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ABSTRACT: Ammonia (NH3) is an important industrial chemical that
is produced using the energy- and carbon-intensive Haber-Bosch
process. Recovering NH3 from microorganisms that fix nitrogen gas
(N2) may provide a sustainable alternative because their specialized
nitrogenase enzymes can reduce N2 to ammonium (NH4

+) without the
need for high temperature and pressure. This study explored the
possibility of converting N2 into NH4

+ using anaerobic, single-chamber
microbial electrolysis cells (MECs). N2 fixation rates [based on an
acetylene gas (C2H2) to ethylene gas (C2H4) conversion assay] of a
microbial consortium increased significantly when the applied voltage
between the anode and cathode increased from 0.7 to 1.0 V and reached
a maximum of ∼40 nmol of C2H4 min−1 mg protein−1, which is
comparable to model aerobic N2-fixing bacteria. The presence of NH4

+,
which can inhibit the activity of the nitrogenase enzyme, did not significantly reduce N2 fixation rates. Upon addition of
methionine sulfoximine, an NH4

+ uptake inhibitor, NH4
+ was recovered at rates approaching 5.2 × 10−12 mol of NH4

+ s−1 cm−2

(normalized to the anode surface area). Relative to the electrical energy consumed, the normalized energy demand [MJ mol−1

(NH4
+)] was negative because of the energy-rich methane gas recovered in the MEC. Including the substrate energy resulted in

total energy demands as low as 24 MJ mol−1. Community analysis results of the anode biofilms revealed that Geobacter species
predominated in both the presence and absence of NH4

+, suggesting that they played a key role in current generation and N2
fixation. This study shows that MECs may provide a new route for generating NH4

+.
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■ INTRODUCTION

Ammonia (NH3) is a widely used chemical in the industrial,
commercial, and agricultural sectors. Increasing from roughly
100 million tons of NH3 year

−1 in 2008 to 150 million tons of
NH3 year−1 in 2017, NH3 is the second most produced
chemical in the world.1 Demand for NH3 is expected to
increase as the population grows.1 The majority (∼80%) of
NH3 produced is used in fertilizers. It is also an ingredient in
other products such as explosives, pharmaceuticals, refriger-
ants, and cleaning products and is receiving growing interest as
an alternative transportation fuel.
Most NH3 is produced through the Haber−Bosch process,

an energy- and carbon-intensive technology. In this process,
nitrogen (N2) and hydrogen (H2) gases are converted into
NH3 under high temperatures (350−550 °C) and pressures
(150−300 atm).2 It consumes 1.5−2.5% of global energy
annually and is responsible for roughly 2.5% of global carbon
dioxide (CO2) emissions.3 Alternatives to Haber−Bosch
include a growing list of methods involving electrochemistry,
photocatalysis, plasma induction, and metallic complex
catalysis.2 Many of these technologies suffer from low

conversion efficiencies, expensive catalysts, and low selectivity.2

Electrochemical methods in which N2 is reduced on anode
electrodes have been examined for a wide range of electrolytes
and catalysts.4 Finding resilient and selective catalysts remains
a challenge for these methods,4 and high temperatures (which
impart an energy penalty) are still preferred because of slow
kinetics at ambient temperatures.4 Bioelectrochemical ap-
proaches in which an enzyme (e.g., nitrogenase) is attached
to an electrode overcome many of the limitations of abiotic
systems. However, the irreversible damage of these enzymes
upon oxygen (O2) exposure, the requirement for soluble
electron shuttles such as methylviologen, and long-term
enzyme stability are major limitations.5

Using whole-cell N2-fixing microorganisms (called diazo-
trophs), rather than just the isolated nitrogenase enzyme, is an
alternative route to generate NH3. These naturally occurring
microorganisms have nitrogenase enzymes that break the
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strong N≡N bond under ambient conditions.6 Many micro-
organisms in nitrogen-deficient environments rely on these
enzymes to provide fixed nitrogen for growth (e.g., amino
acids) or to support the growth of other organisms.
Agricultural practices leverage the latter function from
symbiotic diazotrophs in the farming of legumes.7 Free-living
diazotrophs, which do not require a symbiont, have been
engineered to excrete ammonium (NH4

+; the protonated form
of NH3; pKa = 9.3) to concentrations as high as 30 mM.8 One
inherent limitation of aerobic diazotrophs, including model
Azotobacter species, is that their terminal electron acceptor
(i.e., O2) can also inhibit nitrogenase function.9 Increasing
growth and respiration by using higher O2 concentrations can
therefore reduce N2 fixation activity. Driving high N2 fixation
rates remains a challenge for moving these biological
approaches forward.
One possible route to drive the microbial conversion of N2

into NH4
+ is to combine the fields of electrochemistry and

microbiology. Research in electromicrobiology has shown that
electrically active microorganisms, many of which are known
diazotrophs, are highly responsive to electrical driving forces.10

In anaerobic microbial electrolysis cells (MECs), applied
voltage drives the conversion of organic material into electrical
current by anode respiring microorganisms (exoelectrogens),
resulting in the production of energy-rich gases, for example,
H2 and CH4.

