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• Electrogen, AOB and anammox biofilms
achieved different power levels in MFCs.

• Electrogen rich biofilm adapted to oxidize
ammonia and yielded highest power.

• Nitrite accumulation was observed with-
out known nitrifying bacteria presence.

• O2 and SO4
2− are limiting factors for cur-

rent generation by AOB.
• N-NH4

+ oxidation by anodophilic bacteria
was combinedwith cathodophilic activity.
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Bioelectrochemical ammonia oxidation (BEAO) in a microbial fuel cell (MFC) is a recently discovered process that has
the potential to reduce energy consumption in wastewater treatment. However, level of energy and limiting factors of
this process in different microbial groups are not fully understood. This study comparatively investigated the BEAO in
wastewater treatment byMFCs enrichedwith different functional groups of bacteria (confirmed by 16S rRNA gene se-
quencing): electroactive bacteria (EAB), ammonia oxidizing bacteria (AOB), and anammox bacteria (AnAOB). Ammo-
nia oxidation rates of 0.066, 0.083 and 0.082 g NH4

+-N L−1 d−1 were achieved by biofilms enriched with EAB, AOB,
and AnAOB, respectively. With influent 444 ± 65 mg NH4

+-N d−1, nitrite accumulation between 84 and 105 mg N
d−1 was observed independently of the biofilm type. The AnAOB-enriched biofilm released electrons at higher poten-
tial energy levels (anode potential of 0.253 V vs. SHE) but had high internal resistance (Rint) of 299Ω, which limits its
power density (0.2 Wm−3). For AnAOB enriched biofilm, accumulation of nitrite was a limiting factor for power out-
put by allowing conventional anammox activity without current generation. AOB enriched biofilm had Rint of 18± 1
Ω and yielded power density of up to 1.4 Wm−3. The activity of the AOB-enriched biofilm was not dependent on the
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idizing bacteria; CEM, cation exchange membrane; COD, chemical oxygen demand; CE, coulombic efficiency; DO, dissolved oxygen;
fer; EPS, extracellular polymeric substances; GAC, granular activated carbon; Hdh, hydrazine dehydrogenase; HAO, hydroxylamine
bial fuel cell; NOB, nitrite-oxidizing bacteria; NXR, nitrite oxidoreductase; OCP, open-circuit potential; SRM, sulfate-reducing micro-
treatment plant.
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accumulation of dissolved oxygen and achieved 1.5 fold higher coulombic efficiency when sulfate was not available.
The EAB-enriched biofilm adapted to oxidize ammoniawithout organic carbon, with Rint of 19±1Ω and achieved the
highest power density of 11Wm−3. Based on lab-scale experiments (scaling-up factors not considered) energy savings
of up to 7% (AnAOB), 44% (AOB) and 475% (EAB) (positive energy balance), compared to conventional nitrification,
are projected from the applications of BEAO in wastewater treatment plants.
1. Introduction

Disposal of ammonia nitrogen into bodies of water can cause adverse ef-
fects. This is particularly important for high-strength nitrogen wastewater,
such as wastewater from dewatering of digested biosolids (Johnson et al.,
2018), landfill leachate (Cano et al., 2019), swine manure (Xu et al.,
2019) and vinasse from ethanol production (España-Gamboa et al.,
2011). Thus wastewater treatment is necessary prior to discharge into nat-
ural water bodies.

Biological treatment is usually applied for nitrogen removal fromwaste-
water and is conventionally based on nitrification followed by denitrifica-
tion (Cano et al., 2020; Lee et al., 2022). In nitrification, ammonia-
oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) sequentially
convert ammonia (NH3) to nitrite (NO2

−), and nitrite to nitrate (NO3
−), re-

spectively (Daims et al., 2016; Lam and Kuypers, 2011):

NH3 þ 1:5 O2 ! HNO2 þH2O (1)

ΔG ° ¼ −278 kJ mol−1

NO−
2 þ 0:5 O2→NO−

3 ð2Þ

ΔG ° ¼ −82 kJ mol−1

The conventional nitrification process requires a high amount of oxygen
(4.57 g O2 g NH4

+-N−1) to support the growth of strictly aerobic nitrifying
bacteria (Daims et al., 2016; Sharma and Ahlert, 1977). However, the aer-
ation system accounts for 50 % to 90 % of the total electricity consumed
within a wastewater treatment plant (WWTP) (about 0.6 kWh m−3) and
amounts to 15 % to 49 % of the total operating costs of WWTPs
(Drewnowski et al., 2019; Gu et al., 2017; Gude, 2015). Hence the energy
budget of conventional wastewater treatment technologies relying on nitri-
fication process represents a major challenge in terms of sustainability.

Other technologies involving nitrogen towards less energy demand and
circular economy are under development. Partial nitrification followed by
the anaerobic ammonia oxidation (anammox) process has been considered
for the reduction of energy consumption in WWTPs (Kartal et al., 2011;
Zekker et al., 2021). In comparison to conventional nitrification, 60 %
less oxygen is necessary, since ammonia nitrogen is only partially oxidized
to nitrite (Cao et al., 2017). In this regard, strategies to suppress the activity
of nitrite-oxidizing bacteria (NOB) and to intensify the activity of anammox
bacteria are under development, aiming at industrial and municipal waste-
water treatment (Zekker et al., 2011, 2014). Another approach under de-
velopment with different technology readiness levels is the nitrogen
recovery from wastewater for re-use in agriculture. Such technologies in-
clude struvite formation and ammonia stripping, among others (Chrispim
et al., 2020; Nancharaiah et al., 2016).

Alternatively, ammonia has been gaining an increasing attention as a
carbon-free energy source (Engelberth et al., 2021; Yüzbaşıoğlu et al.,
2022). Based on Eqs. (1) and (2), up to 5.5 Kwh per g NH4

+-N and 1.6
Kwh per g NO2

−-N−1 are theoretically available from ammonia and nitrite
oxidation, respectively (Daims et al., 2016; Lam and Kuypers, 2011). Thus,
harvesting energy from ammonia within wastewater can contribute to re-
duce the energy demand of WWTPs. This approach has not yet been suc-
cessfully implemented though.

In terms of bacteria metabolism, the oxidation of ammonia nitrogen to
nitrite by AOB occurs in a two-step process. Firstly, a membrane-bound
2

enzyme, ammonia monooxygenase (AMO), catalyzes the oxidation of am-
monia to hydroxylamine (NH2OH). Secondly, in the periplasmic space, hy-
droxylamine is oxidized to nitrite by the hydroxylamine oxidoreductase
(HAO), releasing four electrons that are channeled through a cytochrome
system to the ubiquinone pool. Then, the electrons are partitioned to sup-
port the reaction by AMO (reverse electron transfer), and to generate a pro-
ton gradient during the electron transport chain up to the terminal electron
acceptor (oxygen) (Whittaker et al., 2000; Sayavedra-Soto and Arp, 2014).
During the second step of nitrification, nitrite is oxidized to nitrate by NOB
through the nitrite oxidoreductase (NXR), releasing two electrons to the
electron transport chain (Poughon et al., 2001; Hemp et al., 2016).

Hence, conventional biological processes cannot directly harvest energy
from ammonia because the oxidation mechanisms of bacteria are coupled
to an intracellular respiratory chain with oxygen as the terminal electron
acceptor (Hemp et al., 2016; Poughon et al., 2001; Sayavedra-Soto and
Arp, 2014; Whittaker et al., 2000).

Bioelectrochemical systems (BES) were developed over the last decades
centered on the demonstrated ability of coupling the intracellular electron
donor oxidation with an extracellular electron acceptor. The microbial
fuel cells (MFC) utilize such ability to convert chemical energy of biode-
gradable substrates directly into electric energy (electricity). The activity
of electroactive bacteria (EAB) generates electricity in this system by trans-
ferring electrons to insoluble electron acceptors (such as Fe (III) and Mn
(IV) oxides and electrodes) through their outer membranes in a process
known as extracellular electron transfer (EET). Electrons transferred by
EAB to an electrode (anode)migrate through an external circuit to a second
electrode (cathode). On the cathode, the terminal electron acceptor (oxy-
gen) is reduced. Hence, the electron donor oxidation is spatially separated
from the terminal electron acceptor reduction and electric current is gener-
ated (Lovley and Holmes, 2022).

