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Microbial fuel cells (MFCs) that remove carbon as well as
nitrogen compounds out of wastewater are of special
interest for practice. We developed a MFC in which
microorganisms in the cathode performed a complete
denitrification by using electrons supplied by microorganisms
oxidizing acetate in the anode. The MFC with a cation
exchange membrane was designed as a tubular reactor
with an internal cathode and was able to remove up to 0.146
kg NO3~-N m~3 net cathodic compartment (NCC) d~!
(0.080 kg NO3~-N m~3 total cathodic compartment d=' (TCC))
at a current of 58 A m~3 NCC (32 A m=3 TCC) and a cell
voltage of 0.075 V. The highest power output in the
denitrification system was 8 W m=3 NCC (4 W m~3 TCC)
with a cell voltage of 0.214 V and a current of 35 A m~2 NCC.
The denitrification rate and the power production was
limited by the cathodic microorganisms, which only denitrified
significantly at a cathodic electrode potential below 0 V
versus standard hydrogen electrode (SHE). This is, to our
knowledge, the first study in which a MFC has both a
biological anode and cathode performing simultaneous
removal of an organic substrate, power production, and
complete denitrification without relying on H,-formation or
external added power.

Introduction

Sustainable wastewater treatment not only aims at water
reuse but also energy recovery and nutrient management.
Similar to anaerobic digestion, where microorganisms pro-
duce an energy rich biogas from an organic substrate, energy
rich electrons are produced in the anode of a microbial fuel
cell (MFC) through microbial catalysis (I). Anodic micro-
organisms are known to oxidize electron donors such as
carbohydrates, volatile fatty acids, and other wastewater
compounds (e.g., sulfides) while using an electrode as the
sole electron acceptor at a low redox potential (2, 3). Present
MEC reactor type systems vary from tubular systems, with
an internal (4) or an external cathode (2), to rectangular
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configurations that can be easily stacked in order to obtain
higher voltages or current outputs (5). For a complete
overview of the MFC reactor technology we refer to Logan
et al. (6).

The chemical cathodes in the described reactor type MFCs
either had an unsustainable cathode system, such as a
hexacyanoferrate solution (2), or a relatively expensive
platinum cathode for oxygen reduction (7). The latter suffers
from poisoning substances originating from the biological
activity (e.g., sulfides). Recently, an acid iron solution
combined with a bipolar membrane has been successfully
tested (8) as well as the use of cobalt tetramethylphenyl-
porphyrin (CoTMPP) (9) as a less expensive and more
sustainable cathode. Apart from chemical cathodes, several
biological cathodes depending on oxygen as a final electron
acceptor have been demonstrated (10, 11). Rhoads et al. (12)
described a biological anode delivering electrons to a cathode
where manganese oxides were used as electron shuttles to
the cathodic biofilm consisting of Leptothrix discophora.

It has been demonstrated that Geobacter species were
able to retrieve electrons directly from a poised graphite
electrode without hydrogen formation, and use these elec-
trons to reduce nitrate to nitrite (13). The denitrification of
nitrate to nitrite is the first out of four reduction steps
(reactions 1—4, standard potentials expressed versus standard
hydrogen electrode (SHE) (14)) toward nitrogen gas (N>) using
5 mole electrons per mole of nitrogen.

NO,  +2e +2H"—NO, +H,0
E° = 4+0.433 Vvs SHE (1)

NO, +e +2H"—NO + H,0
E® = +0.350 V vs SHE (2)

NO+e +H"—'/,N,0+ '/, H,0
E® = +1.175 V vs SHE (3)

',N,O+e +H —'/,N,+ '/, H,0
E® = +1.355 V vs SHE (4)

Also complete cathodic denitrification to nitrogen gas with
a chemical anode has been established, however using H,
as the intermediate reducing agent (15). This hydrogen
production required a high energy input (up to 37 V or
approximately 1 kWh mol~! electrons).