11 Community analyses of anode biofilms have
revealed that Geobacter species predominate in these systems.12

These bacteria are also prolific N2-fixing microorganisms,
which is one explanation for their abundance in nitrogen-
limited bioremediation sites.13,14 N2 fixation has been
previously documented in microbial electrochemical technol-
ogies (METs),15−17 but the generation and recovery of NH4

+

have yet to be shown.
As MEC anodes are typically highly populated with

Geobacter species, operation occurs under completely
anaerobic conditions (where O2 cannot inhibit nitrogenase
function), and applied voltages (>0.2 V) drive anode
respiration rates, we hypothesized (1) that we could use
voltage to drive N2 fixation and (2) NH4

+ could be recovered
from N2-fixing exoelectrogenic communities. To test these
hypotheses, we measured the current densities of MECs with
only N2 gas as the nitrogen source at two applied voltages (EAP,
0.7 and 1.0 V). We estimated N2 fixation rates using the
acetylene (C2H2) reduction assay, which is a standard method
for assessing nitrogenase activity.18 To determine the impact of
NH4

+, which is known to slow or inhibit N2 fixation, identical
MECs with NH4

+ and a N2 headspace were operated in
parallel. To explore the possibility of recovering NH4

+, an
NH4

+ uptake inhibitor was added and the resulting NH4
+

generation rates were recorded. A microbial community
analysis was conducted on the anode biofilms to identify the
microorganisms associated with N2 fixation in the MEC.
Finally, an assessment of energy demands to generate NH4

+ in
the MEC was performed.

■ EXPERIMENTAL SECTION
MEC Design and Operation. Serum-bottle MECs were

assembled as previously described.19 Briefly, graphite plate anodes
(AA = 4.5 cm2) and stainless steel mesh cathodes (AC = 3.9 cm2)
spaced 1.5 cm apart were connected to titanium and stainless steel
wire current collectors, respectively, and inserted through stoppers.
The electrode assembly was installed in glass serum bottles (75 mL),
sealed using aluminum caps, and sterilized by autoclaving. The MECs

were inoculated with effluent from an active MEC. The growth
medium consisted of phosphate buffered medium (PBM) as
previously described.19 Ammonium chloride (NH4Cl) was not
included unless specified. Sodium acetate (1 g L−1) was supplied as
the electron donor and carbon source. The MEC headspace was
purged with ultra-high-purity N2 gas prior to each cycle. Two
treatments (both operated in triplicate) were examined: (1) MECs
without NH4

+ added and (2) MECs with NH4
+ (0.31 g L−1 NH4Cl).

The MECs were connected to a power supply (3645A DC Power
Supply, Circuit Specialists, Inc., Tempe, AZ), and a voltage (EAP) of
0.7 V was applied between the anode and cathode. After 16 cycles,
EAP was increased to 1.0 V. Current was determined by recording the
voltage over a 10 Ω resistor. The MECs were operated in fed-batch
mode, wherein the medium was emptied when the current density
(IA; normalized to AA) dropped below 0.2 A m−2 and then was
replaced with new medium. All MECs were operated at 30 °C.

Nitrogenase Activity Assay. Nitrogenase activity was measured
by subjecting the MECs to an acetylene gas (C2H2) reduction assay
(ARA). This method serves as a proxy for N2 fixation because (1) the
nitrogenase enzyme converts C2H2 to ethylene gas (C2H4), (2) this
conversion does not occur abiotically, (3) neither C2H2 nor C2H4
inhibits nitrogenase activity, and (4) C2H4 can be readily quantified
by gas chromatography (GC).18 The ARA was used when current
stabilized for both EAP = 0.7 V and EAP = 1.0 V. After the medium of
the MECs was replaced and the MECs were purged with N2 gas,
C2H2 (obtained from calcium carbide) was injected into the
headspace, giving a final concentration of 10% (v/v gas phase).
After the voltage was applied, headspace samples (100 μL) were taken
at regular intervals using a gastight syringe (Hamilton, Reno, NV).
Samples were injected into a gas chromatograph (Shimadzu GC-14A,
Kyoto, Japan) equipped with a flame ionization detector and a
stainless steel column [PoraPak N (80/100 mesh); 6 ft × 1/8 in]. The
total moles of C2H4 were determined from the headspace and
dissolved aqueous compositions. Headspace pressure was measured
using a pressure gauge and then converted to moles of C2H4 using the
ideal gas law.

Ammonium Quantification and Inhibition. To determine
NH4

+ concentrations, MEC medium (0.5 mL) was extracted at
several points during a batch cycle and filtered (0.22 μm). Dissolved
NH4

+ concentrations were determined using the Low Range AmVer
Salicylate Test N’Tube method (Hach Company, Loveland, CO),
with a working range of 0.01−2.50 mg of NH3−N L−1. Accuracy of
the method was verified using NH4

+ standards, which deviated by no
more than 0.01 mg of NH3−N L−1.

