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Nitrification is well-suited for urine stabilization. No base dosage is required if the
pH is controlledwithin an appropriate operating range by urine feeding, producing
an ammonium-nitrate fertilizer. However, the process is highly dependent on the
selected pH set-points and is susceptible to process failures such as nitrite
accumulation or the growth of acid-tolerant ammonia-oxidizing bacteria. To
address the need for a robust and reliable process in decentralized applications,
two different strategies were tested: operating a two-position pH controller
(inflow on/off) with a narrow pH control band at 6.20/6.25 (ΔpH = 0.05,
narrow-pH) vs. a wider pH control band at 6.00/6.50 (ΔpH = 0.50, wide-pH).
These variations in pH also cause variations in the chemical speciation of ammonia
and nitrite and, as shown, the microbial production of nitrite. It was hypothesized
that the higher fluctuations would result in greater microbial diversity and, thus, a
more robust process. The diversity of nitrifiers was higher in the wide-pH reactor,
while the diversity of the entire microbiome was similar in both systems. However,
the wide-pH reactor was more susceptible to tested process disturbances caused
by increasing pH or temperature, decreasing dissolved oxygen, or an influent
stop. In addition, with an emission factor of 0.47%, the nitrous oxide (N2O)
emissions from the wide-pH reactor were twice as high as the N2O emissions
from the narrow-pH reactor, most likely due to the nitrite fluctuations. Based on
these results, a narrow control band is recommended for pH control in urine
nitrification.
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GRAPHICAL ABSTRACT

1 Introduction

Current fertilizer production relies heavily on energy-intensive
nitrogen fixation using the Haber-Bosch process and the mining of
non-renewable phosphorus reserves (Randall and Naidoo, 2018).
Since urine is rich in these nutrients containing 80% of the nitrogen
and 50% of the phosphorus found in domestic wastewater, on-site
separation of urine and the recovery of its nutrients offers an
alternative fertilizer production, which allows for a local shortcut
in the nutrient cycle (Maurer et al., 2006). Urine-based fertilizer
production could be of interest not only for terrestrial applications
but is also being explored in the context of bioregenerative life
support systems for Space applications, such as the European Space
Agency’s Micro-Ecological Life Support System Alternative,
MELiSSA (Clauwaert et al., 2017). However, before urine can be
used as a fertilizer, it must be stabilized, which can be accomplished
by nitrification, among other methods (Larsen et al., 2021). Without
the addition of alkalinity, about 50% of the total ammoniacal-
nitrogen (TAN) in urine is converted to nitrate. Despite this
partial conversion, ammonia volatilization is prevented because
the pH drops during nitrification shifts virtually all TAN to non-
volatile ammonium (Faust et al., 2023).

Due to the limited alkalinity of urine, high pH fluctuations can
occur during batch operation (Udert et al., 2003) and continuous
flow operation (Sun et al., 2012), which in turn affect the activity of
ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria
(NOB) and can lead to process failures. Fumasoli et al. (2016)
suggested controlling the pH in the nitrification reactor with the
urine influent using an on/off controller within a narrow range
(ΔpH = 0.05), such as pH 5.80 to 5.85. Similar approaches were used
by Volpin et al. (2020), Ren et al. (2021), and Jiang et al. (2021), who
operated urine nitrification reactors at a narrow pH range of 6.2 ±
0.1 to achieve stable nitrification. According to Faust et al. (2023),
stable nitrification, i.e., without nitrite accumulation, is most likely
to occur in a pH range of 5.8 and 6.7, but again only a narrow
pH control band of ΔpH = 0.05 was examined. However, process
failures can occur despite keeping the pH changes within a narrow
range. In particular, sudden increases in pH, high temperatures, and
low dissolved oxygen concentrations can lead to continuous nitrite

accumulation, as shown, for example, by Faust et al. (2022a) and
Volpin et al. (2020). Nitrite in the effluent is a concern because it can
increase N2O emissions during nitrification (Faust et al., 2022a), is
toxic to plants (Oke, 1966), and can be lost to the gas phase during
downstream processing, such as distillation for purification and
concentration (Udert and Wächter, 2012). Another process
disturbance, the cessation of the influent, can lead to a decrease
in pH and to the growth of acid-tolerant AOB (Faust et al., 2022b),
which can further decrease the pH and lead to the release of harmful
nitrogen oxide (NOx) gases through chemical nitrite oxidation
(Fumasoli et al., 2017).

