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a b s t r a c t

Enhancement of nitrate reduction was studied in a two-chambered microbial fuel cell (MFC) and a simi-
lar abiotic fuel cell (steel fuel cell or SFC) with an oxidizable steel wool anode and catalyst-free stainless
steel mesh cathode. In the MFC and SFC systems, nitrate was reduced in the cathode chamber at 11.4 or
40.0 mg nitrate/L/day, respectively. The MFC utilized petroleum compounds in refinery wastewater as the
eywords:
enitrification
lectrochemical remediation

ron oxidation
itrate reduction
icrobial fuel cell

electron donor and the SFC utilized steel wool as the electron donor. Oxidation of the petroleum com-
pounds in the MFC and steel wool in the SFC caused electron flow from the anode to the cathode, where
nitrate was reduced. Nitrate reduction was significantly (P < 0.001) higher in SFCs with non-sterile ground-
water in the cathode chambers and the flow of electrons to the cathode stimulated microbial growth. Our
results suggest the both MFC and SFC designs could serve as electron source for nitrate reduction at the
cathode. Particularly the SFC could be an innovative low-cost, low-maintenance alternative for in situ

ntam
remediation of nitrate-co

. Introduction

Elevated nitrate (NO3
−) contamination in groundwater is

revalent across the US and around the world due to non-
oint source contamination primarily from nitrogenous fertilizers
nd detergents. The maximum contaminant level (MCL) allowed
y the US Environmental Protection Agency (US EPA) in
rinking water is 10 mg NO3

−/L. Infants who drink water con-
aining higher concentrations of nitrate can become seriously
ll or die (US EPA National Primary Drinking Water Regu-
ations, www.epa.gov/safewater/contaminants/index.html, 2007).
he main mechanisms of nitrate toxicity are physiological com-
lications due to hypoxic conditions that occur when the
ody converts nitrate to nitrite, which oxidizes ferrous iron in
emoglobin and forms methemoglobin, which does not transfer
xygen as efficiently. Some estimates suggest that millions of fam-
lies may consume water from wells that exceed the federal MCL

or nitrate and additional families may be exposed to high levels in
urface waters caused by municipal and agricultural discharges [1].

Current methods used to remove nitrate from water primar-
ly involve reducing NO3

− to nitrogen gas (N2) or ammonium
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inated groundwater.
© 2009 Elsevier B.V. All rights reserved.

(NH4
+) [2], which is considered as one of the most favorable

nitrogenous nutrient to be readily consumed by microbes. These
methods include physicochemical processes, such as ion exchange
and reverse osmosis (RO), electrochemical reduction, and bioreme-
diation. Drawbacks to these technologies include high installation
and maintenance costs, brine production (ion exchange and RO),
membrane fouling (RO) [3], the need for a constant DC power
supply (electrochemical reduction), and continuous amendments
of electron donors (bioremediation). In this paper we present a
new technique that may render electrochemical reduction more
desirable than existing technologies by achieving remediation with
a low-maintenance, low-cost design that can quickly reduce the
majority of NO3

− in solution to N2 gas.
Removing nitrate using electrochemical reduction has received

attention from a number of researchers, and studies have demon-
strated successful removal of nitrate from water and saturated
systems using this technique (e.g. [4–11]). Typical electro-
remediation systems utilize DC power to run an electrical current
through a contaminated solution, in which certain contaminants
are drawn toward the cathode and transformed [12] to NH4

+ and/or
N2 gas [6–10,13].

In this study we investigated two innovative DC power sources to

deliver electrons for nitrate reduction. The first power source was
a two-chambered microbial fuel cell (MFC), which harnesses and
enhance the anaerobic microbial oxidation of various substrates,
ranging from glucose, municipal wastewater, phenol-containing
wastewater to petroleum hydrocarbons [14–17], and transports

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
http://www.epa.gov/safewater/contaminants/index.html
mailto:sjin@uwyo.edu
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Table 1
Baseline characterization of groundwater used in the cathode cham-
bers of the groundwater (GW) and sterile groundwater (SGW)
treatments in the SFC experiment.

