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The performance of a dual anode-chambered microbial fuel cell (MFC) inoculated with Shewanella onei-
desis MR-1 was evaluated. This reactor was constructed by incorporating two anode chambers flanking
a shared air cathode chamber in an electrically parallel, geometrically stacked arrangement. The device
was shown to have the same maximum power density (approximately 24 W m−3, normalized by the
anode volume) as a single anode-, single cathode-chambered MFC. The dual anode-chambered unit gen-
erated a maximum current of 3.66 mA (at 50 �), twice the value of 1.69 mA (at 100 �) for the single
anode-chambered device at approximately the same volumetric current density. Increasing the Pt-coated

2

icrobial fuel cell

ower generation
ual anode chamber
ir cathode

cathode surface area by 100% (12 to 24 cm ) had no significant effect on the power generation of the
dual anode-chambered MFC, indicating that the performance of the device was limited by the anode. The
medium recirculation rate and substrate concentration in the anode were varied to determine their effect
on the anode-limited power density. At the highest recirculation rate, 5 ml min−1, the power density was
about 25% higher than at the lowest recirculation rate, 1 ml min−1. The dependence of the power density
on the lactate concentration showed saturation kinetics with a half-saturation constant Ks on the order
of 4.4 mM.
. Introduction

Electricity generation using microbial fuel cells (MFC) has drawn
ignificant attention recently as a new, potentially renewable
ource of energy [1]. MFCs are capable of generating electricity from
aste and biomass, including sources of low or negative economic

alue such as wastewater [2–4]. The performance of MFCs depends
n the system architecture, internal resistance, species and amount
f bacteria on the anode, type of organic matter, chemical char-
cteristics of the medium (pH, solution conductivity and chemical
oncentration) and the electrode surface characteristics [5–9]. Cur-
ently, single MFCs can produce a maximum working potential of

nly 0.3–0.8 V because of thermodynamic and practical constraints
10]. The connection of multiple MFCs in series or in parallel is
herefore necessary to produce voltage or current high enough for
ractical application. Therefore, researchers have been developing
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and testing methods of scaling up single MFCs by stacking the indi-
vidual MFC cells together in series or in parallel to achieve higher
voltage or current [5,8]. Aelterman et al. [5] reported that the stack-
in-series or stack-in-parallel circuit modes increased the system
voltage or current (respectively), but that the stacked cells could
not deliver power densities as high as a single cell, and that opera-
tion in series can lead to voltage reversal and energy loss. Oh et al.
[8] investigated the causes of charge reversal and the impact of pro-
longed reversal on power generation using a two air-cathode MFC
stack. They reported that voltage reversal was a result of fuel star-
vation leading to loss of bacterial activity, which could be restored
by rapid feeding of the cell.

MFCs are being constructed using a variety of materials and
an increasing diversity of configurations [11]. These different MFC
configurations can be operated in varying conditions of tempera-
ture, electrode surface area, reactor size, electron acceptor and pH,
all of which affect the MFC performance.
In this research study, replicates of a dual anode-chambered
MFC reactor were constructed and operated to investigate the
effect of the design on MFC performance when compared to a
single anode-chambered system. For most MFCs, the cathode per-
formance controls the power generation; however, the use of air

dx.doi.org/10.1016/j.jpowsour.2010.09.064
http://www.sciencedirect.com/science/journal/03787753
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athodes and platinum catalysts can reduce the ohmic, activation,
nd mass transport losses in the cathode [12]. This study considered
ir cathodes of two surface areas to determine if the system per-
ormance was limited by the cathode or the anode at the operating
onditions of the study. The system was also studied to determine
he effect of the medium recirculation rate and lactate concentra-
ion in the anode on the power density.

