiments.
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Figure 2 Key parameters recorded during the four experiments (ammonia concentration -NHj3 inlet-, pH, electrical conductivity of

the washing liquid -EC, measured and EC, corrected to account for the presence of ionic species due to daily tap water intake-
and ammonia removal efficiency - RE measured =)

Given that the change in EC, over time is contingent upon the concentration of ionic species in water,
primarily in the form of nitrogenous species NH,*, NO, and NO; resulting from the nitrification
process, it can be concluded that the unexpected decreases in EC, observed during EXP 1-4 are due
to the depletion of these ionized nitrogen species in the water. This conclusion is confirmed by the
measurements of NH,*, NO,” and NO;™ concentrations over time, as depicted in Figure 3.
Consequently, the EC, decrease corresponds to similar decreases in NH,* and NO,™ concentrations,
while NO; concentration exhibited a continuous increase over time, albeit to a lesser extent. During
the phases of decreasing EC,, marked by the vertical dashed lines in Figure 3, the production rate of
NOjs’, as well as the loss rates of NH,* and NO, were satisfactorily modeled using linear equations.
Results are summarized in Table 3. In all experiments, the nitrogen loss rates for NH,* and NO,™ are in
the same order of magnitude (with a ratio |[NO,/NH,*| around 1) and considerably higher than the
production rate of NO; (with a ratio | NO3/NH,*| around 0.2), except for EXP 4 where the production
rate of NOjs™ is half of nitrogen loss rates for NH,* and NO,". Furthermore, nitrogen loss rates for NH,*
and NO, exhibited a continuous decrease between EXP 1 and EXP 4. Ultimately, during the phases of
decreasing EC,, substantial amounts of nitrogen disappeared from the water (Table 3). In EXP 1, this
amounted to 910180 gN, and by the end of the experiment, 85% of the initially transferred ammonia
from the gas phase had vanished from the water (Figure 4). This percentage was lower for the other
experiments, either due to nitrogen accumulation occurring again in the water after the decreasing
phase, as observed in EXP 2 and EXP 3 (44% and 37%, respectively), or due to low nitrogen loss rates
for NH,* and NO,, as observed in EXP 4 (43%). To explain these findings, it can be speculated in a first
approach that large amounts of NH,* and NO," in the water reacted chemically or biologically to form
NO; and nitrogen atmospheric forms, such as NOy, N,0 or N,, which then exited the bioreactor with
the exhaust air (e.g. via oxygenic denitrification [24]). And the continuous nitrate formation observed
in all four experiments should be due to the biological oxidation of the nitrite by the nitrite oxidizing
bacteria (NOB). However, considering the high concentrations of NH,* and NO,™ in the water
(reaching several thousand of mg L each; Figure 3), the levels of inhibitors, such as free ammonia
(FA) and free nitrous acid (FNA), were also substantial, as evidenced in Figure 5. According to the
literature [9,11,34,35], FA concentrations inhibiting AOB range from 8 to 120 mgN L, while NOB are
much sensitive, with inhibition occurring at concentrations between 0.08 and 0.82 mgN L. For all
experiments, FA concentrations calculated from Equation 3 reached several dozen mgN L%,
suggesting that NOB were likely fully inhibited, and consequently the presence of nitrate could not
be attributed to NOB activity. Furthermore, the concentrations of FNA calculated from Equation 4,
typically ranging between 0.2 and 1.0+0.1 mgN L (as indicated by the horizontal blue dashed lines in
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Figure 5), were sufficient to inhibit NOB (complete inhibition is observed for FNA concentrations > 1
mgN L [35]). The high values of the NO,” accumulation ratio defined as NO,/(NO,+NO5’) suggested a
substantial degree of NOB inhibition [8] (with results ranging between 70 and 98% for all
experiments). The absence of NOB was confirmed through the analysis of microbial diversity in the
biomass harvested from the bioreactor, as will be demonstrated latter. FNA concentrations were also
high enough to cause partial inhibition of AOB. Therefore, in such a severe environment and in the
absence of NOB, it becomes challenging to attribute the biological production of NO; solely to
autotrophic nitrification. Given that the amount of NO5” from tap water addition was marginal in
relation to the nitrate production rate (around 1-2%), it is likely that other chemical or biological

mechanisms were involved.
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Figure 3 Concentrations of ammonium (NH,*), nitrite (NO,) and nitrate (NO3") measured in the water over the course of the four

experiments
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Table 3 Calculated average rates of nitrogen forms appearing and disappearing in the water during the phases of decreased

electrical conductivity (EC,)

