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Abstract
In this study, simultaneous nitrification and autotrophic denitrification (SNAD) with either elemental sulfur or pyrite were investigated in
fluidized bed reactors in mesophilic conditions. The reactor performance was evaluated at different ammonium (12e40 mg/L of NHþ

4 -N), nitrate
(35e45 mg/L of NO�

3 -N), and dissolved oxygen (DO) (0.1e1.5 mg/L) concentrations, with a hydraulic retention time of 12 h. The pyrite reactor
supported the SNAD process with a maximum nitrogen removal efficiency of 139.5 mg/(L⸱d) when the DO concentration was in the range of
0.8e1.5 mg/L. This range, however, limited the denitrification efficiency of the reactor, which decreased from 90.0% ± 5.3% in phases IIeV to
67.9% ± 7.2% in phases VI and VII. Sulfate precipitated as iron sulfate (FeSO4/Fe2(SO4)3) and sodium sulfate (Na2SO4) minerals during the
experiment. The sulfur reactor did not respond well to nitrification with a low and unstable ammonium removal efficiency, while denitrification
occurred with a nitrate removal efficiency of 97.8%. In the pyrite system, the nitrifying bacterium Nitrosomonas sp. was present, and its relative
abundance increased from 0.1% to 1.1%, while the autotrophic denitrifying genera Terrimonas, Ferruginibacter, and Denitratimonas dominated
the community. Thiobacillus, Sulfurovum, and Trichlorobacter were the most abundant genera in the sulfur reactor during the entire experiment.
© 2023 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Secondary effluents coming from anaerobic digestors are
commonly characterized by low organic carbon content, but
contain high nitrogen concentrations in the form of ammonium
(500e1 500 mg/L of NHþ

4 -N) to be directly discharged in water
bodies (Chen et al., 2015; Park et al., 2010). Conventional
processes of treating these effluents generally make use of two
different reactors for sequential autotrophic nitrification and
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heterotrophic denitrification (Drewnowski et al., 2021). This
requires the addition of an exogenous carbon source (Guerrero
and Zaiat, 2018). However, the need of a more cost-effective
configuration of wastewater treatment plants brings new chal-
lenges, such as waste sludge reduction, low carbon footprint,
and the reduction of used reactor volumes (Hakanen et al.,
2011). For these reasons, the conversion to a completely auto-
trophic process without the addition of a carbon source and the
simultaneous nitrificationeautotrophic denitrification (SNAD)
process are good alternatives to conventional treatments.
Autotrophic microorganisms have a lower cell yield that results
in less sludge production (Kostrytsia et al., 2018), and this
together with no requirement of organic carbon results in lower
costs and no CO2 production during the denitrification process.
Moreover, contemporary decontamination from ammonium
and nitrate in the same environment reduces the reactor volume
required for the treatment.
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Common inorganic compounds used as electron donors for
autotrophic denitrification are reduced sulfur compounds (RSC),
such as sulfide (S2�), elemental sulfur (S0), and thiosulfate
(S2O

2�
3 ) (Chung et al., 2014; Dolejs et al., 2015; Shao et al.,

2010). Several bacteria, such as Thiobacillus, Pseudomonas,
Sulfurimonas, and Thioprofundum sp., are able to exploit RSCs
as electron donors, exploit nitrate as a final electron acceptor, and
convert nitrate to dinitrogen gas (Carboni et al., 2021; Pu et al.,
2015; Jørgensen et al., 2009). Pyrite (FeS2) has been an alter-
native electron donor for autotrophic denitrification systems in
the last two decades. Pyrite is an abundant sulfur-iron mineral
present in the earth's crust (Di Capua et al., 2019) and can play a
role as an electron donor for nitrate reduction in natural eco-
systems (Jørgensen et al., 2009). Several studies have been
conducted to investigate pyritic minerals during autotrophic
denitrification and to understand the mechanisms of the process.
Compared to RSCs, FeS2 as an electron donor has several ad-
vantages when sulfur compounds are applied, such as low sulfate
production, no need for external buffer addition, and no pro-
duction of odorous emissions.Moreover, it is an extremely cheap
substrate because it is usually recovered as a waste material from
the mining sector (Ferreira et al., 2021).