Microbial fuel cell's studies have mostly aimed at oxidizing organic car-
bon and not ammonia. The first contribution related to energy generation
associated with ammonia oxidation in a BES was provided by He et al.
(2009), and it was only recently that the occurrence of this process in
completely anaerobic conditions was clearly demonstrated (Shaw et al.,
2020; Vilajeliu-Pons et al., 2018). The bioelectrochemical ammonia oxida-
tion (BEAO) is not an aerobic process since bacteria rely on the anode as
electron acceptor and not on oxygen. Thus aeration is not intrinsically nec-
essary. Moreover, the process may lead to the generation of electricity
(Nolasco et al., 2022; Cano, 2020). Thus, it is considered amore sustainable
technology for nitrogen treatment (Anastas et al., 2021). If the process can
be controlled at a high rate, its combination with other energy generating
processes from organic matter may represent a breakthrough in the energy
balance of WWTPs.

To date, the studies published in the literature regarding BEAO have
proposed different strategies for stimulating electroactive ammonia-
oxidizing activity (Joicy et al., 2019; Koffi and Okabe, 2021; Ruiz-
Urigüen et al., 2019; Tang et al., 2017). This plethora of studies has pro-
duced a various results without a consensus regarding the BEAO mecha-
nisms (as summarized next).

Hassan et al. (2018) applied theMFC for energy generation from landfill
leachate treatment and observed power densities increasing with the incre-
ment of NH4

+-N up to 240 mg L−1. In order to corroborate whether NH4
+-N

acted as anodic fuel to generate electricity, a synthetic wastewater having
NO2

−−N/NH4
+-N = 1.32 without organic carbon was used in the MFC.

In this condition, power density increased in the initial five successive
batch cycles but rapidly decreased after that.
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Tang et al. (2017) also showed that the substitution of an organic sub-
strate for NH4

+-N after the growth of conventional EAB leads to the produc-
tion of electric current. The dominance of the Nitrosomonadaceae,
Ignavibacteriaceae, and Geobacteraceae bacterial families was observed
under such condition. This finding suggests that microbial communities
from biofilms enriched with EAB can adapt to oxidize ammonia, maintain-
ing a certain level of current generation in the absence of organic carbon.

Autotrophic bacteria have been associated with BEAO independently of
heterotrophic EAB presence. However, the resulting reaction productswere
found to be different from the products expected to be generated based on
the known enzymology of these bacteria (Daims et al., 2016). For instance,
bacteria from the genus Nitrosomonas have now been associated with am-
monia oxidation combined with current generation and production of
NO3

− (He et al., 2009) and N2 (Zhan et al., 2014). Similarly, Qu et al.
(2014) achieved ammonium oxidation with a microbial community domi-
nated by Nitrosomonas europaea and proposed anode as the electron accep-
tor in a dual chambermicrobial electrolysis cell (MEC). However, instead of
nitrite, nitrate was reported as the main product of ammonium oxidation.

In a study focusing on the hydrogen production on the cathodewith am-
monia as electron donor on the anode, biotic and abiotic conditions were
tested (Zhan et al., 2014). Current generation was achieved only when bac-
teria was present, with dominance of Stenotrophomonas (13.1 %),
Nitrosomonas (12.9 %), Comamomas (10.8 %) and Paracocus (10.6 %). In
this condition, accumulations of nitrite or nitrate were not observed.

Other studies have employed anammox bacteria (AnAOB) in BES (Koffi
and Okabe, 2021; Zhu et al., 2016). In conventional anammox process, au-
totrophic bacteria belonging to the phylum of Planctomycetales rely on ni-
trite as (1) electron acceptor to oxidize ammonia nitrogen to dinitrogen
(N2); and (2) as electron donor for CO2 reduction to biomass (Strous
et al., 1999; Kartal et al., 2011). However, in a BES enriched with Ca.
Brocadia and Ca. Scalindua, the successful ammonia oxidation and genera-
tion of current was reported in absence of NO2

− (Shaw et al., 2020).
Jadhav and Ghangrekar (2015) observed ammonia removal by apply-

ing a voltage to the cathode (+0.67V vs Ag/AgCl), and proposed the occur-
rence of anammox coupled to current generation. Furthermore, Zhu et al.
(2016) controlled the anodic potential of a BES to−0.5 V vs. Ag/gCl, and
observed ammonia removal efficiency increased by at least 29.2 % com-
pared to a conventional anammox reactor without electrodes.

Enrichment of Acidimicrobiaceae sp. A6 in aMEC also resulted in ammo-
nium oxidation. The results showed that over time majority of cells were in
the bulk liquid, and not attached to the anode, requiring the addition of
9,10-anthraquinone-2,6-disulfonic acid (AQDS) as soluble electron shut-
tling compound (Ruiz-Urigüen et al., 2019). These results suggest other
functional groups of bacteria potentially participate in mechanisms utiliz-
ing EET in addition to EAB, AOB and AnAOB.

At least three functional groups of bacteria have been associated with
ammonia oxidation combined with EET in BES (He et al., 2009; Shaw
et al., 2020; Koffi and Okabe, 2021). The reported studies indicate that
the parameters of the basic BEAO process and the elucidation of the enzy-
matic mechanisms responsible for the process have not been fully demon-
strated. Different molecular mechanisms and limiting factors associated
with the bacteria enzymology may yield different performances of energy
generation and ammonia oxidation in BES. However, direct comparison be-
tween studies may not be conclusive to determine the performance of dif-
ferent bacterial groups, because of different conditions, materials and
configurations utilized in each study. Furthermore a significant number of
studies have relied upon energy input to maintain the electric potential dif-
ference at a determined level (Hussain et al., 2016; Joicy et al., 2019; Koffi
and Okabe, 2021; Pous et al., 2021; Qu et al., 2014; Siegert and Tan, 2019;
Zhan et al., 2014; Zhu et al., 2021). Hence, the link between the spontane-
ous microbially-mediated reactions and energy production in such BES is
unclear.

Therefore, it is necessary to identify the pathway(s), limiting variables,
elements of microbial ecology, and the degree to which each group of bac-
teria can produce energy. In this context, the present study sought to inves-
tigate BEAO by different functional bacterial groups enriched in mixed
3

cultures and the contributions of these different functional groups on the
overall performance of a MFC.

MFCs fed with synthetic wastewater were inoculated and selectively
enriched with heterotrophic EAB, AOB, and AnAOB. Then, the potential
EET mechanisms and identified limiting factors by each microbial commu-
nity were elucidated based on a comparative analysis of the levels of
electricity generation, bioelectrochemical properties and operating param-
eters. Based on thefindings, the study discussed conditioning and operating
strategies to shape microbial ecology towards more efficient BEAO, and
projected the range of energy savings regarding the process application in
a WWTP.

2. Experimental procedures

2.1. Microbial fuel cell prototype setup

The tubular concentric dual-chamber MFC (Fig. 1) consisted of a 1-L
styrene-acrylonitrile resin tube with an external anodic chamber and an in-
ternal cathodic chamber separated by a Nafion 117 membrane (17 × 22.2
cm). The cation exchange membrane was selected for the correct interpre-
tation of the results, avoiding crossover and migration of nitrite and nitrate
between chambers. The inner and outer chambers were, respectively, filled
with 143.1 ± 3.9 g and 177.6 ± 7 g of granular activated carbon (GAC,
Tobasa BioIndustrial, Brazil), with a diameter between 2 and 3.36 mm
(mesh 6–10) used as tridimensional electrodes. A stainless steel AISI 304
mesh 10 (Central Mesh, Brazil, containing about 18.5 % Cr and 10 % Ni)
with 0.56 mm wire diameter was used for collecting current. The distance
between the anode and cathode columns was around 6 mm. The net vol-
umes of the anodic and cathodic chambers were 430 mL and 184 mL, re-
spectively. Details of the system configuration and dimensions can be
found in the Fig. S1 and detailed information about the manufacture of
each component of the MFC is presented in Cano et al. (2021).

2.2. Wastewater

Two synthetic wastewater formulations were used, simulating pre-
treated vinasse, a by-product from the distillation of ethanol following fer-
mentation of carbohydrates from sugarcane. The organic wastewater was
used for enriching the heterotroph bacteria and contained 2.5 g COD L−1,
437.5 mg NH4

+-N L−1 with a conductivity of 830.3 ± 114.6 mS m−1.
The second formulation, named inorganic wastewater, contained
437.5 mg NH4

+-N L−1 with a conductivity of 829.2 ± 109.4 mS m−1.
Both wastewaters were complemented with 1 mL L−1 solution of trace ele-
ments. Detailed information on the composition of the organic and inor-
ganic wastewater and trace elements are included in the Supplementary
Material (SM, Table S1).