Parameter Groundwater

pH 6.94
Conductivity (�S/cm) 713
Total bacteria (cells/ml) 65,593

Dissolved organic carbon 3.96 mg/L
Chloride 9.81 mg/L
Nitrate 9.68 mg/L
Sulfate 13.01 mg/L
Ammonia <0.04 mg/La

Calcium 45.2 mg/L
Iron 0.2 mg/L
Magnesium 7.3 mg/L
Potassium 2.6 mg/L
Sodium 9.6 mg/L

Aluminum 8.8 �g/L
Copper 0.7 �g/L
ig. 1. Schematic drawing of the two-chambered fuel cell design with sealed anode
nd cathode chambers used in the MFC and SFC experiments.

lectrons from the anode (site of microbial oxidation) to a cath-
de where the electrons are normally consumed in the reduction
f oxygen to water [14]. However, we replaced the oxygen in the
athode chamber of this system with NO3

− to determine if it could
ct as a terminal electron acceptor and thereby be reduced to N2
as and (or) NH4

+. Based on the positive results of this phase of the
tudy, we employed a second power source, which was basically
double-cell MFC with a sacrificial anode (steel wool) in a sterile

node chamber. This steel fuel cell (SFC) provided a fairly constant
ource of electrons from the oxidation of the steel wool anode,
hich generated electron transfer to the cathode where nitrate was

educed.

. Materials and methods

.1. Microbial fuel cell nitrate reduction

Consider the field applicability of an MFC for enhanced reme-
iation of nitrate in groundwater, a two-chambered MFC was
onstructed by modifying the design as described in Morris and
in [15], using sealed glass jars (450 ml) with an agar-based proton
ridge (45 cm long, 1.3 cm inner diameter vinyl tube, internal resis-
ance ∼1 K to 1.5 k�), a stainless steel anode (6.4 g), a commercially
vailable carbon-platinum cathode (16 cm2), and a 1 k� external
esistor. To avoid galvanic reactions, the anode and cathode were
onnected to the resistor externally and these connection points
ere not submerged in the test solutions (Fig. 1).

The substrate source in the anode chamber was a 1:1 mix-
ure of petroleum hydrocarbon-containing refinery wastewater and
rowth media [15] and the liquid in the cathode chamber was the
ame growth media used in the anode chamber except it was ster-
lized (boiled for 30 min). The anode chamber was sparged with N2
as to purge oxygen from the system and create an anoxic envi-
onment, which was verified with the redox indicator resazurin
0.13 mg/L) which turns a trace pink to clear color under anoxic
onditions. The cathode chamber was sparged with ambient air to
aintain dissolved oxygen (DO) concentrations of at least 6 mg/L

o the MFC could produce electricity (the MFC could produce
ower (as high as 330 �A or 47 �A/cm2 cathode based on 328 mV
roduced through an external circuit with1000 � of resistance
nd a 16 cm2 cathode). After 2 days of normal operation, oxygen
as purged from the cathode chamber down to a concentration
0.73 mg/L and the chamber was sealed. The low redox state of the

ealed cathode chamber was verified using resazurin (0.13 mg/L).

fter 5.5 days of anaerobic conditions in the cathode chamber
nd a concurrent decrease in power, a KNO3 solution was injected
nto the cathode chamber to achieve a nominal concentration of
00 mg NO3

−/L. The electrical potential (mV) of the MFC was mon-
tored using a data logger (ADC-16; Pico Technologies Limited, UK)
Nickel 1.2 �g/L
Zinc 3.8 �g/L

a Below detection limit.

that recorded a measurement every 10 min and periodic samples
were collected from the cathode chamber for NO3

− analysis.