EXP1

Between days

EXP 2

Between days

EXP3 EXP 4

Between days Between days

79 and 168 30 and 84 51 and 93 51 and 109
Ammonium NH,* -4.5+0.2 - 3.8+0.2 -3.7+0.2 -2.2+0.2
Nitrogen rate
Nitrite NOy -6.310.2 -4.1+0.2 -3.310.2 -2.2+£0.2
(gN day™)
Nitrate NOs +0.7£0.2 +0.91£0.2 +0.7£0.2 +1.31£0.2
[NO,/NH4*| 1.39 1.07 0.90 1.00
Ratios
[NO;/NH4*| 0.15 0.24 0.19 0.60
Nitrogen “lost” during the period (gN) 910+80 375430 264+21 175+14
Nitrogen “lost” per day (mgN L d1) 128+13 8718 7918 3814
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Figure 4 Cumulative amounts of nitrogen transferred into the bioreactor, i.e.
[G (C’(\;’ﬁf — cﬁ’ﬁ) +G (Cé’izno — C?;’ggt) +W C%in] At (depicted by the blue dashed line) and nitrogen accumulated in the

water as ammonium, nitrite and nitrate, i.e. Vi AC ’LV (red line). The shaded areas indicate measurement uncertainties. When the
red line surpasses the blue dashed line, an additional input of nitrogen into the water occurs (according to Equation 5).
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Figure 5 FA and FNA changes calculated over time from ammonium (NH,*) and nitrite (NO,) concentrations in the water
(Equation 3 and Equation 4). The horizontal blue dashed lines demarcate inhibition zones attributed to the presence FNA (partial
NOB inhibition for FNA concentrations > 0.2 mgN L1; complete NOB inhibition for FNA concentrations > 1 mgN L [35])
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Another unexpected and surprising finding can be observed in Figure 4. Since the increase of the
electrical conductivity of the water is attributed to the nitrogen transferred from the gas to the
water (with consideration for the small amount of nitrogen present in the tap water), the
cumulative amount of the ionized nitrogenous species in the water is expected to be lower, or at
least equal, to the cumulative amount of nitrogen transferred from the gas phase to the water. The
difference between these quantities corresponding to the nitrogen used for biomass growth or lost,
as expressed by Equation 5. However, for EXP 1, a notable surprising change is observed by day 61.
The measured amount of nitrogen in the water surpasses the amount transferred, indicating an
additional input of nitrogen into the bioreactor. This phenomenon also appears for the three other
experiments, albeit with more pronounced effects. Notably, the amount of nitrogen accumulated in
the water exceeded the amount transferred by days 12 and 9 for EXP 2 and 3, respectively. The case
of EXP 4 seems even more surprising since the amount of nitrogen accumulated in the water
exceeded the amount of nitrogen entering the bioreactor by day 3. That means that for all
experiments an extra input of nitrogen was brought to the water under the ionized forms NH,*, NO,
or NOgs~. This finding is confirmed by the change in the electrical conductivity of the water recorded
over time (Figure 6). As observed in each experiment, both curves depicting the direct measurement
of EC, on one y-axis and the total concentration in NH,*, NO,  and NO3 from ionic chromatography
measurements on the other, follow a similar trend. It should be noted that, for each experiment, the
dashed curve (EC,) is not a modelled curve of the measured nitrogen concentration since curves are
displayed according to two different y-axis. Consequently, the change in EC_ is entirely attributed to
alterations in the concentrations of NH,*, NO,  and NOjs™ in the water, correlated with the
nitrification process. The cumulative amounts of extra input reached 740160, 330430, 540450 and
510440 gN for EXP 1, 2, 3 and 4, respectively. Comparing the operating conditions across the four
experiments reveals that the additional nitrogen input occurred after the onset of each experiment
as soon as the pH decreased to 7.5+0.1. In the case of EXP 4, this input occurred at the beginning
because the pH of the tap water used to replace the salty water at the end of EXP 3 was around
7.5+0.1. This prompts a legitimate inquiry into the origin of this nitrogen source.
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Figure 6 Change in nitrogen accumulation in the water over time (continuous line) due to ammonia mass transfer and
nitrification (NH;* + NO, + NOj37; note that NO3” coming from tap water has been subtracted) compared with the change in the
corrected electrical conductivity over time (dashed line; the corrected electrical conductivity values account for the cumulative

addition of tap water over time)