To encourage NH4
+ excretion from the microorganisms, the NH4

+

uptake inhibitor methionine sulfoximine (MSX) was added. This
inhibitor acts on the enzyme glutamine synthetase, which catalyzes
the assimilation of NH4

+ into amino acids. It is commonly used to
recover NH4

+ from free-living diazotrophs.20 An MSX concentration
of 5 mM was selected, which falls within the range used in other
studies.21−23 Once the MEC was filled with fresh, MSX-containing
medium, samples (0.5 mL) were taken over the course of a batch
cycle at both EAP. In initial tests, MSX generated a previously
undocumented false positive for NH4

+ (∼7 mg NH3−N L−1) with the
quantification method stated above. A two-stage trap was therefore
used to separate the NH4

+ from the MSX (full details available in the
Supporting Information; Figure S3).

Microbial Community Analysis. To identify the anode micro-
bial community, the anode biofilm was scraped using a sterile razor
blade (∼200 μg per electrode). Genomic DNA was extracted using a
PowerSoil DNA isolation kit (MO BIO Laboratories, Carlsbad, CA)
following the manufacturer’s instructions. The prokaryotic V3 and V4
regions of the 16S rRNA gene were amplified using polymerase chain
reaction, with the forward primer 5′-TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAGCCTAYGGGRBGCASCAG-3′ and
the reverse primer 5′-GTCTCGTGGGCTCGGAGATGTGTATAA-
GAGACAGGGACTACNNGGGTATCTAAT-3′. These primers are
based on the sequences used by Yu et al.24 and included the required
Illumina adapters for sequencing. After purification and barcoding, the
final amplicons were sequenced using Illumina MiSeq equipment
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(Illumina Inc., San Diego, CA) with a paired-end sequencing of 300
base pairs (bp) in length. The sequencing results were further
processed and the operational taxonomic units (OTU) assigned using
the QIIME software.25

Coulombic Efficiency. The Coulombic efficiency (CE, %) was
calculated as

∫
=

Δ
C

M I t

FnV S

d
t

E
0
b

(1)

where the current I (A) is integrated over the duration of the batch
cycle (tb), M represents the molar mass of sodium acetate (82 g
mol−1), F is Faraday’s constant (96 500 C mol−1 e−1), n is the number
of electrons per mole of acetate oxidized (8 mol e− mol−1), V (mL) is
the medium volume in the MEC (20 mL), and ΔS (g L−1) is the
amount of acetate consumed during a batch cycle. Previous studies
using this MEC design have shown that nearly all acetate (1 g L−1) is
consumed once the current falls below 0.10 mA (or 0.22 A m−2).12 All
acetate was therefore assumed to be completely consumed by the end
of each cycle (ΔS = 1 g L−1).
Energy Demand. To determine the energy demand of NH4

+

production, the electrical energy consumed, substrate energy
consumed, and energy produced as gas (i.e., CH4) were calculated.
The amount of energy added to the circuit by the power source,
adjusted for losses across the resistor, WE, is given by eq 2,

∑= Δ − ΔW IE t I R t( )
n

E
1

AP
2

EX
(2)

where I is measured at n points over the course of a batch cycle, Δt
(s) is the time interval between each measurement, and REX = 10 Ω is
the external resistor. The amount of energy added by the substrate is

= ΔW G nS S S (3)

where ΔGS = 844.1 kJ mol−1 is the Gibbs energy of combustion of the
substrate (acetate in this case)26 and nS is the number of moles of
substrate consumed during a batch cycle. The amount of energy
available in the produced gas depends on the gas composition. This
was determined using a GC (details available in the Supporting
Methods). At the end of the experiments, the MECs in this study
produced only CH4. Hydrogen gas, a side product of the nitrogenase,
was not detected and was likely consumed by hydrogenotrophic
methanogens.27 The theoretical energy content of the recovered CH4
was calculated as

= ΔW G nCH CH CH4 4 4 (4)

where ΔGCH4
= 817.97 kJ mol−1 and nCH4

is the number of moles of
CH4 produced during a batch cycle.28 The specific energy demand of
NH4

+ production, ENH4
+, is the ratio of the energy inputs (electricity

and substrate) and outputs (CH4) to the moles of NH4
+ generated, or

=
+ −

+
+

E
W W W

nNH
E S CH

NH
4

4

4 (5)

where nNH4
+ is the moles of NH4

+ recovered in a batch cycle. To
determine the electrical energy demand, WS is removed from eq 5,
and for the substrate energy demand, WE is removed. The amount of
usable energy associated with the recovered CH4 will depend on the
conversion efficiency of the technology used to generate electrical
energy (i.e., fuel cell versus a combustion engine). In some cases, we
adjusted the WCH4

values using a conversion efficiency of 32.9% (an
average efficiency of typical biogas converting technologies).29 Energy
demand values that include this conversion efficiency are shown in
parentheses next to the nonadjusted values.