Not many investigations have been done on SNAD pro-
cesses (Guerrero and Zaiat, 2018; Hwang et al., 2005), and
pyrite as an electron donor was only reported by Li et al.
(2020) and Li et al. (2021). In this study, two fluidized bed
reactors (FBRs) were used to simultaneously remove ammo-
nium and nitrate with either elemental sulfur or pyrite as an
electron donor for the denitrification process. The stoichio-
metric reaction involved in aerobic nitrification and anoxic
denitrification have been reported as follows (Bosch et al.,
2012; Cardoso et al., 2006; Hoffmann et al., 2007):

NHþ
4 þ2O2/NO�

3 þ2Hþ þH2O ð1Þ

FeS2þ3NO�
3 þ2H2O/FeðOHÞ3þ1:5N2þ2SO2�

4 þHþ

ð2Þ

5S0þ6NO�
3 þ2H2O/5SO2�

4 þ3N2 þ 4Hþ ð3Þ
However, the presence of oxygen in bioreactors can bring

several unwanted secondary reactions of pyrite (Eqs. (4) and
(5)) and elemental sulfur oxidation (Eq. (6)), which could limit
the autotrophic denitrification reaction (Lehner et al., 2007;
Mora et al., 2016):

4FeS2þ14O2þ4H2O/4Fe2þþ8SO2�
4 þ 8Hþ ð4Þ
Table 1

Operational conditions of FBRs in this study.

Phase HRT (h) Time (d) Influent NHþ
4 -N concentration (mg

I (batch mode) 0e12

II 12 13e19 0

III 12 20e42 12

IV 12 43e60 12

V 12 61e73 24

VI 12 74e82 24

VII 12 83e93 39
4Fe2þþO2þ4Hþ/4Fe3þ þ 2H2O ð5Þ

S0þ1:5O2þH2O/SO2�
4 þHþ ð6Þ

This study aimed to investigate the effect of the dissolved
oxygen (DO) concentration on nitrification, S0-driven auto-
trophic denitrification and FeS2-driven autotrophic denitrifi-
cation. In addition, the nitrogen removal performances of two
FBRs were monitored and compared, and the solid by-
products generated in the FBRs were identified.

2. Materials and methods
2.1. Inoculum and synthetic wastewater
The microbial community used in this study originated from
different sources of inocula. In a pyrite reactor (PR), an enriched
denitrifying culture was used, obtained from an FBR operating
for 220 d at mesophilic temperature (30�C) for pyrite-driven
autotrophic denitrification (detailed in Carboni et al. (2022)).
In a sulfur reactor (SR), a specialized autotrophic denitrifying
microbial community from an FBR for sulfur-driven autotro-
phic denitrification (see details in Carboni et al. (2022)) was
used. Both reactors were further inoculated with nitrifying
sludge from a membrane aerated biofilm reactor of the Oxy-
Mem wastewater treatment plant (Athlone, Co. Westmeath,
Ireland). In addition to the first inoculation on day 0, 50 mL of
nitrifying sludge was added in both reactors on day 49.

Mineral medium was prepared according to Stams et al.
(1993) and modified with 0.41 g/L of KH2PO4, 0.53 g/L of
Na2HPO4⸱2H2O, 0.3 g/L of NaCl, 0.1 g/L of MgCl2⸱6H2O,
0.11 g/L of CaCl2⸱2H2O, and 4 g/L of NaHCO3. 0.2 mL/L of
vitamin stock solution, 1 mL/L of acid trace element solution,
and 1 mL/L of alkaline trace element solution were also added.
The pH of the medium was kept in the range of 7.0e7.5. Nitrate
was added as KNO3 at NO

�
3 -N concentrations of 34e45 mg/L

depending on operational periods (Table 1). Ammonium was
added in the form of NH4Cl at NHþ

4 -N concentrations of
0e39 mg/L depending on operational periods (Table 1).
2.2. Bioreactor set-up
Two identical glass-made FBRs with volumes of 1 020 mL
(800 mL of working volume and 220 mL of headspace) were
used in this study (Fig. 1). They were inoculated (30% in
volume ratio) with the aforementioned microbial community.
The reactors were flushed with N2 for 20 min to ensure anoxic
/L) Influent NO�
3 -N concentration (mg/L) DO concentration (mg/L)

45 0

34 0.1e0.3

34 0.3e0.9
34 0.3e0.9

34 0.8e1.5

34 0.8e1.5



Fig. 1. Schematic representation and photo of FBR used in this study.
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conditions. Temperature in the FBRs was maintained at 30�C
with a thermostatic recirculation bath. pH was measured in
continuous operation with a pH-meter 300 pH/ORP (Cole
Parmer, Vernor Hill, USA) and an electron probe with a
ceramic junction (VWR, Radnor, USA). DO (Intellical
LDO101, Hach, Cork, Ireland) and oxidation-reduction po-
tential (Intellical MTC101, Hach, Cork, Ireland) values were
monitored in continuous mode as well.