Regarding the biomass, Figure 7 presents microbial diversity at the genus level based on NGS results
for different samples collected in the bioreactor during EXP 3. The microbial community of the
inoculum is primarily composed of genera such as Haliangium, Thiothrix, Flavobacterium,
Ferruginibacter, Tetrasphaera, and Terrimonas genera. A wide range of OTUs identified in the
inoculum are implicated in the nitrogen cycle, including denitrifiers and AOB. The low presence of
AOB in the inoculum is consistent with literature data, indicating that 0.0033-0.33% of the bacteria
in activated sludge from municipal sewage works are AOB [36]. After the acclimatization period of
EXP 3 (12 days), sludge, biofilm and water sampled in the bioreactor were characterized over time.
Sequence analyses highlighted changes in microbial communities over time, revealing three different
patterns for sludge, water and biofilm. In the sludge sampled into the water tank, only a few OTUs
from the inoculum were recovered in the microbial community, and 6 OTUs emerged from bacterial
diversity analyses. It is noteworthy that a large part of the OTUs is associated with denitrifier
metabolism, such as Flavobacterium and Simplicispira. Otherwise, minor changes in sludge patterns
were observed over time. For the biofilm, genus level NGS analysis reveals that microbial patterns
differed from the inoculum but were close to those in the sludge. The distribution of relative
abundance between the samples was different, but the same OTUs were encountered in these two
locations. Notably, on day 27, the abundance of AOB was high, with OTUs affiliated to Nitrosomonas
and Nitrospira genera. This result is consistent with the high ammonia removal efficiency presented
in Figure 2, especially between day 15 and day 30. After 69 days, no AOB were detected in the
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biofilm, consistent with the low value of RE,casureq (around 6+3%). For the water, the microbial
community change was sensitive over time. Twenty-seven days after the beginning, the community
pattern was a mixture of both patterns encountered in the sludge and in the biofilm. AOB were
detectable in the water, probably due to the bacterial biofilm transfer to the water. After 69 days

until the end of experiment, the community changed, and only few OTUs dominated. NOB bacteria

were not detected in any of the samples analyzed, aligning with the concentrations of FA and FNA,
which might have led to NOB inhibition. Finally, Figure 7 suggests that bacteria involved in the

biological oxidation of ammonia were present in the biofilm colonizing the packing material of the
bioreactor. The three environments investigated in the bioreactor show similarities, particularly in
their microbial composition, and many of the OTUs have a denitrifying metabolism.
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Figure 7 Results from next-generation sequencing (NGS) analysis at the genus level for microbial diversity within the

bioreactor (EXP 3)

4. Discussion

The findings obtained during the four experiments showed that unexplained but reproducible
phenomena occurred in the bioreactor: (1) loss of NH,* and NO,™ species in the water; (2) formation
of NO; despite the absence of NOB due to inhibition phenomena caused by high FA and FNA

concentrations; (3) maintenance of the mass transfer of ammonia from the gas phase to the water

concomitantly with the loss of NH,* and NO,; (4) unidentified extra inputs of ionized forms NH,*,

NO, and NOjs in the water of the bioreactor.

day 69
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Before introducing possible mechanisms explaining these phenomena, it is important to keep in mind
that all experiments were conducted under adverse conditions for biomass growth. NH,* and NO,
concentrations reached up to several thousand mg L (with no water renewal during each
experiment), and no nutritive solution was added. Consequently, only inorganic compounds from the
air (mainly NH; and CO,) and tap water could be used by autotrophic bacteria to supplement their
energy requirements. Nonetheless, the two inoculations with 10 L of activated sludge from a
wastewater treatment plant, carried out at the beginning of EXP 1 and 3, represented two organic
carbon additions that must be considered.