In this study, it was our aim to perform a complete
cathodic denitrification by microorganisms without any
power input but coupled with energy recovery by using a
biological anode of a MFC for direct electron delivery. We
determined (i) the attainable electricity and power production
based on a cathodic denitrification without power input in
acontinuous cathodic system, and (ii) the operational context
in which this denitrification occurred.

Experimental Section

Microbial Fuel Cell Construction. Two identical airtight
tubular microbial fuel cells with an internal cathode were
constructed (Figure S1 in the Supporting Information). A
cation exchange membrane (Ultrex CMI7000, Membranes
International Inc., USA), was folded and sealed with superglue
to provide a cylindrical cathode compartment with rubber
stoppers. This inner cathodic compartment was then sur-
rounded by the anodic compartment, which consisted of a
cylindrical Perspex tube and rubber stoppers as outer
boundaries. Both the anodic and cathodic compartment were
filled with granular graphite (type 00514; diameter 1.5—5 mm,
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estimated projected surface between 817 and 2720 m? m
Le Carbone, Belgium) and the contact was provided through
a graphite rod (5 mm diameter, Morgan, Belgium). The
porosity of the graphite bed was 0.55 and the density of the
granules was 1.83 kg L™! (measured values). The volume of
the total cathodic compartment (TCC) was 0.444 L while the
liquid volume between the graphite granules, the net cathodic
compartment (NCC), was 0.244 L. The volume of the total
anodic compartment (TAC) was 0.859 L and the volume of
the net anodic compartment (NAC) was 0.472 L. The graphite
granules (367 g in the cathodic compartment and 708 g in
the anodic compartment) were washed at least five times
with distilled water before being submerged overnight in
turns in 1 N NaOH and 1 N HCI. Afterward the granules were
washed five times with distilled water.

Operational Conditions. Both anodic and cathodicliquid
streams were recirculated (6 L h™!) in an upflow mode. The
anodic liquid stream with an external recirculation vessel
consisted of a modified M9 medium (4.4 g KH,PO, L™, 3.4
g KbHPO, LY, 2 g NaHCO;3 L7, 0.5 g NaCl L%, 0.2 g MgSOy
7H,OL™,0.0146 g CaCl, L™!) and trace elements as previously
described (16). Effluent originating from highly performing
MFCs was used as an anodic inoculum (5). The reactor was
flushed for 30 min with Argon prior to operation. Sodium
acetate was the sole electron donor for the anodic oxidation
(reaction 5) and was replenished with 1 g of sodium acetate
in the anodic recirculation vessel upon depletion.

CH,COO™ +2H,0—~2C0O,+7H" +8e"
E® = —0.290 V vs SHE (5)

Acetate depletion was monitored in a fast way by a steep
current decrease combined with a high potential of the
cathodic electrode. Depletion was then also confirmed by
measuring the acetate concentration. The pH in the phos-
phate buffered anodic liquid decreased slowly and was
adjusted with 1 N NaOH to pH 7 when it dropped below 6.
The anodic liquid was replaced monthly in order to avoid
sodium accumulation (>0.6 gL™1), as the system was operated
in batch mode. The cathodic liquid, consisting of the same
modified M9 medium but without acetate, was being fed
continuously at a rate of 0.650 L d~!. A concentrated KNOs
solution (2.615 g N L™!) was continuously injected into the
cathodic recirculation vessel with a syringe pump at a rate
determined by the desired volumetric loading rate (up to
0.160 kg N m™3 NCC d™!) and carbonate served as carbon
source. Different types of aerobic and anaerobic sludge and
sediment were mixed in order to obtain a cathodic inoculum
(10 mL) with sufficient microbial diversity. The pH value of
the cathodic system remained below 8 except for loading
rates higher than 0.109 kg N m~2 d~. In these cases, the pH
was adjusted daily to 7 with 5 mL of 1 N HCIL. The gas produced
was trapped in an external gas collector and the amount of
gas produced was monitored daily. The system was operated
for more than 8 months without dissolving ammonium in
the anodic medium in order to avoid an ammonium flux
from the anode to the cathode through the cation exchange
membrane (17). All experiments were performed at room
temperature (22 + 2 °C) and in duplicate.