50 g of FeS2 (higher than 99% grade and 0.15e0.48 cm in
diameter; Fischer Scientific, Hampton, USA) and 30 g of
chemically synthetized S0 (higher than 98% grade and 150 mm
in diameter; Fischer Scientific, Hampton, USA) were added to
the FBRs as electron donors with a static bed depth of approx-
imately 5 cm. Moreover, in the SR, 30 g of CaCO3 (higher than
98% grade; Fischer Scientific, Hampton, USA) was also used as
buffer material. Liquid inside the column was continuously
recirculated in upflowmode with a peristaltic pump (Masterflex
Cole Parmer, Chicago, USA) at a flow rate of 200 mL/min that
allowed a bed expansion of 35%e40% in both reactors. A
peristaltic pump (Masterflex Cole Palmer, Chicago, USA) was
also used to feed the synthetic wastewater to the FBRs and pump
out the effluent. Air was introduced to provide oxygen for
nitrification through a porous stone installed at the bottom of the
FBRs to ensure smooth mass transfer with a peristaltic pump
(Verderflex EV045 Economy, Castleford, United Kingdom).
2.3. Start-up and operation of FBRs
The start-up of the FBRs was done in batch mode
throughout phase I. During the first 12 d, five batch denitri-
fication cycles were performed to allow the acclimation of
microorganisms and their attachment on sulfur or pyrite par-
ticles. In this phase, no NHþ

4 or DO was provided to the re-
actors to restore the environmental conditions in the previous
experiment that consisted of a 220-d experiment of autotro-
phic denitrification using either pyrite or elemental sulfur in
the FBRs (Carboni et al., 2022). From day 13 to day 93
(phases IIeVII), the reactors were operated in continuous
mode under different operating conditions summarized in
Table 1. In the PR and SR, the same synthetic wastewater was
introduced as the influent, and pH was always kept in the
range of 6.9e7.4. The hydraulic retention time (HRT) was
constant at 12 h, and NHþ

4 -N, NO
�
3 -N, or DO concentrations

were variating. In phase II, only NO�
3 was introduced as

the pollutant in the influent at a NO�
3 -N concentration of

45 mg/L. From day 20 onwards (phase III), NHþ
4 was also

fed in the influent with an initial NHþ
4 -N concentration of

12 mg/L. Together with the ammonium supply, NO�
3 -N con-

centration was decreased to 34 mg/L and kept constant in the
remaining reactor run. During phases IVeVII, the influent
NHþ

4 -N concentration was increased up to 39 mg/L, and DO
concentration was increased to 1.5 mg/L. Intermittent aeration
and no-aeration times were defined with the aid of the DO
sensor, using a timer that was set to keep the ranges reported
in Table 1. Liquid samples were daily collected from the FBR
effluents, and solid samples were taken at the end of each
phase.
2.4. Microbial community analysis
Samples for microbial community analysis (10 mL) were
collected on days 0, 19, 61, and 93 from both FBRs. All samples
were stored at�80�C after snap-freezing in liquid nitrogen. The
QIAGEN DNeasy power soil kit (QIAGEN, Hilden, Germany)
was used for DNA extraction according to the manufacturer's
protocol. The concentration of the extracted DNAwas quanti-
fied with a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA).
Extracted DNA samples were kept at �20�C prior to
sequencing. Polymerase chain reaction (PCR) amplification and
purification, library preparation, and sequencing were carried
out at the Novogene Institute (Beijing, China) on the Illumina
NovaSeq 6000 platform. Specific universal primers
(515Fe806R) were used to amplify the V4 region. Bio-
informatic analyses (e.g., operational taxonomic unit (OTU)
analysis and alpha and beta diversity analyses) were conducted
at the Novogene Institute, as described in detail by Jiang et al.
(2019). The processed Illumina NovaSeq 6000 reads were
deposited in the Sequence Read Archive of the National Center
of Biotechnology Information under accession number
PRJNA872858.
2.5. Analytical method
Liquid samples were filtered on 0.22-mm cellulose acetate
filters before chemical analyses. Nitrate, nitrite, and sulfate
concentrations were determined with ion chromatography using
a Dionex Aquion equipped with an AS14A column of
4 mm � 250 mm, an AG14A guard column of 4 mm � 50 mm,
and a suppressed conductivity detector (ThermoFisher Scienti-
fic, Waltham, MA, USA). The mobile phase was composed of a
mixture of Na2CO3 (3.03 mmol/L) and NaHCO3 (0.97 mmol/L)
at 1.0 mL/min (Florentino et al., 2020). Ammonium and ferrous
iron concentrations were measured using a Gallery þ nutrient
analyzer (Thermo Scientific) following the manufacturer's pro-
tocol. Total organic carbon (TOC) was measured with a TOC
analyzer (TOC-L, Shimadzu, Kyoto, Japan).
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Solid samples were analyzed with a Fourier transform
infrared attenuated total reflectance (FTIR-ATR) spectropho-
tometer (ATR-Nicolet iS5, Thermo Scientific, Waltham, USA)
in the range from 4 000 cm�1 to 525 cm�1 with a resolution of
4 cm�1.

