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A B S T R A C T   

Microbial electricity-driven anoxic ammonium removal could remove ammonium from wastewater without the 
presence of oxygen (aeration) using electricity. This study aims at unveiling the potential biologic pathways for 
the bioelectrochemical oxidation of ammonium to dinitrogen gas in an anaerobic bioelectrochemical system 
(BES). Known intermediate metabolites of this process (hydroxylamine, nitrite and nitrate) were monitored in 
two BES replicates. Ammonium was fully oxidized to dinitrogen gas without intermediates accumulation in the 
anodic chamber. Achromobacter sp. was the most abundant microorganism (up to 60%, according to sequence 
reads) in the mixed community. Hydroxylamine and nitrite oxidation were electroactive processes, reinforcing 
the role of the anodic electrode as the electron acceptor for ammonium oxidation. Taking it all together, 
ammonium can be removed in BES by a combination of different bio/electrochemical processes. A deeper un
derstanding on how the different metabolisms are coupled together is required for increasing the current 
ammonium removal rates.   

1. Introduction 

Bioelectrochemical systems (BES) are an innovative approach to 
accelerate bioremediation processes by supplying an unlimited source of 
electron donors/acceptors to bacteria. Biologic nitrogen removal is one 
of the bioremediation processes that could take profit of BES. The 
external supply of oxygen (oxygen (O2), electron acceptor) and organic 
matter (electron donor) is usually required to carry out nitrification/ 
denitrification reactions. The usage of an anodic electrode as an electron 
acceptor for microbial ammonium (NH4

+) oxidation could reduce the 
need of aeration and the important associated costs (Vilajeliu-Pons et al., 
2018). 

Recently, Shaw et al. (2020) demonstrated a new mechanism for 
ammonium bioelectrochemical oxidation to dinitrogen gas (N2) in a BES 
inoculated with ANAMMOX culture and a polarized anode electrode at 
different potentials from − 0.1 to +0.6 V vs. SHE. The ammonium 
oxidation mechanism started with the oxidation of NH4

+ to NH2OH, 
which reacted with an additional molecule of NH4

+ to form hydrazine 
(N2H4), an ANAMMOX-specific intermediary metabolite (Van Teeseling 
et al., 2013), and it ended up with the oxidation of N2H4 to N2. This 
process hereafter referred as electro-ANAMMOX, where neither nitrite 

(NO2
− ) nor nitrate (NO3

− ) were generated or consumed, has been only 
reported for ANAMMOX bacteria. ANAMMOX-like bacteria such as 
Feammox have been reported to present electroactive activity (Ruiz- 
Urigüen et al., 2019; Zhu et al., 2021). Ruiz-Urigüen et al. (2019) sug
gested that Feammox (Acidimicrobiaceae sp. A6) oxidized NH4

+ to ni
trite, which was later reduced to N2 due to the presence of iron (Fe2+) in 
the medium. Such a behaviour (NH4

+ oxidation to NO2
− /NO3

− ) is the 
one that would be expected for nitrifying bacteria. Indeed, in some 
works, the usage of nitrifying bacteria in presence of a polarized elec
trode have reported the conversion of NH4

+ into NO2
− /NO3

− , which can 
be later converted into N2 by promoting processes such as ANAMMOX or 
heterotrophic denitrification (Koffi and Okabe, 2021; Qu et al., 2014; 
Tutar Oksuz and Beyenal, 2021; Zhou et al., 2021; Zhu et al., 2016). 

However, in other works where no organic matter was present and 
the anodic microbial community presented a high abundance of nitri
fiers, almost undetectable amounts of ANAMMOX, the ammonium 
conversion into dinitrogen gas (N2) has been observed (Siegert and Tan, 
2019; Vilajeliu-Pons et al., 2018; Zhan et al., 2014). Different in
terpretations have been elucidated. For example, Zhan and co-workers 
(2014), who used an inoculum from a wastewater treatment plant 
(WWTP) and set an anodic potential of +0.6 V vs Ag/AgCl, attributed 
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the absence of NO2
− and NO3

− accumulation to the presence of deni
trifying bacteria in the anodic biofilm (Comamonas sp. and Paracocus 
sp.), even though no organic matter was supplemented to the medium 
(Zhan et al., 2014). Siegert and Tan (2019), who tested different anodic 
potentials from +0.15 to +0.55 V vs. SHE, observed a similar behaviour 
and they considered that denitrification could have a role in the cathode 
compartment. In Vilajeliu-Pons et al. (2018), the anode of a BES reactor 
was inoculated with different nitrifying bacteria and poised at +0.8 V vs. 
SHE. From the results obtained, it was estimated that Nitrosomonas was 
the main responsible for the bioelectrochemical oxidation of NH4

+ and 
hydroxylamine (NH2OH – nitrification intermediate), while very low 
concentrations of NO2

− and NO3
− were detected due to a combination of 

ANAMMOX and denitrification processes. 
Without a better understanding of the underlying processes, an 

optimization of the operational conditions and the reactor setup might 
be threatened. For this reason, this work aimed at elucidating how NH4

+

could be bioelectrochemically oxidized with a low presence (or absence) 
of ANAMMOX bacteria. A series of experiments were set up in two 
parallel fed-batch BES to study the removal of ammonium and other 
nitrogen species (nitrate, nitrite and hydroxylamine) that could be 
possibly involved in the process. 

2. Materials and methods 

2.1. Experimental set-up 

Two BES were constructed using two rectangular methacrylate 
structures containing two 1 L chambers (anode and cathode) separated 
by an anion exchange membrane (AMI-7001, Membranes International 
Inc., USA) (Vilajeliu-Pons et al., 2018). The anion exchange membrane 
was used to minimize the diffusion of ammonium to the cathodic 
compartment (Kim et al., 2008). Each chamber was filled with granular 
graphite (model 00541, 1.5–5 mm diameter, EnViro-cell, Germany). 
Laboratory tests indicated that the bed of granular graphite presented a 
specific electric resistivity of 1.2⋅10− 3 ± 0.1⋅10− 4 Ohm⋅m. Elemental 
composition is shown in Table S1. An Ag/AgCl reference electrode was 
inserted in the anode compartment (+0.197 V vs. SHE, model RE-5B, 
BASI, UK), and two graphite rods (3 mm radius x 130 mm length, 
Sofacel, Spain) were placed as current collectors in each chamber. The 
net liquid volume of each chamber was 0.4 L. A potentiostat (Model VSP, 
BioLogic, France) connected the anode/cathode current collectors and 
the reference electrode to polarize the working electrode (anode) at 
+0.8 V vs. SHE. 