A wider control band of ΔpH = 0.50, e.g., has not been reported
so far but may foster a higher microbial diversity and a more robust
process. A larger control band results in greater fluctuations not only
in pH but also in free ammonia (NH3) due to the chemical speciation
(pKa,25 °C ≈ 9.25), which affects the ammonia oxidation because NH3

is the substrate of AOB (Stein, 2019). A change in nitrite production
from AOB can further lead to strong nitrite (NO2

−) and, therefore,
nitrous acid (HNO2) variations (pKa,25 °C ≈ 3.25). It has been shown
that such environmental fluctuations can lead to higher microbial
diversity due to ecological niche partitioning (Nguyen et al., 2021).
This aligns with the intermediate disturbance hypothesis, which
states that species diversity is maximized at intermediate disturbance
intensities (Shibasaki et al., 2021). As previous studies have shown,
increasing microbial diversity increases process robustness,
i.e., functional stability (McCann, 2000; Wittebolle et al., 2009).
Daims et al. (2001) therefore proposed increasing the diversity of
nitrifiers in wastewater treatment, and thus the functional stability of
the process, by forcing changes in the process regime. In the case of
urine nitrification, functional stability means the partial conversion
of TAN to nitrate without the formation of unwanted intermediates
or by-products such as nitrite, nitric oxide or nitrous oxide (N2O).

The nitrifying species found so far in urine nitrification strongly
depended on pH and whether alkalinity was added. In nitrification
without added alkalinity, AOB of the lineages Nitrosomonas
europaea (Fumasoli et al., 2017; Faust et al., 2023), Nitrosomonas
eutropha (Fumasoli et al., 2015), or Nitrosospira spp. (Fumasoli
et al., 2016) were found at a pH of 5.8 and 6.0. In partial urine
nitritation reactors at pH 7 and 8.5, Nitrosomonas halophila and
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Nitrosomonas stercoris, respectively, were dominant (Faust et al.,
2023). Nitrosomonas spp. were also found in partial urine nitritation
using sequencing batch reactors with effluent pH values of about 5.7
(Chen et al., 2017; Zheng et al., 2017). At a pH below 5.5, the
Nitrosomonas spp. were no longer active due to energy limitation
(Fumasoli et al., 2015). Instead, the acid-tolerant AOB “Candidatus
Nitrosacidococcus urinae” was found (Faust et al., 2022b), or, in the
case of highly diluted urine (1:20), the AOB “Candidatus
Nitrosoglobus” (Li et al., 2020). In urine nitrification with added
alkalinity, AOB closely related to Nitrosomonas aestuarii or
Nitrosomonas marina were found (De Paepe et al., 2018). In
none of the above studies could NOB be unambiguously assigned
to a genus, but NOB of the genus Nitrobacter were most likely
(Coppens et al., 2016; De Paepe et al., 2018; Faust et al., 2023). For
nitrification in bioregenerative life support systems, either open
microbial communities (Sakano et al., 2002; Bornemann et al., 2015)
or axenic and defined co-cultures (Lasseur et al., 1996) were
proposed, e.g., Nitrosomonas europaea ATCC 19718 and
Nitrobacter winogradskyi ATCC 25391 (Ilgrande et al., 2019).

To address the need for a robust and reliable process in
decentralized applications, particularly for Space applications, this
article explored two different operating strategies. The first strategy
involved maintaining a narrow pH control band with pH set-points
of 6.20 and 6.25 (ΔpH = 0.05), as previously employed in urine
nitrification studies. The second strategy involved operating with a
wider control band, with pH set-points of 6.00 and 6.50 (ΔpH =
0.50). It was hypothesized that a wider pH set-point range would
result in greater microbial diversity, better reactor performance, and
a more robust process.

2 Materials and methods

2.1 Reactor operation

Two aerobic 12-L continuous-flow stirred-tank reactors
(CSTR) without sludge retention were operated for 70 days.
Biomass from an existing fed-batch urine nitrification reactor
(Forum Chriesbach, Dübendorf, CH) was used for the start-up
(Faust et al., 2022a). The pH in the reactor was controlled with
the urine influent (Table 1) using an on/off controller. In the
“narrow-pH” reactor, the pH was controlled between 6.20 and
6.25 (ΔpH = 0.05), and in the “wide-pH” reactor, the pH was

controlled between 6.00 and 6.50 (ΔpH = 0.50). When the lower
pH set point was reached due to protons released during
ammonia oxidation, the influent (pH = 9.1) was turned on to
raise the pH until the higher pH set-point was reached. Both
reactors were fed with anaerobically stored urine collected from
waterless urinals and NoMix toilets (Gundlach et al., 2021) at
Forum Chriesbach. The temperature in the reactor was
controlled at 25°C, and the dissolved oxygen was maintained
between 4 and 6 mg L−1 with an on/off controller. See
Supplementary Material S1 (S1) for further details.