■ RESULTS AND DISCUSSION

Electrical Current Generation during N2 Fixation. We
first determined current density (IA) and Coulombic efficiency
(CE) when only N2 was provided as a nitrogen source. After
inoculating the serum-bottle MECs containing medium
without fixed nitrogen, purging the headspace with N2 gas
and applying a constant whole-cell voltage (EAP = 0.7 V),
current generation began within 5 days. Four cycles later (15
days), IA reached a reproducible maximum of 3.0 ± 0.15 A m−2

(Figure 1A). Current densities were stable for more than 10
cycles operated at this EAP, with no significant difference
(ANOVA, p > 0.05) relative to the average of 3.1 ± 0.27 A m−2

over that time period (Figure 1B). This result is consistent
with prior reports of METs operating with little to no fixed
nitrogen from 15 to 200 days.15,30 To determine if the lack of a
fixed nitrogen source impacted IA, we operated identical
MECs, but with NH4Cl (5.8 mM NH4

+) added to the
medium. Current generation in those reactors began within 5
days and reached 3.1 ± 0.31 A m−2 after stabilizing. Over the
course of 12 cycles, IA in the presence versus absence of NH4

+

deviated 9.3% on average, but the difference between
treatments was not significant (t-test, p > 0.05). When EAP
was increased to 1.0 V, IA increased in the absence and
presence of NH4

+ to 4.8 ± 0.27 and 5.2 ± 0.27 A m−2,
respectively. The lack of a fixed nitrogen source did not
negatively impact CE. With only N2 present, CE averaged 89 ±
1%, and was slightly lower (83 ± 1%) with NH4

+ present at
EAP = 0.7 V. At EAP = 1.0 V, CE decreased relative to EAP = 0.7
V, but remained similar in the absence (71 ± 3%) versus
presence (67 ± 2%) of NH4

+. The near identical IA and CE
values of the MECs with and without NH4

+ and similarities to
prior reports of MECs (2.1−4.2 A m−2 for EAP = 0.7 V)19,31

highlight that the absence of dissolved NH4
+ (a condition that

Figure 1. (A) Current densities (IA; normalized to anode surface area) of the microbial electrolysis cells (MECs) at EAP = 0.7 and 1.0 V under an
atmosphere of 100% N2 with and without NH4

+ added (5.8 mM) to the medium. A representative cycle (cycle 16; 40 days after inoculation) is
shown. Each line represents the average current of triplicate MECs. The error bars are omitted to improve clarity. Abiotic MECs (not shown) did
not generate current. (B) Current densities over several cycles at EAP = 0.7 V. Error bars show the deviation of maximum current density per cycle
among triplicates.
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encourages N2 fixation
32) does not negatively impact current

production over time.
N2 Fixation Rates. To quantify N2 fixation rates, we

conducted the acetylene gas (C2H2) reduction assay (ARA).
When C2H2 was added to the MECs at the start of a cycle,
ethylene (C2H4) accumulated at a constant rate for the first 50
h at both EAP (Figure 2). At EAP = 0.7 V, the MECs generated

C2H4 at a rate of 7.7 ± 1.1 nmol of C2H4 min−1 in the absence
of NH4

+ and 3.0 ± 0.8 nmol of C2H4 min−1 when NH4
+ was

added (based on linear regression of C2H4 generation over
time). These two rates were significantly different (t-test, p <
0.05). Increasing EAP to 1.0 V increased C2H4 production rates
in both treatments to 26 ± 2.4 nmol of C2H4 min−1 (without
NH4

+) and 20 ± 3.7 nmol of C2H4 min−1 (with NH4
+). These

rates were not significantly different (t-test, p > 0.05),
indicating that NH4

+ did not have an impact on N2 fixation.
The increase in C2H4 production rates between applied
voltages was significant (t-test, p < 0.05) regardless of NH4

+

presence. The more than threefold increase in C2H4 generation
rates between EAP = 0.7 V and EAP = 1.0 V was notable
considering that IA increased by less than twofold.
The minimal reduction in C2H4 generation rates when NH4

+

was added was an interesting result because NH4
+ is known to

repress nitrogenase gene expression.32 Depending on the
microorganism and the growth conditions, this threshold can
vary. Values as low as 0.2 mM have been reported to
completely repress nitrogenase activity in the model micro-
organism Azotobacter vinelandii.32 For several Azospirillum
species, concentrations as low as 0.05 mM NH4

+ reduced
nitrogenase activity.33 In a community with Geobacter spp., 0.5
mM NH4

+ repressed the expression of nif D, one of the genes
encoding the nitrogenase.34 Since the N2 fixation activity in the
presence of NH4