Each chamber was connected to a 2 L tank using a peristaltic pump 
(model 205S, Watson Marlow, UK), with a recirculation flow of 7.5 L 
day− 1 and later increased to 25 L day− 1 (model 323 E/D, Watson Mar
low, UK) to ensure a better flow distribution inside the reactor. 

2.2. Inoculation and experimental procedure 

The anodic compartments and buffers tanks of the BES were inocu
lated with a solution containing 50% (V/V) of an inoculum that con
sisted of a 1:1 mix of biomass obtained from a partial nitritation reactor 
(Gabarró et al., 2012) and an aerobic nitrification reactor of an urban 
WWTP (Girona, Spain). Solution media contained 0.195 g NH4Cl L− 1 

(corresponding to 50 mg N-NH4 L− 1), 1.05 g NaHCO3 L− 1, 0.015 g CaCl2 
L− 1, 0.1 g MgSO4 ⋅ 7 H2O L− 1, 0.162 g Na2HPO4 L− 1, 0.25 g NaCl L− 1, 
1.072 g KH2PO4 L− 1 and 0.1 mL L− 1 of trace elements solution (Rabaey 
et al., 2005). The same solution, but without inoculum, was used in the 
cathode. 

The system was operated in batch mode during both inoculation and 
operation, with 6 mL samples being taken twice a week from both 
compartments (anode and cathodes) of the reactors. The volume 
sampled was immediately replaced with fresh medium. Each 2 L tank 
was flushed with N2 for 15 min before each batch experiment to avoid 
air intrusion and hence ensure anoxic conditions. 1 L gas-tight bags 

(Standard FlexFoil® Sample bag, SCK, UK) were filled with N2 and 
connected to the tanks, with the gas being regularly replaced. During the 
inoculation phase, once NH4

+ was exhausted for the first time, the 
medium in the anode was replaced with fresh inoculum solution (con
taining 50 mg N-NH4

+ L− 1), while a new abiotic ammonium-rich solu
tion replaced the medium present in the cathode. When consistent NH4

+

removal was observed at the anode (30 days after starting the experi
ment), the solution in the cathode was changed to a solution without 
ammonium, and the inoculation phase was finished. 

During the operational period, before anodic NH4
+ was depleted, the 

anode was spiked with an NH4
+:HCO3

− solution (1:2 M ratio) to in
crease the anodic ammonium concentration to 50 mg N-NH4

+ L− 1 to 
study ammonium removal in the long-term. Different experiments were 
performed to study the effect of transient accumulation of intermediate 
metabolites (nitrate, nitrite and hydroxylamine) on ammonium 
removal. After 180 days of operation, known amounts of intermediates 
were added in the anode or the cathode compartments in separate ex
periments (Table 1). Moreover, control tests were performed in the 
buffer tanks of the anode and the cathode to check whether ammonium 
was removed or not inside those tanks. Buffer tanks were disconnected 
from the BES and 5-days control tests were carried out by adding fresh 
intermediary metabolites (nitrite, nitrate) and ammonium in the buffer 
tanks. Finally, abiotic electrochemical tests with granular graphite were 
also conducted to elucidate the possible catalyzing role of granular 
graphite (see SI3 for full description). 

2.3. Analyses and calculations 

The concentrations of NH4
+, NO2

− and NO3
− were measured by ion 

chromatography (Dionex IC5000, Vertex Technics, Spain). pH was 
determined with a pH-meter (pH-meter basic 20+, Crison, Spain). The 
concentration of hydrazine (N2H4) was measured using a colourimetric 
kit (Spectroquant® Hydrazine test 109,711, Merck, Germany) The 
concentration of hydroxylamine (NH2OH) was determined colouri
metrically (Oshiki et al., 2016). Nitrous oxide (N2O) was occasionally 
monitored in the recirculation loop of each compartment using an N2O 
liquid-phase microsensor (Unisense, Denmark). Oxygen probes (model 
6050, detection limit 0.1 mg O2 L− 1, Mettler Toledo, USA) were 
permanently installed in the anodic compartment to have a continuous 
measurement of the concentration of dissolved oxygen in the medium. 

Linear regression of the first data points (i.e. initial activities) was 
used to estimate the removal rates of nitrogen species in the experiments 
involving nitrate or nitrite. 

Electron balances for the different potential electron donors/accep
tors using the anode/cathode as electron sink/supply were performed 
through the calculation of the Coulombic efficiency for the different 
possible reactions (CE, %) (Eq. (1)). 

CE (%) = 100%×Cmeasured/Ctheoric (1)  

Where Cmeasured means the coulombs measured in the potentiostat (C) 
and Ctheoric means the coulombs theoretically generated/required from 
the oxidation/reduction of an electron donor/acceptor as described in 
Eq. (2). 

Ctheoric =
− Δa × n × F

14 g N/mol N
(2)  

Where F is the Faraday constant (96,485C/mol of electrons), a equals to 
the mass of the nitrogen specie substrate targeted in the different tests (g 
N) (i.e. N-NH4

+, N-NH2OH, N-NO2
− , and N-NO3

− ), and n is the mols of 
electrons required to oxidize/reduce 1 mol N of the different nitrogen 
species targeted in the different tests (mol of electrons/ mol N). The 
possible reactions considered in the different tests and theirs corre
sponding n values were: a) NH4

+ oxidation to N2 (n = 3); NH2OH 
oxidation to NO (n = 3); NH2OH oxidation to N2 (n = 1); NO2

− oxidation 
to NO3

− (n = 2); NO3
− reduction to N2 (n = 5). Following the following 
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CEs were calculated in the different conditions tested: a) CE (NH4
+/N2) 

were calculated for Experiments 1; b) CE (NO2
− /NO3

− ) were calculated 
for Experiments 2; c) CE (NH2OH/NO) and CE (NH2OH/N2) were 
calculated for Experiments 3 and d) CE (NO3

− /N2) were calculated for 
Experiments 4. 