2.2 N2O measurements

During the first week of operation, the N2O emissions were
measured in the off-gas of the reactors. For the measurements,
1 L min−1 was diverted from the off-gas, dehumidified by cooling
and measured with a nondispersive infrared sensor (NDIR,
X-stream X2GP, Emerson) at a constant temperature of 60°C.
The N2O emission factor (EFN2O) [%] was calculated using Eq. 1,

EFN2O � Qair*CN2O−N,off−gas
Qinfluent* CTN,influent

p100% (1)

where Qair [L min−1] is the airflow, CN2O-N,off-gas [mg-N L−1] is the
N2O concentration in the off-gas, Qinfluent [L min−1] is the influent
pump rate, and CTN,influent [mg-N L−1] the TN concentration in the
influent. To estimate CTN,influent, the measured TAN concentration
was assumed to represent 90% of the total nitrogen in stored urine
(Udert et al., 2006).

2.3 Ex-situ robustness tests

Starting on day 45, activated sludge from both 12-L reactors was
used to perform ex-situ robustness tests in two 2-L CSTRs. Four
different disturbances were used to induce process failures to test
process robustness: i) increasing the temperature by 5°C, ii)
increasing the pH set-points by 0.2 units, iii) decreasing the
airflow resulting in a dissolved oxygen concentration of
approximately 1.5 mg L−1, and iv) switching off the influent and
concomitantly the pH control to test for the presence of acid-
tolerant AOB (Table 2).

TABLE 1 Characterization of the urine used to feed the nitrification reactors. *The nitrate and nitrite concentrations were checked with colorimetric nitrate stripes
(Nitrate Test 10–500 mg L−1, MQuant) and nitrite stripes (Nitrite Test 10–500 mg L−1, MQuant), respectively, but they were below the detection limit. **Electrical
conductivity was used as a proxy for salinity.

Variable Unit Mean Standard deviation

Total ammoniacal-nitrogen (TAN) [mg-N L−1] 3,200 120

Nitrate* [mg-N L−1] < 2.3 -

Nitrite* [mg-N L−1] < 0.6 -

COD [mg L−1] 2,930 210

pH [-] 9.1 0.2

Salinity** [mS cm−1] 24 1

Frontiers in Environmental Science frontiersin.org03

Faust et al. 10.3389/fenvs.2023.1275152

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1275152


2.4 Switching functions and kinetic
modelling

To quantify the effects of NH3, NH4
+, HNO2, NO2

−, and
pH fluctuations on the nitrifiers and to model the process
failures (Table 2), the switching functions and the kinetic
parameters presented in Table 3 were used. Most of the kinetic
parameters were determined for the activated sludge from the urine
nitrification reactor used to inoculate the two 12-L reactors (Faust
et al., 2023). The process disturbances were simulated using the
dynamic modeling software SUMO 19 (Dynamita, France). A
period of 15 days was simulated with either pH set-points of
6.20 and 6.25 (narrow-pH reactor) or 6.00 and 6.50 (wide-
pH reactor) to reach a steady state before applying one of the

disturbances in Table 2, except for the influent stop. In the model, it
was assumed that the microbial composition in terms of AOB and
NOB remains the same in both reactors. Eqs 2, 3 were used to model
the growth of AOB and NOB (Tchobanoglous et al., 2014),

rAOB � μmax ,AOB*SFAOB*XAOB − bAOB*XAOB (2)
rNOB � μmax ,NOB*SFNOB*XNOB − bNOB*XNOB (3)

where rAOB, rNOB are the net growth rates [mg-COD L−1 d−1],
μmax,AOB and μmax,NOB the maximum growth rates [d−1], bAOB

and bNOB the decay rates [d−1], XAOB and XNOB the biomass
concentrations [mg-COD L−1], and SFAOB and SFNOB the
switching functions from Table 3 [-]. A maximum growth
rate μmax,AOB of 1.21 d−1 and a decay rate bAOB of 0.2 d−1

TABLE 2 Overview of robustness tests. *Day after the start of the experiment when sludge was extracted from the main reactors for conducting the ex-situ tests.
The tests were performed when the rates were constant.