First of all, since various denitrifiers have been identified in the inoculum, as well as AOB
Nitrosomonas, the large amount of NH; transferred from the gas phase during the acclimatization
period of the biomass, in spite of unfavorable pH conditions, could be explained by complete
denitrification since organic carbon from activated sludge inoculation was available. NH; would be
transferred, oxidized, then reduced to N,, and finally reemitted to the atmosphere. The conversion
NH;—=>NH,*=*N, would maintain the ammonia driving force for mass transfer. Consequently, the
bioreactor would act as an ammonia absorber with biochemical reaction, enhancing the rate of
absorption and increasing the capacity of the water to dissolve ammonia compared with simple
physical absorption [37]. This assumption would explain why the theoretical prediction of the NH;
removal efficiency based on a simple physical absorption (Equation 7) is always slightly lower than
the measured value, as the enhancement factor due to ammonia reaction was not considered in the
theory [27]. Moreover, this assumption would also explain the contradictory effects observed during
the decreasing phase of NH,* and NO, (EC, decrease). Indeed, the bioreactor was capable to
simultaneously absorbing NH3 (RE was never nil and ranged between 6 and 20% according to the
experiment, Figure 2) and removing NH,* and NO, from the water. This phenomena could contribute
to the nitrogen imbalances reported in the literature dedicated to bioreactors treating ammonia
emissions from piggeries [3,4,21]. However, microbial activities of nitrification and denitrification are
a significant source of nitrous oxide (N,0) to the atmosphere [38—43]. In the present study, N,O
production measured in the gas at the outlet of the bioreactor (Figure 1) was insignificant for the
four experiments (0.5% of the NH; transferred from the gas), but a small production was detected in
the air of the closed water tank. However, the air above the water in the tank represents a small
volume that cannot leave the bioreactor. Consequently, in the absence of proof that N, has actually
been reemitted into the atmosphere, we must remain very cautious about the direct conversion
NH;—=>NH,*—*N, in the bioreactor.