+ was not fully shut down in our MECs, it is
possible that the bulk NH4

+ concentrations could not
completely repress the nitrogenase genes. The concentration
may have been too low or diffusion limitations may have
prevented nitrogenase inhibition by NH4

+ throughout the
entire biofilm. Partial nitrogenase repression has been observed
in free-living diazotrophs at varying NH4

+ concentrations.33,35

The fact that N2 fixation occurred in the presence of NH4
+ may

have important implications for wastewater-treating METs.
Typical domestic wastewater NH4

+ concentrations (0.8−3.6
mM NH4

+)36 are lower than what was used here. N2 fixation
may therefore be occurring in wastewater-fed METs.
To confirm that anode respiration was linked with N2

fixation, we also conducted the ARA on the MECs during
open-circuit voltage (OCV; no current flow) (Figure 2). No
C2H4 was detected during the same time period as the MECs
in closed circuit mode (60 h). Further evidence that anode
respiration was required is that, after approximately 50 h in the
closed-circuit MECs (when current generation approached
zero), the C2H4 generation rate dropped sharply. At that point,
acetate was depleted and anode respiration ceased. Outside the
electromicrobiology field, some studies have noted correlations
between microbial N2 fixation rates and respiration rates,37−39

while others have not.40−42 An inherent challenge when using
aerobic N2-fixing microorganisms is that increasing O2
concentrations has the dual effect of increasing respiration
rates but also potentially inhibiting O2-sensitive nitro-
genases.38,40−42 Our work here, where O2 is not present,
lends support for the hypothesis that respiration rates (as
measured by IA) are linked to N2 fixation rates. We also
conducted additional tests in which acetate was replaced with
H2 (45% headspace concentration) as the sole electron donor
to determine N2 fixation rates associated with H2 consuming
microorganisms (EAP = 0.7 V; Figure S1). C2H4 generation
dropped significantly from approximately 20 μmol of C2H4
recovered at 45 h with acetate (Figure 2) to below detection
with H2 at the same time point. Current densities also
decreased to below 0.1 A m−2. These results suggest that
acetate oxidation was the primary source of reducing power for
N2 fixation.
To permit comparison with free-living diazotrophs, we

normalized our C2H4 generation rates to the total anode
protein density (150 ± 3 μg cm−2; protein assay details
available in the Supporting Methods). At EAP = 1.0 V, the
normalized rate was 39 ± 3.7 nmol of C2H4 min−1 mg
protein−1. Free-living, aerobic diazotrophs such as Azotobacter
species have reached N2 fixation rates of 35−100 nmol of C2H4
min−1 mg protein−1. Obtaining normalized rates comparable to
those of Azotobacter species is an important finding because
they are some of the best studied free-living diazotrophs. The
rates of other microorganisms such as cyanobacteria (e.g.,
Anabaena spp.) and anaerobic free-living bacteria (e.g.,
Azospirillum spp.) range from 0.11 to 6.5 nmol of C2H4
min−1 mg protein−1.18,43 Regarding species that are similar to
exoelectrogenic bacteria, suspended cultures of the anaerobic,
metal-reducing bacteria Geobacter metallireducens and Magneto-
spirillum magnetotacticum obtained rates of 12 and 22 nmol of
C2H4 min−1 mg protein−1, respectively.44 Therefore, the
increase in EAP proved to be an effective way to stimulate N2
fixation rates that are comparable to many other free-living
diazotrophs.
In METs, there are limited reports of N2 fixation

measurements. Wong et al.15 enriched an exoelectrogenic
community on a high-surface-area granular graphite anode
poised at +0.2 V vs Ag/AgCl. By making some assumptions
about the electrode surface area used in their study (calculation
available in the Supporting Information), we estimate an anode
normalized rate of 0.40 nmol of C2H4 min−1 cm−2 compared to
5.9 nmol of C2H4 min−1 cm−2 in our MECs at EAP = 1.0 V.
One possible explanation for the higher rates reported here is
that acetate, rather than glucose, was provided as an electron

Figure 2. N2 fixation rates during current generation in the microbial
electrolysis cells (MECs) at EAP = 0.7 V and EAP = 1.0 V. To estimate
N2 fixation rates, the acetylene gas reduction assay was performed,
wherein the nitrogenase enzyme within the microorganisms reduces
acetylene to ethylene gas (C2H4; y-axis). MECs were purged with
100% N2 and operated without fixed nitrogen (N2) or with NH4

+

added (N2 + NH4
+). Results are shown for cycle 17 (EAP = 0.7 V) and

18 (EAP = 1.0 V). Abiotic controls are identical MECs but lack
microorganisms, and open-circuit voltage (OCV) controls are biotic
MECs without current flow. Errors bars represent the standard
deviation of triplicate MECs.
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donor. Acetate-fed METs typically generate higher current
than glucose and favor the growth of known diazotrophic
exoelectrogens, such as Geobacter species.45 Zhou et al.16

isolated an exoelectrogenic bacterium belonging to the genus
Azospirillum, which reached rates of 1.75 nmol of C2H4 min−1

