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An electricity-generating bacterium, Geobacter sulfurreducens PCA, was inoculated into a single-chamber,
air-cathode microbial fuel cell (MFC) in order to determine the maximum electron transfer rate from bacteria
to the anode. To create anodic reaction-limiting conditions, where electron transfer from bacteria to the anode
is the rate-limiting step, anodes with electrogenic biofilms were reduced in size and tests were conducted using
anodes of six different sizes. The smallest anode (7 cm?, or 1.5 times larger than the cathode) achieved an
anodic reaction-limiting condition as a result of a limited mass of bacteria on the electrode. Under these
conditions, the limiting current density reached a maximum of 1,530 mA/m?, and power density reached a
maximum of 461 mW/m>. Per-biomass efficiency of the electron transfer rate was constant at 32 fmol cell™!
day~!' (178 pumol g of protein—' min~'), a rate comparable to that with solid iron as the electron acceptor but
lower than rates achieved with fumarate or soluble iron. In comparison, an enriched electricity-generating
consortium reached 374 pmol g of protein~' min~" under the same conditions, suggesting that the consortium
had a much greater capacity for electrode reduction. These results demonstrate that per-biomass electrode
reduction rates (calculated by current density and biomass density on the anode) can be used to help make
better comparisons of electrogenic activity in MFCs.

Microbial fuel cells (MFCs) are devices that exploit micro-
organisms as “biocatalysts” of generating electric power from
organic matter. MFC systems are being researched as a
method of recovering energy from waste as electrical power
(10, 23, 24, 35) and generating power from aquatic sediments
on the bottom of the ocean (25, 42) or from rice paddy soil (13,
14). Recent technical improvements of MFC system architec-
ture have increased power densities from <0.1 mW/m? to
>2,400 mW/m? (normalized by the anode surface area) during
the past several years in systems lacking exogenous electron
shuttles (22, 24). However, continued improvements are still
needed for improved power densities, reduced costs for mate-
rials, and the development of large-scale devices (8).

The two common ways of expressing MFC performance for
power generation are power normalized to the projected sur-
face area of an electrode (power density; mW/m?) and power
per unit of reactor volume (power output; W/m?) (35). Many
studies of MFCs have used power density based on the as-
sumption that the biocatalytic activity of the anode limits
power production (16, 24, 35, 39). However, variations in the
reactor volume (2, 38), composition of the proton-exchange
membrane (17), catholyte reactions (32, 34), substrates (21),
and anode materials (5, 33) often make it difficult to know
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which factors actually limit power production. There are vari-
ous potential losses that can limit power output, such as mi-
crobial electron transfer to the anode, solution resistance,
membrane resistance, and reduction reaction on the cathode
(16, 35). These can be classified into the following three major
rate-limiting processes: (i) the anodic reaction limited by mi-
crobial activity, (ii) the cathodic reaction limited by the abiotic
electron-accepting reaction, and (iii) other abiotic factors, in-
cluding diffusion of substrate to the microbes, oxygen diffusion,
and proton transfer through the membrane (16, 35). To better
understand and improve power generation of MFCs, factors
affecting each of these limiting steps need to be carefully and
separately examined.

Mediatorless MFCs typically operate at electrical current
densities of 0.1 to 2 mA/cm?, which are lower by two orders of
magnitude or more than those achieved in enzyme-based bio-
fuel cells or hydrogen fuel cells (1, 9, 33). While current pro-
duction by the bacteria can be one of the reasons for lower
current densities, the relationship between bacterial coloniza-
tion of the anode and current generation has not been directly
shown, and the amount of biomass per surface area of the
anode has not been conclusively linked to power production.
We therefore investigated current generation and biomass
density in an MFC under anodic reaction-limiting conditions
by reducing the anode size (and therefore the total surface
area) in a single-chamber, air-cathode MFC using both a pure
culture and a consortium. In an air-cathode MFC, the cathode
is directly exposed to air on one side and liquid on the other.
In contrast, an aqueous cathode is submerged in fluid, and if
oxygen is used as the electron acceptor, the cathode solution
must be aerated (6). MFCs with air cathodes produce higher
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power densities than aqueous cathodes due to the more effi-
cient oxygen and proton transfer to the electrode (20). We
examined power generation using the air-cathode MFC, as this
type of reactor is the most likely system to be used in practical
applications such as wastewater treatment (10, 23). The system
used here has previously been demonstrated to produce up to
600 mW/m? per cathode surface area and 130 mW/m? per
anode surface area with mixed cultures in 200 mM phosphate-
buffered saline medium with a flat anode (22). However, max-
imum power densities are known to be affected by solution
conductivity, electrode sizes, and other factors, and therefore,
the maximum power density cannot be predicted from a past
experiment if reactor conditions are changed (17, 21, 22, 32).