. Materials and methods

.1 MFC configuration

The dual anode-chambered MFC was constructed of three sepa-
ate chambers: two anaerobic anode chambers and an air cathode
hamber (Fig. 1). The design is a hybrid of the systems of Borole
t al. [13], whose design uses small cylindrical anode chambers
lled with carbon felt and air cathode chambers filled with car-
on felt, and Wang and Han [10], who used MFC stacks with two
node chambers flanking a single air cathode chamber. The dual
nodes were connected to the Pt-impregnated cathodes via a sin-
le graphite rod such that the dual anodes were electrically parallel
see Fig. 1). The anode (5 cm diameter and 2.5 cm long) and cath-
de (5 cm diameter and 1.25 cm long) chambers were fabricated
rom transparent polycarbonate material (a cylindrical Lexan tube).
he anode and cathode chambers were separated by a PEM (pro-
on exchange membrane, Nafion: 5 cm diameter, Alfa Aesar, Ward
ill, MA) fitted between two rubber gaskets. The anode cham-
er was completely filled with carbon felt, as in Borole et al. [13].
he liquid volume was 15 ml for one anodic compartment and the
otal anode reactor volume was 30 ml for the dual anode system.
he single anode chambered MFC consisted of two chambers: an
naerobic anode chamber and an air cathode with the same dimen-
ions as the dual anode-chambered MFC. In this configuration, the
node reactor volume was 15 ml. The PEM was pretreated by boil-
ng it in a solution of deionized water and H2O2 (30%), followed
y 0.5 M H2SO4 and deionized water, each for 1 h, and was then
tored in deionized water prior to being used [14]. Solid graphite
ods were inserted into the carbon felt of the anode and cathode
hambers and the two anodes were connected in a parallel cir-
uit using copper wire. The two anodes were separated from the
athode by a narrow gap of approximately 2 cm. Placing the anode
nd cathode close together has been shown to reduce MFC inter-
al resistance [15–16]. The anodic compartments were filled with
arbon felt to increase the surface area available for biofilm forma-
ion [17], thereby increasing the electron transfer rate and power
ensity[18]. At the cathode, the graphite was used as the electron
arrier for the final electron acceptor, oxygen; an air cathode was
sed for this design. Carbon cloth impregnated with platinum metal
Fuel Cell Store www.fuelcellstore.com, 2 cm × 3 cm) was used as
he cathode material and was pressed directly against the PEM by
he felt as in Borole et al. [13]. In one experiment, two different
athode surface areas (6 cm2 and 12 cm2) where used for each cath-
de electrode giving total cathode surface areas in the stacked dual
node systems of 12 cm2 and 24 cm2 respectively.

.2 Inoculation and medium

A pure culture of Shewanella oneidesis MR-1 was used as the
noculum in the anode compartments of the MFCs. This organ-
sm is an exoelectrogenic bacterium because it transfers electrons
utside the cell by producing nanowires [19] as well as soluble com-

ounds such as flavins that can function as electron carriers [20].
he Defined Medium for Shewanella (DMS) from Galit Meshulam-
imon et al. [21] was used as the growth medium (pH = 6.8–7)
nd contained: 5.7 mM K2HPO4, 3.3 mM KH2PO4, 125 mM NaCl,
.4 �M FeCl2 × 4H2O, 5 �M CoCl2 × 6H2O, 485 �M CaCl2 × 2H2O,
urces 196 (2011) 1909–1914

5 �M NiCl2 × 6H2O, 9 mM (NH4)2SO4, 0.2 �M CuSO4, 1 mM MgSO4,
1.3 �M MnSO4, 1 �M ZnSO4, 57 �M H3BO3, 67.2 �M Na2EDTA,
3.9 �M Na2MoO4, 1.5 �M Na2SeO4, 2 mM NaHCO3, and a vita-
min mixture (1 l of medium contained 0.02 mg biotin, 0.02 mg
folic acid, 0.1 mg pyridoxine HCl, 0.05 mg thiamine HCl, 0.05 mg
riboflavin, 0.05 mg nicotinic acid, 0.05 mg dl-pantothenic acid,
0.05 mg p-aminobenzoic acid, 0.05 mg lipoic acid, 2 mg choline
chloride, 0.01 mg vitamin B12). Filter-sterilized sodium dl-lactate
at experiment-specific concentrations was used as the carbon
source for cell growth and production of electricity. Cells were ini-
tially grown in LB medium with shaking at 33 ◦C overnight. Cells
were then harvested by centrifugation (30,000 × g for 15 min) and
washed three times in DMS solution with centrifugation after each
wash. The washed cells were re-suspended in the DMS solution to
the desired cell density (OD600 between 0.1 and 0.2).