Variable Disturbance Possible failure Day*

Temperature 25°C → 30°C Nitrite accumulation 45

pH set-points Narrow-pH: 6.20/6.25 → 6.40/6.45 Nitrite accumulation 48

Wide-pH: 6.00/6.50 → 6.20/6.70

Dissolved oxygen (airflow) ~7.0 mg L−1 → ~1.5 mg L−1 Nitrite accumulation 49

Influent Switched off pH drops below 5 70

TABLE 3 Switching functions used to model the effect of NH3, NO2
−, O2, HNO2, pH, and temperature on AOB and NOB. These switching functions and kinetic

parameters were also used for the dynamic simulation in SUMO 19. *The effect of ammonia on AOBwasmodeled following Han and Levenspiel (1988) because the
Haldane equation underestimated the inhibition at high concentrations. The kinetic parameters of Faust et al. (2023) were determined for urine nitrification and
for AOB of the Nitrosomonas europaea lineage and NOB of the Nitrobacter genus.

Variable Mathematical form Parameters References

AOB

NH3 (1 − SNH3
KI,NH3 *

)np SNH3

SNH3+KS,NH3 *(1− SNH3
KI,NH3

*)
m

KS,NH3 = 1.2 mg-N L−1 Faust et al. (2023)*

KI,NH3 = 377 mg-N L−1

n = 2.8
m = 0.7

O2
SO2

SO2+KS,O2

kS,O2 = 0.74 mg-O2 L
−1 Guisasola et al. (2005)

HNO2
KI,HNO2

SHNO2 ,+KI,HNO2

KI,HNO2 = 0.34 mg-N L−1 Faust et al. (2023)

pH 1 − 10KpH*(pHmin−pH) , pH < pHmin KpH = 2.3 pHmin = 5.4 Fumasoli et al. (2015)

0, pH > pHmin

Temperature θ(T−20°C) θ = 1.095 Wyffels et al. (2004)

NOB

NO2
− SNO−

2
SNO−

2
+KS,NO−

2

KI,NO2 = 1.5 mg-N L−1 Faust et al. (2023)

O2
SO2

SO2+KS,O2

KS,O2 = 1.75 mg-O2 L
−1 Guisasola et al. (2005)

HNO2
KI,HNO2

SHNO2 ,+KI,HNO2

KI,HNO2 = 0.17 mg-N L−1 Faust et al. (2023)

NH3
KI,NH3

SNH3 ,+KI,NH3

KI,NH3 = 33 mg-N L−1 Faust et al. (2023)

Temperature θ(T−20°C) θ = 1.065 Wyffels et al. (2004)
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were used for the AOB, and a maximum growth rate μmax,NOB of
1.02 d−1 and a decay rate bNOB of 0.17 d

−1 were used for the NOB
based on the findings of Jubany et al. (2008). More
information and input parameters for the SUMO model can
be found in SI 2.

2.5 Chemical and physical analyses

An optical oxygen sensor (Oxymax COS61D, Endress + Hauser)
continuously measured dissolved oxygen. The pH (Orbisint
CPS11D, Endress + Hauser) was also measured continuously and
calibrated once a week to avoid pH drift. Electrical conductivity was
measured with a standard conductivity cell (TetraCon 325, WTW)

with automatic temperature correction to 25°C. Samples for the
analysis of cations (ammonium, potassium, sodium, calcium and
magnesium) and anions (nitrate, phosphate, sulfate and chloride)
were filtered through a 0.45 µm GF/PET filter (Chromafil,
Macherey-Nagel) and measured with ion chromatography
(881 compact IC pro, Metrohm). Acid-base equilibria for nitrous
acid/nitrite and ammonium/ammonia were calculated using the
dissociation constants of Anthonisen et al. (1976) and corrected
for ionic strength according to Davies (1967) (see SI 3 and SI 4).
Dissolved COD and nitrite were measured with spectrophotometric
cuvette tests (LCK114 and LCK 341, respectively, Hach Lange
GmbH) using a spectrophotometer (DR 2113800, Hach Lange
GmbH). Total and volatile suspended solids were measured
according to APHA (2012) standard protocols.

FIGURE 1
Short-term influence of two operational strategies on the pH, ammonia (NH3), nitrite (NO2

−), and nitrous acid (HNO2) concentrations, and the
switching functions. (A,C,E,G) The narrow-pH reactor was operated with pH set-points of 6.20 and 6.25. (B,D,F,H) The wide-pH reactor was operated
with pH set-points of 6.00 and 6.50. Measurements were taken after 1 week of operation in the 12-L reactors. An increase in the switching functions
indicates increased activity as the growth rate approaches the maximum growth rate (switching function = 1).
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2.6 Molecular analyses of the biomass