Geobacter sulfurreducens PCA, a well-studied, electricity-
generating (exoelectrogenic) bacterium, was chosen as a model
microorganism in order to relate current production to bio-
catalytic activity normalized by bacterial cell numbers (3, 41).
Strain PCA grows using acetate or hydrogen as an electron
donor and ferric pyrophosphate (Fe-PP;), ferric oxyhydrate
[amorphous Fe(III) oxide], ferric citrate, elemental sulfur, or
fumarate as the sole electron acceptor (4). Power production
by G. sulfurreducens was recently found to be comparable to
that produced by a mixed culture in an MFC using a ferricya-
nide catholyte (31). However, power production was not ex-
amined on the basis of biomass per area. By measuring bio-
mass on the MFC anode, we were able to compare electrode
reduction rates between the Geobacter sulfurreducens strain
PCA and a consortium enriched on acetate under anodic re-
action-limiting conditions on a per-biomass basis. We also
compared respiration rates of the strain PCA obtained from
current densities with those obtained using fumarate, soluble
iron, and insoluble iron as electron acceptors on a per-cell
basis.

MATERIALS AND METHODS

Microorganisms and culture conditions. Geobacter sulfurreducens PCA (DSM
12127) was obtained from Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (Brunswick, Germany). The basal medium used for culti-
vation of the microorganism contained (per liter) the following: 0.1 g KCI, 1.5 g
NH,CI, 0.6 g NaH,PO,, 0.03 g MgSO, - 7TH,0, 0.01 g CaCl, - 2H,0, 2.0 g
NaHCOs, 0.5 g L-cysteine, 10 ml vitamin solution (12), 1 ml Se/W solution (12),
and 10 ml trace mineral element solution (12). Cultivation was conducted using
a 5-ml inoculum in static bottles (125 ml in capacity, sealed with a Teflon-coated
butyl rubber septum and secured with a crimped aluminum cap) containing 50 ml
of the medium supplemented with 10 mM acetate and 40 mM fumarate at 37°C
under an N,/CO, (80/20 [vol/vol]) atmosphere, without shaking. Poorly crystal-
line Fe(III) oxide was synthesized by neutralizing a solution of 0.4 M FeCl; as
previously described (27). For Fe(III) oxide reduction, 38 mM of Fe(III) oxide
and 10 mM of acetate were added to the basal medium. Conductivity of the basal
medium (omitting L-cysteine for MFC operation) was 6.8 mS/cm, measured by
using a conductive meter (Horiba, Japan).

MFC configuration and operation. A single-chamber, air-cathode MFC was
used to examine power generation by both the G. sulfurreducens strain PCA and
a consortium. The MFC was a bottle-type reactor (350 ml in capacity) equipped
with a single-side port containing the air cathode as previously reported (22). The
top of the bottle was sealed using a tight butyl-rubber stopper pierced with two
nickel wires. Two anode electrodes made of carbon cloth (9 cm by 3 cm, or 54
cm? of total projected surface area per electrode; TMIL, Japan) were connected
to the nickel wires and placed parallel to each other in the bottle (108 cm? of
initial anode surface area). The distance from the anodes to the cathode was
carefully adjusted to be the same for both anodes. The air cathode was made by
coating platinum (0.5 mg/cm?) to the water-facing side using Nafion as a binder
and four diffusion layers of polytetrafluoroethylene on a 30 wt% wet-proofed
carbon cloth (type B-1B; E-TEK) as described elsewhere (6). The air cathode
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was placed at the end of the side port, providing a total projected cathode surface
area (on one side) of 4.9 cm? (22).

After sterilization of the fully assembled MFC, the chamber was anaerobically
filled in a glove box (an N,/H,/CO, ratio of 80/10/10 [vol/vol/vol]) with 320 ml of
the sterilized anaerobic basal medium (omitting L-cysteine) supplemented with
20 mM acetate as an electron donor and 40 mM fumarate as an electron acceptor
for preliminary bacterial growth in the chamber. The chamber was inoculated
with a 30-ml suspension of the strain PCA, gently mixed with a magnetic stirrer,
and then incubated outside the glove box at 37°C under open-circuit conditions.
The electrodes were connected with an external resistor (510 ) 2 days after
inoculation. Cell voltages across the resistor were recorded every 30 min using a
recorder (VR-71; T and D, Japan). When the electric current decreased due to
depletion of acetate, additional substrate was added into the medium, and the
medium was fully replaced with the fresh medium supplemented with 20 mM
acetate in the glove box. To obtain polarization and power density curves, the
enriched anode was placed in an otherwise identical MFC equipped with an
Ag/AgCl reference electrode (+200 mV versus standard hydrogen electrode
[SHE], RE-1B; ALS Co., Ltd.). The external resistance was then changed step-
wise from 3.3 k) to 10 Q (3.3 k€, 1.5 k€, 750 €, 300 €2, 100 ©, 51 £, and 10 Q),
and the cell voltage, the anode potential, and the cathode potential were re-
corded after they had stabilized over a period of at least 7 min (45). In order to
make anodic reaction-limiting conditions with decreased anode surface areas,
the anode was cut to reduce its size using ethanol-sterilized scissors in a glove
box, and the polarization and power density curves were again determined as
described above.