The main issue is that the various denitrifiers identified in the inoculum were found in large
proportions in the sludges, in the biofilm, and in the water throughout EXP 3 (Figure 7), even though
there was no organic carbon addition. Denitrifying bacteria are facultative aerobic heterotrophs that
switch from aerobic respiration to denitrification when oxygen is lacking. In the absence of oxygen,
these microorganisms use NOj3 as an electron acceptor. As a result, three conditions must be
investigated to consider the presence of denitrifiers: (1) the lack of organic carbon, i.e., the C/N ratio;
(2) the presence of NO5 despite the absence of NOB due to inhibition; and (3) the oxygen level in the
bioreactor. First of all, during EXP 3, the total organic carbon measured in the water was 90+6 mg L%,
and consequently, the C/N ratio < 1, since the amount of the ionic nitrogen forms reached several gN
L (Figure 3). Therefore, the amount of organic carbon was unfavorable to heterotrophic growth.
Secondly, in the absence of NOB, the slow but continuous NO3™ production all along the four
experiments implies that nitrification still occurred in the water (Figure 3). Consequently, we have to
conclude that NO,” was possibly oxidized into NO;™ by heterotrophic bacteria despite the few
available organic energy source [44]. In other words, simultaneous nitrification and denitrification
(SND) possibly would occurred in the bioreactor at very low C/N ratio. According to the SND process,
nitrification and denitrification reactions take place concomitantly in a single reactor, and there are
several potential mechanisms for NO, and NO;™ production by heterotrophs [44]. Basically, SND
would be due to a physical phenomenon characterized by a gradient of dissolved oxygen in the
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microbial flocs affecting the activity of the nitrifiers and denitrifiers. Thus, the oxygen stratification in
the aerobic biofilm creates micro-environments differing from the liquid bulk. Such micro-gradients
of oxygen within an aerobic biofilm affecting the spatial distribution and rate of microbial processes
were experimentally evidenced from microsensor analysis in a bioreactor treating ammonia
emissions from piggeries [22]. Therefore, oxygen stratification possibly existed in the aerobic biofilm
as well as in the sludges. Another potential mechanisms for NO,” and NO;™ production by
heterotrophs would be based on a macroenvironmental theory suggesting that nitrifiers and
denitrifiers reside in the same reactor but at different locations according to the dissolved oxygen
concentration [44]. The design of the bioreactor definitely promoted the formation of different
macroenvironments since the biofilm fixed in the packing material directly contacted the air to be
treated, whereas the sludges located at the bottom of the water tank were not in contact with the
air flowing through the absorption column (Figure 1). Moreover, the water in the tank was not
agitated, and its average residence time was 32 min for the operating conditions applied during the
four experiments (Table 1), which is significantly higher than the contact time between air and water
in the absorption column, around 2 s. The aeration of the water in the water tank was measured
(dissolved oxygen concentrations ranged from 4.0 to 4.8+0.8 mg L), but these values certainly did
not reflect the potential oxygen stratification that could occur in the decanted sludges located at the
bottom of the tank. A third mechanism, based on a micro-biological theory, implies that the
nitrification reaction during SND is performed by two groups of micro-organisms: chemolithotrophic
nitrifying AOB and heterotrophic nitrifiers present in the bioreactor. The latter are able to oxidize
organic substrates in a co-metabolism reaction, involving the co-oxidation of either ammonia or
reduced nitrogen from organic compounds, resulting in the formation of NO,  and NO; [17,44]. In the
bioreactor, organic compounds came from biomass growth via NH,* assimilation [5,6], leading to
biofilm formation. Biofilm consists of aggregates of cells embedded within a matrix of biopolymers
called extracellular polymeric substances (EPS) [45]. The development of biofilm involves several
successive steps: (i) initial contact with surfaces; (ii) irreversible attachment; (iii) microcolony
formation; (iv) EPS synthesis; (v) maturation; (vi) detachment to disperse and move to new places for
new colonization [45,46]. Consequently, dispersal, biofilm maturation, cell metabolism, and biomass
decay continuously occur, leading to an accumulation of organic forms in the bioreactor. A part of
these organic forms is represented by dissolved organic nitrogen (DON), which can serve as electron
donors and/or nutrients sources for both autotrophs and heterotrophs. As an energy source,
autotrophs can convert DON to ammonia, while as a nutrient source, DON can be hydrolyzed to small
compounds (urea, amino acids,...) or directly assimilated [47]. Without the addition of organic
carbon, it can be assumed that heterotrophs developed in the bioreactor due to the presence of
DON from the biofilm formed by the autotrophs through NH,* assimilation.

Given that satisfactory conditions for heterotrophic nitrification may have existed in the bioreactor
(macroenvironments and microbiological theories), an attempt can be made to interpret the
phenomena that occurred in the apparatus based on literature data [17,38,39,44,48,49]. In addition
to NH,* and NO,7, DON can also undergo oxidation. Moreover, heterotrophic bacteria can produce
organic compounds containing oxidized nitrogen, and these compounds could serve as sources of
NO, and NO;” when decomposed. Some heterotrophic bacteria can simultaneously function as
heterotrophic nitrifier (HN) and aerobic denitrifier (AD). The performance of these HN-AD bacteria,
such as Comamonas and Pseudomonas isolated from various habitats, including saline wastewater
[49], is influenced by several factors, mainly carbon and nitrogen sources, C/N ratio, oxygen, salinity
and pH. Most HN-AD strains sharing similar physiological properties tend to thrive in a low C/N ratio
(range of 8-10), under weak alkaline pH (7-9), low dissolved oxygen concentrations (<3 mg L™?) and
tolerate high NH,* concentrations. These conditions matched those encountered in the bioreactor
except for the detrimental C/N ratio <1. HN-AD bacteria convert inorganic or organic-containing
substances into dinitrogen (N,) through two pathways [50,51]: (1) NH;*=NH,OH=>NO, *>NO;=*>NO,
=>NO-+N,0—>N, (NO, and NO; are observed to accumulate temporarily) and (2)
NH;*=NH,0H=>NO-N,0->N, (hydroxylamine NH,OH directly generates N, through denitrification).
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Accordingly, the expected end-product of SND is N,, but studies have demonstrated that NH,*
consumption can be also correlated with biomass propagation [52-54]. In other words, NH,* is
converted into biomass and the nitrogen forms NO,, NO; and N, are not necessarily produced
during the process [53,55,56]. Ammonium removal rates reported in the literature by heterotrophs
ranged from 5.5 to 93.2 mgN L d! [52], which is within the order of magnitude of the values
measured during the four experiments (Table 3). However, a sufficient carbon source is required to
achieve efficient nitrogen removal through NH,* assimilation. Between the two pathways
NH;=NH,*=*N, and NH;—>NH,*—=>biomass, one study argued from mass balance that approximately
55% of the NH,* removed was lost as N,, and 45% was assimilated (under the operating conditions
C/N =8, pH =7; NaCl = 3%, T =30 °C [57]). In the present study, the N,O production between the inlet
and the outlet of the bioreactor (Figure 1) was insignificant for the four experiments, ruling out the
pathway NH;=>NH,*=N, (except in the closed water tank where a marginal N,O production was
measured, as indicated above). With a C/N ratio < 1, the transformation of NH; into N, or biomass by
heterotrophs is not expected. Consequently, in the absence of the evidence of N, production by the
bioreactor and considering the low C/N ratio, we cannot conclude to the production of biomass
rather than N, emission, and the SND track remains speculative.