2.3. Inocula and operating conditions

Four MFCs (MFC-EAB, MFC-AOB, MFC-AOB2, and MFC-AnAOB) were
independently operated with a continuous flow rate of 0.307 L d−1 and
HRT of 33.6 h (anode chamber), at room temperature (23 °C) with external
resistance (Rext) of 300 Ω (compatible with EAB growth and stable opera-
tion based on previous assessment). The recirculation of the anode effluent
to the cathode effluent was applied to the development of a biocathode and
complementary treatment. For the MFC-AOB2 system, the anode effluent
was recirculated through the cathode chamber by direct connection be-
tween the anode and cathode chambers at the bottom of the reactor
(Fig. 2a). Hence, in this configuration a pump was not necessary to feed
the cathode chamber, which is relevant for the large-scale application of
compact MFC stacks. In the case of the MFC-EAB, MFC-AOB, and MFC-
AnAOB systems, the recirculation process occurred by external pumping
of the anode effluent into the inner chamber (Fig. 2b). This prevented diffu-
sion of oxygen from the cathode chamber to the anode. Laboratory air was
directly supplied in the cathode chamber at a flow rate of 2 LPM and 1 LPM
when the organic and inorganic wastewaters, respectively, were used. The



Fig. 1. Tubular concentric dual-chamber MFC consisting of a (1) styrene
acrylonitrile resin tube; (2) external stainless steel mesh; (3) PVC support with
Nafion 117; (4) internal stainless steel mesh; (5) Nafion 117 support cap;
(6) silicone foil for sealing; and (7) reactor cap.

Fig. 2. Scheme illustrating laboratory tubular MFC with anode effluent
recirculation to the cathode (a) by an internal connection between the anode and
cathode chambers; and (b) by external pumping.
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different airflow rates were defined on the basis of theoretical oxygen de-
mand to oxidize organic matter (COD) and/or ammonia to nitrate (4.57 g
O2 per g NH4

+-N) (Sharma and Ahlert, 1977).
The anode chamber of MFC-EAB was inoculated with activated sludge

(2.5 g VSS L−1) from a municipal WWTP. 640 mL of the mixed liquor
was concentrated by decantation to a final volume of 100 mL (16 g VSS
L−1). The concentrated biomass was diluted with the organic synthetic
wastewater to a final volume of 430mL and placed inside the anode cham-
ber. After 24 h of inoculation, the reactor was continually fed with organic
wastewater to promote the growth of electroactive anodic bacteria. After
75 days of operation, sulfate (SO4

2−) was removed from the organic waste-
water feed medium to minimize growth of sulfate-reducing bacteria. This
operational condition lasted 33 days. Thereafter, the organic carbon
4

concentration of the influent wastewater was reduced to 1 g COD L−1.
After 28 days, the organic wastewater was replaced by inorganic wastewa-
ter, and the reactor was operated for 64 days to assess whether the enriched
EAB biofilm was able to adapt to the inorganic substrate (NH4

+) used as the
electron donor. The MFC-EAB is referred to MFC-EAB (organic) and MFC-
EAB (inorganic) when fed with organic and inorganic wastewater, respec-
tively.

The anode chambers ofMFC-AOB andMFC-AOB2were inoculatedwith
107mL of concentrated biomass (15 g VSS L−1) collected from a laboratory
bioreactor operating more than five years with an enriched community of
nitrifiers (AOB and NOB) (Brotto et al., 2018). The anode chamber of
MFC-AnAOB was inoculated with biomass collected from a side-stream
deammonification moving bed biofilm reactor operating for over three
years (Ma et al., 2015). Each biomass was diluted with inorganic wastewa-
ter to a final volume of 430 mL and placed inside the respective reactor.

The MFC-AOB,MFC-AnAOB, andMFC-AOB2were continually fedwith
inorganic wastewater after 24 h of inoculation. MFC-AOB andMFC-AnAOB
were operated under this condition for 98 days, while MFC-AOB2 was op-
erated under the same condition for 163 days. Then, to assess the influence
of SO4

2− over the process as an alternative electron acceptor, MFC-AOB and
MFC-AnAOB were operated without SO4

2− in the inorganic wastewater for
58 days, while for MFC-AOB2 it lasted 46 days.

After reaching a steady-state condition (daily current generation varia-
tion <5 % and < 10 % within 7 d), all the reactors fed with inorganic sub-
strate were operated for 7 days with inorganic wastewater in the absence

Image of Fig. 1
Image of Fig. 2


V. Cano et al. Science of the Total Environment 869 (2023) 161688
of NH4
+-N aiming to evaluate the relation between NH4

+-N oxidation and
current generation.

Additionally, a control abiotic reactor (same configuration and mate-
rials) was operated in batch mode (triplicate) for 33 h with the inorganic
wastewater in the anode chamber and phosphate buffer solution (0.1 M,
pH 7) in the aerated cathode chamber. The reactor was maintained in
closed circuit (Rext = 300 Ω) to assess whether non-biological oxidation
of ammonia contributed to current generation. The results were also used
to measure the NH4

+-N removal by transfer from anode to cathode cham-
bers through the cation exchange membrane (CEM).

2.4. Electrochemical and physicochemical measurements

The cell potential difference (voltage, V) was recorded daily using a
True RMS digital multimeter and converted to current (I) according to
Ohm's Law (I = V/Rext). The anode potential was measured using Ag/
AgCl reference electrodes (KCl saturated, +200 mV vs Standard Hydrogen
Electrode, SHE) placed in the anode chamber. The current densities were
calculated dividing the current by the net anodic volume (0.43 L).

The polarization curveswere obtained and internal resistanceswere cal-
culated according to Logan (2012) with methods detailed in (Cano et al.,
2021). The volumetric power density was normalized to the net anodic vol-
ume. Coulombic efficiency (CE) was calculated by dividing the coulomb
output by the total coulomb input. The total coulomb input was derived
from NH4

+-N for the reactors fed with inorganic wastewater (details in
SM, Section 4). The calculation was performed based on four electrons re-
leased from the oxidation of NH2OH toNO2

− or via hydrazine (N2H4) oxida-
tion to N2 (Kartal et al., 2011; Vilajeliu-Pons et al., 2018).

Liquid samples were collected at regular intervals (twice a week) from
the anode influent, anode effluent, and cathode effluent (final effluent).
NH4

+-N removal rates based on the comparison between influent and
anode effluent consider both NH4

+ oxidation and migration across the
CEM. Thus, NH4

+-N oxidation rates based on influent and effluent nitrite
(NO2

−-N) and nitrate (NO3
−-N) concentrations were used to assess the bio-

logical activity in the anode chamber. The NH4
+-N concentration and pH

were determined using an ion selective electrode meter (Orion Dual Star
pH/ISE Dual Channel - 2,115,000 series, Thermofisher Scientific, USA),
equipped with an ammonium ion-electrode. Nitrite (NO2

−-N), nitrate
(NO3

−-N) and sulfate (SO4
2−) concentrations were determined using an

ion chromatographer ICS 2100 (Thermofisher Scientific, USA) equipped
with the IonPac AS-18 column. The CODwas determined spectrophotome-
trically according to the closed reflux method (APHA, 2017). All chemicals
utilized in this study were obtained from companies in the USA or Brazil
and met the American Chemical Society (ACS) grade or had higher purity.

2.5. Statistical analysis

All the data used for the comparative analyses of the reactors were
tested for normality by the Kolmogorov-Smirnov test. ANOVA (α = 0.05)
was used for the data with a normal distribution to test the differences be-
tween the mean values. When differences were found, the t-test for two
samples was used (α=0.05) to verify the difference between two reactors.
For the data that did not present a normal distribution, median values were
tested using the non-parametric Kruskal-Wallis (α = 0.05) and Mann-
Whitney (α = 0.05) tests. The results obtained in each test are presented
in the SM (Section 12). TheMinitab® 19 software was used for conducting
the statistical tests.

2.6. Energy savings calculations

Energy savings were calculated based on the energy generated by each
MFC and the theoretical energy demand of conventional nitrification. The
energy demand for nitrification was calculated based on the standard aera-
tion efficiency of 0.24 kWh kg O2

−1 (Colacicco and Zacchei, 2020; Kim
et al., 2020) and the oxygen demand for production of NO2

−-N and NO3
−-

N at the concentrations observed for each MFC unit. The oxygen demand
5

was calculated using 4.57 kg O2 kg N−1 for complete NH4
+ oxidation to

NO3
− and 3.43 kg O2 kg N−1 for incomplete oxidation to NO2

− (neglecting
biomass synthesis) (Sharma and Ahlert, 1977). The calculations are pre-
sented in detail in the SM (Section 7).