Biomass samples were collected from the 12-L reactors
approximately every 2 weeks. Additional biomass was collected at
the end of the robustness test when the influent was switched off to
check for the presence of acid-tolerant AOB. Biomass samples were
first stored at −80°C. The FastDNA Spin Kit for Soil (MP
Biomedicals) was then used to extract genomic DNA. The
procedure followed the manufacturer’s protocol, except that
bead-beating steps (Bead Ruptor Elite, OMNI) were performed in
a series of 4 × 20 s at 6 m s−1, separated by 2 min on ice according to
the MIDAS field guide (McIlroy et al., 2015) to lyse the matrix. The
extracted DNA was sent to LGC Genomics (Berlin, Germany) for
16S rRNA gene-based amplicon sequencing, library preparation and
sequencing on an Illumina Miseq platform. The primer pair 341F
(5’-CCTACGGGNGGCWGCAG-3’)/785Rmod
(5’GACTACHVGGTATCTAAKCC-3’) was used, targeting the V3-
V4 hypervariable region. Following the description of De Paepe et al.
(2017), data were processed using the Mothur software package
(v.1.40.5). Operational taxonomic units (OTU) with 97% similarity
in the V3-V4 region of their 16S rRNA gene after applying OptiClust
clustering were defined (Chen et al., 2013). Silva.nr_v138_1 database
was used to assign the taxonomy (Cole et al., 2014), and singletons
were removed (McMurdie and Holmes, 2014). Neighbor-joining
trees, including bootstrapping (n = 500), were constructed using
MEGA (version 11) software with the maximum composite
likelihood method. Additional analyses were performed with
NCBI Blast.

Alpha diversity, which quantifies the diversity within a sample,
was quantified using Shannon (Eq. 4) and Simpson (Eq. 5) indices,
with a higher index indicating a higher alpha diversity (Knight et al.,
2018),

Shannon diversity index � −∑
i

ni

N
p ln

ni

N
(4)

Simpson diversity index � 1 −∑
i

ni

N
( )

2

(5)

where ni is the number of individuals of a species, i.e., the
operational taxonomic unit (OTU), and N is the total number of
individuals. Beta diversity, which compares the microbial
community among a group of samples, was calculated using
Bray-Curtis dissimilarity principal coordinates analysis according
to Python scikit-learn package v. 0.23.2 (Pedregosa et al., 2011),
where biomass samples, which cluster close to each other, are similar
in terms of the microbial community (Knight et al., 2018).

3 Results and discussion

3.1 Short-term pH fluctuations cause short-
term nitrite fluctuations

The wide pH control band resulted in short-term pH fluctuations,
along with large NH3, NO2

−, and HNO2 variations (Figure 1).
Increasing the pH from 6.00 to 6.50 resulted in higher ammonia
oxidation rates due to the higher availability of the substrate NH3.
As the ammonia oxidation rate increased relative to the nitrite oxidation

rate, nitrite accumulated with a slight delay. Due to the higher nitrite
concentration, NOB were less substrate limited, and the nitrite
oxidation rate increased. As pH, and therefore the TAN fraction as
NH3, decreased, the nitrite concentration also decreased because
ammonia oxidation became slower relative to nitrite oxidation. The
switching functions for the AOB and the NOB in the wide-pH reactor
fluctuated considerably. The activity of AOB doubled from 35% of the
maximum activity at pH = 6.00%–70% at pH = 6.50 during one pH
cycle in the wide-pH reactor. The fluctuations in NOB were lower but
still significant, going from 50% to 70% during one pH cycle in the
wide-pH reactor. Therefore, the operational strategy with a wide
pH control band resulted in fluctuations that significantly affected
the nitrifiers.

The influence of NH3 and HNO2 inhibition on the activity of
the nitrifiers was limited because their concentrations were
much lower than the inhibition constants (Table 3). The TAN
and the NO3

−-N concentrations remained constant at a ratio of
about 1 g-N g-N−1, despite the fluctuations (see SI 5 for TAN and
NO3

−-N concentrations). Faust et al. (2023) reported that the
amount of TAN being oxidized changes only slightly between
pH 6.00 and 6.50 because the system is poorly buffered in this
pH range. While slightly less nitrite was oxidized to nitrate at
pH 6.50, changes in nitrate concentration were within the
measurement uncertainty.

3.2 In the long-term, the wide-pH reactor
has lower nitrification rates and higher nitrite
concentrations

The volumetric nitrification rates initially decreased sharply but
were fairly constant from day 30 onward, at 74 ± 15 mg-N L−1 d−1 for
the narrow-pH reactor and 41 ± 8 mg-NL−1 d−1 for the wide-pH reactor
(Figure 2A). The drop in activity was most likely due to biomass
washout, as the biomass concentration in both reactors decreased
sharply from approximately 3,500 mg-VSS L−1 to 300 mg-VSS L−1

(VSS in SI 6). The change from the fed-batch system with sludge
retention to a CSTR caused a decrease in the solids retention time (SRT)
and biomass washout. However, the volumetric nitrification rate
continued to decrease even when the SRT exceeded 18 days, which
is what is conservatively recommended for nitrification reactors at 25°C
(Tchobanoglous et al., 2014). While the volumetric nitrification rates
decreased, the specific nitrification rates were more constant and were
slightly higher for the wide-pH reactor at 140 ± 60 mg-N g-VSS−1 d−1

than for the narrow-pH reactor at 100 ± 30 mg-N g-VSS−1 d−1 (specific
rates and SRT in SI 6).