2.2. Steel fuel cell nitrate reduction

After analyzing the results of the preliminary MFC experiment,
we designed an SFC that could produce an electrical current with
no organic substrates or microbial inoculum in the anode chamber.
These two-chambered SFC units were designed similarly to the MFC
except we used 230 ml glass containers, stainless steel mesh cath-
odes (6.3 cm2) with no platinum catalyst, and steel wool anodes
(5.0 g). The anode chamber was filled with sterilized growth media
and the cathode chamber was filled with 160 ml of groundwater
(Table 1), sterilized groundwater, or reverse osmosis (RO) water. The
cathode chambers also received 130 g of fine sand that was washed
with 0.1 M hydrochloric acid (HCl) and 0.1 M nitric acid (HNO3),
rinsed with RO water, and dried. The purpose of adding this sand
to the cells was to simulate the saturated matrix in the subsurface
environment. The cathodes in each chamber were pushed into the
sand and the dimensions of the proton bridges on each SFC were
30.5 cm long with an inner diameter of 1.3 cm.

The experiments were conducted in a static system. Four SFC
treatments were established in triplicate under anaerobic condi-
tions as follows: (1) a control treatment that contained N2-purged
groundwater with no proton bridge or electrodes (no power
production), (2) a groundwater (GW) treatment that contained
N2-purged groundwater, (3) a sterilized groundwater treatment
(SGW) that contained groundwater that was N2-purged and auto-
claved for 2 h, and (4) a reverse osmosis water treatment (ROW)
that contained N2-purged RO water. The control chamber and all
cathode chambers received KNO3 at a nominal target concentra-
tion of 1000 mg NO3

−/L. The pH was measured and samples were
collected for nitrate and NH4

+ analysis from the control and cath-
ode chambers in an N2 glove box to maintain anaerobic conditions.
The voltage across all resistors was monitored periodically using a
handheld multimeter throughout the 30 days experiment. Anaero-
bic conditions in the SFCs were verified by using resazurin as in the
MFC experiment.
2.3. Analyses

All chemicals used for this study were reagent grade and
purchased from Sigma–Aldrich (St. Louis, MO), unless otherwise
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Fig. 2. Nitrate (NO3) concentrations in the cathode chamber and corresponding elec-
trical potential (voltage) (mV; 1 k�) of the MFC (a). A redox indicating dye (resazurin)

3.2.1. SFC groundwater characterization
The groundwater used in the control and cathode chambers of

the SFCs had a circum-neutral pH (6.94), concentration of NO3
− was

less than the MCL (9.7 mg/L), and NH4
+ concentrations were below

detection limit (0.04 mg/L; Table 1).
J.M. Morris et al. / Chemical En

ndicated. The pH was measured with an Orion® Thermo model
20A+ pH meter equipped with an Orion® Ag/AgCl combination
lectrode. Major anions including chloride (Cl−), bromide (Br−),
uoride (F−), nitrate (NO3

−), nitrite (NO2
−), phosphate (PO4

3−),
nd sulfate (SO4

2−) were analyzed by ion chromatography on a
IONEX DX-100 ion chromatograph equipped with a 4 × 250-mm

onPac AS14 anion exchange column (Sunnyvale, CA). Concentra-
ion of NH4

+ was measured by the indophenol blue colorimetric
ethod [18] on a Shimadzu UV-VIS spectrophotometer (Columbia,
D). Dissolved organic carbon (DOC) was analyzed on a Shimadzu

otal organic carbon analyzer (Columbia, MD). Cations including
alcium (Ca), potassium (K), magnesium (Mg), and sodium (Na)
ere analyzed by graphite furnace atomic absorption spectrom-

try. Metals including aluminum (Al), copper (Cu), iron (Fe), nickel
Ni), and zinc (Zn) were analyzed by inductively coupled plasma-

ass spectrometry (ICP-MS). All anion samples were filtered to
.2 �m, stored at 4 ◦C, and analyzed within 7 days of collection.
issolved organic carbon samples were filtered to 0.45 �m, acid-

fied to a pH between 2 and 3 with 2 M HCl, stored in amber
lass bottles at 4 ◦C, and analyzed within 14 days of collection.
ation and metal samples were filtered to 0.45 �m, acidified to
pH ≤2 with trace-metal grade HNO3, stored at 4 ◦C, and ana-

yzed within 30 days of collection. Bacteria were stained with
cridine orange and enumerated using fluorescent microscopy
19].