2.3 MFC operation and measurement

A series of dual anode-chambered MFCs were operated at room
temperature (approximately 22 ◦C) until stable power output was
established. For these MFCs, the voltage across a load resistor
was measured and recorded every minute by a data acquisition
interface box (National Instruments, NI USD-6221) and a program
written in Labview. Power output was determined to be stable
when the voltage across the fixed resistance did not vary by more
than 0.8% over a period of 5 h. Stable power output was typically
achieved 5 days after inoculation. The voltage for three replicate
reactors run simultaneously was measured and the average value
was calculated. These averages were used to compare electricity
production while varying experimental parameters.

The system’s external resistance, substrate concentration,
medium recirculation flow rate, and cathode surface area were
varied in these experiments. Their effect on the operation of the
dual anode-chambered MFCs was quantified by examining the cell
potential, power, volumetric power density, internal resistance,
and current. The system was operated with the medium contin-
uously recirculated through a media bottle (Fig. 1a). The flow rate
was controlled by a peristaltic pump. Fresh lactate was fed as a con-
centrated solution in the recirculating medium daily to bring the
concentration in the system to the desired level for each experi-
ment.

2.4 Analysis and calculations

The power P (W) was determined by measuring the voltage
across an external resistor [11] using

P = E2
cell

Rext
(1)

where Ecell is the measured voltage (V) and Rext the external resis-
tance (�). In this study, the reactor liquid volume (specifically, the
anode volume) was used as a normalizing factor for calculation of
the power density (W m−3).

The internal resistance is one of the critical system variables to
consider in MFC construction; high reactor internal resistance lim-
its the performance of the MFC by limiting current supply within
the system [18]. In this study, both the polarization slope and power
density peak methods were used to estimate the internal resis-
tance. In the polarization slope method, the internal resistance of
the cell, Rint, is calculated from the slope of plots of the cell voltage
(Ecell) and current (I), as described by Logan et al. [11],
Ecell = OCV − IRint (2)

where OCV is the open circuit potential and the term IRint rep-
resents the current-dependent overpotentials of the electrodes
and ohmic losses of the system [11]. For the power density peak

http://www.fuelcellstore.com/
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Fig. 1. Three dimensional view (a) and photograph (b

ethod, the maximum power for systems well described by Eq.
2) occurs at the point where the internal resistance is equal to the
xternal resistance [18].

In this study, lactate was selected as the primary carbon source
or S. oneidensis MR-1 to generate electric current in a minimal

edium. Cell metabolism is a function of the substrate concentra-
ion on the biofilm covering the anode surfaces inside a stagnant
uid boundary layer so different lactate concentrations (5, 10,
nd 20 mM) in the medium and different medium recirculation
ates (1, 3, and 5 ml min−1) were tested and evaluated for their
ffect on the power output. The required substrate concentration
n the system was maintained by continuously monitoring and
nalyzing the filter sterilized growth medium being re-circulated
hrough the anodic chamber by high performance liquid chro-

atography (HPLC) (Waters, Alliance 2690 Analytical HPLC). The
ubstrate consumption rate was determined daily from the chang-
ng lactate concentration. The reactor was operated as a fed-batch
eactor, with the substrate added daily to bring the lactate con-
entration back to the desired level (5, 10, or 20 mM) and with the
edium continuously recirculated by a small peristaltic pump to

rovide mixing in the anode. However, the substrate was added
s a concentrated solution in a small volume (<5 ml) such that the

ystem volume (approximately 200 ml) can be considered as in a
seudo-steady state. Therefore, the cell density increased slowly
hroughout the experiments. The cell growth rate was determined
s a function of the substrate concentration by assuming that the
rowth rate is first order, which yields an exponential dependence
ual anode chambered MFC for electricity generation.

of the cell density with time; this relationship can be described by
the Monod equation:

Specific growth rate, �g = �mS

Ks + S
(3)

where S is the substrate concentration, Ks is the half-saturation
constant, and �m is the maximum specific growth rate when S � Ks.