3. Results
Fig. 2. Ammonium, nitrate, and sulfate concentrations during reactor
operation.
3.1. Performance of reactors

3.1.1. Ammonium removal

3.1.1.1. Nitrification in PR. From day 20 onwards, NHþ
4 was

introduced in both FBRs through the influent at NHþ
4 -N con-

centration of 12 mg/L. The PR FBR had an unstable nitrifi-
cation activity during phase III with NHþ

4 -N concentration
ranging from 3 mg/L to 14 mg/L. On day 43, DO concentra-
tion increased from 0.1e0.3 mg/L to 0.3e0.9 mg/L. After this
change and the addition of the nitrifying sludge on day 49, a
better nitrification activity was achieved on day 51 with an
average ammonium removal efficiency of 65%. During phase
V, the nitrification activity decreased in the first seven days
after NHþ

4 -N concentration was increased to 24 mg/L. After
that, it recovered up to 50.8%. The increase in DO concen-
tration during phase VI (0.8e1.5 mg/L) allowed a
better nitrification. NHþ

4 -N concentration in the effluent was
5.8 mg/L on average with a NHþ

4 removal efficiency up to
94.9% on day 82. During phase VII, NHþ

4 -N concentration in
the influent was increased to 39 mg/L, and the PR FBR ach-
ieved a nitrification activity of 91.2% that corresponded to a
NHþ

4 -N loading rate of 71.5 mg/(L⸱d).

3.1.1.2. Nitrification in SR. The SR FBR did not achieve good
and steady nitrification performance during the complete
duration of the experiment. In phase III, an unstable nitrification
activity was recorded with an average NHþ

4 -N concentration of
7.8 mg/L in the effluent. During phase IV, no improvement was
detected even after nitrifying sludge was added to the SR and
DO concentration was increased. In subsequent phases, nitrifi-
cation was always low as well (Fig. 2(a)).

3.1.2. Nitrate removal
After 12 d of operation in batch mode, the reactors were

continuously operated for 80 days (Table 1). From day 13
during phase II, the FBRs received 45 mg/L of NO�

3 -N.
During this period, PR and SR obtained denitrification
efficiencies of 91.0% and 95.8%, respectively, which
corresponded to average NO�

3 -N concentrations of
(4.10 ± 2.70) mg/L and (2.00 ± 1.02) mg/L in the effluent
(Fig. 2(b)). During phase III, NO�

3 -N concentration in the
influent was reduced to 34 mg/L when NHþ

4 was fed to the
reactors. From day 20, the actual nitrate concentration that the
reactors treated was the sum of the nitrate fed to the influent
tank and the nitrate generated by the nitrification process
(Fig. 2(b)). From phase III onwards, a different behavior in the
two FBRs was detected (Fig. 2(b)). The SR FBR had a deni-
trification activity of 97.8% ± 3.58% for the complete duration
of the experiment, with a maximum NO�
3 -N concentration of

3.20 mg/L in the effluent. The PR FBR, on the other hand, did
not show such a stable performance. The nitrate concentration
in the effluent increased slowly during the reactor run, with an
average NO�

3 -N concentration of 11.05 mg/L during phase
VII, but the nitrate concentration peaks exceeded the
maximum allowable contaminant level (11 mg/L of NO�

3 -N)
specified in the World Health Organization Guidelines for
Drinking Water Quality. This decrease in the denitrification
activity was concomitant with DO concentration of
0.8e1.5 mg/L in the PR. Moreover, according to ammonium
oxidation in phases VI and VII, additional NO�

3 -N concen-
trations up to 20 mg/L on day 82 (phase VI) and 36 mg/L on
day 92 (phase VII) were treated by the PR. The actual NO�

3 -N
loading rate (NLR) that was treated by the PR during phase
VII was 139.5 mg/(L⸱d).
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3.1.3. Sulfate production
The production of sulfate during SNAD using sulfurous

compounds as electron donors could be due to two different
reasons. The denitrification process occurred through the
oxidation of S0 in the SR and S2� in the PRwith the concomitant
generation of SO2�

4 . Alternatively, oxygen required for the
nitrification process could also act as an electron acceptor for the
oxidation of the present sulfur compounds. In this study, no
sulfate was measured in the PR at almost all time points during
the reactor run (Fig. 2(c)). On the contrary, SO2�

4 was detected in
the effluent during each phase in the SR. During phases IIeV, its
concentration was always below the stoichiometry-based
theoretical value that was calculated based on the amount of
the reduced nitrate. However, in phases VI and VII, sulfate
concentrations were detected to be higher than the theoretical
value. In these two phases, DO concentrations in the reactors
were in a range of 0.8e1.5 mg/L, which most likely contributed
to the sulfur oxidation process.
3.2. Production of solid by-products
Fig. 3. FTIR spectra of solid deposits collected from PR bottom on
operational days 12 (P12), 19 (P19), 43 (P43), 61 (P61), 84 (P84), and
93 (P93).
Figs. 3 and 4 show the FTIR spectra of the solid samples
collected from the bottom of the reactors at the end of each
phase. In the PR, three main groups were detected. The first
group hadwavenumbers of 3 700e2 700 cm�1 and exhibited the
characteristic peaks of iron sulfate minerals (Majzlan et al.,
2011). The second group at 1 600e1 400 cm�1 was typical of
iron hydroxide (Fe(OH)2/Fe(OH)3) precipitation (Di Capua
et al., 2020). The last group in the wavenumber range of
1 200e800 cm�1 was typical of sulfate minerals, such as
sodium or calcium precipitates (Kadam et al., 2010; Kiefer
et al., 2018). The third group was also present in the SR, con-
firming that at least part of sulfate was missing in the precipi-
tated solution. Moreover, in the SR, the characteristic peaks of
CaCO3 introduced in the reactor as buffer material were
detected at wavenumbers of 1 400 cm�1, 900 cm�1, and
700 cm�1 (Kiefer et al., 2018).
3.3. Microbial community analyses

3.3.1. Microbial community richness and diversity
The alpha diversity analysis (Table 2) revealed that different

microbial communities were present in the elemental sulfur and
pyrite FBRs. In the SR FBR, the Shannon index increased from
4.901 to 5.729, and the number of observed species also
increased from day 0 to day 93, except for a low decrease on day
19 (Table 2). In the PR FBR, the number of observed species
significantly decreased over time, from 1 076 on day 0 to 761 on
day 93. In contrast, the Shannon index sharply decreased from
day 0 to day 19 but increased to the values above the initial value
of day 0 at the last two time points (Table 2).

The principal component analysis (PCoA) of beta diversity
(Fig. 5) showed that the microbial communities in the two
reactors had a high dissimilarity. In particular, the SR samples
were clustered in two groups. One group was related to the
first two time points (days 0 and 19), and the other was related
to days 61 and 93. The PCoA of the PR showed that the
samples at all the four time points were quite diverse, and the
sample on day 19 was more distant from the samples at the last
two time points than from the sample on day 0 (inoculum).
This phenomenon was also shown in the weighted UniFrac
distance (Fig. 6(a)). The PR samples collected on day 19 were
more similar to the SR samples than to the PR samples
collected at other three time points.

3.3.2. Taxonomic diversity
In the SR, the families Comamonadaceae, Hydro-

genophilaceae, Sulfurovaceae, Rhodocyclaceae, and Geo-
bacteraceae dominated the microbial community (Fig. 6(b)) for
the entire duration, with a total relative abundance (RA) of 70%.
At the first two time points, Comamonadaceae and Hydro-
genophilaceae had an RAof 50% in total. In contrast, on days 61
and 93, the RA of Hydrogenophilaceae decreased, and RAs of
Sulfurovaceae and Geobacteraceae increased. The similarity of
the samples at the first two time points agreed with themicrobial
community richness (Table 2). The most common autotrophic
denitrifying genera present in these families were Thiobacillus
(belonging to Hydrogenophilaceae), Sulfurovum (belonging to



Fig. 4. FTIR spectra of solid deposits collected from SR bottom on
operational days 12 (S12), 19(S19), 43 (S43), 61 (S61), 84 (S84), and
93 (S93).

Table 2

Alpha diversity indices and statistical indices of alpha diversity with a clus-

tering threshold of 97% of biomass growing in SR and PR FBRs.

FBR Sample Number of

observed

species

Shannon Simpson Chao1 ACE

SR Inoculum (S0) 782 4.901 0.878 853.823 861.955

Day 19 (S19) 594 4.741 0.893 627.325 634.241

Day 61 (S61) 687 5.012 0.899 736.408 735.962

Day 93 (S93) 1 001 5.729 0.930 1 073.218 1 084.267

PR Inoculum (P0) 1 076 5.735 0.944 1 156.243 1 173.601

Day 19 (P19) 863 4.239 0.769 954.766 952.466

Day 61 (P61) 941 6.289 0.967 1 006.987 1 019.428

Day 93 (P93) 761 5.970 0.958 813.986 821.094

Note: ACE is the abundance-based coverage estimator.

Fig. 5. PCoA of PR and SR samples on operational days 0, 19, 61,
and 93.
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Sulfurovaceae), Thiomonas (belonging to Comamonadaceae),
and Trichlorobacter (belonging to Geobacteraceae) (Fig. 7).
Moreover, other relevant microorganisms common in autotro-
phic denitrification systems present in the SR (Fig. 7) were
Parvibaculum, Ferruginibacter, Aerinimons, Pseudomonas,
PHOS-HE36 (belonging to the Ignavibacteriales order), and
Ciceribacter (Han et al., 2020; Carboni et al., 2022; Kostrytsia
et al., 2018).