.4. Statistical analysis

We conducted (1) statistical comparisons with ANOVA (˛ = 0.05)
ollowed by Tukey HSD post hoc pairwise comparisons and (2)
imple linear regressions using MinitabTM Version 13.31 (Minitab
tatistical Software, Minitab Inc.). We did not have to perform data
ransformations to satisfy the homogeneity of variance and nor-

ality assumptions of ANOVA. For the MFC test, we regressed all
itrate concentrations immediately after the nitrate spike and we
egressed all electrical potential values starting 23 min after the
itrate spike (when the potential reached its highest value) without
ransforming the data.

. Results

.1. Microbial fuel cell nitrate reduction

The initial nitrate concentration in the cathode chamber of the
FC was below detection limit (0.31 mg/L). The voltage quickly

ecreased from ∼250 mV after the chamber was purged with N2 gas
o <10 mV over the course of 5.5 days as residual O2 was depleted
n the cathode chamber (Fig. 2a). After KNO3 (595 mg NO3

−/L)
as added to the cathode chamber, the voltage quickly increased

nd peaked at 100 mV (6.3 mW/m2 cathode or 22.2 mW/m3 of
atholyte volume in the cathode compartment) approximately
3 min after KNO3 addition. After the KNO3 spike, the nitrate
oncentration decreased significantly from 595 to 344 mg/L at a
ate of 11.4 mg/L/day over the course of 22 days. No nitrite was
etected in the cathode chamber. The least squares linear regres-
ion for this 22-day period is: mg nitrate/L = 637.3 − 11.9 × time
P < 0.001, R2 = 0.87, n = 11), where time is in days (Fig. 2b). Con-
urrently, the voltage decreased significantly from 100 to 54 mV
ver 22 days (it stabilized for the last 4.5 days of the experi-

ent). The least squares linear regression for this 22-day period

s: mV = 95.6 − 1.7 × time (P < 0.001, R2 = 0.85, n = 3151), where time
s also in days (Fig. 2b). The addition of resazurin 3.5-day into
he experiment did not change the electrical potential of the MFC
Fig. 2a).
was added to the cathode chamber on day 3. The nitrate concentration and electrical
potential (voltage) immediately increased following a KNO3 spike, then decreased
significantly (P < 0.001; see text for least squares regression equations) over the
course of the final 22 days of the experiment (b).

3.2. Steel fuel cell experiment

During the initial 5–7 days of the 30-day SFC experiments,
the systems underwent a flux period where the voltage dropped
considerably and NO3

− concentrations fluctuated as the system sta-
bilized. Therefore, although the NO3

− values for the entire 30-day
experiment are shown in Figs. 3 and 4, the starting values used for
all calculations were measured on day 7.
Fig. 3. Electrical potential (voltage) (1 k�) measured in SFCs. Error bars are standard
error of the mean (n = 3).
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Fig. 5. Conversion of nitrate in the catholyte solution in each SFC treatment from day
7 to day 30 in terms of molar concentration of N calculated from final nitrate (NO3-N),
ammonium (NH4-N), and nitrogen gas (N2-N) concentrations (initial N calculated
using nitrate concentrations on day 7; N2 calculated by difference). Different upper-
ig. 4. Nitrate (NO3) concentrations in the cathode chamber of each SFC treatment.
he gray bar indicates an unstable period not considered in the nitrate reduction
alculations. Error bars are standard error of the mean (n = 3).

.2.2. SFC electrical potential
The GW, SGW, and ROW treatments all produced relatively low

oltages throughout the experiment, starting from about 100 to
00 mV and then declining steadily to about 15 mV. However, after
he initial decrease, as the system stabilized prior to day 7, the volt-
ge in the GW treatment increased from 28 to 45 mV from days 5
o 15 and a similar increase was not observed in the SGW or ROW
reatments (Fig. 3).