In most MFC systems, the power density is limited by the cath-
ode, so the cathode area is frequently used to form a power density
normalized by this area. Some studies also report the volumet-
ric power density, normalized to the anode volume. To determine
the most appropriate method of forming the power density, we
investigated the effect of cathode surface area on power generation
in our system; we used a rectangular shaped, platinized-carbon
cloth as the cathode material and varied the surface areas of
this cathode material. Two different cathode surface areas were
used (Pt-impregnated carbon cloth rectangles of 4 cm × 3 cm and
2 cm × 3 cm, one for each cathode) and the power densities were
compared to investigate cathode reactor performance.

3. Results and discussion
3.1 Power production using the dual anode-chambered MFC
compared to a single anode-chambered MFC

The maximum power density (W m−3) was obtained and used
to compare the reactor performance of the dual anode-chambered
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ig. 2. Power density and cell voltage curves—by varying the external resistance we
btain the cell voltage and the volumetric power density as a function of resistance
a) single anode-chambered MFC and (b) dual anode-chambered MFC.

FC with a single anode-chambered MFC. Both MFC systems pro-
uced stable and repeatable power generation within 120 h of

noculation with the reactor operated at an external resistance of
00 � at a lactate concentration of 10 mM and a recirculation rate
f 5 mL/min. After voltage stabilization, both the open and closed
ircuit voltage were measured. The open circuit voltage (OCV) pro-
uced using the dual anode system was 0.65 ± 0.02 V, compared
o 0.52 ± 0.01 V obtained by the single anode system. The average
losed circuit voltage produced by the single anode system with a
00 � external resistor was 0.226 ± 0.01 V while 0.314 ± 0.02 V was
btained using the dual anode system (Fig. 2). The average voltage
btained using the single anode-chambered MFC was 39% lower
han that produced by the dual anode-chambered MFCs at a fixed
xternal resistance of 200 �. A polarization curve was generated
sing a variable resistor to vary the external resistance from 20 to
50 �. The power density from the single-anode MFC reached a
aximum of 20.3 ± 4.43 W m−3, producing a current of 1.69 mA (at

00 �) (Figs. 2 and 3). The MFC with dual anode-chambers gen-
rated 23.6 ± 2.25 W m−3 with a current of 3.66 mA (at 50 �). The
ower density was normalized to the anode liquid volume.

These volumetric power densities are comparable to reported
alues of 23 W m−3 using a two-cell MFC stack [1], 22.8 W m−3

sing a single chamber stackable MFC reactor when four units con-
ected in parallel and 14.7 W m−3 when connected in series [10],
lthough considerably lower than the 56 W m−3 obtained by Borole
t al. [13], on whose single anode-chambered design this reactor
as based.

The current produced by the dual anode-chambered MFC was
wice that produced by the single anode MFC, which was expected;

he dual anode-chambered MFC is effectively two stacked single
node MFCs in parallel, but sharing a common external connection
o the Pt-impregnated carbon felt cathodes of each cell.

In Fig. 3, the internal resistance is determined using the polar-
zation slope method. The slopes of the polarization curve for
urces 196 (2011) 1909–1914

single and dual anode MFC systems were linear over the ranges
of 0.65–2.6 mA, Fig. 3(b1) and 1.3–5.2 mA, Fig. 3(b2), respectively.
The internal resistance (slope) was determined to be 106 � for the
single-anode MFC and 58.3 � for the dual anode-chambered MFC
system, which is a reduction of 45% for the dual-anode system.
For the power density peak method, the internal resistances was
calculated to be 100 � for the single and 50 � for the dual anode-
chambered system (Fig. 2), which is similar to that obtained using
the polarization slope method. This result is consistent with the
parallel connection of the two MFCs in this stacked geometry; the
power (and current) density and cell voltage do not change when
the stacked MFCs are connected in parallel through a common
cathode chamber but with twice the anode volume of the single
anode MFC. Therefore, the current and power are doubled for a
fixed external resistance. The significance of this result is that this
connection scheme does not appear to affect the microbial activity
in the individual chambers. This result confirms those of others for
different stacked systems although this is not true for series con-
nection of stacked MFCs, where cells can undergo voltage reversal
when connected in series [5,10].