The area of the electrode (Aelectrode, m2) to estimate the current 
density in the reactor (mA m− 2) was calculated according to Eq. (3) 

Aelectrode = AGG ×VTotalGG/VGG (3)  

Where AGG means the area of a graphite granule (m2), considering each 
granule as a perfect sphere of 0.004 m diameter (mean diameter ac
cording to manufacturer specifications as shown above), VTotalGG means 
the total volume of granular graphite in the anodic compartment 
(0.0006 m3) and VGG means the volume of one single graphite granule 
(m3). 

2.4. Microbial analyses 

DNA was extracted from graphite granules as described previously 
(Vilajeliu-Pons et al., 2016). Briefly, granules were incubated in a water 
ultrasonic bath for 60 s, detached biofilm and cells were collected by 
centrifugation and cells pellets were used for extraction of nucleic acids 
cells using the Fast DNA SPIN Kit for Soil (MP Biomedicals, USA) 
following the recommended instructions. Partial sequences of the bac
terial and archaeal 16S rRNA genes were obtained using the Illumina 
MiSEq PE250 sequencing platform with primers 515F-806R targeting 
the V4 region (Kozich et al., 2013). Sequencing was conducted by the 
RTSF Core facilities (Michigan State University, USA, https://rtsf.atsci. 
msu.edu/). 

Sequence quality filtering, trimming, dereplicating, and merging 
were performed using the DADA2 based pipeline implemented in R as 
recommended (Callahan et al., 2016). Basic filtering methods were set to 
230 bp and 180 bp for forward and reverse reads, no ambiguous bases 
allowed, and maximum expected error rates of 2. Singletons were 
removed from the final set of sequences to avoid spurious diversity. 
Sequences were clustered into amplicon sequence variants (ASV, 100% 
similarity index). Bimeras were detected and removed (172 out of 1395 
ASV) using the consensus method implemented in DADA2 package. 
Finally, taxonomic assignments were performed at the maximum taxo
nomic rank when possible, using the Silva v132 train set to release as a 
reference. Relative abundances of selected taxons and microbiome 
graphical representations were performed using the Phyloseq package 
(McMurdie and Holmes, 2012) implemented in R. Whenever it was 
necessary due to poor taxonomical assignment with the used reference 
dataset, ASVs were assigned taxonomically using nucleotide Blast 
searches at NCBI. 

3. Results and discussion 

3.1. Performance of the BES under an ammonium-rich medium 

Duplicate BES reactors were operated in batch mode for 550 days 

(Fig. S2 and S3). A representative batch profile of ammonium removal 
was selected as a control test (Experiment 1) and depicted in Fig. 1. 
Ammonium was removed at a constant rate (4.8 g N-NH4

+ m− 3 d− 1 in 
the anode, Table 2), while the current density remained stable (0.44 mA 
m− 2). This rate was found to be lower than previous studies where 
bioelectrochemical anoxic ammonium removal was tested without the 
presence of organic matter (Siegert and Tan, 2019; Vilajeliu-Pons et al., 
2018; Zhan et al., 2014). For example, Vilajeliu-Pons et al. (2018) 
observed an ammonium removal rate of 35 ± 10 gN⋅m− 3⋅d− 1 when 
operating the system under the continuous-flow mode, while Zhan et al. 
(2014) observed a removal of 60 gN⋅m− 3⋅d− 1 in batch experiments. 
Considering the possible biologic ammonium removal processes (i.e. 
nitrification, denitrification), no nitrite, nitrous oxide nor nitrate accu
mulation were observed. Ammonium removal via free ammonia (NH3) 
volatilization was not likely to occur to a high extent at the working pH 
(7.6). Under these conditions, NH3 represented a maximum of 2% of the 
ammonium present in the system (NH3/NH4

+ pKa of 9.25). Moreover, 
the reactors were tightly closed during all the experimental periods to 
avoid any gas leakage. The small amounts of NH3 possibly present in the 
system could diffuse from the anode to the cathode chamber, giving a 
reasonable explanation to the slight changes in the cathodic NH4

+

concentration observed (Fig. 1). 
Conventional nitrification uses oxygen as an electron acceptor. 

However, ammonium oxidation in the reactors most likely occurred 
under anoxic conditions. The concentration of dissolved oxygen 
remained below the oxygen probe detection limit of 0.1 mg O2 L− 1, and 
abiotic batch tests previously performed in identical reactors and under 
the same anodic potential demonstrated that oxygen was not electro
chemically produced in the system (Vilajeliu-Pons et al., 2018). On the 
top of that, Lai and co-workers (2017) observed that graphite electrodes 
(the ones used in the current work) poised at high anodic potentials 
(+1.2 V vs. SHE) did graphite oxidation to CO2 instead of H2O oxidation 
to O2 (Lai et al., 2017). Abiotic tests performed by Vilajeliu-Pons et al. 
(2018) also showed no ammonium removal, indicating that NH4

+

oxidation in BES was a bioelectrochemical rather than a pure electro
chemical process. Moreover, Vilajeliu-Pons et al. (2018) proved that the 
addition of allylthiourea (ATU), a selective inhibitor of ammonium 
oxidation to nitrite, ceased both electric current and ammonium 
removal, confirming the role of these microorganisms in electricity- 
driven NH4

+ oxidation. In the experimental set-up used (Fig. S1), one 
might hypothesize that ammonium could be removed either in the BES 
reactor or in the buffer tanks used to support the recirculation loop. In 
addition to these previous tests, control tests were performed in the 
buffer tanks alone to elucidate the influence of the BES on ammonium 
removal. Negligible removals of ammonium or nitrate were observed, 
indicating that these reactions were only taking place in the BES. Thus, 
the tests performed assumed that ammonium was removed via an 
electricity-driven process in the absence of oxygen. Assuming an 
oxidation of NH4

+ to N2, an average coulombic efficiency of 108% could 
be estimated (Experiment 1, Table 2). This suggested that the current 
flow detected in the system corresponded to approximately 3 electrons 
per mole of NH4

+ oxidized. Different tests with possible nitrogen species 
intermediates were performed to elucidate these possible reactions. 