MFC operation of a consortium. An electricity-generating consortium was
enriched in the same MFC using sludge (100 ml) from an anaerobic digester
decomposing sewage sludge in Niigata, Japan. The chamber was filled with 250
ml of sterilized anaerobic basal medium (omitting L-cysteine) supplemented with
20 mM acetate as an electron donor and two carbon cloth anodes (6 cm by 3 cm,
or 72 cm? total projected surface area). After inoculation at an external resis-
tance of 510 (), the medium was replaced on days 6 and 9. On day 28, the
enriched anode was placed in another MFC equipped with an Ag/AgCl reference
electrode and containing fresh medium (20 mM acetate) in a glove box. Various
polarization curves were determined as described above.

PCR amplification, cloning, and sequencing of 16S rRNA gene fragments.
Total DNA was extracted from biofilms on the carbon cloth of the anode using
a FastDNA spin kit for soil (Qbiogene) according to the manufacturer’s instruc-
tions. PCR amplification of 16S rRNA gene fragments was performed using
U530f (5'-GTGNCAGCMGCCGCGG-3") (18) as a forward primer and U1492r
(5'-GGNTACCTTGTTACG-3") (19) as a reverse primer. The PCR solution (50
wl) contained 1.25 U of Tag DNA polymerase (ExTagq; Takara), 10 mM Tris-HCIl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.001% (wt/vol) gelatin, deoxynucleoside
triphosphate at a concentration of 200 uM each, 50 pmol of each primer, and an
appropriate amount of template DNA. The amplification conditions were as
follows: an initial step of 95°C for 10 min; 25 cycles consisting of 95°C for 1 min,
50°C for 1 min, and 72°C for 2 min; and a final elongation step at 72°C for 10 min.
The PCR cycles were set at minimum values at which sufficient quantities of
products were obtained. Amplified fragments were purified with a QIAquick
PCR purification kit (Qiagen), ligated into the pPGEM-T vector (Promega), and
cloned into Escherichia coli competent cells as previously described (13). E. coli
colonies harboring clones were selected on Luria-Bertani plates supplemented
with ampicillin (50 pg ml~!'). PCR-amplified 16S rRNA gene fragments were
recovered from colonies by PCR analysis using primers T7W (5-TAATACGA
CTCACTATAGGGC-3") and SP6W (5'-ATTTAGGTGACACTATAGAATA
CTC-3') (the primers targeted the pGEM-T vector sequences flanking the in-
sertion) as described previously (13). Clones containing appropriate sizes of the
insertion were selected by electrophoresis analysis, and their partial nucleotide
sequences were directly determined on a Beckman CEQ8000 DNA sequencer
using a CEQTM DTCS Quick Start kit (Beckman Coulter) using primer U907r
(5'-CCGYCAATTCMTTTRAGTTT-3") (46).

Phylogenetic analyses. Sequences of partial 16S rRNA genes determined in
this study were aligned to each other using ClustalW version 1.7 (44) and
assigned to phylotypes (classified as a unique clone). Database searches for
related 16S rRNA gene sequences were conducted using the BLAST program
(15) and the GenBank nucleotide sequence database. Checks for chimeric se-
quences were conducted using the Chimera Check program in the Ribosomal
Database Project database (29).

Calculations. Current density was calculated from the voltage measured across
the resistor as i = /A, = VIRAA,, where i (mA/m?) is the current density per
anode surface area, J/ (mV) is the cell voltage, I (mA) is the current, R (€2) is the
external resistance, and A4, (m?) is the total projected anode surface area,
respectively. Power density was calculated as P,,,q. (mW/m?) = (IV X 1073)/
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A an, and power output was calculated as Pe,cor (W/m?) = (IV)/L, where L (ml)
is the reactor volume. Coulombic efficiency, C. (%), was calculated as Cp, =
C,/Cy, % 100, where C,, (C) is the total charge passed during the experiment and
Cy, (C) is the theoretical amount of charge estimated from the consumption of
acetate (eight electrons per acetate). The electron flow rate (moles of electrons/
second) was calculated from the current using Faraday’s constant (96,500
C/mol).

Chemical analyses. Acetate and other volatile fatty acids were determined
using a high-pressure liquid chromatograph (organic acid analysis system; Shi-
madzu) equipped with a conductivity detector (CDD-10Avp; Shimadzu) and
dual-packed columns (Shim-pack SCR-H; Shimadzu). The eluant was a mixture
(equal volumes) of 5 mM p-toluenesulfonic acid solution and 20 mM Bis-Tris
solution containing 5 mM p-toluenesulfonic acid and 100 uM EDTA at a flow
rate of 0.8 ml/min. Fe(II) that was soluble after a 1-h extraction with 0.5 N HCI
was determined with ferrozine as described previously (26).