The nitrite concentration, always measured at a pH of 6.2, was
higher in the wide-pH reactor, but no continuous nitrite
accumulation was observed in either reactor (Figure 2B).
Therefore, ammonia oxidation was the rate-limiting nitrification
step for both reactors throughout the experiment. Soluble COD
removal was similar in both reactors, with approximately 90% of the
soluble COD in the influent being removed, similar to the COD
removal reported by Udert and Wächter (2012). Nitrate, TAN,
chloride, phosphate, sulfate, sodium, and potassium
concentrations did not differ between the two reactors (see SI 6
for anion and cation concentrations in the influent and reactors).
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3.3 Short-term NO2
−
fluctuations lead to

higher N2O emissions in the wide-pH
reactor

The N2O emissions from the wide-pH reactor, with an emission
factor of 0.47% ± 0.04% of the nitrogen load, calculated daily, were
significantly (p < 0.05) greater than the N2O emission factor of
0.23% ± 0.01% for the narrow-pH reactor (see SI 7 for daily average).
The N2O emission factor for the narrow-pH reactor was close to the
0.26% determined by Faust et al. (2022a) for N2O emissions during
the aerated phase of a fed-batch urine nitrification reactor, which

was also operated with a narrow pH control band. Over one
pH cycle, the N2O emissions were fairly constant for the narrow-
pH reactor (Figure 3A). In the wide-pH reactor, the N2O load in the
off-gas fluctuated greatly (Figure 3B). These fluctuations followed a
similar pattern as the pH dynamics but were observed with a slight
delay. Since both nitrite concentrations and N2O emissions varied
with a small time lag concerning pH (Figure 1), it is possible that it
was not pH per se that caused higher N2O emissions but rather the
higher nitrite concentrations. Faust et al. (2022a) also reported a
strong correlation between N2O emissions and nitrite concentration
during urine nitrification.

FIGURE 2
Performance of the two nitrification reactors. (A) Volumetric nitrification rate. (B)Nitrite concentrations in the reactors (nitrite was always measured
at a pH of 6.20 in both reactors). Average nitrite concentrations were 0.6 ± 0.4 mg-N L−1 in the narrow-pH and 1.9 ± 1.2 mg-N L−1 in the wide-pH reactor.

FIGURE 3
Typical pattern of N2O emission factor (EFN2O) in the off-gas during the pH cycle for the (A) narrow-pH reactor and (B) wide-pH reactor. The N2O
measurement campaign was conducted during the first week of operation of the 12-L reactor.
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3.4 Higher nitrifier diversity in the wide-pH
reactor

The alpha diversity of AOB in the wide-pH reactor was
significantly (p < 0.05) greater than in the narrow-pH reactor (see
Figure 4A and SI 8 for Shannon and Simpson indices of AOB). The
predominant AOB belonged to theN. europaea lineage in all samples,
except for the last sample from the wide-pH reactor, where a higher
relative abundance of an AOB was found that clustered strongly with
N. halophila (Figure 4B and SI 9 for phylogenetic tree of major AOB).

Since this was only the case for the last sample, it is difficult to
determine if this was related to differences in operating conditions.
Nitrosomonas europaea has previsouly been found in stable urine
nitrification (Faust et al., 2023). Nitrosomonas halophila has been
found in urine nitrification with high salinity of 50 mS cm−1 or in
partial urine nitritation reactors at pH 7 (Faust et al., 2023). These
selection criteria cannot explain the growth of N. halophila in the
wide-pH reactor since both reactors had the same salinity, i.e. 24 mS
cm−1. Although the nitrite concentration in the wide-pH reactor
increased towards the end, it was still relatively low.

FIGURE 4
(A) Alpha diversity indices of AOB according to Simpson index. The mean Simpson indices, excluding the first sample, were 0.04 and 0.25 for the
narrow-pH and the wide-pH reactor, respectively. (B) Relative read abundance of top two AOB species (OTUs) compared to all recognized AOB species
in the narrow-pH reactor (n) and the wide-pH reactor (w).