2.7. Characterization of the microbial communities

To characterize the structure of the microbial community for the MFC-
EAB reactor fed with organic substrate, the biofilm attached to the anode
was sampled right before decreasing the COD of the synthetic substrate.
For the MFC-EAB with NH4

+ substrate, MFC-AOB, MFC-AnAOB, and MFC-
AOB2, the biofilm samples were collected from the anode at the end of the
experiment. Immediately after collection, the biomass was separated from
the GAC by vortexing in 7 mL of deionized water for 1 min. The biomass in
the solution was concentrated by centrifuging at 16.1 × 1000 g for 10 min
at 4 °C. The resultant material was then stored at−80 °C until DNA extrac-
tion. The protocols utilized for DNA extraction, next-generation 16S rRNA
amplicon sequencing and further post-sequencing bioinformatic analysis
are described in Obata et al. (2020). Amplicon sequencing data are publicly
available at NCBI (BioProject ID: PRJNA803873).

In our study, the utilization of the terms EAB, AOB, and AnAOB refer to
previous knowledge and terminology applied in the field of biological and
bioelectrochemical processes. AOB refers to autotrophic bacteria that aero-
bically oxidize NH4

+–N to NO2
−–N (nitrification), belonging to the β-

Proteobacteria and γ-Proteobacteria subclasses, such as Nitrosomonas and
Nitrosospira (Chen et al., 2023). AnAOB refers to anammox bacteria,
which can convert NH4

+–N and NO2
−–N into N2 under anaerobic condi-

tions, and belong to the phylum Planctomycete, such as Candidatus
Brocadia and Candidatus Kuenenia (Chen et al., 2023). EAB are widely con-
sidered as bacteria that can exchange electrons with electrodes (Paquete
et al., 2022). A strict definition has not yet been fully defined in the field
of bioelectrochemical ammonia oxidation. Thus, the ability of EET by
AOB and AnAOB implies these bacteria are EAB as well. However, to facil-
itate discussion towards different functional groups, in our study EAB refers
specifically to heterotrophic anode-respiring bacteria, such as Geobacter
and other the dissimilatory metal-reducing bacteria (Philips et al., 2016).

3. Results and discussion

3.1. Ammonia oxidation performance

The MFC-EAB reactor fed with organic substrate achieved COD
removal rate of 1.38 ± 0.38 kg m−3 d−1 corresponding to a removal effi-
ciency of 77.3± 6.8 %, and coulombic efficiency (based on COD) of 2.74±
0.63 %. The average NH4

+-N removal from the anode chamber was 51.2 ±
9.8%,withmean removal rate of 187.5±94.0 gNH4

+-Nm−3 d−1. Low con-
centrations of NO2

−-N (0.7 ± 1.1 mg L−1) and NO3
−-N (2.6 ± 1.9 mg L−1)

were observed in the anode effluent, which suggests ammonia oxidation
did not occur at high rate or was followed by heterotrophic denitrification
(Fig. 3).

The NH4
+-N removal rate of MFC-EAB (organic) was not significantly

different (p = 0.887) from the NH4
+-N transfer rate through the Nafion

membrane observed in the abiotic reactor (194.3 ± 84.5 g N m−3 d−1,
Fig. S15). CEMs, such as Nafion, are permeable by NH4

+. This suggests
that in our study the removal rate of NH4

+-N of MFC-EAB (organic) was
mostly associated with the transfer of ammonia to the cathode chamber
throughCEM. This is in accordancewith results frequently reported in stud-
ies with BES fed with organic substrate, in which NH4

+-N is transferred
through CEM (Leong et al., 2013).

In the absence of organic carbon, the NH4
+-N removal rates ofMFC-EAB

(inorganic), MFC-AOB, MFC-AnAOB were not significantly different (p =
0.418) from those obtained for the MFC-EAB fed with organic wastewater.
Nevertheless, only the reactors fed without organic carbon (MFC-EAB (in-
organic), MFC-AOB, MFC-AOB2, and MFC-AnAOB) presented NO2

−-N
andNO3

−-N accumulation in the anode effluent. This resulted inNH4
+-Nox-

idation rates of 66 ± 19 g NH4
+-N m−3 d−1, 83 ± 25 g NH4

+-N m−3 d−1,



Fig. 3.Nitrogen profile, including averageNH4
+-N, NO2

−-N, NO3
−-N and total N for influent, anode chamber effluent, andfinal effluent (cathode chamber effluent) of (a)MFC-

EAB with organic substrate and (b) MFC-EAB, MFC-AOB and MFC-AnAOB with inorganic (NH4
+) substrate.
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93± 34 g NH4
+-Nm−3 d−1 and 82± 35 g NH4

+-Nm−3 d−1 for MFC-EAB
(inorganic), MFC-AOB, MFC-AOB2 and MFC-AnAOB, respectively. Aver-
age concentrations higher than 80mgNO2

−-N L−1 were observed for all re-
actor fed with inorganic wastewater, while concentrations of 7.7± 0.5 mg
NO3

−-N L−1, 32.0± 14.4mg NO3
−-N L−1, 26.2± 15.8mg NO3

−-N L−1and
32.8 ± 16.4 mg NO3

−-N L−1 were observed for MFC-EAB (inorganic),
MFC-AOB, MFC-AOB2 and MFC-AnAOB, respectively (Fig. 3).

Nitrite and nitrate are negatively charged ions and are not able to mi-
grate from the cathode chamber to the anode chamber through the CEM.
This means that the presence of oxidized nitrogen species in the anode
chamber (Fig. 3) was a result of NH4

+-N oxidation in the same chamber.
NO2

− was the main final product of the reactions in the MFC-EAB (NH4
+

substrate), MFC-AOB and MFC-AnAOB reactors as also reported elsewhere
(He et al., 2009). The reactions leading to NO2

− accumulation will be fur-
ther discussed considering the microbial community structure in the fol-
lowing sections.

There was a significant decrease in pH (p < 0.001) after NH4
+-N ox-

idation in the anode chamber of all reactors compared to the pH of the
influent (see the Fig. S14). The decrease of pH is another indication of
chemolithoautotrophic ammonia oxidation (Chandran and Smets,
2000).

Regarding total nitrogen removal, the global removal (includes anode
and cathode processes) of MFC-EAB (organic), MFC-EAB (inorganic),
MFC-AOB, MFC-AOB2, and MFC-AnAOB were, respectively, 33 ± 16 %,
17 ± 9 %, 25 ± 13 %, 15 ± 12 %, and 25 ± 14 %. Specific processes re-
lating the microbial community on the anode and the cathode with nitro-
gen removal are, respectively, discussed in the following sections and in
the SM (Section 8). Additionally, nitrogen assimilation processes may
have contributed to nitrogen removal in all MFCs. Such processes include
assimilatory nitrate reduction, assimilatory nitrite reduction and ammonia
assimilation. Nitrogen assimilation is closed related to the biomass synthe-
sis. Hence, nitrogen assimilation is expected to increase with bacterial
growth rate (Han and Zhou, 2022; Kuypers et al., 2018). This is consistent
with the higher nitrogen removal observed byMFC-EAB (organic), since, in
addition to NH4

+, organic carbon was available as electron donor for bacte-
ria growth. However, compared to high rate aerobic processes, nitrogen
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assimilation in MFC is not considered a primary removal route because of
relatively low growth rates of EAB (Oksuz and Beyenal, 2021).

3.2. Current generation association with ammonia

The MFC-AOB and MFC-AnAOB reactors presented average voltages of
137 ± 38 mV and 150 ± 37 mV, respectively. Regarding to MFC-EAB,
when the organic substrate was substituted for the NH4

+ substrate, the volt-
age decreased from >700 mV to 283 mV. This was a result of increase in
anode potential (Fig. 4a).

To evaluatewhether the current generatedwas related toNH4
+-N, all re-

actors were fed with the inorganic wastewater without NH4Cl for 7 days.
An immediate decrease was observed in the current of MFC-EAB, MFC-
AOB, and MFC-AOB2, and there was an increase in the current when
NH4Cl was applied to the system again (Fig. 4b). The conductivity of the
wastewater without NH4Cl was 485 ± 8.12 mS m−1, which was around
1.7 fold lower than the wastewater with NH4Cl. Nevertheless, the currents
with NH4Cl were between 2.5 and 3.3 fold higher compared to the ones ob-
served without NH4Cl. Hence, the sole increase and decrease in conductiv-
ity do not explain the measured currents as expected by Ohm's law. This
observation is similar to the one reported by Vilajeliu-Pons et al. (2018)
and confirms the relationship between NH4

+-N and current generation in
our study.

Current generation and NH4
+-N oxidation were not observed in the abi-

otic reactor. Thus, unlike what was proposed by Chen et al. (2014), gener-
ation of current through a purely electrochemical reaction (non-biological)
did not contribute to current in BEAO-MFCs.

Several studies regarding the BEAO have relied on energy input to in-
duce the process (Hussain et al., 2016; Joicy et al., 2019; Pous et al.,
2021; Qu et al., 2014; Siegert and Tan, 2019; Zhan et al., 2014; Zhu
et al., 2021). In our study, external energy was not used to control the elec-
trode potential or to generate an electrostatic field. The current was intrin-
sically generated by bacteria.