3.2 Effect of cathode electrode surface area on MFC performance

The voltages produced using the same air-cathode system in
the dual anode-chambered MFCs with two different total cathode
surface areas (12 cm2 vs. 24 cm2) were compared and examined to
determine the effect of cathode surface area. Increasing the surface
area of the Pt-impregnated cathodes by 100% to 24 cm2 (212.3 mV)
had a negligible effect on power generation. An average maximum
power density of 10.3 W m−3 was obtained with a 12 cm2 cath-
ode surface area and 10 W m−3 with 24 cm2 when the MFCs were
operated with a recirculation rate of 3 ml min−1 and a substrate
concentration of 5 mM lactate. This result demonstrates that cath-
ode surface area in the range of 12–24 cm2 does not affect power
generation in our system and that normalizing the power density
with the cathode area would not be appropriate since the system is
anode-limited. This was not the case for studies using the designs
on which the dual anode-chambered system was based [10,13]. The
review of Pham et al. [22] enumerates the losses that could poten-
tially be limiting anode performance: low microbial activity at the
anode, poor electron transfer rates at the anode, limited substrate
mass transfer, and ohmic resistance of the membrane. The results
of this experiment indicating the system is controlled by the anode
performance, along with the long linear region seen in the polar-
ization curve also points to the possibility of large ohmic losses in
the anode [11], although it is not obvious what would cause these
losses.

In order to determine if substrate mass transfer possibly result-
ing in low microbial activity was at least partially the cause of the
limitation, we studied the effects of medium recirculation and lac-
tate concentration on the power density of the dual anode system.

3.3 Effect of substrate concentration on MFC performance

An experiment was conducted in which the concentration of
lactate in the feed to the reactor anode chamber was varied from
5 mM to 20 mM at a recirculation rate of 3 ml min−1, and the voltage
was recorded for a fixed external resistance. After each increase in
the concentration of lactate, the voltage would fluctuate transiently
before stabilizing at a new equilibrium value or returning to the
previous value. After each change in the concentration of lactate,

the reactors were allowed to reach stable voltage values. A plot
of the resulting volumetric power density at each feed substrate
concentration demonstrates saturation kinetics (Fig. 4). A maxi-
mum power density of Pmax, 11.6 W m−3 was obtained using 5 mM
lactate, while those using 10 mM and 20 mM lactate concentra-
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Fig. 4). When fit to a model equation with Monod-like saturating
ehavior in which both the half-saturation and maximum power
ensity values were selected based on a least-squares method
R2 = 0.83), a half-saturation constant Ks of 4.42 mM was obtained
or a maximum power density of 23.7 W m−3. In Fig. 4, it appears
hat the measured power density may reach the maximum value
efore that predicted using the two-parameter model for saturating
inetics. Therefore, we explored the dependence of Ks on the value
f the maximum power density in the kinetics model. The value of
he maximum power density was fixed at values on either side of
3.7 W m−3. Setting maximum power to 20 W m−3 and 30 W m−3
nd then fitting the half-saturation constant results in a Ks value
f 2.4 and 8.36 respectively. Based on Fig. 4, a Ks value on the
rder of 2.4–8.4 mM is appropriate. Therefore, a lactate concen-
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be an appropriate concentration for efficient utilization of the sub-
strate; at concentrations above this value, the increase in power
generation is nominal.