In order to determine the total bacterial cell density on the anode surface,
protein was extracted from the electrodes as described previously (3). Part of the
anode (1 cm by 1 cm) containing cells was removed from the MFC (n = 3). This
piece of the electrode was placed in a test tube with 2 ml of 0.2 N NaOH at 4°C
for 1 h and vortexed every 15 min for 10 s. The extracted liquid was pooled, and
the electrode was further rinsed with 2 ml of deionized water. The liquids were
mixed together (a final concentration of 0.1 N NaOH), frozen at —20°C, and
thawed at 90°C for 10 min. This freeze-thaw cycle was conducted three times.
Whole protein was measured by the bicinchoninic acid method against a bovine
serum albumin standard in 0.1 N NaOH (Pierce). Planktonic biomass in the
culture broth was measured by a similar method after planktonic cells were
harvested by centrifugation at 13,000 X g for 10 min. In order to correlate
bacterial cell concentrations to whole protein, direct counts were performed
using Geobacter sulfurreducens cells grown with either fumarate or Fe(III) oxide
as an electron acceptor. The cells were stained with 2 mg/liter of 4,6-diamidino-
2-phenylindole (DAPI) for 5 min. The DAPI-stained cells were collected on an
Isopore membrane (0.22-wm-pore diameter; Millipore Corp.) and counted using
an AX80 fluorescence microscope (Olympus).

SEM. Scanning electron microscopy (SEM) observation was performed as
described previously (11). A small portion of carbon cloth containing cells was
carefully removed from the anode in an anaerobic glove box, and the cells were
fixed with 1.25% glutaraldehyde and 1.3% osmium tetraoxide. After cells were
dehydrated using a graded series of ethanol solutions, they were dried using an
HCP-2 drier (Hitachi). The resultant specimen was coated with osmium for 5 s
using a coating device (Neoc-ST; Meiwafosis) and observed using a scanning
electron microscope (S4500; Hitachi) at 10 kV. Fresh carbon cloth (no pretreat-
ment) was similarly observed.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this paper have been deposited in the GSDB, DDBJ, EMBL, and NCBI
nucleotide sequence databases under accession numbers AB447522 to
AB447535.

RESULTS

Power generation in an air-cathode MFC. Following 2 days
of growth of G. sulfurreducens PCA cells under open-circuit
conditions in an air-cathode MFC, current was immediately
generated when the circuit was closed (510 Q of external re-
sistance) and the reactor was switched to MFC operation (see
Fig. S1A in the supplemental material). There was no current
generated by an abiotic control (data not shown). The voltage
increased for 3 days and then stabilized at approximately 360
mV (0.72 mA). This voltage was stable for over 2 weeks,
independent of continued bacterial growth in the MFC. When
the voltage rapidly decreased due to acetate depletion, 10 mM
acetate was added as the electron donor, resulting in rapid
recovery to the same output voltage. Following a decrease in
cell voltage, the solution was completely replaced with fresh
medium (20 mM acetate) to omit planktonic cells and any
possible soluble compounds functioning as electron shuttles.
Identical voltages and currents were again achieved, indicating
that stable power production was not affected by planktonic
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cells or by the presence of soluble compounds that might
function as mediators, consistent with previous reports (3, 30).

When stable power output was observed, the external resis-
tor was changed from 510 Q to 10 Q (see Fig. S1B in the
supplemental material). The cell voltage quickly decreased to
25 mV (I = 2.5 mA), and the power output was stable for over
3 days. When the external resistor was changed back from 10 Q)
to 510 ), however, the cell voltage increased slowly until it
reached 340 mV (I = 0.68 mA). This result indicated that the
Geobacter sulfurreducens cells needed at least 2 h to acclimatize
to a change from a low to a high external resistance. Thus, a
gradual decrease in external resistance is better for developing
a polarization curve than a rapid increase in resistance. The
coulombic efficiency was 52% (0.42 mmol liter ' day ' of
acetate; 0.68 mA) at 510 ), and it increased to 79% at 10
due to an increase in acetate utilization and current (1.03
mmol liter ' day ' of acetate; 2.5 mA) (duplicate reactors).
These results are consistent with previous reports using mixed
cultures that show a trend of increased coulombic efficiency
with current production (7, 21, 22).

Limiting current density under anodic reaction-limiting
conditions. Six polarization curves were obtained using differ-
ent anode surface areas (68 cm?, 54 cm?, 36 cm?, 27 cm?, 14
cm?, and 7 cm?) after the anode was placed in a new MFC on
day 216 (Fig. 1). Two different trends were observed for these
polarization curves. Using larger anodes (from 27 cm? to 68
cm?), cell voltage proportionally decreased with current due to
ohmic polarization of the cathode potential (Fig. 1A), suggest-
ing ohmic potential losses were dominated by internal resis-
tance. For these conditions, maximum power generation was
limited by cathode polarization (ohmic loss-defined condition).
For smaller anodes, the cell voltage rapidly decreased at a
specific current (2.1 mA at 14 cm? and 0.9 mA at 7 cm?) (Fig.
1A). These sharp decreases in cell voltage were likely caused
by the potential loss of the anode at the specific current (Fig.
1A), indicating that an anodic reaction-limiting condition was
produced when using small anodes (7 cm? or 14 cm?). Under
this anodic reaction-limiting condition, the current density per
anode surface area was much higher than that obtained under
ohmic loss-defined conditions (although the maximum current
was less than that produced with a larger anode) (Fig. 1B).