Table 1 
Nitrogen species fed to the BES at the different experiments performed.  

Experiment (no. of batches) Nitrogen species added Time Initial concentration (mg N L− 1) 

Anode Cathode NH₄+ anode NO₃− cathode NO₃− anode NO₂− cathode NO₂− anode NH₂OH anode 

Exp. 1 (8) NH4
+ – 265 d 14–52      

Exp. 2A (2) NH4
+ NO2

− 9 d 42–41   61–75   
Exp. 2B (4) NH4

+ + NO2
− – 15 d 27–86    54–139  

Exp. 2C (2) NO2
− – 14 d     40–46  

Exp. 3 (4) NH4
+ + NH2OH – 6 h 22–32     15 

Exp. 4A (2) NH4
+ NO3

− 12 d 29–39 39–42     
Exp. 4B (2) NH4

+ + NO3
− – 14 d 49–73  35–40    

Exp. 4C (2) NO3
− – 33 d   46–68     
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Results obtained are presented in the following sections. 

3.2. Performance of the BES under a nitrite-rich medium 

In conventional nitrification processes, nitrite is the main interme
diary metabolite. Its role on the overall BES process was investigated by 
performing different tests (Table 1, Fig. 2), including: A) addition of 
nitrite to the cathode with ammonium present at the anode (Experiment 
2A); B) addition of nitrite to the anode while NH4

+ was present at the 
anode (Experiment 2B); and C) addition of NO2

− at the anode with no 
ammonium present at the reactor (Experiment 2C). 

Nitrite was rapidly consumed in all tests. Focusing, first, on ammo
nium removal in Experiments 2, NH4

+ removal rate was faster in the 
experiments where nitrite was present (Experiment 2A, 18.0 g N-NH4

+

m− 3 d− 1 and Experiment 2B, 17.9 g N-NH4
+ m− 3 d− 1) than when NH4

+

was alone (Experiment 1, 4.8 g N-NH4
+ m− 3 d− 1). It suggested that, 

somehow, ammonium promoted nitrite reduction, which could imply 
some ANAMMOX-like activity in the reactor (Kartal et al., 2011). 
However, the nitrite removal rates (41.7–87.4 g N-NO2

− m− 3 d− 1) were 
much higher than the observed ammonium removal rates. This indi
cated that any nitrite generated from ammonium oxidation was rapidly 
removed from the reactor, avoiding any detectable nitrite accumulation. 
Interestingly, nitrite removal was faster in the tests where ammonium 
was present in the medium (Experiment 2A, 87.4 g N-NO2

− m− 3 d− 1 at 

the cathode and Experiment 2B, 81.7 g N-NO2
− m− 3 d− 1 at the anode) 

than in the tests where nitrite was spiked alone (Experiment 2C (41.7 g 
N-NO2

− m− 3 d− 1 at the anode) (Fig. 2, Table 2). The increase on 
ammonium removal rate in presence of nitrite (13.2–13.1 g N-NH4

+ m− 3 

d− 1) would require an increase of nitrite removal rate of 17.4–17.2 g N- 
NO2

− m− 3 d− 1 if the ANAMMOX process is considered (NH4
+:NO2

−

1:1.32). While the increase observed on nitrite removal rate in presence 
of ammonium was 45.7–40 g N-NO2

− m− 3 d− 1. Therefore, an 
ANAMMOX-like process cannot fully explain the whole of the differ
ences observed on nitrite removal rate in the presence/absence of 
ammonium. Putative ANAMMOX activity could be further elucidated by 
analyzing the concentration of hydrazine (N2H4), a metabolite only 
generated during ANAMMOX reaction (Van Teeseling et al., 2013). 
Hydrazine was measured 24 h after the start of Experiments 2A and 2B, 
as well as when nitrite was completely consumed in Experiment 2A 
(Fig. 2). The concentration of N2H4 was 0.5 mg N-N2H4 L− 1 at the anode 
and 1.7 mg N-N2H4 L− 1 at the cathode for Experiment 2A and 1.1 mg N- 
N2H4 L− 1 at the anode and 0.3 mg N-N2H4 L− 1 at the cathode for 
Experiment 2B. When nitrite was fully depleted, hydrazine content was 
negligible (less than 0.01 mg N-N2H4 L− 1 at each chamber at the end of 
Experiment 2A). Collectively, differences in the hydrazine concentra
tions confirmed that ANAMMOX-like processes could be taking place in 
the BES. 

It is worth noting that current density increased steeply (reaching a 

A) Reactor A B) Reactor B

Fig. 1. Representative batch tests for Experiment 1. Time evolution of nitrogen species content (NOx
− total refers to NO2

− + NO3
− ) and current density after adding 

NH4
+ at the anode of reactors A (A, left) and B (B, right). 

Table 2 
Removal rates of nitrogen species concentration and coulombic efficiencies in the different experiments performed in this study.  

Experiment 
(no. of batches) 

Experiment 1 
(8) 

Experiment 2A 
(2) 

Experiment 2B 
(4)a 

Experiment 2C 
(2) 

Experiment 4A 
(2) 

Experiment 4B 
(2) 

Experiment 4C 
(2) 

Species involved NH4
+ NO2

− + NH4
+ NO2

− NO3
− + NH4

+ NO3
−

Time (days)b 264.8 3.2 11.4 3.3 3.4 3.3 9.5 
ΔNH₄+ an. (g N m− 3d− 1) − 4.8 ± 2.5 − 18.0 ± 1.3 − 17.9 ± 5.9 0.0 ± 0.0 − 3.5 ± 5.7 − 11.9 ± 1.9 0.2 ± 0.4 
ΔNO₂− an. (g N m− 3d− 1) 0.0 ± 0.0 35.4 ± 11.7 − 81.7 ± 25.7 − 48.7 ± 6.5 1.5 ± 1.1 − 0.5 ± 0.7 0.7 ± 0.3 
ΔNO₃− an. (g N m− 3d− 1) 0.0 ± 0.0 5.7 ± 5.4 3.5 ± 3.9 9.5 ± 10.1 27.5 ± 12.2 − 74.6 ± 2.5 − 29.5 ± 4.4 
ΔNH₄+ ca. (g N m− 3d− 1) − 0.3 ± 1.0 4.8 ± 2.9 9.4 ± 11.4 6.8 ± 2.4 2.1 ± 3.0 3.5 ± 4.1 0.3 ± 1.2 
ΔNO₂− ca. (g N m− 3d− 1) 0.0 ± 0.0 − 87.4 ± 35.7 4.1 ± 6.3 17.7 ± 8.5 4.2 ± 1.0 1.3 ± 0.3 1.7 ± 1.8 
ΔNO₃− ca. (g N m− 3d− 1) 0.0 ± 0.0 2.7 ± 2.3 2.0 ± 0.8 2.1 ± 0.5 − 83.0 ± 5.7 16.1 ± 0.8 4.0 ± 5.8 
Coulombic 