With 300ΩRext, MFC-EAB achieved average current densities of 3.59±
1.21 A m−3 while for MFC-AOB, MFC-AOB2, and MFC-An-AOB it ranged
from 1.00 to 1.16 A m−3. The higher current of MFC-EAB resulted in

Image of Fig. 3


Fig. 4. (a) MFC-EAB potential difference (■), anode potential (△) and calculated
cathode potential (○) obtained via the feeding of the system with organic and
NH4

+ substrates; (b) current generation of MFC-EAB (inorganic) (■), MFC-AOB
(○), MFC-AnAOB (△) and MFC-AOB2 (♦) regarding the presence of ammonium
at the end of the experiment, timeline is relative to interruption of NH4Cl supply;
(c) Evolution of power density in relation to the anode OCP for MFC-EAB (■),
MFC-AOB (○) and MFC-AnAOB (▲) based on the polarization curves obtained
from the operation for *53 days and **83 days after the beginning of the NH4

+

substrate phase.
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coulombic efficiency of 14.1 ± 4.5 % and normalized energy recoveries of
0.661 ± 0.4 kWh per Kg of oxidized N. MFC-AOB, MFC-AOB2, and MFC-
An-AOB achieved CE between 5 % and 7 %, with normalized energy recov-
eries ranging from 0.049 to 0.063 kWh per Kg of oxidized N (Table 1).

Furthermore, despite the similar current densities under 300 Ω Rext,
substantially different results were observed when external resistance
equalled the internal resistance (in polarization curve tests, Table 1). This
reveals that apart from of MFC-AnAOB theMFC performances were limited
by the high external resistance. The analysis of polarization curves also
showed the evolution of the maximum power density and anode potential
in open circuitmode for each reactor during the operation (Fig. 4c). Despite
Table 1
Summary of results achieved by each MFC in this study regarding volumetric current de
efficiency based on N, and normalized energy recovery based on ammonia removed or

MFC Current density (A m−3)

Rext = 300 Ω Rext = Rint

EAB (organic) 4.81 ± 1.31 71.30 ± 14.30
EAB (inorganic) 3.59 ± 1.21 23.59 ± 14.96
AOB 1.00 ± 0.31 10.79 ± 2.04
AOB2 1.14 ± 0.18 8.89 ± 1.45
AnAOB 1.16 ± 0.46 1.65 ± 0.39
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similar NH4
+ removal rates, each reactor exhibited diverse levels of energy

generation.
The MFC-EAB (inorganic) and MFC-AOB reactors showed comparable

power densities at the end of the experiment. The MFC-AnAOB reactor pre-
sented a maximum power density that was at least six-fold lower than that
of the MFC-AOB reactor. Pathways for current generation in the anode and
implications for the performance of each reactor are discussed in the fol-
lowing sections. Details of the cathode chamber performance are presented
in the SM (Section 8).

3.3. Adaptation of MFC-EAB to oxidize NH4
+-N

The most abundant genus in the MFC-EAB fed with organic substrate
was Geobacter (24.7 %), followed by Lactococcus (7.4 %), Acinetobacter
(4.3 %), Arcobacter (4.1 %), and bacteria belonging to the Synergistaceae
(4.1 %), Sphaerochaeta (4.1 %), Desulfobulbus (3.2 %), the order
Lactobacillales (1.9 %), and Desulfovibrio (1.8 %) family (Fig. 5).

Geobacter, Acinetobacter, Lactococcus, Arcobacter, Desulfobulbus and
Desulfovibrio are EAB which have been reported in MFCs fed with organic
compounds such as glucose, glycerol, acetate, pyruvate, lactate and propio-
nate (Fedorovich et al., 2009; Hodgson et al., 2016; Li et al., 2018). The
order Lactobacillales presents EAB species (e.g. Trichococcus sp.) (Barbosa
et al., 2018). Considering the aforementioned bacteria, most of the commu-
nity members (55.7 %) were potentially active heterotrophic EAB.

When the MFC-EAB reactor was fed with NH4
+ substrate for 64 days, a

considerable change was observed in the microbial community structure
and composition. The relative abundance of Geobacter decreased to 4.5 %,
and other EAB were not found. The following groups were also detected:
Burkholderiaceae (12 %), Denitratisoma (9.1 %), Anaerolineaceae (7.5 %),
Longilinea (4.9 %), and Leptolinea (3.8 %). Interestingly, AOB, AnAOB, and
NOB were not found in MFC-EAB.

Denitratisoma are heterotrophic denitrifying bacteria (Wang et al.,
2019). Burkholderiaceae are also denitrifying bacteria that are associated
with various phenolic compounds (Vashi et al., 2019). The presence of
these bacterial groups was likely supported by the endogenous decay of
the community previously grown when organic carbon was available. The
presence of these bacteria has been reported elsewhere in similar circum-
stances (Joicy et al., 2019; Zhang et al., 2019a).

Anaerobic digesters and the BES have been found to contain Longilinea
and Leptolinea. These bacteria are strictly anaerobic heterotrophs that are
known to convert carbohydrates and amino acids into acetate, lactate,
and hydrogen (Zhang et al., 2017). Although neither Longilinea nor
Leptolinea can produce current, theymay have had a syntrophic association
withGeobacter sp.. The occurrence of a syntrophic growth suggests that the
organic compounds derived from the bacterial decay or adsorbed in the
GACmay have contributed to the current generation as reported elsewhere
(Caizán-Juanarena et al., 2020). This could have been especially important
during the first 7 days after switching from the organic substrate to NH4

+

substrate. The current generation was stable at an elevated level during
this period (Fig. 4a).

After substituting the organic wastewater for the NH4
+ one, the internal

resistance ofMFC-EAB slightly increased from12Ω to 18–21Ω. This means
that despite the changes in microbial community, the anodophilic activity
persisted. On the contrary, Hussain et al. (2016) reported considerable
nsity with 300 Ω Rext and when Rext equalled Rint in polarization curve, coulombic
oxidized in the anode chamber. Results expressed as mean ± standard deviation.

CE based on N (%) Normalized energy recovery

kWh kg Nremoved
−1 kWh kg Noxidized

−1

– – –
14.1 ± 4.5 0.266 ± 0.177 0.661 ± 0.403
5.9 ± 0.6 0.023 ± 0.012 0.049 ± 0.033
6.9 ± 2.5 0.038 ± 0.019 0.052 ± 0.028
5.0 ± 0.5 0.022 ± 0.011 0.063 ± 0.047

Image of Fig. 4


Fig. 5. Relative abundance of bacterial genera from themicrobial communities sampled at the anode of MFC-EAB fed with organic and NH4
+ substrates and MFC-AOB, MFC-

AnAOB and MFC-AOB2. The relative abundance is defined as a percentage of the total microbial sequences in a sample. Genera that account for ≥3 % of at least one 16S
rRNA gene sequence are shown, while genera with an abundance of <3 % in all sequences are grouped into Others.
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increase in internal resistance from 10 Ω to 619 Ω when organic com-
pounds were not available. The performance in our study was likely
favoured by organic compounds adsorbed on the GAC combined with the
organic compounds derived from the bacterial decay. These phenomena
decreased the impact of organic matter absence during microbial commu-
nity adaptation.

The coulombic efficiency reveals the system's ability to convert the
chemical energy of an electron donor into electricity. Based on the results
obtained in this study, the MFC-EAB reactor presented significantly higher
(p< 0.001) CE (of 14.1±4.5%) compared toMFC-AOB (5.9±0.6%) and
MFC-AnAOB (5.0 ± 0.5 %). In the MFC-EAB, non-electroactive ammonia-
oxidizing bacteria were not found. Thus ammonia oxidation pathways that
would have consumed nitrogenwithout generating current, such as aerobic
nitrification and conventional anammox, were avoided.

The anode potential observed at open circuitmodewas+261±12mV
vs SHE. This potential is closer to the potential of+0.12 V vs SHE, from hy-
droxylamine (NH2OH) oxidation by hydroxylamine oxidoreductase (HAO),
than+0.48 V vs SHE, fromNO2

− oxidation by nitrite oxidoreductase (NXR)
(Poughon et al., 2001).