FIGURE 5
(A) Alpha diversity indices of Xanthobacteraceae spp. according to Simpson index. The mean Simpson indices, excluding the first sample, were
0.66 and 0.7 for the narrow-pH and the wide-pH reactor, respectively (B) Relative read abundance of top seven Xanthobacteraceae spp. (OTUs)
compared to all recognized Xanthobacteraceae spp. in the narrow-pH reactor (n) and the wide-pH reactor (w).
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The NOB species were not unambiguously identified, but several
unknown Xanthobacteraceae spp. were found, to which also
Nitrobacter belongs (Figure 5B and SI 10 for phylogenetic tree of
major Xanthobacteraceae spp.). Nitrobacter members are
supposedly r-strategists and are more commonly present in
environments with abundant nitrite than K-strategists belonging
to Nitrospira, growing at low nitrite concentrations (Nogueira and
Melo, 2006). Similar to AOB, the alpha diversity of
Xanthobacteraceae spp. that are at least potential NOB, was
greater in the wide-pH reactor compared to the narrow-pH
reactor, but the differences were not significant (p > 0.05) (see
Figure 5A and SI 11 for Shannon and Simpson indices of

Xanthobacteraceae spp.). However, since the NOB were not
unambiguously identified, it is difficult to draw further
conclusions about the NOB.

Despite the different environmental conditions, the relative
abundance of the top twelve OTU of all species, including
heterotrophs, was similar in both reactors (Figure 6). Fluctuations in
pH also did not affect the overall microbial diversity in terms of alpha
diversity indices (Figure 7A and SI 12 for Shannon index), probably
because most bacteria were heterotrophic organisms. Although pH also
affects the acid-base equilibrium of organic substances, namely, acetate
(pKa,25 °C ≈ 4.8) and propionate (pKa,25 °C ≈ 4.9), which are the major
organic components in anaerobically stored urine (Heusser et al., 2023),

FIGURE 6
Microbial community composition at the genus level (top 12 OTUs) of the narrow-pH reactor (n) and the wide-pH reactor right (w) according to 16S
rRNA amplicon sequencing.

FIGURE 7
(A) Alpha diversity in terms of the Simpson index for the total microbiota. A value closer to 1 indicates a higher microbial diversity (B) Bray-Curtis
dissimilarity principal coordinates analysis (PCoA) for the total microbiota. Biomass samples close to each other were similar in terms of the microbial
community.
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the fluctuations were probably too small and too far away from the pKa

values to have a major effect on heterotrophs.
Timewas found to be the primary determinant ofmicrobial changes

(Figure 7B). In particular, a major change in microbial composition
occurred in the final sample when a species of the Comamonadaceae
family became dominant, with relative abundances of about 80% in both

reactors. Comamonadaceae sp. had the highest gene identity of 98.8%
with Acidovorax defluvii, originally isolated from activated sludge
(Schulze et al., 1999). Since both reactors were fed with the same
influent, this could be related to the composition of the influent. The
influent tank was replaced on day 49, and although it was unremarkable
in terms of COD or TAN concentrations, it may have contained some

FIGURE 8
Influence of disturbances on the nitrification process for the two activated sludges from the narrow and wide-pH reactor. Ex-situ tests were
performed starting at day 45, when the rates in the 12-L reactors were constant. (A,B) Influence of a 5°C increase in temperature on nitrite concentration.
(C,D) Influence of a 0.2 pH value increase on nitrite concentration. (E,F) Influence of a reduction in airflow, resulting in lower dissolved oxygen (DO)
concentrations, on nitrite concentration. (G,H) Influence of an influent stop on pH and relative abundance of major AOB.
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organic substances that favored the growth ofComamonadaceae sp. (see
SI6 for TAN and COD concentrations in the influent and reactors).

3.5 Urine nitrification operated with a wide
pH control band is more susceptible to
disturbances

Based on the ex-situ tests, the wide-pH reactor was slightly more
susceptible to nitrite accumulation during process disturbances. A
sudden temperature increase of 5°C did not result in continuous
nitrite accumulation but caused a brief nitrite peak of about 10 mg-
N L−1 in the wide-pH reactor (Figures 8A, B). Guo et al. (2010) reported
that an increase in temperature promotes the AOB more than NOB,
which was not observed in this experiment, or at least not to a degree
that allowed continuous nitrite accumulation. The disturbance caused