Electrochemical Monitoring. The graphite rod contacts
ofboth the anodic and the cathodic electrode were connected
to an external resistance (5—50 Q) or to a Bi-Stat potentiostat
(PAR Bi-Stat Potentiostat, Princeton Applied Research,
France). Measurements were performed according to Rabaey
et al. (18). During potentiostatic or potentiodynamic mea-
surements the working electrode was always connected with
the cathodic electrode and the counter electrode was
connected with the anodic electrode. The third electrode
was connected to the Ag/AgCl reference electrode (assumed
+0.197 V vs SHE) (model RE-5B, BASi, United Kingdom)
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within the cathodic electrolyte in the case of a 3 electrode
measurement. When applying a fixed cell voltage or a cell
polarization (2 electrode measurement), the reference chan-
nel of a potentiostat was connected with the counter
electrode. The estimation of the ohmic resistance was
performed according to the current interrupt method (5). To
estimate the contribution of the cathode to the ohmic
resistance, the potential of the cathodic electrode was fixed
at —0.075 Vvs SHE and after stabilization of the current (16
A m~3 NCC) the cell was disconnected while a potentiostat
recorded (every 10 ms for the first seconds, afterward every
5s) the potential of the cathodic electrode (working electrode)
and the counter electrode.

Calculations. A data acquisition unit (HP 349704, Agilent,
USA) recorded the voltage difference every minute. The
hourly averaged values with standard deviation and the value
of the external resistance were then used for further calcula-
tions. The current and power production were calculated
according to Logan et al. (6). The volumetric current density
could also be expressed as a theoretical denitrification rate
D (kg N m=3 NCC d') when a complete denitrification
occurred:

_IM86400sd”"

=2507 x 107° [
Fn 1000 g kg™

with I = the volumetric current density (A m~ NCC), M =
the molar mass of nitrogen (14 g N mol™!), F = Faraday’s
number (96485 C mol™!), and n = the moles of electrons
exchanged per mole nitrate reduced (5 for a complete
denitrification). N,O fluxes were calculated assuming 24.47
Lmol ' N,O (25 °C) and 2.4 x 1072 mol L' atm™! as Henry’s
constant (19). To convert NCC values to TCC values (or NAC
to TAC), the porosity was used: NCC TCC~! = NAC TAC™!
= 0.55. The total MFC volume is the sum of the TAC and the
TCC value.

Chemical Analysis. Chemical oxygen demand (COD) and
volatile fatty acids were measured (3 times a week for the
anodic liquid and once a week for the cathodic effluent) as
previously described (16). Cl-, NO,~, NOs~, and SO,*~ were
determined (daily for cathodic effluent samples and once a
week for anodic samples) using a ion chromatograph
(Compact IC 761 with conductivity detector, Metrohm,
Switzerland) with an metrosep A supp 5 column and a
metrosep A 4/5 guard column. A 3.2 mM Na,COs; and 1 mM
NaHCOs; solution was used as eluent at a flow of 0.7 mL
min~!. The ammonium concentration was determined
according to the colorimetric Nessler procedure (20). N,O
was analyzed with a gas chromatograph (GC-14B, Shimadzu,
Japan) fitted with a %Ni electron capture detector. N,O was
separated from the other gases on a Porapack Q 80—100
mesh column. The carrier gas helium was flowing at 55 mL
min~! and the oven was maintained at 35 °C. The presence
of hydrogen gas (H,) in the headspace of the cathodic
recirculation vessel was determined using a H, sensor (OPUS,
Zellweger Analytics, U.K.). An estimation of the amount of
biomass on the cathodic granules was performed after
finishing the experiments. All cathodic granules of a reactor
were mixed and two samples of 10 g each were taken from
eachreactor. The graphite granules were vortexed in distilled
water until additional vortexing did not give rise to additional
biomass detachment, as verified by measuring the concen-
tration of volatile suspended solids (VSS) versus unused
graphite granules according to Greenberg et al. (20). The VSS
of the detached biomass was determined versus unused
graphite granules as a control.