The microbial community in the PR on day 0 was
composed of Comamonadaceae, Rhodocyclaceae, and Week-
sellaceae, with an RA of 70% (Fig. 6(b)). On day 19, almost
70% of the RA was only composed of the Comamonadaceae
family, and its RA decreased to 30% at the last two time
points. On days 61 and 93, a mixture of other families (Rho-
docyclaceae, Chitinophagaceae, and Anaerolineaceae)
increased, with an RA of 25%. The most abundant genera in
the PR related to SNAD (Fig. 7) on days 0 and 19 were
Cloacibacterium, Ferribacterium, Dechloromonas, and Sten-
otrophomonas, and those on days 61 and 93 were Nitro-
somonas, Terrimonas, Denitratisoma, and Anaerolinea.

4. Discussion
4.1. Simultaneous nitrification and autotrophic
denitrification with pyrite as electron donor
This study showed that the removal of NHþ
4 and NO�

3 in
one single reactor can be achieved but requires careful selec-
tion of the supplied O2 concentration. The nitrification reac-
tion is an aerobic process, while the denitrification requires
anoxic conditions. Autotrophic denitrifying microorganisms
are generally facultative anaerobes. Thus, when both oxygen
and nitrate are present, the reduction of oxygen preferentially
occurs given large free energy (Pochana and Keller, 1999).
Another possible side effect of SNAD using pyrite as an
electron donor is the release of sulfuric acid, a typical phe-
nomenon of acid mine drainage where FeS2 is oxidized in the
presence of oxygen and at a low pH value (less than 4.5)
(Evangelou and Zhang, 1995). For these reasons, the most
important parameter of SNAD is the DO concentration in the
FBR because low O2 concentrations could limit nitrification
while high O2 concentrations hamper denitrification and
potentially the whole process.



Fig. 6. Cluster tree based on weighted UniFrac distances of SR and PR samples on operational days 0, 19, 61, and 93 and bar chart of top ten
most abundant families of SR and PR samples.
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This study initially started the experiment with a very low
DO concentration in the range of 0.1e0.3 mg/L during phase
III. Subsequently, the DO concentration was increased ac-
cording to the nitrification response during the experiment.
The DO concentration was found to be low to guarantee a
steady nitrification activity. In phase IV, increasing the DO
concentration in the range of 0.3e0.9 mg/L allowed a better
ammonium removal (Fig. 2(a)). Once the ammonium con-
centration in the influent was increased, a higher DO
Fig. 7. Cluster heatmap of taxonomic abundance according to top 35
genera of all samples.
concentration was required in order to achieve a high nitri-
fication efficiency. However, a DO concentration in the range
of 0.8e1.5 mg/L reduced the denitrification efficiency
(Fig. 2(b)) but was the maximum limit to guarantee a nitrate
concentration in the effluent below the regulation threshold.
This agreed with the findings of Li et al. (2021) who found
that under a DO concentration condition of 1.2e1.5 mg/L,
the denitrification efficiency decreased to 60% with an
effluent NO�

3 -N concentration of 14.9 mg/L. Moreover, the
denitrifying bacteria in phases VI and VII achieved NLRs of
108.4 mg/(L⸱d) and 139.5 mg/(L⸱d), respectively. This was
similar to 142.2 mg/(L⸱d) found in Carboni et al. (2022).
However, Carboni et al. (2022) treated the nitrogen-
contaminated wastewater with only nitrate and with no
ammonium. Thus, anoxic conditions were guaranteed
throughout the experiment.
4.2. Simultaneous nitrification and autotrophic
denitrification with sulfur as electron donor
SNAD in the SR did not exhibit a good performance during
all the reactor runs, and very low and unstable nitrification ac-
tivities were detected (Fig. 2(a)). This could result from the
competition for the available oxygen between sulfur oxidizing
bacteria in the microbial consortia of the inoculum (e.g., Thio-
bacillus and Sulfurovum sp.) (Fig. 7) and ammonium oxidizing
bacteria (AOB) (e.g., Nitrosomonas with an RA of 0.1%e0.3%
during the experiment) (Dytczak et al., 2008). Another possible
reason for the inefficient nitrification might be that some sulfur
reduction might have occurred with the production of sulfide
from elemental sulfur in certain areas of the reactor. No organic
carbon was present in the reactor, which could act as an electron
donor for the reduction of elemental sulfur. However, Yang et al.
(2017) reported that such sulfide production could occur even
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only with the contribution of the endogenous carbon of the
microorganisms in the system or possible detached biofilm
biomass. Even though no sulfidewas found in the effluent of the
SR FBR according to the spectrophotometric analysis, typical
sulfide odor was detectable when solid samples were with-
drawn, indicating the possibility of such reductive reactions. A
soluble sulfide concentration no greater than 1 mg/L was suf-
ficient to partially or completely inhibit the ammonium
oxidizing activity (Beristain-Cardoso et al., 2010; Erguder et al.,
2008). These results were in contrast with the findings of
Hwang et al. (2005). They investigated simultaneous
nitrificationedenitrification in a 2.9 L single reactor unit using
ciliated columns packed with granular elemental sulfur. The
applied synthetic wastewater had a TN concentration of
31.3e52.2 mg/L almost totally in the form of NHþ