(108 cells)−1;16 however, N2 fixation during anode respiration
was not examined.
Ammonium Production. To test the hypothesis that

NH4
+ can be recovered in the MEC, we first measured NH4

+

concentrations over time while current was generated. In the
standard growth medium without NH4

+ added, little (<10 μM)
to no NH4

+ was detected over the course of a batch cycle
(limit of detection = 3 μM) (Figure 3). To eliminate the

possibility that NH4
+ was generated through an abiotic

reaction of H2 and N2 at the cathode, abiotic reactors were
operated at EAP = 1.0 V with a H2/N2 [50/50 (v/v)]
headspace composition. No NH4

+ was detected over the same
period as the biotic experiments (Figure S2). Abiotic NH4

+

production was therefore ruled out.
To encourage NH4

+ release from the microorganisms during
N2 fixation, we added the NH4

+ uptake inhibitor methionine
sulfoximine (MSX). In the presence of MSX (5 mM), NH4

+

concentrations increased steadily over time at both values of
EAP and reached final concentrations of 70 μM (EAP = 0.7 V)
and 260 μM (EAP = 1.0 V). Theoretically, we estimate that
10% of the NH4

+ that was generated during N2 fixation was
recovered, regardless of EAP. We determined this based on the
assumption that 1 mol of NH4

+ is produced for every 2 mol of
C2H4 generated during the ARA (a commonly used conversion
factor).46 This would result in up to 3 mM NH4

+ after 60 h at
EAP = 1.0 V and correspond to a rate of around 40 μM NH4

+

h−1, which is roughly tenfold larger than the actual rate (4.2 ±
0.7 μM NH4

+ h−1). One explanation for this difference may be
that the MSX concentration was too low to fully inhibit the
glutamine synthase enzymes. Other studies have used MSX
concentrations as low as 0.35 μM or as high as 0.11 M,
depending on the microorganism examined.47,48 Since there
are no reports in the literature on the application of MSX to
exoelectrogenic biofilms, we used a concentration that was
consistent with other studies on free-living diazotrophs such as
Azotobacter chrococcum.23 As a reference, using the same
chemical inhibitor (0.35−200 μM) with the cyanobacterium
Anabaena, NH4

+ generation rates from 10 to 150 μM NH4
+

h−1 were reported.20,47 In comparison, Ahmad and Hellebust21

did not notice a significant effect of MSX, suggesting the

existence of an alternate NH4
+ assimilation pathway. The lower

NH4
+ generation rates are therefore likely due to differences in

susceptibility to MSX among microorganisms and biofilm
growth on the anode that would reduce MSX mass transfer to
the microorganisms compared to suspended growth in those
other studies.
Relative to other bioelectrochemical technologies at ambient

conditions, the MEC NH4
+ generation rates are quite

comparable. Normalized to the anode surface area, the MEC
rates increased from 1.3 × 10−12 mol of NH4

+ s−1 cm−2 at EAP
= 0.7 V up to 5.2 × 10−12 mol of NH4

+ s−1 cm−2 at EAP = 1.0 V.
Knoche et al.,10 in the only study to date that reports
bioelectrochemical NH4

+ excretion, immobilized cells of
Anabaena variabilis SA-1 onto indium tin oxide electrodes
and applied cyclic voltammetry, producing up to 4.7 μM NH4

+

at a rate of 2.6 × 10−12 mol s−1 cm−2.10 Milton et al.5 used a
fuel cell with electrode-immobilized nitrogenase and hydro-
genase enzymes instead of whole-cell microorganisms. Their
system generated 2.3 × 10−11 mol of NH4

+ s−1 cm−2 after
applying 60 mC of charge over 2 h. However, an electron
mediator (methyl viologen) was required to shuttle electrons
to/from both enzymes. Recently, Rago et al.17 enriched a
biocathodic microbial community to perform N2 fixation at a
fixed applied potential of −0.7 V vs SHE. While this is a more
direct approach for N2 conversion to NH4

+, the maximum
current density detected in their system was around 0.01 A/m2,
at least two orders of magnitude lower than the current
generated in this study. Since our work shows a link between
N2 fixation rates and current density, it is unlikely that
biocathode-driven N2 fixation was a major contributor to our
observed N2 fixation rates.