Analysis of the peak current densities (all at 10 ) shows
that current density versus anode surface area clearly showed
the potential limiting current density (1,530 mA/m?) at anode
surface areas smaller than 14 cm? (Fig. 2A). Thus, there were
anodic reaction-limiting conditions when anodes smaller than
14 cm? were used. Under these anode-limited conditions, the
bacteria functioned more effectively to transfer electrons from
cells to the anode. Consequently, for anodic reaction-limiting
conditions, the catalytic activity of the Geobacter sulfurreducens
cells adhered on the anode-limited current density to 1,530
mA/m?. Power density continued to increase with a decrease in
the anode surface area. The maximum value of power density
found for the smallest anode was 461 mW/m? (300 Q; A, =
7 cm?) (Fig. 2B).

Biomass density versus limiting current density. The elec-
trolyte was replaced with fresh medium on days 66, 133, 148,
172, and 216, allowing bacterial growth to continue on the
anode but not in the suspension. SEM images of the anode on
day 11 revealed that the biofilm was very nonhomogeneous at
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FIG. 1. Polarization and power curves for various anode surface areas in an air-cathode MFC with Geobacter sulfurreducens cells on day 216.
Anode potential (thin lines in panels A and B), cathode potential (broken lines in panels A and B), and cell voltages (thick lines in panel C) were
measured at various external resistances and plotted versus electrical current (A) or current density normalized to the projected anode surface area
(B and C). Reactor performance of the MFC was represented by power density per anode surface area (broken line in panel C). Arrows indicate

anodic reaction-limiting conditions.

the microscopic level (Fig. 3B), although the biomass density
on the electrode appeared homogeneous at the macroscopic
level for the Geobacter biofilms. There were many large aggre-
gates observed on the carbon cloth, and the electrode was
partially covered by the bacterial cells. After long-term oper-
ation (over 216 days), the coverage of Geobacter sulfurreducens
cells on the surface increased, resulting in a dense biofilm on
the anode (Fig. 3C). The biomass density on the electrode was
1.35 X 10° = 0.06 X 10° cells/cm? (0.18 mg of protein/cm?; 19.8
mg of total protein on the anode) on day 11 and was 2.82 X 10° =
0.42 X 10? cells/em? (0.39 mg of protein/cm?; 31.3 mg of total
protein on the anode) on day 68, respectively. On day 68,
before the solution was removed, the mass of planktonic cells
was measured as 4.2 mg, indicating 92% of the biomass in the
MEFC was on the anode. On day 216, the biomass density on the
electrode increased slightly to 3.91 X 10° = 0.32 X 10° cells/
cm? (0.53 mg of protein/cm?; 43.3 mg of total protein). Calcu-
lations were subsequently based only on cells adhering to the
anode.

The limiting current densities on days 11 and 68 were also
determined under anodic reaction-limiting conditions by cre-
ating smaller anode surface areas (data not shown). The lim-
iting current density increased during the MFC operation, with
482 mA/m? on day 11 (4, = 27 cm?), 963 mA/m? on day 68
(Aan = 14 cm?), and 1,530 mA/m? on day 216 (4, = 7 cm?).
These results indicated that the limiting current density
changed in proportion to biomass densities on the anode (Fig.
4). This relationship between cell adhesion and limiting cur-
rent density suggested that the per-cell electron transfer rate
was constant under anodic reaction-limiting conditions, indi-
cating that the potential per-cell electrode reduction rate was
independent of the growth phase and biofilm thickness of G.
sulfurreducens PCA during MFC operation.

Electrode reduction rate of Geobacter sulfurreducens cells. In
order to analyze per-biomass efficiency of current production,
we examined the microbial potential activity of electron flow
rate normalized to a single bacterial cell on the MFC anode.
Based on measured biomass densities correlated with the lim-
iting current densities, per-biomass electron transfer rate to

the anode was calculated as the electrode reduction rate. The
per-biomass electron donation rate onto the anode was 32 = 2
fmol cell™! day™' (178 pmol g of protein™* min~ ") for G.
sulfurreducens PCA. In order to compare these results to rates
obtained with other electron acceptors, we measured fumarate
and Fe(III) oxide reduction rates for cells growing exponen-
tially (data not shown). The reduction rates for cells were 23 +
8 fmol cell™' day' for solid iron and 103 = 6 fmol cell™!
day™' for fumarate, respectively. The rate for cells using
Fe(III) PP, is 225 + 33 fmol cell ! day ™!, reported previously
(4). The electron donation rate onto the anode was most sim-
ilar to that of solid iron reduction, with much-higher rates
obtained for soluble electron acceptors (fumarate and soluble
iron). These results suggest that the electron transfer rate to
the anode is constrained in a manner similar to that of solid
iron reduction, consistent with previous reports (3, 37).

Electrode reduction rate of an enriched consortium. Elec-
trode reduction rates can vary with the type of MFC, solution
conditions, and relative sizes of the electrodes, and many ex-
periments have been conducted only with a consortium. In
order to provide a basis for comparison of results obtained
here with G. sulfurreducens PCA regarding how this system
might perform with a mixed consortium, we enriched an MFC
with a consortium in the same acetate medium. The current
generated with this inoculum stabilized at ~0.76 mA within 3
weeks (see Fig. S2 in the supplemental material). The coulom-
bic efficiency was 19% (1.54 mmol liter—' day ™' of acetate;
0.88 mA) at 510 Q and increased to 41% at 10  due to an
increase in acetate utilization and current (2.92 mmol liter !
day~! of acetate; 3.7 mA), respectively. This low coulombic
efficiency was likely caused by substrate consumption by meth-
anogens and/or heterotrophic growth of bacteria using oxygen
that diffused through the air cathode (6, 13, 20).