The effluent of the anode chamber of MFC-EAB had only 7.7 ± 0.6 mg
NO3

−-N L−1. This NO3
−-N concentration level was significantly lower (p <

0.001) compared to that of MFC-AOB (32 ± 14.4 mg NO3
−-N L−1) and

MFC-AnAOB (33.8 ± 16.6 mg NO3
−-N L−1). The known cytochrome sys-

tem utilized by EAB, such as Geobacter, in EET is coupled with the formal
redox potential of −0.28 V vs. SHE, when acetate is available (Joshi
et al., 2021). Thus, the utilization of another electron source with higher
redox potential means less amount of energy would be available for the
growth of bacteria. The coupling of NO2

− oxidation with EET would yield
lower amount of energy in comparison to NH2OH oxidation. This might
have exceeded the energetic limit of respiration by EABmetabolism, config-
uring an unfeasible respiration pathway. This explains the accumulation of
NO2

− instead of NO3
− in MFC-EAB.

So, the EET mechanism in MFC-EAB was likely associated with ammo-
nia oxidation to NO2

−. This explains the immediate NO2
−-N accumulation

in the anode chamber effluent when organic carbon was not available
and the significantly lower NO3

−-N concentration.
Geobacter was the only known EAB found in MFC-EAB (inorganic).

However, an aerobic or anaerobic pathway of ammonia oxidation by
Geobacter species is not supported by current knowledge on their enzymatic
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machinery. This suggests the current observed inMFC-EAB (inorganic) was
generated by activity or interactions of bacteria not yet described as EAB.

The anode potentials of MFC-EAB at open circuit mode were lower than
the values observed forMFC-AOB (Fig. 4c). This means reactions of the EET
mechanism inMFC-EAB could deliver electrons at a higher potential energy
level in comparison to MFC-AOB. In BES utilizing organic substrate, EAB
can transfer electrons directly to the anode or utilizing a solid conductive
matrix, avoiding electron shuttles. Thus, loss of energy by an EET step in-
volving redox-active meditators is avoided by these mechanisms. So, the
EET mechanism of EAB oxidizing ammonia in MFC-EAB is most likely cen-
ter in mechanisms other than electron shuttles. This is also compatible with
the higher CE of MFC-EAB.

In this sense, EET generated by a solid conductive matrix mechanism
could have contributed to the higher power output observed for MFC-
EAB. In this mechanism, bacteria can couple their outer membrane cyto-
chromes with structures named nanowires, which relate to other sections
of the biofilm and the anode. Hence, bacteria relying on this mechanism,
such as Geobacter, are not limited by surface area to directly transfer elec-
trons to the electrode or by diffusion of electron shuttles. This results in
thicker biofilms and a higher maximum current rate in comparison with
bacteria relying solely on EET by direct contact with electrode or electron
shuttles (Torres et al., 2010). In this regard, the semi-conducive matrix pro-
duced by EAB with organic wastewater could have contributed to the cur-
rent generation of MFC-EAB oxidizing NH4

+. This is in accordance with
the relatively stable internal resistance of MFC-EAB despite changes in
the wastewater composition.

The ammonia oxidation in MFC-EAB is a process not yet described
in the literature. This process is not catalyzed by AOB or AnAOB typically
involved in nitrification and anammox and presents advantages:
(i) biochemical reactions immediately start after organic carbon depletion;
(ii) does not require aeration; (iii) the metabolic pathway favors NO2

− pro-
duction instead of NO3

−. In terms of energy generation, the utilization of
NH4

+ represents an additional energy source within wastewater in compar-
ison to conventional MFC and anaerobic digestion, which are dependent on
organic substrates. The adaptation of EAB biofilm to potentially take part in
the ammonia oxidation coupled to EET to the anode highlights the flexibil-
ity of MFC systems in terms of biotechnological applications. This ability
may be explored for energy generation and quantified in the mass balance
of the nitrogen cycle in ammonia and Fe (III) oxides rich environments.

Image of Fig. 5
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3.4. Current generation by ammonia oxidizing bacteria

MFC-AOB harbored a predominance of Nitrosomonas (25 %),
Arenimonas (23 %) and Nitrobacter (15 %). These bacteria were also found
to be the most abundant genera in MFC-AOB2, though in different propor-
tions: Nitrobacter (46.3 %), Nitrosomonas (16 %) and Arenimonas (11.7 %).

Nitrosomonas and Nitrobacter are autotrophic aerobic bacteria responsi-
ble for the conversion of NH3 to NO2

−, and NO2
− to NO3

−, respectively
(Daims et al., 2016; Sharma and Ahlert, 1977). Arenimonas can use NO3

−

as an electron acceptor in heterotrophic, autotrophic or cathodic denitrifi-
cation (Xing et al., 2018; Zhang et al., 2019a).

Based on the presence ofNitrobacter at considerable relative abundance,
NO3

− accumulation is expected. However, NO2
− was the main oxidized ni-

trogen in the anode effluent. This indicates that NO3
− expected to be pro-

duced by Nitrobacter could have been followed by further nitrogen
reduction or assimilatory process (Han and Zhou, 2022; Kuypers et al.,
2018).

Nitrosomonas activity is expected to produceNO2
−. In this case, NO3

− can
be produced byNitrobacter from NO2

− oxidation and utilized as electron ac-
ceptor by Arenimonas in an incomplete denitrification process. This combi-
nation of reactions could have led to NO2

− accumulation. Accumulation of
NO2

− has been reported with the presence of Arenimonas in simultaneous
desulfurization and denitrification reactors (Zeng et al., 2018) and in single
chamber BES (Zhang et al., 2019b).

The conventional oxidation mechanism by NOB is dependent of dis-
solved oxygen. This was particularly important in MFC-AOB2, in which ox-
ygen diffused back from the cathode chamber through the internal
hydraulic connection. This explains the higher proportion of Nitrobacter
found inMFC-AOB2, which yielded a dissolved oxygen (DO) concentration
of 1.73 ± 0.33 mg L−1. The fact that the anammox bacteria Candidatus
Kuenenia have been shown to be inhibited by dissolved oxygen (Kartal
et al., 2011) and these bacteria were found in MFC-AOB (relative abun-
dance of 7.4 %) but not in MFC-AOB2 is another indication that oxygen
availability influenced microbial activity in MFC-AOB and MFC-AOB2. In
this sense, conventional nitrification utilizing oxygen diffused from the
Fig. 6. Effect of (a) N2 purging and sulfate availability in the anode chamber on the (△) a
in the influent on the anode potential (△) and current generation (●) for MFC-AnAOB
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cathode chamber could have been partially responsible for ammonia oxida-
tion in our study.

So, to evaluate the influence of anaerobic conditions on MFC-AOB, this
reactor was operated for 13 days with N2 purging to avoid any accumula-
tion of dissolved oxygen in the anode chamber. Low DO levels are expected
to impose limitations on Nitrosomonas activity (Yu and Chandran, 2010),
but the accumulation of NO2

− was not affected by N2 purging (Fig. S16).
This finding differs from the findings presented by Hussain et al. (2016),
who pointed out that oxygen is required to produce NO2

− and NO3
− in a

MEC. The occurrence of ammonia oxidation with nitrite production in
BES regardless of high oxygen levels is the key feature of BEAO.

This process may also be explored for other bioprocess applications not
related to power output. For instance, the accumulation of NO2

− is a prom-
ising approach to be combined with the conventional anammox process.
This combination should result in nitrogen removal and is not dependent
on organic carbon or aeration.

Some studies have shown that BEAO under anaerobic conditions re-
sulted in the production of N2 (Siegert and Tan, 2019; Vilajeliu-Pons
et al., 2018). Alternatively, under low DO conditions, AOB can produce
NO and N2O (Chandran et al., 2011). The loss of dissolved nitrogen in
this process may have also contributed to the relatively higher global nitro-
gen removal in the anode chamber of MFC-AOB (25 ± 13 %) compared to
MFC-AOB2 (15 ± 12 %). Although N2O production is commonly not de-
sired in WWTP, since it is a greenhouse gas (296 times stronger than
CO2), it can also be used as a renewable energy source if properly captured
(Lin et al., 2018).

The following sections discuss how current was generated in MFC-AOB
and MFC-AOB2 as well as the role of oxygen in the molecular mechanism.
Fig. 6a shows that the anode potential becamemore negative with N2 purg-
ing, and the potential became more positive upon the cessation of N2 purg-
ing. This observation implies that the absence of oxygen led to an
improvement in the anode's performance. So, EET produced by the
electroactive biofilm was adversely affected by the presence of oxygen.

Although the NOBNitrobacter grew in theMFC-AOB andMFC-AOB2 re-
actors, they do not appear to be responsible for the EET. The presence of
node potential and (●) current generation for MFC-AOB; and (b) sulfate availability
.