efficiency 
Reaction NH4

+ → N2 

(n = 3) 
NO2

− → NO3
−

(n = 2) 
NO3

− → N2 

(n = 5) 
(%) 108 ± 83 63 ± 20 65 ± 23 175 ± 5 2 ± 0 2 ± 0 2 ± 0  

a The first batch from Fig. 2B was not used for the calculations of removal rates because ammonium was depleted before nitrite. 
b Time refers to the period used to determine the removal rates in each experiment, not to the complete duration of the experiments. The data from Experiment 3 

were not included in this table because that experiment took place in very short time (6 h) and only the concentration of hydroxylamine changed during that 
experiment. 
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maximum value of 10.5 mA m− 2) after nitrite addition and it subse
quently plummeted to basal values together with the consumption of 
NO2

− (Fig. 2). In Experiments 2B and 2C, this current density trend 
appeared right after nitrite was added to the anode. However, it was not 
observed immediately after spiking NO2

− to the cathode (Experiment 
2A). Instead, the current density increased progressively, and it coin
cided with the migration of nitrite to the anode (Fig. 2). The maximum 
current and anodic NO2

− concentration were reached at the same time, 
being both smaller than those observed when nitrite was directly added 
at the anode. This indicated that the current rise was generated by an 
anodic-specific process involving NO2

− . One might hypothesize that the 
increase of current density could be attributed to a bioelectrochemical 
NO2

− oxidation with the anode electrode serving as an electron 
acceptor. From the author's best knowledge, it would be the first time 
that bioelectrochemical nitrite oxidation to nitrate using an anode as an 
electron acceptor would be suggested. Transient anodic NO3

− accumu
lation was observed in all three nitrite experiments, and then nitrate was 
removed (5.7 g N-NO3

− m− 3 d− 1 for Experiment 2A, 3.5 g N-NO3
− m− 3 

d− 1 for Experiment 2B and 9.5 g N-NO3
− m− 3 d− 1 for Experiment 2C). 

Abiotic tests performed with nitrite and granular graphite as electrode 
also showed an increase of current density linked to nitrite removal 
(Fig. S4), but in this case, all the NO2

− removed was accumulated in the 
form of NO3

− , without further processing. No abiotic nitrite oxidation 
had been observed previously when using graphite rods (Vilajeliu-Pons 
et al., 2018). Thus, the reason behind abiotic oxidation can be found in 
the higher level of impurities present on granular graphite compared to 
graphite rods (Table SI1). Results observed in abiotic tests indicated that 
the oxidation of nitrite to nitrate in a BES was an anodic electrochemical 
and/or bioelectrochemical process. However, no NO3

− accumulation 
was detected in BES reactors, instead a full conversion to N2 was 
observed. Since it cannot be expected that pure electrochemical NO2

−

oxidation to NO3
− was avoided in the BES, it must be hypothesized that 

a microbial-mediated process was in charge of the later conversion of 
NO3

− to N2. How this process occurred remains unknown (Fig. 2). 
Under the hypothesis that all the nitrite removed from the system 

was previously oxidized to nitrate, the coulombic efficiency of the 
oxidation of NO2

− to NO3
− in Experiment 2C (nitrite alone) was 175%. 

Thus, nitrite oxidation to nitrate alone could not explain the whole in
crease of current observed, but the spike of nitrite could have initiated a 

cyclic process where nitrite was electrochemical/bioelectrochemically 
converted to nitrate, which, at the same time was reduced into nitrite, 
explaining the over-current observed. However, the observation of ni
trite and nitrate decreasing along the process indicated the existence of 
other parallel reactions involving nitrite, so the cyclic process would 
come to an end when all the NO2

− and NO3
− were removed (reduced to 

N2). This could explain why the coulombic efficiency of the NO2
−

oxidation was lower in the experiments involving ammonium and ni
trite, 2A and 2B (63% and 65% respectively), which accounted for a 
faster NO2

− removal than in absence of ammonium (Experiment 2C). 
Hydroxylamine (NH2OH) is an intermediate compound of nitrifica

tion previously elucidated as a probable electron donor in bio
electrochemical ammonium oxidation reactors (Vilajeliu-Pons et al., 
2018). Experiment 3 evaluated the addition of hydroxylamine at the 
anode (15 mg N-NH2OH L− 1 in the medium, Table 1). Hydroxylamine 
spike caused an increase of the current density that peaked at 90.6 mA 
m− 2 (Fig. 3), which was a value higher than the one observed after the 
addition of nitrite (10.5 mA m− 2). The concentration of hydroxylamine 
was measured at 1 and 2 h after the spike, but NH2OH was only detected 
(and at a low concentration, 2.1 mg N-NH2OH L− 1) in the sample taken 
at the anode of reactor A after 1 h. The hydroxylamine removal rate was 
estimated as 1082.7 g N-NH2OH m− 3 d− 1. Moreover, the concentration 
of NH4

+, NO2
− and NO3

− did not change after the addition of NH2OH 
(Fig. 3). The abiotic tests performed with granular graphite (Fig. 4S) 
showed that, in the absence of bacteria, hydroxylamine was electro
chemically oxidized to nitrite and subsequently to nitrate, reinforcing 
the hypothesis that microbial activity was needed to reduce intermedi
ate oxidized species such as NH2OH, NO3