Microbial Community Analysis. To identify the micro-
organisms in the MECs, genomic DNA from the anode
biofilms was extracted and the 16S rRNA genes were amplified
and sequenced. Among the bacteria, Geobacter was the most
prevalent genus with a relative abundance of 43.7 ± 2.3% in
the absence of NH4

+ (Figure 4). This genus is frequently

detected in exoelectrogenic biofilms that use acetate as the
electron donor.12,49 Many Geobacter spp. are also diazotrophs,
including G. sulf urreducens, G. metallireducens, and G.
uraniireducens.13,14,44 In the presence of NH4

+, Geobacter spp.
abundance was similar (43.5 ± 6.8%; Figure 4), suggesting that
the requirement for N2 fixation did not negatively impact their
ability to colonize the anode. Except for Methanocorpusculum

Figure 3. NH4
+ generation in the microbial electrolysis cells (MECs)

at an applied voltage (EAP) of 0.7 and 1.0 V with and without an NH4
+

uptake inhibitor [methionine sulfoximine (MSX)] added to the
medium. All MECs were operated with a 100% N2 atmosphere and no
NH4

+ added. One complete MEC cycle is shown (∼60 h). Error bars
show the standard deviation of triplicate MECs.

Figure 4. Microbial community composition of anode biofilms in the
presence and absence of NH4

+. Percentages show the average relative
abundance of genera from triplicate anode biofilms. Dominant biofilm
genera (relative abundance >5%) are shown individually, while the
rest are grouped as “Other”.
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spp. (discussed below), all genera with an average relative
abundance >5% did not significantly vary in abundance in the
presence versus absence of NH4

+ (t-test, p > 0.05). This
finding is supported by the relatively high N2 fixation rates
recorded in the presence of NH4

+ (Figure 2) and another
study that showed Geobacter-rich environments maintained
similar transcript levels of key N2 fixation genes when NH4

+

concentrations increased from 0 to 350 μM.34

Other bacteria identified in the anode include species
belonging to the genus Aminiphilus, as well as the Blvii28
group. The former genus is known to ferment several amino
acids, generating products such as acetate.50 This function
suggests a possible syntrophy with Geobacter spp., as
Aminiphilus spp. are frequently found in acetate-fed METs51

with relative abundances as high as 43%.51 The latter has also
been found in wastewater-inoculated systems such as upflow
anaerobic sludge beds, anaerobic biofilm membrane bio-
reactors, and anaerobic digesters, where they likely ferment
carbohydrates and generate H2.

52−54 Only a single member of
this group, Acetobacteroides hydrogenigenes, has been success-
fully isolated.55 For both genera, the diazotrophic and
exolectrogenic capabilities remain unknown.
Within the archaea, methanogenic microorganisms including

Methanocorpusculum spp. (6.2 ± 3.4%) and an unknown genus
belonging to the family Methanobacteriaceae were detected (8.3
± 2.8%) in the absence of NH4

+. These genera contain
hydrogenotrophic methanogens that require H2 and CO2 to
generate CH4.

56,57 Their presence explains why CH4 was
recovered instead of H2, which commonly occurs in single-
chamber MECs.

27 Some members of the Methanobacteriaceae
have been reported to fix N2.

58 It is plausible that they
contributed to the observed N2 fixation rates and NH4

+

production in the MEC. Methanogen N2 fixation rate estimates
reported in the literature, which range between 0.7 and 15
nmol of C2H4 min−1 mg protein−1,59 would account for only
about 1.8−38% of our normalized rates. Coupling this estimate
with the significantly lower C2H4 generation rates when we
supplied the MECs with H2 (Figure S1) suggests that
methanogens were not the primary N2 fixers in the MECs.
For Methanocorpusculum spp., nitrogenase-like gene sequences,
but with no experimentally established diazotrophic behavior,
have been reported.60 The significant decrease (t-test, p <
0.05) in abundance of this genus when NH4

+ was absent
suggests that these microorganisms may not grow as well when
required to fix N2. Elucidating the contribution of Geobacter
spp. and methanogens to N2 fixation in METs is warranted.
Energy Demand. The energy needed to drive NH4

+

production in the MECs consists of electrical and substrate
(i.e., acetate in this study) inputs. It is important to note that
these inputs also produce energy-rich gases (H2 and CH4) in
the MEC.26,27 This is recoverable energy that can be used to
offset some of the energy demands. The MECs in this study
generated CH4 (no H2 detected), which is due to
methanogenic consumption of cathodic electrons and/or
H2.

27 The MECs generated 0.27 ± 0.02 mmol of CH4 per
cycle, regardless of EAP. The energy recovered was 136−162
MJ mol−1 (NH4

+) at EAP = 0.7 V (45−53 MJ mol−1 when
adjusted for CH4 conversion to electricity) and 37−47 MJ
mol−1 (12−15 MJ mol−1) at EAP = 1.0 V. Considering only the
electrical energy input, the energy demand ranged from −92 to
−65 MJ mol−1 (EAP = 0.7 V) and from −14 to −7.1 MJ mol−1