.2.3. SFC nitrate reduction
Nitrate concentrations (mg/L) decreased slightly (11%) in the

ontrol treatments from 1040 ± 3 (standard error of the mean, n = 3)
o 923 ± 18 (5.1 mg NO3

−/L/day) over a 23-day period. Nitrate con-
entrations decreased in the GW, SGW, and ROW treatments by
7, 47, and 61%, from 945 ± 32 to 26 ± 21 (40.0 mg nitrate/L/day),
68 ± 4 to 410 ± 40 (15.6 mg NO3

−/L/day), and 738 ± 13 to 290 ± 79
19.5 mg NO3

−/L/day), respectively (Fig. 4). At the end of the 30-
ay experiment, the percent of initial NO3

− remaining in the
athode chambers of the GW treatment (3% ± 2) was significantly
P < 0.001) lower than in all other treatments and the percent of
nitial nitrate remaining in the SGW and ROW treatments was sig-
ificantly (P < 0.001) lower than in the control (Fig. 5). The system
f different letter cases was used in Fig. 5 to illustrate statistical
esults by following Nimick et al. [20]. The uppercase letters indicate
ignificant differences in NO3-N concentrations between different
reatments (control, groundwater, sterile groundwater, RO water)
he lowercase letters indicate significant differences in N2-N con-
entrations between different treatments and there are no letters
or NH4-N because there were no significant differences in NH4-N
etween any of the treatments.

The GW treatment resulted in the most favorable overall con-
ersion of NO3

− to desirable N2 gas (76.2 ± 7.4%) and less desirable
H4

+ (21.2 ± 9.9%; Fig. 5). Ammonium concentrations were below
etection limit in the groundwater or RO water added to each
reatment and the NH4

+ concentrations in the C, GW, SGW, and
OW treatments increased to 13.2 ± 0.5, 56.2 ± 21.0, 70.1 ± 10.8, and
1.2 ± 15.0 mg/L by day 30, respectively. Nitrite was not detected in
ny cathode chambers or the control chambers during this study.

The presence of ammonium indicates dissimilatory nitrate
eduction was occurring. This was observed by Choi et al. [21]
nd Katsounaros and Kyriacou [22]. If oxygen is present in water

he ammonium is converted to N2. Without oxygen and near the
athode, the ammonium is released as ammonia gas. Dissimilatory
itrate reduction is often followed by accumulation of nitrite from
itrification [23]; however, no nitrite was detected in the cathode
olution, which indicates that conditions did not favor nitrification.
case letters indicate significant (P ≤ 0.001) differences in NO3-N concentrations
between different treatments and different lowercase letters indicate significant
(P ≤ 0.001) differences in N2-N concentrations between different treatments. There
were no significant differences in NH4-N between any treatments.

Therefore, it is reasonable to presume that nitrogen loss might have
occurred in the testing system through ammonium to ammonia
gas pathway. The formation of N2 gas and N2O may have occurred,
but the formation of N2O is presumed relatively insignificant
when observable ammonium formation occurred. Katsounaros and
Kyriacou [22] reported that N2O consisted only 6% of the total by-
products.

3.2.4. SFC microbial consortium
The total bacteria count in the cathode chambers of

the control and GW treatments increased from approxi-
mately 6.6 × 104 cells/ml (baseline in groundwater collected
from the field) to approximately 4.2 × 105 ± 1.4 × 105 and
4.7 × 106 ± 1.6 × 106 cells/ml, respectively; however, due to high
variability, these concentrations were not significantly different.
As expected, no bacteria were found in the cathode chambers of
the SGW or ROW treatments.