Since the two nitrogen forms NH,;* and NO, disappeared simultaneously at similar rates from the
bioreactor, reactions between NH,* and NO,” must also be considered. In a first approach, a possible
biological anammox reaction (NH," + NO,” — N, + 2H,0) has been excluded since the bioreactor
operated under aerobic conditions and with NH,* and NO, concentrations significantly higher than
levels of inhibition reported in the literature [58,59]. Moreover, annamox bacteria were not detected
in the bioreactor. In a second approach, a chemical reaction between NH,* and NO, in water is
possible (NH;* + NO,” = N, + 2H,0). The kinetics and mechanisms for a large range of pH and
concentrations have been studied, but contradictory reaction orders and mechanisms were reported
[60-65]. NH,* and NO;, as well as their derivatives NH; | and HNO, forms, are used for mechanisms.
According to Nguyen et al. [63], the reaction rate is kCNH3CﬁN02 and nitrosamine (H,NNO) was
determined as the most plausible intermediate leading to the final products. The reaction was found
to be dependent on pH, exhibiting a 4000-fold increase as the pH decreased from 7 to 3. However,
the potential mechanisms reported in the literature were investigated under acidic conditions. In the
present case, the pH of the water was slightly higher than 7. Consequently, if a reaction occurred
between NH,* and NO;" via their derivatives NH;, and HNO, forms, the reaction rate should be low.
Furthermore, all attempts to fit the reaction rate, involving NH,* and NO," or/and their derivatives
from experimental data, were unsuccessful. Additionally, since the same operating conditions were
maintained during EXP 1-4, a physical reaction between NH,* and NO,  would have resulted in similar
removal rates for the four experiments, which was not observed (Table 3). Therefore, explaining the
disappearance of the two nitrogen forms solely through an abiotic reaction between NH,* and NO," in
water is challenging.

The extra inputs of nitrogen observed during the four experiments, clearly evidenced in Figure 4,
must now be discussed. Despite an unfavorable C/N ratio, the rate of NH,* removal during the phase
of EC, decrease (Figure 3) ranged from 2742 mgN L d! (EXP 4) to 565 mgN L' d* (EXP 1), which is in
the order of magnitude of values reported in the literature dedicated to SND process [52]. However,
considering that both NH,* and NO, were removed simultaneously at similar rates, and NO5; was
produced concomitantly, the total nitrogen “lost” during this period ranged from 38+4 to 128+13
mgN L1 d* (Table 3). As indicated above, this nitrogen “lost” was possibly partially used for biomass
growth and partially reemitted to the atmosphere as N,, although it is not possible to prove this
definitively. Considering (i) the amount of nitrogen transferred from the gas to the water during the
four experiments, (ii) the amount of nitrogen removed from the bioreactor due to water renewal
between each experiment, (iii) the amount of nitrogen present in the bioreactor and the end of EXP 4
as NH4*, NO, and NOys’, and (iv) the additional nitrogen supplies observed during experiments, it can
be concluded that the part of nitrogen reemitted to the atmosphere was low compared to the
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assimilated amount of nitrogen. Nitrite and nitrate can be produced by oxidation of ammonia and
nitrogenous organic compounds through heterotrophic nitrification [17]. It is known that the
microbial biomass production of heterotrophic bacteria is 40 times greater than the biomass formed
from the nitrification process (8.06 g versus 0.20 g per g of NH,*-N converted into NO3-N [66]).
Consequently, it is possible that the majority of the nitrogen transferred from the gas phase to the
water was used for biomass growth, EPS, and DON production. The putative phenomena would be:
once transferred from air to water, a large part of nitrogen would be entrapped in the bioreactor,
evolving between inorganic forms (mainly NH4*, NO,, and NO;’) and organic forms (mainly biomass,
EPS, and DON). However, the change in the overall amounts of biomass in the bioreactor cannot be
followed over time, and mechanisms controlling nitrogen distribution between inorganic and organic
forms in the bioreactor are currently unresolved.