− , NO2
− or nitric oxide (NO) to 

N2. 
The current density peak observed in the BES tests was assumed to be 

generated by the anodic oxidation of hydroxylamine, either electro
chemically or bioelectrochemically (oxidation of NH2OH to nitric oxide 
(NO), a reaction that is catalyzed by hydroxylamine oxidoreductase 
(HAO), releasing 3 electrons (Caranto and Lancaster, 2017)). Consid
ering the electric current and the NH2OH removal observed in Experi
ment 3, the coulombic efficiency for the oxidation of NH2OH to NO was 
70 ± 13% (i.e. for a 3-electrons reaction). The nitric oxide generated 
could be reduced to N2 by denitrification instead of ANAMMOX. 
Although nitric oxide is used as an electron acceptor for NH4

+ oxidation 

A)
An. NH4+

Ca. NO2-

B) An. NH4+ An. NO2- C)
No NH4+

An. NO2-

An
od

e
Ca

th
od

e

Fig. 2. Representatives batch tests for Experiment 2 
in Reactor A. Evolution of nitrogen species concen
tration and current density (top), nitrogen species 
concentration at the anode (middle) and nitrogen 
species at the cathode (bottom). A) Experiment 2A: 
addition of NO2

− to the cathode with NH4
+ present 

at the anode (left). B) Experiment 2B: addition of 
NO2

− to the anode with NH4
+ present at the anode 

(centre). C) Experiment 2C: addition of NO2
− to the 

anode with no NH4
+ present at the anode (right).   
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during ANAMMOX (Hu et al., 2019), no changes in the ammonium 
concentration were detected during NH2OH removal in the current 
study. For similar reasons, electro-ANAMMOX may not have been 
responsible for the removal of the hydroxylamine added in this Exper
iment 3, as NH4

+ serves as an electron donor for the reduction of NH2OH 
to N2H4 in electro-ANAMMOX (Shaw et al., 2020). 

Finally, NH2OH could also be directly oxidized to N2 by a newly 
discovered hydroxylamine oxidase found in Alcaligenes sp. HO-1 (Wu 
et al., 2021). However, it is still unclear whether Alcaligenes sp. HO-1 can 
use an anode as an electron acceptor for this reaction. Recent experi
ments with this strain in the author's group pointed out an electro
chemical potential of HO-1 strain for some oxidizing steps (unpublished 
results). Nevertheless, if NH2OH oxidation to N2 reaction was consid
ered (1-electron reaction), the coulombic efficiency for the bio
electrochemical oxidation of NH2OH would be 210 ± 39%, so even 
though this process could be occurring in the reactor, hydroxylamine 
should be first oxidized to other more-oxidized nitrogen species (such as 
NO or NO2

− ) to explain the whole of the current density observed. 

3.3. Performance under a nitrate-rich medium 

The removal of nitrate was also studied using different approaches: 
A) addition of NO3

− to the cathode with NH4
+ present at the anode 

(Experiment 4A Table 1), B) addition of NO3
− to the anode with NH4

+

present at the anode (Experiment 4B, Table 1) and, C) addition of NO3
−

to the anode with no NH4
+ present at the anode (Experiment 4C, 

Table 1). 
In the presence of nitrate, the current density declined (0.12 mA m− 2 

on average) compared to the values observed in presence of ammonium 
alone (0.44 mA m− 2). When nitrate was fully removed from the system, 
current density rose again to its previous levels (0.47 mA m− 2) (Fig. 4). It 
suggested a plug-unplug mechanism, with current being interrupted by 

the presence of nitrate and restored after NO3
− had been removed 

completely. Nitrate removal in Experiments 4A (83.0 g N-NO3
− m− 3 d− 1 

at the cathode), 4B (74.6 g N-NO3
− m− 3 d− 1 at the anode), and 4C (29.5 

g N-NO3
− m− 3 d− 1 at the anode) (Table 2) occurred at a faster rate than 

the NH4
+ removal observed under ammonium rich-medium (4.8 g N- 

NH4
+ m− 3 d− 1 in the anode, Experiment 1 in Section 3.1). According to 

the estimated rates, it was concluded that ammonium could not have 
ended up in any detectable nitrate accumulation in the reactor. 

Nitrate removal rates were about three times faster in the presence of 
ammonium (83.0 and 74.6 g N-NO3

− m− 3 d− 1) compared to 29.5 g N- 
NO3

− m− 3 d− 1 in the absence of ammonium. Similar behaviour was 
observed with nitrite (Section 3.2) suggesting that NH4

+ was acceler
ating the reduction of nitrogen oxides in the system. However, the effect 
of nitrate over the ammonium removal rate was unclear, as the anodic 
NH4

+removal was faster in the presence of nitrate at the cathode 
(Experiment 4B - 11.9 g N-NH4

+ m− 3 d− 1) than in the presence of nitrate 
at the anode (Experiment 4A - 3.5 g N-NH4

+ m− 3 d− 1) or in the presence 
of ammonium alone (Experiment 1–4.8 g N-NH4

+ m− 3 d− 1). Electricity- 
driven nitrate removal was discarded since the number of electrons 
transferred from the anode to the cathode could only account for 2% of 
the nitrate removal (considering 5 electrons are needed for the reduction 
of NO3

− to N2) in all the experiments performed with a nitrate-rich 
medium (4A, 4B and 4C), (Table 2). 

3.4. Analysis of the BES microbiome 

Samples from bulk and biofilm compartments of both anodes and 
cathodes were taken from the two duplicate reactors to determine the 
major microbial players contributing to the above set of reactions. 
Samples were taken after 450 days of operation (by that time, experi
ment 2B was being tested, Table 1). On average, 56,510 sequences were 
obtained per sample (ranging from 33,682 to 78,458). Sequences clus
tered in a total of 841 amplicon sequence variants (ASV). 