4 , and the DO
concentration varied between 1.0 mg/L and 4.5 mg/L. More-
over, COD at a concentration of 30e66 mg/L was also provided
when Hwang et al. (2005) aimed to investigate the possible
contribution of sulfur-driven autotrophic denitrification to the
conventional heterotrophic denitrification. They achieved an
autotrophic TN removal of 200 mg/(L⸱d) (measured with a
control reactor), with no consideration of heterotrophic deni-
trification. Due to the excessive air bubbles that sloughed the
biofilm, the nitrogen removal efficiency decreasedwhen the DO
concentration exceeded 4.0 mg/L.

In this study, the three tested DO concentration ranges
(0.1e0.3 mg/L, 0.3e0.9 mg/L, and 0.8e1.5 mg/L) in the SR
did not limit the denitrification efficiency that was always
higher than 90% (Fig. 2(b)). This indicated that a quite robust
and specialized microbial community of elemental sulfur
oxidizingenitrate reducing bacteria already existed in the
inoculum (see details in Carboni et al. (2022)). This study
achieved a maximum NLR of 102.7 mg/(L⸱d). As reported by
Kostrytsia et al. (2018), the high denitrification activity could
be due to the application of elemental sulfur in small particles
(150 mm in diameter) with a large specific surface area,
thereby increasing S0 solubilization. This assures better con-
tact between sulfur particles and microorganisms. Moreover,
the application of an FBR configuration guarantees better
dissolution kinetics (Di Capua et al., 2015).

This study found some erratic results. Therefore, a more in-
depth investigation of simultaneous nitrification and autotro-
phic denitrification using elemental sulfur as electron donor is
essential. A strategy for future studies could be the treatment of
wastewater contaminated only with nitrogen in the form of
ammonium as reported by Hwang et al. (2005) in order to force
the activity of AOB by starting from a low ammonium con-
centration and then gradually increasing it. Moreover, the
introduced oxygen in this way would be likely to be directly
used for nitrification, creating less possible instability for
denitrification. The acclimatation of a solely nitrifying com-
munity in a reactor for a certain period requires continuous
monitoring of the DO concentration in order to keep the com-
munity in microaerophilic conditions. This could help to
establish a good nitrification performance. The subsequent
addition of an enriched denitrifyingmicrobial community could
stimulate the simultaneous activity of the two consortia. The
fact is that the two microbial communities are both autotrophic.
We should not make one prevail over the other because both
communities have low growth yields. In contrast, when het-
erotrophic and autotrophic communities are together in the
same environment, heterotrophic species grow faster and often
predominate over autotrophic species, making the co-existence
of the two types of microorganisms (and consequentially, the
two processes) infeasible (Gupta et al., 2021).
4.3. Microbial community
During the complete experiment, one of the dominant fam-
ilies present in both FBRswasComamonadaceae (Fig. 6(b)). It is
a big family that includes various types of microorganisms with
several autotrophic denitrifying genera, such as Acidovorax sp.,
Comamonas sp., and Comamonadaceae bacterium sp. They
have been found in elemental sulfur-driven (Kostrytsia et al.,
2018), pyrite-driven (Carboni et al., 2021), and thiosulfate-
driven (Hao et al., 2017) autotrophic denitrification systems.

The inoculum of the PR had a mixture of other autotrophic
denitrifying bacteria (Fig. 7), such as Cloacibacterium, Ferri-
bacterium, and Dechloromonas genera. They have been re-
ported to be able to reduce nitrate (Han et al., 2020; Tan et al.,
2021; Zhou et al., 2017). Moreover, Ferribacterium sp. has
been reported by Tan et al. (2021) to be the dominant genus of a
heterotrophic nitrificationeaerobic denitrification system that
simultaneously removed ammonium and nitrate. At the end of
the reactor run (day 93), other autotrophic denitrifiers that could
reduce nitrate in aerobic conditions were present in the PR, such
as Terrimonas sp. and Denitratisoma sp. (Liu et al., 2020; Xia
et al., 2019). The nitrifying genus Nitrosomonas was also
detected on day 93 (Fig. 7) in the PR with an RA of only 1%.