Results

Enrichment Procedure. During the start-up period both
reactors were operated with an external resistance of 50 Q.
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FIGURE 1. Evolution of the current production (A) and the potential of the cathodic electrode (B) at different external resistances in function
of the nitrate loading rate. In all cases complete denitrification occurred. The Pearson-correlation coefficients (r?) for the linear fits in
B: for R=5 €, 0.91 (n = 16); for R =10 , 0.95 (n = 8); for R =25 L, 0.92 (n = 10); for R = 50 , 0.97 (n = 7).

The sole electron donor for the anodic consortium was
acetate. The sole electron acceptor for the cathodic con-
sortium was nitrate, which was continuously supplied at a
loading rate of 0.050 kg NO3;-N m™ NCC d~'. After
approximately a month, both reactors were able to perform
a complete denitrification without nitrite accumulation
whereas nitrate and nitrite were not completely removed in
the start-up period (data not shown). This complete de-
nitrification corresponded with an electrical current produc-
tion of 19 + 1 A m~3 NCC. No hydrogen could be detected
in the headspace of the cathodic recirculation vessel. No
sulfate reduction was observed in the cathode, as verified by
sulfate measurements.

Effect of a Fixed Resistor at Different Nitrate Loading
Rates on the Denitrification Activity. Using the enriched
culture, the current production, which could also be ex-
pressed as a denitrification rate (D), was monitored at
different nitrate loading rates and at different external
resistances (Figure 1A). The optimal power production was
obtained with an external resistance of 25 Q. However, a
higher current production was obtained by decreasing the
external resistance. Generally, when applying a fixed external
resistance, the potential of the cathodic electrode increased
with an increasing loading rate of nitrate (Figure 1B).

Aside from nitrate and nitrite removal and current
production, the denitrification was verified by measuring
N,O and NH," formation and quantification of the gas
production. The average concentration of N,O in the head-

space of the cathodic recirculation vessel (0.250 L) was 11.4
+ 9.7 ppmv, which equals an average content of 3.3 + 2.8
ug N2O-N in this headspace. The gas residence time was
between 3 and 25 days, depending on the denitrification
rate. According to Henry’s law (19) the N,O removal via the
cathodic effluent was calculated to be 5.0 & 4.3 ug N,O-N
d~1. The nitrogen fed as nitrate to the system was between
4.3 mg NO;~-N d™! and 37.5 mg NO; -N d! so the N,O
production represented less than 0.3% on the N added. The
average ammonium concentration in the effluent was 0.1
0.2 mg NH,*-N L% The highest ammonium efflux observed
was 0.5 mg NH,"-N d~! at a nitrogen loading rate of 37.5 mg
NO; -N d! (1.4% of added N). The averaged ammonium
concentration in the anode was 0.6 + 0.7 mg NH,*-N L7},
though no ammonium was being supplied. The gas produc-
tion was proportional to the denitrification rate (data not
shown). No acetate nor other volatile fatty acids were detected
in the cathodic liquid and the averaged chemical oxygen
demand (COD) in the cathodic effluent was 16 = 5 mg COD
L.

Effect of a Fixed Cell Voltage at Different Nitrate Loading
Rates on the Denitrification Activity. With the use of a
potentiostat, different cell voltages were controlled while the
current and the evolving potential of the cathodic electrode
were monitored until a steady value could be obtained for
atleast 1 h. This was repeated with different nitrate loading
rates. At low controlled cell voltages, a proportional rise in
the current was monitored with an increasing loading rate
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FIGURE 2. Average current production (A) and the potential of the cathodic electrode (B) at different controlled cell voltages in function

of the nitrate loading rate.