At the phylum level, no consistent differences were observed for 
anode and cathode compartments if the two BES reactors were consid
ered together (Fig. 5). More than half of the ASV (488, accounting for 
310,900 total reads) could be resolved at the genus level using a boot
strap level of 80. Archaeal signatures (mainly identified as Meth
anobacterium and Methanobrevibacter) were found at low abundances (<
1%) and almost specifically in Reactor A, both in the anode and the 
cathode compartments. Most sequences belonged to the phylum Pro
teobacteria, Actinobacteria, Bacteroidetes and Chloroflexi. Differences ac
cording to the different compartments in the reactors (anode-cathode 
and bulk-biofilm) occurred at lower taxonomic ranks and revealed 
interesting differences. For instance, Achromobacter spp. were found as 
the most dominant bacteria in the anodic biofilm of the two reactors (50 
to 60%). The relative abundance decreased to 13 and 26% in the cathode 
of reactors A and B, respectively. A lower relative abundance of Achro
mobacter in the bulk liquid compared to biofilm samples was observed, 
which suggested an active role of these bacteria in biofilm formation and 
putative electrode-assisted nitrogen transformations. Achromobacter 
species have been related to heterotrophic simultaneous nitrification 
and denitrification (Padhi and Maiti, 2017) and heterotrophic nitrifi
cation (Ahamed Basha et al., 2018). Heterotrophic nitrification has been 
more deeply studied with Alcaligenes sp. (Wu et al., 2021). According to 
the latest findings of Wu and co-workers (2021), the heterotrophic 
nitrifier Alcaligenes presents a novel oxidase that can oxidize hydroxyl
amine directly to N2. Hence, it cannot be discarded a similar role of such 
a mechanism in Achromobacter. Another key enzyme in Alcaligenes het
erotrophic nitrification, the pyruvic oxime dioxygenase (POD), has sig
nificant similarities to Achromobacter POD (Tsujino et al., 2017). 
Moreover, Achromobacter could use alternative electron donors, such as 
Mn2+, for denitrification (Su et al., 2018) and it has been found in either 
anodic biofilm (Ceballos-Escalera et al., 2021) or cathodic biofilms 
(Zhang et al., 2011) of different BES, suggesting that Achromobacter may 
be able to use electrodes as electron donor/acceptors for nitrification/ 

Fig. 3. Representative batch test for Experiment 3 in Reactor A. Evolution of 
nitrogen species concentration (NOx

− represents the total concentration of 
NO2

− and NO3
− in both chambers) and current density after a pulse of NH2OH 

at the anode in Reactor A. Black triangles in the top mark the times when hy
droxylamine was added at the anode. Please, note changes in scale for com
parison with Figs. 1 and 2. 
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denitrification processes. 
Denitratisoma, an autotrophic denitrifier (Deng et al., 2016), tended 

to accumulate in the cathode compartment of both reactors (10.0 ±
5.2%) compared to the anode (4.1 ± 2.4%). Denitratisoma sp. has pre
viously been described as being dominant in the cathodic biofilm of a 
denitrifying BES (Ma et al., 2015), so it might have contributed to the 
removal of nitrogen reduced species in our system. Nitrosomonas sp. and 
Nitrospira sp. were the only nitrifying bacteria that could be detected. In 
both cases, they showed a preference for growing on the biofilm. Rela
tive abundance of Nitrosomonas was around 1% of sequence reads in the 
anodic biofilm and it decreased to almost undetectable values in the bulk 
liquid of the two reactors. The maximum relative concentration (6.3%) 
was found in the cathodic biofilm of reactor A but not in reactor B 
(<0.3%). A similar distribution was detected for Nitrospira albeit much 
lower relative abundances were recovered (below 0.25%). 

Providing the kinetics observed in the two reactors were similar and 
the differences in the relative abundance of ANAMMOX bacteria, we 
hypothesized ANAMMOX was a secondary reaction in the reactors that 
could also have a role in the simultaneous reduction of nitrite in the 
presence of ammonium. “Candidatus Kuenenia” (Brocadiales) and 
“Candidatus Anammoximicrobium” (tentatively classified within Pir
ellulales) were the only predicted ANAMMOX bacteria (Kartal et al., 
2013) found in the studied samples (Fig. S6). “Candidatus Kuenenia” was 
more abundant, showing the highest relative abundances in the anodic 
biofilm of both reactors (1 to 2% of sequences). Relative densities 
decreased below 0.3% in the bulk samples and the cathode biofilm, 
suggesting a selective enrichment on the electrode surface. 

3.5. Perspectives for anoxic ammonium removal using BES and the 
elucidation of the pathways for ammonium removal in BES 

Recent advances on ANAMMOX and nitrifying bacteria behaviour on 
polarized anodes (Shaw et al., 2020; Vilajeliu-Pons et al., 2018) has 
allowed the scientific community to light up a near future where the key 
components of wastewater (organic matter and nitrogen) can be fully 
removed with renewable electricity supply and without the need of 
external electron donors and acceptors. This opens the door to the 
implementation of BES-based technologies for removing different kinds 
of wastewaters involving organic matter and nitrogen at low C/N ratios. 
For large-scale applications, such as the current operating wastewater 
treatment plants, the competence and lower operational cost of BES- 
based technologies might not be enough to replace them because the 
high capital outlays that has been invested in still needs to be paid off. 
However, in the current transition from centralization to decentraliza
tion (Rabaey et al., 2020), BES-based technologies might be a reasonable 
alternative to current wastewater treatment technologies. In addition, 
the development of technologies able to carry out complex processes, 
such as electricity-driven ammonium removal, with mixed cultures that 
do not require special care is a tool to implement sanitation solutions. 
For this reason, the work presented here can contribute to the imple
mentation of BES-based sanitation solutions by providing a better un
derstanding of the underlying processes behind anoxic ammonium 
removal in BES colonized by nitrifying bacteria. 