In order to determine limiting current density under anodic
reaction-limiting conditions, polarization curves were obtained
using four different anode surface areas (72 cm?, 50 cm?, 36
cm?, and 11 cm?) (see Fig. S3 in the supplemental material). At
an anode surface area of 11 cm?, cell voltages sharply de-
creased to ~1.3 mA, indicating the anodic reaction-limiting
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FIG. 2. (A) Limiting current density of the strain PCA (open dia-
mond) and the enriched consortium (solid square) generated with 10
Q of external resistor correlated with projected anode surface areas
(on day 216 of the strain PCA and day 28 of the consortium). The
curved lines show that there are inverse relationships between current
density and anode surface area under ohmic loss-defined conditions
when maximum currents are constant (3.7 mA of the G. sulfurreducens
strain PCA and 5.0 mA of the consortium). The dashed lines show that
limiting current densities reach 1,530 mA/m? of the G. sulfurreducens
strain PCA or 1,250 mA/m? of the consortium when the anode surface
area is less than 14 cm? (PCA) or less than 36 cm? (consortium).
(B) Maximum power density of the G. sulfurreducens strain PCA and
the consortium generated correlated with projected anode surface
areas (on day 216 of the strain PCA and day 28 of the consortium).

condition at this surface area. The limiting current density was
1,250 mA/m?, and the maximum power density for the smallest
anode (11 cm?) was 576 mW/m? (Fig. 2). The electrolyte was
fully replaced with fresh medium before obtaining the po-
larization curves to ensure that current generation was in-
dependent of planktonic cells and any self-produced elec-
tron shuttles.

The biomass density on the anode on day 28 was 208 = 20
pg of protein/cm?, which is similar to that of the Geobacter
sulfurreducens biofilm on day 11. The biofilm of the anode
consortium on day 28 similarly revealed heterogeneous cover-
age and the appearance of large aggregates similar to those of
the Geobacter sulfurreducens biofilm on day 11 (Fig. 3D). A
per-biomass electrode reduction rate for the consortium MFC
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b

FIG. 3. SEM images of the original carbon cloth for the anode (A),
a biofilm of Geobacter sulfurreducens cells onto the anode on day 11
(B) and day 216 (C), and a consortium biofilm on the anode on day 28
(D). Bars, 100 pwm.

was calculated to 373 wmol g of protein™! min~" under anodic
reaction-limiting conditions. This result suggests that the bio-
catalytic capacity of electron transfer to the anode of the con-
sortium is approximately two times higher than that of G.
sulfurreducens PCA. The reasons for this higher rate by the
mixed culture are not known.

Phylogenetic composition. In order to identify which organ-
isms were present in these biofilms, we constructed 16S rRNA
gene clone libraries of the enriched consortium. To obviate
biases associated with PCR amplification as much as possible,
we selected a universal PCR primer set and minimized PCR
cycles. Results of the clone library analysis are summarized
with phylogenetic affiliations in Table 1. It is shown that half of
the clones were affiliated with the phylum Proteobacteria, while
others were affiliated with Firmicutes and Bacteroidetes. The
result indicates that almost all of the cells on the anode are
anaerobic bacteria. The major phylotypes (those including
more than three clones) were two Deltaproteobacteria isolates
(N1-22 and N1-2) and one Bacteroidetes isolate (N1-25). Phy-
lotypes N1-22 and N1-2 are closely correlated with Geobacter
sulfurreducens PCA. The phylotypes may also have represented
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Limiting current density (mA/m?
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Cell adhesion (10° cells/cm?)

FIG. 4. Proportional relationship between biomass density on the
anode and limiting current density for an anodic reaction-limiting
condition on the Geobacter sulfurreducens MFC. The values were de-
termined on days 11, 68, and 216 (n > 3).
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TABLE 1. Phylotypes obtained from the enriched electricity-
generating consortium

No. of clones in

Phylotype the library % Database match (accession no.)
(total = 24)
Proteobacteria
N1-22 4 98% Geobacter sulfurreducens
(U13928)
N1-2 3 99% Geobacter sulfurreducens
(U13928)
N1-5 1 96% Azonexus sp. strain RV3
(DQ833391)
N1-7 1 99% Comamonas denitrificans
(DQ836252)
N1-21 1 98% Alcaligenes sp. strain
B89Ydz-zz (EU070357)
N1-30 1 97% Geobacter sulfurreducens
(U13928)
Firmicutes
N1-13 2 97% Sedimentibacter sp. strain
JN18_Al4_H (DQ168650)
NI1-1 1 93% Clostridiales bacterium
JN18_A24 M (DQ168655)
N1-4 1 86% Clostridium cochlearium
(M59093)
N1-19 1 87% Eubacterium sp. strain
Pei061(AJ629069)
N1-23 1 97% “Frigovirgula
patagoniensis” (AF450134)
Bacteroidetes
N1-25 3 99% Uncultured bacterium
B1C2-8 (EU481656)
N1-3 2 92% Paludibacter
propionicigenes (AB078842)
Unknown
N1-20 2 90% Uncultured bacterium

W18 (DQ238245)

important populations to generate electricity from acetate in
the consortium enriched by the air-cathode MFC.