4. Discussion

The correlation between the changes (initial increase and sub-
sequent decrease) in the NO3

− concentrations and the electrical
potential in the MFC and SFC experiments suggests that NO3

− was
being utilized as a terminal electron acceptor in the cathode cham-
ber. Our preliminary MFC experiment demonstrated that nitrate
reduction can occur in the presence of a low electrical current
under anaerobic conditions. Clauwaert et al. [24] reported that
a tubular MFC can successfully enhance microbial denitrification
at a maximum rate of about 645.5 mg NO3

−/L/day when acetate
was used as the anode substrate; however, our study is the first
experiment to our knowledge that demonstrates concurrent degra-
dation of two groups of listed contaminants in aqueous phase in a
MFC setup (petroleum hydrocarbons (electron donor) and NO3

−

(electron acceptor)) in an MFC system. Due to the un-optimized
system configurations and the resultant high internal resistance,

−
the denitrifying rates in our MFC (11.4 mg NO3 /L/day) and SFC
(40.0 mg NO3

−/L/day) systems were substantially lower than the
rate of 645.5 mg NO3

−/L/day as reported by Clauwaert et al. [24].
We attribute the high denitrifying rates in the tubular MFC used
by Clauwaert et al. to its higher system efficiency. For example, the
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athode chamber of their system was packed with carbon granular,
hich might have provided larger surface areas for both micro-

ial growth and electron transfer from the electrode to nitrate. The
opulation difference in the cathode chamber may also contribute
o different denitrifying rates as observed. Further investigations
re needed to decipher the involved mechanisms and improve the
ystem performance including denitrifying rates and capacity of
lectron generation and transfer.

Although our results and the work of others demonstrates that
n MFC design could potentially be employed in the field to enhance
itrate reduction in anoxic groundwater, the drawback is that
rganic material must be fed to the bacteria in the anode cham-
er and optimal chemical and physical conditions for microbial
ctivity must be maintained. This could be problematic because
aintaining favorable operating conditions in the field is some-

imes impossible. Therefore, we identified the SFC as a reliable, low
aintenance, low voltage, abiotic power source that could poten-

ially achieve the same level of denitrification in a field system. This
pparatus utilizes a similar electron flow mechanism as in an MFC
ithout having to maintain optimal biological conditions in the

node chamber. The design of the SFC relies on iron oxidation of a
teel wool anode to generate electron flow and eliminates the need
or an expensive catalyst such as platinum on the cathode. Just like
n MFC, electrons in an SFC pass from the anode to the cathode, but
his electrical current originates from the abiotic oxidation of steel
ool.

Similar to the MFC results, the SFC experiments indicate the flow
f electrons from the anode enhances nitrate reduction in the cath-
de chamber; however, the rate of nitrate reduction in the SFC is
uch higher (40.0 mg NO3

−/L/day). Additionally, the population of
icroorganisms in the cathode chamber increases with electron

ow and the presence of these microbes correlate to a significantly
arger reduction in nitrate than in sterile systems. Interestingly, the
oltage in these SFCs is influenced by the NO3

− concentration in
he cathode chamber but not by the presence of microbes in the
athode chamber. It appears that electrons flowing to the cathode
re capable of directly reducing NO3

− and stimulating microbial
ctivity and growth, thereby, also indirectly enhancing microbial
enitrification. This observation also agreed with the recent results
n biocathodes by other researchers [25,26]. Dash et al. [27] has
eported that 70–97% direct reduction of nitrate using aluminum,
ron, and titanium electrodes; but no observable nitrate reduc-
ion was achieved when graphite electrodes were used. Based on
reliminary screening, we selected stainless steel for cathode in
his SFC setup. We did not determine the mechanism behind this
nhanced microbial growth; however, it has been shown that elec-
rodes can serve as direct electron donors for anaerobic microbes
nvolved in nitrate reduction [28] and this process might have
nhanced the metabolism and growth of denitrifying bacteria in
ur system. The relatively low concentration of DOC (3.96 mg/L) in
he groundwater was apparently insufficient to sustain denitrifica-
ion in the control treatments, which supports our conclusion that

icrobes in the GW treatment were utilizing electrons generated
rom steel wool oxidation as an electron source.