Autotrophic ammonium removal in BES without accumulation of 
intermediary metabolites can be viewed as a complex process (Fig. 6). 
Experiments performed with the sole presence of ammonium (Experi
ment 1) resulted in current densities corresponding to the use of 3 
electrons per molecule of NH4

+ oxidation to N2 (theoretical value). 
Different nitrogen dynamics were revealed inside the reactor, which 

A) An. NH4+ Ca. NO3- B) An. NH4+ An. NO3- C) No NH4+ An. NO3-

Fig. 4. Representatives batches for Experiments 4 in Reactor A. Evolution of nitrogen species concentration and current density (top), nitrogen species concentration 
at the anode (middle) and nitrogen species at the cathode (bottom). A) Experiment 4A: addition of NO3

− to the cathode with NH4
+ present at the anode (left). B) 

Experiment 4B: addition of NO3
− to the anode with NH4

+ present at the anode (centre). C) Experiment 4C: addition of NO3
− to the anode with no NH4

+ present at the 
anode (right). 
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suggested the occurrence of different ammonium removal pathways. 
The preeminent one could be a first oxidation of ammonium to hy
droxylamine, followed by a second oxidation of this later. Hydroxyl
amine oxidation was found to be a highly electroactive reaction, in 
accordance with previous studies (Vilajeliu-Pons et al., 2018). Taking all 
results together, the final product of hydroxylamine oxidation was not 
clear, although an implication of the recently described hydroxylamine 
oxidase converting NH2OH to N2 has been speculated (Wu et al., 2021). 
This possibility was reinforced due to the large presence of Achromo
bacter spp. in the reactors, a microorganism with significant similarities 
to Alcaligenes. The electric current generated during NH2OH removal 
indicates that an alternative, more-oxidized, compound must be the 
major product of hydroxylamine oxidation, probably nitric oxide (NO), 

which can be rapidly converted into nitrite (oxidation) or nitrous oxide 
(reduction) due to its instability. Although the most reasonable outcome 
for nitric oxide in an oxidative environment like the anode would be the 
production of nitrite, no accumulation of it was detected in the reactor 
after the addition of NH2OH (Experiment 3), suggesting that nitric oxide 
oxidation may be a minor pathway. Moreover, no N2O was detected in 
any of the experiments, and a complete reduction of NO to N2 was 
considered. 

Data from experiments where nitrate was added (Experiment 4) were 
analysed to elucidate the possible electron donors used for NO reduc
tion. Results showed that different electron donor sources could be used 
for nitrate reduction. The cathodic electrode could be responsible for 
only a small part of the NO3

− reduction, as the current could only 
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Fig. 5. Relative abundance (number of sequences) of main Phyla in the studied reactors. Samples are organized as per reactor and compartments (Anode-Cathode, 
bulk-biofilm) inside the reactor. 

Fig. 6. Summary of the reactions involving nitrogen 
compounds that could be occurring in the BES during 
this study. The main ammonium removal pathway 
proposed is the bioelectrochemical oxidation of NH4

+

to NO, possibly performed by Achromobacter, fol
lowed by the reduction of NO to N2, which could be 
carried out by Denitrasisoma (all this route is high
lighted in pink), while other 3 secondary routes are 
also considered: a) bioelectrochemical oxidation of 
NH4

+ to NO followed by anammox, b) bio
electrochemical oxidation of NH4

+ to N2 and c) 
electro-anammox. The reactions of NH2OH oxidation 
and NO2

− oxidation are distinguished with an excla
mation mark because they are the processes showing 
the most intense electrochemical response in this 
study. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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explain 2% of NO3
− conversion into N2 observed in experiments 4A, 4B 

and 4C. Heterotrophic denitrification had a minor role in this system 
because no organic matter was added. Thus, there was a deficiency of 
electrons to explain the whole nitrate reduction observed, which sug
gested the presence of other mechanisms. For example, an additional 
hypothesis could be linked to direct interspecies electron transfer (DIET) 
by coupling oxidation of reduced nitrogen species, such as ammonium, 
with nitrate reduction. This hypothesis could be supported by the 
observation of current density suppression when nitrate was spiked to 
the system in presence of ammonium (Experiment 4A and 4B). However, 
DIET cannot explain the whole of the results observed, since nitrate was 
also removed in absence of ammonium or any other feasible electron 
donor (Experiment 4C). 

Nitrite tests (Experiments 2) revealed that NO2
− was electrochemi

cally and bioelectrochemically oxidized to NO3
− since nitrite removal 

could be linked to a significant spike in current density with and without 
ammonium presence in the reactor. A transient accumulation of nitrate 
in the system was observed, with a final complete conversion into N2. 

Finally, the presence of N2H4 was detected both in the cathodic and 
anodic chamber when both nitrite and ammonium were present in the 
system (Experiments 2A and 2B), while microbial analyses revealed the 
presence ANAMMOX bacteria in the bulk a liquid and, particularly, on 
the anode surface (“Candidatus Kuenenia” and “Candidatus Anammox
imicrobium”). It suggested that ANAMMOX reactions could also be 
having a role in the system. In this case, nitrite, nitric oxide, or the 
electrode may serve as electron acceptors for the oxidation of ammo
nium to nitrogen gas. However, ANAMMOX bacteria were found at a 
lower abundance than nitrifiers and denitrifiers. ANAMMOX and 
electro-ANAMMOX could potentially be involved in NO and NH2OH 
removal, respectively. However, no NH4

+ consumption was observed 
during NH2OH (and subsequently, NO) removal, indicating that this 
could only be minority pathways (Fig. 6). 

Taking it all together, the system studied here presented a complex 
microbial community that was able to carry out a plethora of nitrogen 
removal mechanisms. From a black-box perspective, the system was able 
to handle different nitrogen compounds that are usually present in 
wastewater (i.e. ammonium, nitrite and nitrate) and convert them into 
dinitrogen gas without the presence of organic matter. The gained know- 
how will be used to improve the reactor design and operation leading to 
an increase in the current ammonium removal rates to compete with 
ANAMMOX or other bioelectrochemically-induced ammonium 
oxidation. 

4. Conclusions 

Ammonium was converted into dinitrogen gas in an anoxic BES. A 
coulombic efficiency of 108% was observed, suggesting that the anodic 
electrode acted as the electron acceptor for this process. Two highly 
electroactive reactions were identified (hydroxylamine and nitrite 
oxidation). Data obtained from nitrite and nitrate tests suggested that 
both denitrification and ANAMMOX based reactions could take place in 
the BES to close the conversion of NH4

+ into N2. In fact, the dominant 
bacteria in the BES was a nitrifier (Achromobacter spp.), but the micro
bial community in the reactor included also ANAMMOX species (Can
didatus Kuenenia and Candidatus Anammoximicrobium) and 
denitrifying bacteria (Denitratisoma sp.). 
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