of nitrate, but at higher controlled cell voltages combined
with higher nitrate loading rates the current production
decreased, indicating an incomplete denitrification (Figure
2A). With a fixed loading rate of nitrate, an increase of the
total cell voltage resulted in an increase of the potential of
the cathodic electrode (Figure 2B) and at these higher
potentials the denitrification became incomplete. After
adaptation to a complete denitrification at different nitrate
loading rates forward polarization curves were performed
with a potentiostat at a scan rate of 1 mV s™! (Figure 3).
Applying a higher nitrate loading rate resulted in a higher
power and current production which indicates that the
denitrification activity and the power producing capacity of
the cell could indeed be increased by adaptation.
Estimation of the Ohmic and Activation Losses. The open
cell voltage was typically between 0.300 and 0.360 V when
nitrate was being supplied to the cathodic system. The open
cell voltage (OCV) of the system, when the same medium but
no nitrate was dosed, was 0.005 + 0.001 V. The ohmic
resistance of the total cells was measured 5 times as described
previously (5) for each reactor over a period of 6 months and
was 3.9 + 0.9 Q (loading rate: 0.050 kg NO;™-N m~3 NCC
d™1). To estimate the contribution of the cathode to the ohmic
resistance, the potential of the working and counter electrode
were monitored during a current interrupt test. The potential
of the cathodic electrode immediately increased with 0.003
V after disconnecting the cell, the counter electrode showed
an immediate decrease of 0.015 V. This corresponds with an

D = ENVIRON. SCI. & TECHNOL. / VOL. xx, NO. xx, XXxx

ohmic loss 0f 0.8 Q in the cathodic electrode and electrolyte
and 3.7 Q in the rest of the cell. Within 20 min, the potential
of the cathodic electrode increased gradually with 0.115 V
(—0.070 Vvs SHE to +0.045 Vvs SHE). The counter electrode
decreased with another 0.018 V within 2 min and remained
steady (Figure S2 of the Supporting Information). These
findings indicate that overpotentials at the cathode appear
to be considerable.

Poised Cathodic Potential Tests. Using a 3 electrode
potentiostat with the reference electrode in the cathodic
electrolyte, a cycle of decreasing poised potentials was
imposed on the cathodic electrode while the current was
recorded. Generally, approximately 30 min was required to
obtain a stable current. Decreasing the potential of the
cathodic electrode resulted in an increase of the current
production. Especially in the potential range of +0.050 to
—0.030 Vvs SHE a steep increase of the current was observed
(Figure S3 of the Supporting Information).

Microbial Involvement in the Cathodic Denitrification.
Since the cathodic compartment could not be opened for a
representative sample of graphite granules during operation,
samples from the effluent of both denitrifying cathodes were
taken to be investigated with denaturating gradient gel
electrophoresis (DGGE) (Figure S4 of the Supporting Infor-
mation). The Pearson correlation factor between the cathodic
systems of both reactors was 71.6%. After finishing the
experiments, the reactor was opened and the amount of
biomass on the graphite granules, that could be detached by
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FIGURE 3. Polarization curves (1 mV s™') at different nitrate loading rates (circles for the power production and lines for the cell voltage).

vortexing, was 0.45 & 0.02 mg VSS g~! cathodic granules. The
specific denitrification rate based on this amount of biomass
and the volumetric denitrification rate just before opening
the reactor was 37 +£ 2 mg NO3;~-N g1 VSS d~!. The negative
control, a cathodic electrode without microorganisms, poised
at —0.150 Vvs SHE with a potentiostat, did not allow current
production when nitrate was supplied (data not shown).