DISCUSSION

The limiting current density of G. sulfurreducens PCA was
found to be correlated to biomass on the anode under anodic
reaction-limiting conditions (Fig. 4), indicating that the per-
biomass electrode reduction rate of the strain was constant as
demonstrated previously (36). By using various anode surface
areas, anodic (biocatalytic) reaction-limiting conditions were
produced (Fig. 2). This allowed us to determine the ability of
G. sulfurreducens PCA to transfer electrons to the carbon cloth
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electrode in the MFC relative to other electron acceptors. The
per-biomass electron transfer rate to the electrode was consid-
erably lower than that obtained with fumarate or soluble iron,
but it was similar to that achieved with solid iron. Theoreti-
cally, the per-biomass electron flux is influenced by the redox
potential of the electron-accepting reaction (23, 28, 35) (Table
2). However, the electron flux to the anode was considerably
lower than that estimated from oxygen reduction on the cath-
ode in the air-cathode MFC. This phenomenon suggests that
the electron transport system to the extracellular solid electron
acceptor is the rate-limiting step for the G. sulfurreducens
strain PCA, as it is to solid Fe(III) oxide (3, 37, 40).

Previous reports by others have shown electrode reduction
rates of 47 fmol cell ' day ' to pectin-coated carbon paper
(41) and rates of 870 wmol g of protein~* min~! to an unpol-
ished graphite stick (36), both of which are much higher than
those determined in the present study. Richter et al. also re-
ported that electron transfer rates of the strain PCA to carbon
cloth and flat gold were 240 wmol g of protein~ ' min~' and
202 wmol g of protein~' min~", respectively (37). These pre-
vious determinations, however, were based on experiments
using set anode potentials in two-chambered MFCs, not in
MEFCs where the anode potential is determined by the physi-
ological response of the bacterium or community. Thus, we
hypothesize that these higher conversion rates of substrate into
the cell mass rate resulted from the added energy input re-
quired to set the anode potential, and such results cannot be
used to predict what would be achieved in an actual MFC (as
examined here). Raising the anode potential allows a greater
capture of energy from the respiratory chain used by bacteria,
and thus, more energy can be used from the substrate for cell
growth.

The maximum power densities measured here cannot be
directly compared to previous results using this bottle reactor
(22) due to differences in the composition of the medium and
the electrode surface areas. Power production changes with
anode and cathode polarizations and differences in ohmic re-
sistances. Cathode polarization per current density normalized
to anode surface area is highly affected by the anode/cathode
ratio (Fig. 1B; see Fig. S3 in the supplemental material) and
the reactor configuration (16, 24, 35, 39). Ohmic resistance is
strongly affected by electrode spacing, membrane, and solution
conductivity. For example, the previous maximum power den-
sity for a consortium was 600 mW/m? with power normalized
to the cathode (4.9 cm?; a single side containing a platinum
catalyst) or 130 mW/m? with power normalized to the anode
(22.5 cm?; both sides of the anode), but the reactor had a fixed
anode-to-cathode ratio of 4.6:1. Here, the power densities nor-
malized to the anode ranged from 114 to 576 mW/m? for

TABLE 2. Theoretical potentials under the condition that the anode electrolyte has a pH of 7

Reaction

Half reaction

E'oi - 7vs SHE

Acetate oxidation
Fumarate reduction
Ferric reduction
Oxygen reduction

CH;COO™ + 4H,0 — 8¢~ + 9H" + 2HCO;
(CHCOO),>~ + 2H" + 2¢~ — (CH,CO0),”~
Fe’' + e~ — Fe?*

0, + 4H" + de — 2H,0

—0.296 V*
+0.031V
+0.771V
+0.816 V

“ Calculated from Gibbs free energy using data from reference 43.

b Calculated at typical conditions of an MFC (HCO;~ = 5 mM; CH;COO ™~ = 5 mM).
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TABLE 3. Comparison of electricity-generating performance under
anodic reaction-limiting conditions

MEFC
Parameter Geobacter
a Consortium
sulfurreducens
Maximum power density (mW/m?)
Normalized by anode area” 461 =8 576 =25
Normalized by cathode area“ 659 = 11 1,293 = 56
Maximum power output (W/m?)¢ 0.87 = 0.02 1.70 + 0.07
Limiting current density (mA/m?) 1,530 = 102 1,250 = 87
Anode biomass (g protein/cm?) 534 =43 208 = 20
Per-biomass electrode-reducing rate 178 374
(pmol g of protein™! min~1)
Anode potential (mV vs SHE)® —285 —350

“ Values were determined on day 216.