(EAP = 1.0 V) because the recovered energy was greater than
the consumed electrical energy. These values become positive

if adjusted to account for CH4 conversion into electricity (16−
25 MJ mol−1 for EAP = 0.7 V and 14−17 MJ mol−1 for EAP =
1.0 V). Conventional and emerging N2 fixation technologies do
not generate energy. Recovering energy-rich gas in MECs may
therefore impart an energy advantage over other approaches.
Relative to only the substrate energy, the energy demands
ranged from −0.041 to 0.051 MJ mol−1, indicating that the
majority of the substrate energy was converted to CH4. The
substrate energy is an important factor that increases the net
energy demand (around 150 MJ mol−1 at EAP = 0.7 V and 37
MJ mol−1 at EAP = 1.0 V). This energy expenditure can be
reduced or eliminated by utilizing waste sources low in
nitrogen such as industrial wastewater (e.g., pulp and paper
wastewater).15 Taking into account both the electrical and
substrate energy inputs, the energy demands were 51−84 MJ
mol−1 (166−175 MJ mol−1) at EAP = 0.7 V and 24−34 MJ
mol−1 (55−58 MJ mol−1) at EAP = 1.0 V. The decrease in
demand when EAP increased can be explained by a larger
increase in NH4

+ production rates relative to the increase in
energy input. It may be possible to obtain higher generation
rates at higher voltages, but voltages above 1.2 V should be
avoided to minimize unwanted abiotic water electrolysis.
Another consideration is the requirement to separate and
recover NH4

+ from the MEC. While the evaluation of NH4
+

extraction technologies is outside the scope of the present
study, there are several methods that could be used. For
example, driving NH4

+ transport across a cation-exchange
membrane has already been shown in METs. Alternatively,
NH4

+ conversion to NH3 gas in a separate alkaline cathode
chamber may also be a possibility.61,62

Relative to other NH3 generation technologies, the MEC
energy demand was large because only small amounts of NH4

+

were recovered when the inhibitor was used. On the basis of
the N2 fixation rate estimates reported here, if 100% recovery
was achieved (assuming NH4

+ is the main product), the energy
demand could be lowered by an order of magnitude to about
3.2 MJ mol−1 at EAP = 1.0 V (∼5.6 MJ mol−1 if CH4
conversion to electricity is considered). Engineering high
NH4

+-producing exoelectrogenic strains similar to the
approach used by Barney et al.8 to develop an aerobic
Azotobacter spp. that accumulated up to 30 mM NH4

+ at a rate
of 200 μM h−1 may be an approach to further reduce energy
requirements.8,63,64 Additionally, optimizing the MEC design
and materials could also help reduce the energy demand
through, for example, using large surface area electrodes,
minimizing electrode spacing, and optimizing N2 gas transfer
to the biofilm.

Implications. On the basis of the obtained results, the use
of an MET offers an alternative to NH4

+ using diazotrophic,
exoelectrogenic bacteria. Compared to other methods that
require expensive materials (e.g., platinum, gold, and
ruthenium), high temperatures and/or pressures, and sunlight
or rely on nonrenewable catalysts, the MEC used here
generates NH4

+ under ambient conditions, with inexpensive
electrode materials (e.g., graphite and stainless steel) and self-
renewing microbial catalysts.11,26,45 Our findings suggest that
multiple N2 fixation pathways may occur in the MEC (Figure
5). Diazotrophic exoelectrogenic bacteria fix N2 while
consuming organic matter and respiring on the anode. The
electrons transferred to the anode result in the cathodic
generation of H2 that can be further converted to CH4 via
methanogenesis. Methanogens may also fix N2, although likely
to a lesser degree than the exoelectrogens. To further optimize
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the technology, identifying and engineering promising N2-
fixing exoelectrogens will be needed, rather than relying on
chemical inhibitors. We justify the use of an NH4

+ uptake
inhibitor here to explore the potential for NH4

+ generation
from the MEC, but it is not a long-term, sustainable approach.
There are promising diazotrophic exoelectrogens (e.g., G.
sulfurreducens) that may yield new NH4

+-excreting, engineered
strains.13,14,44 On the basis of the high relative abundance of
Geobacter spp. in our MEC anode biofilms, we hypothesize that
these microorganisms were the primary contributors to the
high current and N2 fixation rates in the MECs.15,30 Further
studies must assess the capability of N2 fixation and NH4

+

production by pure cultures of Geobacter species, as well as
determine the N2 fixation capabilities of other microorganisms
such as methanogens.

■ CONCLUSIONS
This study explored the possibility of converting N2 gas into
NH4

+ using single-chamber microbial electrolysis cells
(MECs). We showed that MEC N2 fixation rates can approach
those reported for model aerobic diazotrophs such as
Azotobacter species. Increasing the electrical input from an
applied voltage from 0.7 to 1.0 V resulted in a significant
increase in N2 fixation rates. The addition of an NH4

+ uptake
inhibitor resulted in generation rates up to 5.2 × 10−12 mol of
NH4

+ s−1 cm−2 (normalized to the anode surface area). While
the energy demands of this proof-of-concept study were larger
than commercially available processes (i.e., Haber−Bosch), the
possibility of recovering multiple products, including H2, CH4,
and NH4

+, may provide a unique niche for this technology.
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