Discussion

Complete Biological Denitrification in the Cathode of a
MEFC can be Achieved with the Support of a Biological
Anode. In this study we have demonstrated that no externally
applied electrical energy was needed to drive the anodic nor
the cathodic process; instead the combination of these two
spontaneous processes delivered electrical energy in a MFC.
Only trace amounts of secondary products like ammonium
and N,O were detected. The standard deviation was relatively
high since the concentrations of ammonium and N,O were
around the detection limit. The current production was
proportional to the denitrification rate (Figure 1A), so it can
be concluded that the electron balance corresponded with
the nitrogen balance: 5 mole electrons were consumed per
mole nitrogen. As previously described for nitrate to nitrite
reduction (13), the biological involvement in the denitrifi-
cation process was found to be essential. The cathodic
reduction of nitrate did not occur at a poised abiotic cathode
potential (—0.150 V vs SHE). The fact that incomplete
denitrification occurred during the start-up period further
corroborates these findings. The observation that the DGGE
pattern of the effluent of both cathodic systems had a similar
composition (Pearson correlation factor of 71.6%) is an
indication that the cathodic systems selected for similar
microorganisms. However, the conduit through which
microorganisms retrieve electrons from the cathodic elec-
trode remains unknown. Further research is needed to reveal
whether similar mechanisms, as found for anodes (outer
membrane cytochromes (21), electron shuttles (22), or
nanowires (23, 24)), are active.

Hydrogen is Not Needed to Drive a Complete Cathodic
Denitrification. No hydrogen could be detected in the
headspace of the cathodic recirculation vessel, which con-
firmed previous findings that H, production at a graphite
electrode is not significant in the potential range of this study
(13). The highest obtained denitrification rate in this study
(0.146 kg NOs"-Nm3NCCd ! or 0.080 kg NO;"-N m~3 TCC
d~!) went beyond results obtained by Gregory et al. (13). in
a poised biological cathode without H, formation. They

TABLE 1. Maximal Power Production Obtained with Different
External Resistances in the Case of Complete Denitrification

external maximal
resistance nitrate loading rate power production
() (kg Nm—3NCCd~") (W m—3 NCC)
5 0.152 4
10 0.099 4
25 0.093 8
50 0.052 5

obtained a denitrification rate in the order of 0.020 kg NO3~-
N m3TCC d~! when reducing nitrate to nitrite on a graphite
electrode with a potentiostat (—0.300 V vs SHE). Park et al.
(25). obtained a maximal denitrification rate in the order of
0.018 kg NO;~-N m~3 TCC d! in their biological cathodic
denitrification system with an abiotic anode driven by a power
supply. Though the theoretical denitrification rate from the
applied current (200 A m~2 TCC) in the latter case was 0.502
kg NO;-Nm3TCCd ! (calculated value). It was also unclear
to which extent H, was produced since there was no
information provided on the potential of the cathodic
electrode. In the latter case, it was also not clear whether
N,O accumulated in the system. Denitrifying reactor beds,
where externally produced H; is being supplied, have been
described to denitrify in the order of 0.600—0.700 kg NO3~-N
m~3 d! (26), while systems where H, is produced at the
cathode and consumed by a cathodic biofilm have been
described to denitrify at a rate of approximately 0.040—0.060
kg Nm 3 TCC d! (15, 27). In such denitrification systems
asignificant energy input of up to 1 kWh mol ! electrons (15)
was required. In this study, an energy recovery of up to 0.006
kWh mol™! electrons (8 Wm™3 NCC and 35 A m~3 NCC) was
obtained (Table 1). The theoretical energy yield can be
estimated from the voltage difference between the standard
potentials of the anodic and cathodic reactions (reactions
1-5). The lowest calculated yield is in the case of nitrite
reduction (0.017 kWh mol~! electrons) while the theoretical
N.O reduction yields the highest energy output (0.044 kWh
mol! electrons). As the different cathodic reactions of the
denitrification (reactions 1—4) occurred simultaneously, the
reaction with the lowest potential, in this case probably the
nitrite reduction (reaction 2), is likely to determine the
potential of the cathodic electrode.

The Potential of the Cathodic Electrode, and thus the
Energy Content of the Electrons at the Cathodic Electrode,
Limits the Denitrification Rate. It was noted that the
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potential of the cathodic electrode increased with an
increasing current production. When maintaining a fixed
external resistance, we observed that the current production
was proportional to the denitrification rate. So a higher
current production with a fixed external resistance was
realized by a higher cell voltage according to Ohm’s law. We
observed that this higher cell voltage was mainly realized by
a higher cathodic potential (Figure 2B). In this way the
cathodic bacteria were still denitrifying while gaining less
energy per mole electrons since the external resistance
consumed more energy. Moreover, ohmic losses further
increase the difference between the voltage across the
membrane (defined as the voltage difference between a
cathodic reference electrode and an anodic reference elec-
trode (8)) and the cell voltage at higher currents (8).