Based on the reproducible experimental results achieved during the four experiments and the
literature data, potential mechanisms for nitrogen transformations between inorganic and organic
forms in the bioreactor are summarized in Figure 8. Without liquid phase renewal, the water
becomes loaded with ionic nitrogen species, and the nitrification process is clearly disturbed.
Nitrogen assimilation/ammonification certainly plays a significant role in the bioreactor, but the
adverse conditions characterized by a C/N ratio < 1 and large values of the electrical conductivity of
water hamper the understanding of the biological autotrophic/heterotrophic phenomena that
occurred.
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Figure 8 Potential microbial nitrogen transformations in the bioreactor performed by both autotrophic and heterotrophic

nitrifiers (adapted from [17]). The presence of a black rectangle signifies predominant nitrogen entrapment within the
bioreactor, with denitrification likely resulting in limited emissions of N,0 and N, (EPS: extracellular polymeric substances;
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DON: dissolved organic nitrogen; DNRA: dissimilatory nitrate reduction to ammonium; AMO: ammonia monooxygenase;
HAO: hydroxylamine oxidoreductase)

5. Conclusion

Unexpected but reproducible results emerged from four lengthy experiments conducted in a
bioreactor designed to treat ammonia emissions under extreme conditions (without additional
sources of nutrients or carbon). The continuous recirculation of water in the bioreactor led to the
accumulation of nitrogen salts that disrupted the nitrification process. The most unexpected findings
were (i) the simultaneous disappearance of NH,* and NO, species, despite a constant transfer of
ammonia from the gas phase to the water, and (ii) the sudden appearance of unidentified inputs of
inorganic nitrogen forms in the water (NH,*, NO,, and NOj), characterized by a notable increase in
the electrical conductivity of the water.

From analysis of the bacterial community structures in the bioreactor, it was assumed that a
simultaneous nitrification denitrification (SND) process occurred in the system. But it is possible that
large amounts of nitrogen would be assimilated to generate organic compounds through ammonia
assimilation. These compounds, in turn, would serve as a reservoir of available nitrogen through
nitrogen ammonification. These findings attest that the significant nitrogen imbalances commonly
observed in bioreactors treating NH; emissions, ascribed to denitrification processes, may also stem
from nitrogen assimilation phenomena. Once transferred from gas to water, a large part of nitrogen
would be entrapped in the bioreactor, evolving between inorganic forms, primarily NH,*, NO,", and
NOjs’, and organic forms, predominantly biomass, extracellular polymeric substances (EPS), and
dissolved organic nitrogen (DON). While the experimental results remain unquestionably valid, the
credibility of these hypotheses is undermined by the low C/N ratio (<1) in the bioreactor, as well as
the negligible N,0 production. The surprising phenomena recorded in the bioreactor remain
unresolved and all assumptions remain to be proven. It is probable that certain microbial nitrification
mechanisms are still unknown. The use of isotopic nitrogen in the bioreactor, coupled with enzyme
activity and phylogenetic analyses in future work, will contribute to their elucidation. However,
additional fundamental, small-scale researches will be needed to understand the observed
phenomena.
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Highlights

Four similar studies explored nitrification in waters with elevated nitrogen salts
Accumulation of nitrogen salts in water disrupts the nitrification process

Nitrogen transformations would be due to heterotrophs despite adverse C/N ratio

Despite clear results, disturbances in nitrification remain unresolved
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