by a 0.20 pH increase resulted in continuous nitrite accumulation for
the wide-pH reactor. In contrast, in the narrow-pH reactor, no
continuous nitrite accumulation was observed (Figures 8C, D). The
nitrite accumulation was irreversible even when the pH was lowered
again. While reducing the pH decreased the NH3 concentration, which
decreased AOB activity, it also increased the HNO2 concentration,
which according to Faust et al. (2023), affects NOB more than AOB.
The disturbance caused by a decrease in aeration resulted in a
continuous nitrite accumulation for both reactors, with higher
concentrations in the wide-pH reactor, which was reversible when
the airflow was increased again (Figures 8E, F). Therefore, the NOB in
urine were more sensitive to low dissolved oxygen concentrations than
AOB, a feature often used to suppress NOB growth, for example, in
partial nitritation/anammox systems (Hausherr et al., 2022). Due to the
cessation of inflow, the pH of both reactors first dropped to about 5.5.
Subsequently, in a second drop after more than 4 weeks, the

FIGURE 9
Simulations of process disturbances for a reactor operated with a narrow pH control band andwide pH control band. First, the reactor was operated
with a narrow pH of 6.20–6.25 and wide pH of 6.00–6.50 for 15 days, and then one of three process disturbances was applied. (A,B) Influence of a 5°C
increase in temperature on nitrite concentration. (C,D) Influence of a 0.2 pH value increase on nitrite concentration. (E, F) Influence of reducing the
dissolved oxygen (DO) set-points on nitrite concentration.
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pH dropped below 3 due to the growth of the acid-tolerant AOB
“Candidatus (Ca.) Nitrosacidococcus urinae” (Figures 8G, H). While
“Ca. Nitrosacidococcus urinae” was not detected in any samples from
the narrow-pH reactor, a very low relative abundance of 0.007% and
0.002% was found in the wide-pH reactor on days 45 and 64,
respectively. This may explain why the second drop occurred earlier
in the sludge from thewide-pH reactor. The higher AOBdiversity in the
wide-pH reactor increased the likelihood of process failure due to the
growth of acid-tolerant AOB.

The dynamic simulation of the robustness tests, which excluded the
growth of acid-tolerant AOB, also showed that the operation of urine
nitrification with a wide pH control band was more prone to process
failure (Figure 9). In all three simulations, nitrite accumulation occurred
in the wide-pH reactor, while the narrow-pH reactor did not lead to
NOB suppression. The kinetic parameters for oxygen affinity and
temperature dependence were not determined specifically for urine
nitrification, which may explain why the concentration profiles
obtained in the simulations differed from the ex-situ tests.
Nevertheless, the simulation results nicely showed that a wide
pH control band was more susceptible to reactor disturbances when
the microbial community composition of both reactors was the same.
Despite significant differences in diversities, the distributions of AOB
andNOBwere very similar in both reactors, withN. europaea being the
dominant AOB during the first three robustness tests. Therefore, is
likely that the differences in robustness that were observed in the
narrow-pH and the wide-pH reactors were not related to differences in
microbial composition but rather directly related to the two different
operational strategies, which resulted in different limitation and
inhibition effects. More specifically, fluctuations in pH lead to
fluctuations in the ammonia oxidation rate and hence the nitrite
concentration (Figure 1). As nitrite is the substrate for NOB, this
will increase the nitrite oxidation rate, but only up to a certain
(pH dependent) turning point, as the conjugative acid, HNO2,
inhibits nitrification. At this turning point, further increases in
substrate concentration will reduce the growth rate due to the
inhibitory effect. Overshooting the turning point must be avoided as
this will lead to a decrease in the nitrite oxidation rate, resulting in
further nitrite accumulation and a positive feedback loop. Due to the
nitrite fluctuations, the wide pH reactor was more likely to reach this
turning point, causing further nitrite accumulation (Figure 9).

Since nitrification is a two-step process and the process failures
are mainly related to AOB being faster than NOB, leading to nitrite
accumulation, increasing the diversity of AOB may even be
counterproductive. If possible, only NOB diversity should
selectively be increased. However, this was not possible with the
current operational strategy because the fluctuations influence AOB
and NOB (Figure 1). Increasing the microbial diversity of NOB
selectively by repeated bioaugmentation may be a more appropriate
approach (Daims et al., 2001).

4 Conclusion

• While operating urine nitrification with a wide pH control
band (ΔpH = 0.50) increased the nitrifier diversity, it did not
increase the process robustness.

• An operating strategy with a narrow pH control band (ΔpH =
0.05) is preferable because it reduces the risk of nitrite
accumulation and results in lower N2O emissions.

• The modeling results suggest that observed differences in
robustness between the narrow-pH and wide-pH reactors
were likely attributed to different limitation and inhibition
effects caused by the operational strategy.

• The hypothesis that larger environmental fluctuations would
result in a more robust process was not confirmed.
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