In addition to the Comamonadaceae family, the autotrophic
denitrifying bacteria Thiobacillus and Sulfurovum were always
present with high RAs during the operation of the SR FBR
(Fig. 7). Thiomonas and PHOS-HE36 (belonging to the
Ignavibacteriales order) genera became dominant on day 93,
which has been reported in previous sulfur-based autotrophic
denitrification studies (Han et al., 2020; Carboni et al., 2022).
The RA of the Trichlorobacter genus (from the Geo-
bacteraceae family) increased to approximately 10% on days
61 and 93, which was reported by Koenig et al. (2005) who
reduced elemental sulfur to hydrogen sulfide using organic
carbon as the electron donor. This could explain the inhibition
of nitrifying bacteria because the endogenous organic carbon
might act as an electron donor for sulfur reduction, with
produced toxic sulfide in the nitrification pathway.
4.4. Practical applications
The PR FBR was a suitable configuration to simultaneously
remove ammonium and nitrate in a single-stage reactor. Ac-
cording to the results of this study, a maximum DO concen-
tration of 1.5 mg/L should be adopted to treat the nitrogen-
contaminated wastewater (with an NLR of 145.6 mg/(L⸱d))
to achieve an effluent nitrate concentration below the regula-
tory limits. Compared with the conventional separated
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autotrophic nitrificationeheterotrophic denitrification, the
application of such a compact configuration has several ad-
vantages. SNAD in microaerobic conditions results in reduced
aeration costs, reduced volumes required for wastewater
treatment plants due to the occurrence of the two processes in
the same reactor, a higher reduction of CO2 emission than the
conventional heterotrophic denitrification, and reduced
amounts of produced sludge. Moreover, to treat 1 mg of
NHþ

4 -N, a conventional nitrification process consumes 7.1 mg
of CaCO3 of alkalinity per liter (Iannacone et al., 2019), which
has already been endogenously supplied in the pyrite-based
SNAD in the proposed configuration due to the production
of Fe(OH)3 during the autotrophic denitrification process. All
these characteristics of SNAD with pyrite as an electron donor
result in decreased investment and operational costs. The low
sulfate production in solubilized form and its precipitation as
iron sulfate minerals make the process more suitable for
wastewater treatment with the aim of water reuse in industrial/
agricultural sectors (not only for its discharge in water bodies).
This is extremely positive for the whole process due to the
following two aspects: (1) the clean water effluent from an
FBR does not exhibit high SO2�

4 concentrations that could
bring secondary problems in drinking water, such as laxative
effects (limit of 250 mg/L) (Ashok and Hait, 2015), and (2)
solid precipitates can be removed from the reactor and valo-
rized. Iron sulfate is a high-value chemical compound with
applications in medicine and wastewater treatment (Ferreira
et al., 2021). Moreover, when heat-treated, it produces he-
matite, a pigment used in the ceramic industry and a catalyst
for degradation of colorants and other pollutants in advanced
oxidative processes (Ferreira et al., 2021).

Additional studies are required to investigate the response
of microorganisms to wastewater polluted with ammonium
solely (not with a mixture of ammonium and nitrate) in order
to test wastewater with the characteristics of an effluent
coming from a previously anaerobic digestion phase. Further
studies on pilot/real-scale applications are required to confirm
the results of this study.

5. Conclusions

A maximum DO concentration of 1.5 mg/L was beneficial
for the simultaneous removal of NHþ

4 and NO�
3 in the FBR

with pyrite as an electron donor. The highest nitrogen removal
efficiency was achieved to be 139.5 mg/(L⸱d), and almost no
SO2�

4 was present in solubilized form in the effluent of the
reactor. Instead, SO2�

4 was found in the solid compounds
precipitated in the reactor in forms of iron sulfates (FeSO4/
Fe2(SO4)3) and sodium sulfate (Na2SO4). However, SNAD
with elemental sulfur as an electron donor was not achieved
due to the low and unstable ammonium removal in the FBR.
On the other hand, this study showed a high nitrate removal
efficiency in the S0-based autotrophic denitrification system,
even in the presence of oxygen up to 1.5 mg/L. Thus, a
maximum NO�

3 -N removal efficiency of 102.7 mg/(L⸱d) was
achieved, which corresponded to a denitrification efficiency of
97.8% during the complete trial experiment. The microbial
communities of the two FBRs were both dominated by the
Comamonadaceae family. Moreover, in the pyrite-based FBR,
the predominant genera at the end of the experiment were
Terrimonas sp., Ferruginibacter sp., and Denitratimonas sp.,
while Thiobacillus sp., Sulfurovum sp., and Trichlorobacter sp.
dominated the community in the sulfur FBR. SNAD with
pyrite-based FBRs is proved to be a more efficient compact
design compared to the conventional configuration (autotro-
phic nitrification and heterotrophic denitrification) for the
treatment of nitrogen-rich wastewater. Before this technique is
applied to pilot-scale reactors, further research should be
conducted, with major focuses on (1) the quantification of the
possibility of incomplete denitrification and the potential NO
and N2O emissions into the atmosphere and (2) the study on
the precipitated material in pyrite reactors considering the
possibility of recovery of high valuable products.
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