Image of Fig. 6
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NOB in BES has not been widely reported in the literature (Li et al., 2018;
Lovley and Holmes, 2022). Furthermore, the NO2

− oxidation potential
(+0.48V vs SHE) is higher than the anodeOCPs observedwhen power out-
putwas stable (Fig. 3c). So, the electrons transferred to anodewere released
from a reaction with more negative redox potential than NO2

− oxidation.
In addition, the utilization of an EETmechanismbyNOBwould result in

considerable less energy in comparison to its conventional respiration
mechanism. Normally, NO2

− is oxidized to NO3
− byNOB through the nitrite

oxidoreductase (NXR), releasing two electrons to the respiratory chain.
Then oxygen is utilized as the terminal electron acceptor in a reaction
with redox potential of 0.82 V vs. SHE (Poughon et al., 2001; He and
Angenent, 2006; Hemp et al., 2016). In our, study, oxygen availability
was limited in the anode chamber. Due to energy losses related to activation
of the oxygen reduction reaction on the cathode, a maximum open-circuit
potential of 0.60 V vs. SHE, instead of 0.82 V vs. SHE, was observed for
the cathode of MFC-AOB. Hence, by coupling the NXR with EET to the
anode, NOB would obtain 65 % less energy compared with conventional
respiration. Therefore, the lack of oxygen and energy losses associated
with an EET-based respiration may have limited the growth and activity
of NOB. This also explains the nitrite accumulation.The indirect contribu-
tion of AOB to the current generation based on the production of extracel-
lular polymeric substances (EPS) as a source of electron donors for EET
was considered elsewhere (He et al., 2009). However, the absence of het-
erotrophic EAB in the anodes of MFC-AOB and MFC-AO2 (Fig. 5) implies
EPS was not a significant source of electrons. Alternatively, other bacteria
present in these reactors whose EET ability has not yet been discovered
may have contributed to the current generation.

This finding suggests that the power generation capacity of these reac-
tors is related to EET through a pathway that has not yet been described,
and which is possibly associated with a new EAB and/or AOB. We believe
that the AOB were the primary bacteria involved in energy generation in
MFC-AOBandMFC-AOB2. TheMFC-AOB reactor, which exhibited a higher
relative abundance of the AOBNitrosomonas, presented a greater maximum
power density compared to MFC-AOB2 (Fig. 4c). Nitrosomonas sp. have
been shown to be predominant in the anodes of BES where ammonia is
the electron donor (He et al., 2009; Qu et al., 2014; Vilajeliu-Pons et al.,
2018; Zhan et al., 2014).

The generation of energy inMFC-AOB andMFC-AOB2 by AOBwas likely
through a pathway involvingNH2OHoxidation,which is compatiblewith the
results of Vilajeliu-Pons et al. (2018). This is supported by the anode OCP of
MFC-AOB (+0.38 V vs SHE in the last polarization curve). This potential is
compatible with the NH2OH oxidation potential of +0.12 V vs SHE, consid-
ering inevitable energy losses by the EET mechanism.

To transfer the electrons released from NH2OH oxidation to the anode,
anaerobic condition is required, since oxygen is used as a more efficient
final electron acceptor (He et al., 2009). In this case, a different pathway
is needd to support AOB growth without oxygen, which is discussed as
follows.

It is worth noting that molecular oxygen plays a crucial role in the con-
version of ammonia to hydroxylamine by the activity of ammonia
monooxygenase (AMO) (Maalcke et al., 2014). In this regard, the necessity
of oxygen in nitrifying BES should only be considered for hydroxylamine
production, and not as the final electron acceptor. Hence, conventional ni-
trification may have contributed to the nitrite accumulation observed in
this study, but in a BES the electrode replaces oxygen as the final electron
acceptor in the EET process. This explains the observed current in MFC-
AOB and MFC-AOB2.

AOB bacteria have not yet been proven capable of achieving EET by di-
rect contact with a solid-state electron acceptor. It is known, though, that in
conventional MFC, redox-active components produced by bacteria, includ-
ing phenazine derivatives, quinones and flavins, can act as electron shuttles
(Philips et al., 2016; Zhu et al., 2021). The electron shuttles are coupled to
the respiratory chain, supporting the production of ATP. In a nitrifying
MFC, they carry the electrons obtained by NH4

+-N oxidation outside the
bacteria to the surface of a solid electron acceptor. Then electron shuttles
are oxidized on the anode and become available to carry more electrons.
10
EET by electron shuttle is consistent with the findings of by Qu et al.
(2014) in a MEC dominated by Nitrosomonas. In their study, current gener-
ation decreased when the medium was replaced and was immediately re-
stored to 85 % of its original level when the filtered medium (0.22 μm-
pore-diameter membrane) was returned to the anode chamber.

Thismechanismmay have been utilized by AOB to achieve EET here. In
this regard, more energy would have been lost by an intermediate EET step
in MFC-AOB compared to MFC-EAB, in which EET by direct contact and
solid conductive matrix was considered plausible. This is in accordance
with the lower potential energy level of the electrons delivered to the
anode of MFC-AOB in comparison to MFC-EAB (Fig. 4c). More studies
with pure culture of AOB are necessary to confirm the electron shuttle
mechanism by these bacteria.

The results obtained for MFC-AOB showed BEAO is a feasible process
and that elevated levels of DO are not strictly required. On the contrary,
when oxygen accumulation was avoided, the EET improved. Considering
our results, aeration in the anode chamber is not necessary to achieve
BEAO. Thus, this novel process can lead to a technological breakthrough
in terms of reducing the energy consumption of WWTPs. The implications
of this in terms of energy savings are further discussed in the Section 3.6.

3.5. Current generation by anammox bacteria

Candidatus Kuenenia, an anammox representative, was the most abun-
dant bacteria (31.1 %) found in MFC-AnAOB, followed by Arenimonas
(10.9 %) and Nitrosomonas (5.3 %). The characteristics of the micro-
bial community confirm anammox played a key role in the MFC-AnAOB
reactor.

The MFC-AnAOB had an OCP of 319 ± 4 mV. This is significantly
higher (p < 0.001) compared to MFC-AOB, which had an OCP of 216 ±
10 mV. The difference in the OCP values was caused by the anode poten-
tials (Fig. 4c). Shaw et al. (2020) reported anode redox peaks in cyclic volt-
ammetry with midpoint potentials of −0.01 ± 0.05V vs. SHE for a BES
with enrichment of anammox bacteria. This was lower than the potential
of +0.73 ± 0.06V vs. SHE obtained in another study where the BES was
enriched with AOB (Vilajeliu-Pons et al., 2018). These results point to the
difference between the reactions and the EET mechanism associated with
the bioelectrochemical activity relating to AOB and AnAOB.

In anammox, bacteria obtain energy with the aid of hydrazine dehydro-
genase (Hdh), which catalyzes the oxidation of N2H4. This reaction gener-
ates electrons at a redox potential of −0.75 V vs. SHE, which is lower
than that of NH2OH oxidation (+0.12 V vs. SHE) (Kartal et al., 2011; Li
et al., 2018; Poughon et al., 2001). Thus, the coupling of EETwith electrons
released by Hdh is likely to result in a lower anode potential in relation to a
mechanism associated with NH2OH oxidation.

NH2OH has been suggested as an intermediate for current generation
from ammonia oxidation by anammox with N2 being the final product
(Shaw et al., 2020). However, NH2OH oxidation does not solely explain
the relatively lower reaction potentials obtained for AnAOB compared to
those of AOB.

Considering the absence of oxygen, AOB inMFC-AnAOBmay have con-
ducted EET to the anode instead of using oxygen as the terminal electron ac-
ceptor. As previously discussed, the EET mechanism of AOB is coupled to a
reaction with a higher redox potential than N2H4 oxidation. The mixed po-
tential resulting from EET by both AOB (from NH2OH oxidation) and
AnAOB (from N2H4 oxidation) in MFC-AnAOB explains its anode OCPs
being lower than the ones observed by MFC-AOB.

It is worth noting that the internal resistance of MFC-AnAOBwas found
to be at least 14-fold higher (p ≤ 0.045) than that of the other reactors
(Table S6). Also, the energy losses in MFC-AnAOB were mostly caused by
the anode chamber instead of the cathode chamber (high anode internal re-
sistance). This implies that the systemwas limited by the rate of EET to the
anode, which is in accordance with the significantly lower (p≤ 0.004) CE
obtained for theMFC-AnAOB reactor. Thus, despite the higher redox poten-
tial in the EETmechanism, a fewer amount of electrons was delivered to the
anode by the bacterial community in the MFC-AnAOB.
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In anammox, the electrons derived from N2H4 oxidation are transferred
to the cytochrome bc1 complex. Subsequently, the electrons are
redistributed to promote NO2

− reduction to N2 and N2H4 synthesis (Kartal
et al., 2011). Thus, N2H4 could only be the source of electrons for EET
through a different mechanism in which NO2

− is not the electron acceptor.
NO2

− oxidation to NO3
− generates electrons for CO2 fixation in tradi-

tional anammox. The reaction leads to the release of electrons at +0.43 V
(Kartal et al., 2011). Therefore, NO2

− does not seem to be the source of elec-
trons for EET as the potential energy level of the electrons is incompatible
with the observed anode potentials.