Asthereduction of nitrogen oxides was negatively affected
at potentials higher than approximately 0 V vs SHE (Figure
S3 of the Supporting Information), no higher currents and
thus denitrification rates could be obtained in this system
which typically entailed higher potentials of the cathodic
electrode at higher currents. The slow increase of the potential
of the cathodic electrode in the range of —0.070 to +0.045
Vvs SHE during the current interrupt experiment (Figure S2
of the Supporting Information) indicates that kinetic factors
limit the denitrification rate under the form of cathodic
overpotentials.

To improve the denitrification process, the first focus
should be on a high denitrification rate at higher cathodic
potentials than those obtained in this study. Research on the
electron transfer between the cathodic electrode and mi-
croorganisms could reveal whether the potentials at which
the biological denitrification occurs can further be increased.
Decreasing the ohmic losses, e.g., by changing the reactor
design, and the selection of appropriate materials is another
strategy to improve the process performance. A better
catalysis in the cathode could, e.g., be investigated by
incorporation of transition metals in the cathodic electrode.

Hypothesis for Cathodic Driven ATP Formation. For
every electron that reaches a cathodic microorganism, a
cation, originating from the anode, reaches the microorgan-
ism after passage through the cation exchange membrane.
According to an as yet unknown mechanism, the electrons
are being withdrawn from the cathodic electrode into the
electron transport chain (ETC) where they are most likely
used to reduce quinone type molecules. All involved de-
nitrification enzymes take up electrons from this common
quinone pool to reduce nitrogen oxides while creating proton
motive force (PMF) for adenosine 5-triphosphate (ATP)
formation (28). Since all the denitrifying enzymes in a
microorganism take up electrons from the same quinone
pool, we now hypothesize that the denitrification enzyme,
which is active at the lowest redox potential, determines the
redox state of the quinone pool and thus the potential of the
cathodic electrode. The exact redox state of the quinone pool
is difficult to determine, but the standard potential (E°') of
respiratory quinone molecules used in denitrification pro-
cesses is typically higher than —0.072 V vs SHE (29). Further
research on the enzymatic redox activity of the different
denitrifying enzymes in the different microorganisms and
their interactions is needed to substantiate this hypothesis.

Future Applications. The advantage of the denitrifying
MEC is that it is not only oxidizing (generally carbon based)
wastewater compounds in the anode, but also, in an
integrated and sustainable way, removing nitrogen in the
cathode. Nevertheless nutrient recovery is considered even
more sustainable. The described denitrification occurred
without the addition of a toxic (methanol) nor explosive and
poorly dissolving electron donor (H,). Itis, from an energetic
point of view, highly sustainable to use a waste stream (e.g.,
volatile fatty acids in the effluent of an anaerobic digester)
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to remove nitrogen and to recover some energy at the same
time. The denitrification rate in this paper is lower than
conventional heterotrophic denitrification, but the latter does
not allow for energy recovery from the substrate. Autotrophic
nitrogen removal by combination of aerobic and anaerobic
ammonium oxidizing consortia can also achieve higher
loading rates but implies a longer start-up period and it is
unable to remove organic carbon (30).

A denitrifying MFCis not competitive relative to its oxygen
driven counterpart when it comes to power production, but
this is compensated by the added value of removing nitrate.
Itis a denitrification system that is easy to monitor since the
current production and potential of the cathodic electrode
provide a detailed status on the microbial activity. This also
implies that control of the activity is possible. Further research
will need to indicate the longevity of the process, and whether
further improvement of the activity can be obtained. The
system could be applied in a stacked MFC with a certain
amount of compartments reserved for denitrification. As
nitrogen will mostly be present in the form of ammonium
in waste streams, an external nitrification reactor will be
necessary.
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