It appears that two possible mechanisms of nitrate reduction
ay have caused the decrease in NO3

− concentrations in the SFCs.
irst, the decrease of NO3

− in the treatments with sterile cathode
hambers (SGW and ROW) but not in the disconnected control sug-
ests that electrons are passed directly to NO3

− with no microbial
ntermediary. Second, the significantly larger decrease in NO3

− in
he treatment with a robust microbial population in the cathode

hamber (GW) compared to all other treatments indicates that the
resence of bacteria enhances nitrate reduction over sterile con-
itions in the presence of an electrical current and that this flow
f electrons to a non-sterile system stimulates bacterial growth.
his enhanced nitrate reduction could be due to direct electron
ing Journal 153 (2009) 37–42 41

utilization by nitrate reducing bacteria on the cathode, thereby
stimulating microbial denitrification or a combination of electron
transfer directly to NO3

− and electron transfer to nitrate reducing
bacteria, which may serve as a type of bio-catalyst on the cath-
ode for nitrate reduction. Further characterization work on this
cathode-bound bio-catalyst is needed.

Our SFC design for nitrate reduction may be a significant
improvement over other NO3

− treatment systems using similar
mechanisms. For instance, although zero-valent iron has been
used to enhance denitrification in both laboratory and field stud-
ies [29–33], the risk of iron contamination and surface masking
by iron oxides is high when used for in situ remediation of con-
taminated groundwater. The SFC design eliminates this risk by
keeping the iron electron source isolated from the NO3

− through
indirect oxidation (i.e., the iron and NO3

− would be only con-
nected through an electrical circuit and a proton bridge). Till
et al. [34] designed an iron oxidation/nitrate reduction system
that also separated the steel wool from the nitrate-contaminated
water, to avoid exposing microorganisms to potentially toxic iron
corrosion products. Their system required the production and
transfer of H2 from a separate chamber to the chamber containing
NO3

−. This system enhanced complete removal of 25 mg NO3
−/L

within 4 days (6.3 mg NO3
−/L/day) with 93% denitrification. Inter-

estingly, our SFC system had a 6-fold higher nitrate reduction rate
(40.0 mg NO3

−/L/day) with up to 76% denitrification and did not
require inputs of H2.

Although some ammonium was detected (as much as 70 mg/L)
during the SFC electron-mediated denitrification (Fig. 5), this rep-
resents a small overall percentage of the initial NO3

− concentration
(15–21%) and should not present a significant contamination risk
in the groundwater. The formation of ammonium was attributed to
reduction of nitrate at lower redox potential. Ammonium has been
determined to be a preferential nitrogen source to heterotrophic
bacteria [35,36], and therefore we expect this residual NH4

+ to be
readily assimilated during microbial metabolism and growth. In
addition, a number of indigenous bacteria (e.g., anammox bacte-
ria) can oxidize NH4

+ under anaerobic conditions and produce N2
gas [37].

5. Conclusions

Results from this study indicate that electron transfer in an MFC
equivalent design of SFC may facilitate direct nitrate reduction in
the cathode chamber. The simple design of our SFC, separation of
the electron donor (anode) from NO3

− in groundwater, may offer a
new technique for nitrate reduction as well as a potential alternative
for remediation of other contaminants capable of accepting elec-
trons, such as perchlorate, perchloroethene, and trichloroethene.
Additionally, the SFC system has the potential to be an effective, low
cost, low maintenance NO3

− remediation strategy due to the use
of indigenous microbes in the groundwater, waste material such as
scrap iron as an electron donor, and a cathode that does not require
expensive catalysts such as platinum. The lifespan of SFC can be
easily extended by increasing the amount of steel wool, if needed
for specific field applications, in which steel wool would be kept
in a container at the surface that is connected to the groundwater
through proton bridges for easy accessibility when maintenance
and material exchange are deemed necessary.
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