In this regard, Shaw et al. (2020) showed that when NO2
− is available,

current is not generated by a microbial community enriched with AnAOB.
NO2

− seems to be a preferable electron acceptor in comparison to the
anode. Thus, when NO2

− is available, electrons are lost to the conventional
anammox pathway. In our study, part of the NO2

−-N found in the anode
chamber was produced by AOB. In this case, AOB activity indirectly ham-
pered EET through AnAOB.

3.6. Influence of SO4
2− over current generation

In terms of SO4
2− availability, there were no immediate changes in the

MFC-AnAOB reactor's current generation (Fig. 6b). As a result, SO4
2− have

no effect on the dominant EET mechanism in MFC-AnAOB.
In contrast, for MFC-AOB, the results clearly show that influent SO4

2−

(551 ± 77 mg L−1) exerted a negative effect on the performance of the
bioanode (Fig. 6a). When SO4

2− was not available, the anode potential of
MFC-AOB immediately decreased from approximately +480 mV vs. SHE
to less than +405 mV vs. SHE. The immediate changes observed for
MFC-AOB suggest SO4

2− directly affected the EET.
Sulfur species have been regarded as mediators, favoring the current

generation in BES fed with organic matter but its role in the BEAO is not
elucidated (Philips et al., 2016). Sulfate-reducing microorganisms (SRM)
use SO4

2− as the terminal electron acceptor for the oxidation of various or-
ganic compounds (Zhao et al., 2020). Considering the absence of organic
carbon, sulfate-reducing ammonium oxidation (sulfammox) may have
played a role in ammonia oxidation. In this process, bacteria, such as
Brocadia Anammoxoglobus Sulfate and Bacillus Benzoevorans, utilize NH4

+

as an electron donor and SO4
2− as the electron acceptor, generating S0

and N2 (or HS− and NO2
− as intermediates) (Dominika et al., 2021).

Alternatively, SRM have a mechanism to directly collect electrons from
the electrode to accomplish SO4

2− reduction (Agostino and Rosenbaum,
2018). Also, SRMcan achieve interspecies electrons transferwith anaerobic
methane oxidizing Archaea via sulfur compounds as mediators (Shrestha
and Rotaru, 2014). Likewise, a direct or indirect interspecies electrons
transfer mechanism between AOB and SRM could have been responsible
for the results observed for MFC-AOB. The occurrence of sulfammox or in-
terspecies electron transfer culminates in fewer electrons available for EET
to the anode.

In this regard, stoichiometric theoretical consumption ratio of sulfammox
process is 2:1 (NH4

+:SO4
2−), which represents 0.37 gNH4

+/g SO4
2− (Dominika

et al., 2021). In our study, an influent g NH4
+/g SO4

2− ratio of 1.2± 0.5 was
applied. In this condition, sulfammox bacteria could have consumed up to
30 % of the electrons released by NH2OH oxidation.

Thus, by ceasing electron loss by sulfammox, a 1.45 fold increase in cur-
rent generation should be expected. The results of MFC-AOB showed that
current density was 0.89± 0.05 Am−3 when SO4

2−was available and rap-
idly increased to 1.26 ± 0.2 A m−3 in the first 15 d when SO4

2− was not
available (Fig. 6a). This represents 1.4 fold more current, which was
followed by a CE increase from 4.0 ± 1.0 % to 5.9 ± 0.6 %. Moreover,
in many occasions total nitrogen removal was followed by SO4

2− removal
(see Figs. S24–S26). These results demonstrate that in a nitrifying MFC
dominated by AOB sulfate can limit current generation rather than favoring
EET.

In wastewaters with a high concentration of readily biodegradable
COD, such as vinasse, simultaneous removal of organic matter and SO4

2−

by SRM is expected in the initial stages of the biological treatment
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(Barrera et al., 2014). In this case, SO4
2− should not interfere with NH4

+

oxidation in the following stages of treatment. However, SO4
2− may not

be efficiently removed from wastewater with COD:SO4
2− ratio lower than

0.65 or with high proportion of recalcitrant organic matter, such as landfill
leachate and some industrial streams (Lens et al., 1998). In this case, SO4

2−

will persist in the wastewater at high concentrations and hinder the current
generation from BEAO by AOB.

The main pathways proposed in this study for MFC-EAB, MFC-AOB and
MFC-AnAOB are graphically presented in Figs. S7–S9.

3.7. Projected energy savings by BEAO

The maximum power densities achieved by MFC-EAB and MFC-AOB
were similar or even higher than the ones reported in the literature for
MFCs with GAC electrodes utilizing organic compounds as electron donors
(Table S7). This demonstrates the MFC configuration and operation in our
study is compatible with relatively high power output. In terms of NH4

+ re-
moval, rates achieved in this study (0.066 to 0.093 g L−1 d−1) based on the
oxidized ammonia (excluding the ammoniummigration to the cathode) are
in the overall range reported in literature regarding ammonia oxidation in
BES (Hussain et al., 2016; Kim et al., 2016; Koffi and Okabe, 2021; Pous
et al., 2021; Vilajeliu-Pons et al., 2018; Yin et al., 2015; Zhan et al., 2012;
Zhu et al., 2021, Table S8). However, the biomass concentrations and mi-
crobial diversity in the previous studies could have been very well different
than in our study. Therefore, we suggest that such direct comparison of re-
sults may not always be possible.

In comparison to conventional nitrification systems, our results re-
vealed that the energy from BEAO by MFC-EAB, MFC-AOB, MFC-AOB2
and MFC-AnAOB can reduce the electricity consumption for nitrogen oxi-
dation in, respectively, 59 %, 44 %, 31 %, and 7 %. A Rext of 300Ωwas ap-
plied in all reactors while the internal resistances of MFC-EAB, MFC-AOB,
MFC-AOB2 and MFC-AnAOB were, respectively, 19.5 Ω, 18.9 Ω, 20.9 Ω
and 299.3 Ω. Thus, apart from the MFC-AnAOB, the cathodophilic (details
in Section 8 of SM) and anodophilic activity (and energy savings, conse-
quently) could potentially be further increased by adjusting the external re-
sistance to equal the internal resistance (Koók et al., 2021). Hence higher
coulombic efficiencies and power outputs are expected by optimizing the
Rext.

Considering the maximum power output obtained in the polarization
curve right after starting the NH4

+ substrate feeding and achieving stable
NH4

+ oxidation, MFC-EAB showed a remarkable performance of 4.02
kWh per kg of oxidized NH4

+-N. This rate is 4.7 fold higher than the energy
necessary for artificial aeration in a nitrification process. This outcome
highlights the potential application of the process to reduce the energy con-
sumption in WWTPs. Therefore, technological and operational strategies
combining the simultaneous or alternated organic matter and NH4 oxida-
tion in MFC should be further explored.

4. Conclusions

Electricity-generating bioelectrochemical ammonium oxidation by
biofilms enriched with EAB, AOB, and AnAOB were compared in continu-
ously operated MFCs. All MFCs presented comparable ammonia oxidation
rates (between 0.066 and 0.083 g NH4

+-N L−1 d−1) with nitrite as the
main final product. However, diverse energy generation levels were ob-
served by each group. The power output of the biofilm enriched with
AnAOB was limited by a substantial higher energy loss related to the
anode. This resulted inmaximumpower density of 0.2Wm−3

, which limits
practical energy-generating applications. The AOB enriched biofilm
achieved maximum power density up to 1.44 W m−3, representing be-
tween 31 % and 44 % less electricity consumption compared to conven-
tional nitrification. Additionally, AOB's EET pathway was found to be
adversely affected by oxygen and sulfate presence. Significantly, the bio-
film previously enriched with EAB fedwith organic carbon quickly adapted
to oxidize ammonia when organic matter was not supplied. Despite from
the decrease of heterotrophic EAB in the microbial community, internal
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resistance did not substantially change and the most elevated power
densities, between 1.38 and 11 W m−3

, were achieved. Compared to
conventional nitrification, projected energy savings (based on lab-scale ex-
periment) by the EAB enriched biofilm ranged from 475 %, after 23 days
without organic carbon supply, to 59 %, after 83 days. Hence, the ability
of theMFC system to shift from oxidation of organic carbon to ammonia ni-
trogen, while temporally preserving relatively high power output, may be
explored in novel applications. Based on these results, we showed for the
first time that complex microbial interactions in MFCs can lead to N routes
not reported in the N cycle, which creates new possibilities for sustainable
wastewater treatment.
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