> Anode area of Geobacter sulfurreducens MFC was 7 cm?, and that of the
consortium MFC was 11 cm?.

¢ Cathode areas of MFCs were 4.9 cm?.

4 Volume of MFCs was 350 ml.

¢ Anode potential was determined for an open circuit.

anode-to-cathode ratios of 15:1 to 2.2:1 for the MFC with the
consortium (Fig. 2B). A carbonate buffer was used here, com-
pared to a phosphate buffer in the previous tests, and both
buffer composition and ionic strength are known to affect
power (9, 10, 22).

It is possible to compare maximum power densities between
G. sulfurreducens and the consortium here because the same
solutions were used, and the effect of anode size was moni-
tored in each set of experiments. As shown in Fig. 2B, the
maximum power density of the consortium was consistently
greater than that of the pure culture of G. sulfurreducens (Fig.
2B). Based on the different limiting currents and cell densities
(Fig. 2A), we believe that the most useful comparison is based
on per-biomass current generation and power generation un-
der anodic reaction-limiting conditions because the limiting
current densities proportionally increased with anode biomass
(Fig. 4). Under anodic reaction-limiting conditions, the maxi-
mum power density was 576 = 25 mW/m? (27.8 W/g of pro-
tein) for the consortium and 461 * 8§ mW/m? (9.0 W/g of
protein) for G. sulfurreducens (Table 3; Fig. 5). Our result
reveals a greater power density on the basis of power normal-
ized to both anode surface area and biomass by the mixed
culture than by the pure culture, which differs from results
recently reported by Nevin et al. (31). They found that the
power density was greater (1,900 mW/m?) using a pure culture
of G. sulfurreducens than that obtained using a wastewater-
derived consortium (1,600 mW/m?; power normalized to one
side of the anode). They made this comparison using an MFC
with an anode-to-cathode ratio of 1:8 and using a chemical
catholyte (ferricyanide) that minimized oxygen intrusion.
When G. sulfurreducens was examined for power production
using a 1:1 (anode/cathode) ratio of electrodes in their study,
the maximum power was 390 mW/m? with ferricyanide and 240
mW/m? with an air cathode. They did not report power output
using smaller anodes with a mixed-culture inoculum and an air
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cathode and did not investigate the microbial composition of
the consortium biofilm, the biofilm densities, or the per-bio-
mass activity. They found that placing the MFC with a ferri-
cyanide catholyte into a glove box increased power production,
presumably as a result of less oxygen leakage into the system.

We believe one of the main reasons for the greater per-
biomass power density of the consortium than the pure culture
shown here was that the consortium produced a more-negative
anode potential than the pure culture and thus was capable of
a greater working cell potential. As shown by the data in Fig.
5, the anode potential of the consortium was 65 mV lower than
that of the pure culture MFC. The maximum per-biomass
electrode reduction rate of the consortium was also two times
higher than that of the pure culture MFC (Table 3). These two
parameters define the maximum per-biomass power genera-
tion of the biofilm on the anode (Fig. 5). Because these results
were obtained using otherwise identical MFC devices and so-
lutions, these differences must be attributed to the character-
istics of the biofilms. Thus, the consortium consisting primarily
of G. sulfurreducens had a greater biocatalytic performance
than a biofilm of only this pure culture. The better perfor-
mance of the consortium could have been due to the efficient
oxygen scavenging from the liquid solution by facultative
anaerobes or the presence of bacteria that are better able to
transfer electrons to the anode (reduced contact resistance).
To better address the extent to which these factors are impor-
tant, the molecular ecology of the anode consortium and elec-
tron transfer mechanisms from the consortium to the anode
will require further study.

In summary, the present study provided a method to assess
the specific electrode reduction rate of an electricity-generat-
ing microorganism or consortium from the limiting current
density and anode biomass. In order to compare biocatalytic
properties among anode-reducing microbes, anodic reaction-

-400 7 30
] <
< i o)
> 4125 3
£ 200 ] g
L 4 y—
- 20 ©
I _
%) 0 ] 2
E 115 5;
£ 200 ] @
I3 110 &
o e ©
o — —
400 1
15 2
-
600 P-4 T T T Y M T O S T A T A T T T 0

0 20 40 60 80
Current density (A/g of protein)

FIG. 5. Comparison of electricity-generating properties between
Geobacter sulfurreducens cells and the enriched consortium in air-
cathode MFC under anodic reaction-limiting conditions. Per-biomass
power density (thick line), anode potential (thin line), and cathode
potential (broken line) were plotted versus per-biomass current den-
sity. The Geobacter sulfurreducens cell (squares) was determined under
7 cm? of the anode surface area on day 216 (biomass density was 534
pg of protein/cm?), and the enriched consortium (circles) was deter-
mined under 11 cm? of the anode surface area on day 28 (biomass
density was 208 wg of protein/cm?), respectively.
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limiting conditions can be produced using an anode that is
small relative to the size of the cathode. Per-biomass param-
eters reveal a clear comparison between electricity-generating
microbes in the MFC. We are currently conducting additional
tests to compare the electrode reduction rates of different
species of electricity-generating microbes to find the most ef-
fective electrode reduction microbes.
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