3.4 Effect of medium recirculation rate on power generation
Since nitrogen sparging and substrate addition occur outside

the anode chamber, all mixing in the chamber is provided by
recirculation through the anode to the medium bottle. Using con-
tinuous recirculating flow mode (Fig. 1a), the relationship between
maximum power density and medium recirculation rate was inves-
tigated with lactate as the growth-rate limiting substrate of a
culture of S. oneidensis MR-1. Here we considered the possibility
that system hydrodynamics may affect power generation. We used
a lactate feed concentration of 10 mM and medium recirculation
rates of 1 ml min−1, 3 ml min−1 and 5 ml min−1 and measured the
maximum volumetric power density at each flow rate. The reac-
tors used in this experiment employed 12 cm2 of projected cathode
surface area and 30 ml of total anode volume (15 ml in each anode
chamber). Power densities of 17.7 ± 1.5 W m−3, 18.3 ± 2.17 W m−3,
and 23.6 ± 2.25 W m−3 were achieved for recirculation rates of
1 ml min−1, 3 ml min−1 and 5 ml min−1, respectively. Higher recir-
culation rates could not be tested due to equipment limitations;
the system could not withstand the higher system pressure.
The medium recirculation rate of 5 ml min−1 produced approxi-
mately 22% higher power density than at a recirculation rate of
3 ml min−1and 25% higher power density than at 1 ml min−1. Other
investigators have documented similar observations; Cheng et al.
operated MFC reactors in batch and continuous flow modes and
observed increased power density in the continuous flow mode
[15]. They also observed that when their system was operated
in continuous flow mode with flow through the anode, there
was no detectable dissolved oxygen in the anode but observed
0.05–0.1 mg l−1 when the system was operated in batch mode.

From these observations, they inferred that as the recirculation rate
increases the amount of dissolved oxygen in the anode decreases.
The presence of dissolved oxygen in the anode provides an alter-
nate path for electrons, adversely affects the efficiency of the anode
[15]. It is likely that higher recirculation rates in our reactors had a
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imilar effect since nitrogen sparging takes place outside the anode
nd oxygen that diffuses into the reactor through the gaskets that
onnect the sections of the MFC chambers lowers the power den-
ity.

Maximum growth rates of 0.03, 0.06, and 0.07 h−1 were calcu-
ated (assuming first order growth kinetics as discussed above)
or medium recirculation rates of 1 ml min−1, 3 ml min−1, and
ml min−1, respectively. These values are about the same at those

n the literature for anaerobic growth of S. oneidensis MR-1 using
ither trimethylamine N-oxide (0.074 h−1) or fumarate (0.87 h−1)
s the terminal electron acceptor [23]. The average substrate con-
umption rate for S. oneidensis MR-1 in the anaerobic dual anode
ystem was approximately 5.5 mmoles lactate per liter of total liq-
id volume per day. We use total liquid volume to normalize the
ubstrate degradation rate because cells were found in the recir-
ulation sump bottle as well as attached to the felt in the anode.
s noted earlier, it has been reported by Marsili et al. [20] that
iboflavin secreted by MR-1 could function as an electron shuttle
etween the cells and the anode. In a different experiment an H-
ype and the single anode-chambered reactor where operated with
he addition of 250 nM riboflavin to determine if reactor perfor-

ance was enhanced. In MFC reactors operating at steady-state (i.e.
onstant voltage), supplementation of 250 nM riboflavin resulted
n 20 mV and 30 mV improvement in maximum output voltage in
he H-type system and the single anode-type reactor, respectively
data not shown). These results demonstrate that the supplementa-
ion of riboflavin at a very low concentration would increases MFC
erformance (by about 10% in this case). More importantly, this

llustrates that plantonic cells are able to contribute to the power
eneration in our cells, either through transient contact or possibly
hrough the use of nanowires or electron shuttle compounds, since
hey are known to produce both.

Note that the conditions above under which the system was
ound to be unaffected by halving the cathode area were for a
ecirculation flow rate of 3 ml min−1 and a lactate concentration
f 5 mmol l−1. Since both the lactate concentration and the recir-
ulation flow rate affect the anode, we would expect to see some
mprovement of the anode if these values were closer to the
igher values tested above. Assuming the improvements realized in

ncreasing the flow rate and lactate concentration to their saturat-
ng values were additive, we would expect to see an improvement
f around 90%, which is significant.

. Conclusion

The dual anode-chambered MFC reactor configuration is elec-
rically equivalent to two single anode-chambered systems in
arallel (the volumetric power density is preserved). Since the
olumetric power density is constant between single and dual
node-chambered MFCs, the internal resistance of a dual anode-
hambered MFC is therefore about 45% lower than a single
node-chambered MFC with the same diameter but half the anode

olume. In our system, the dual anode-chambered MFC displays
maximum volumetric power density of 23.6 W m−3 when oper-

ted in continuous recirculating flow mode under optimized values
or the feed flow rate (5 ml min−1) and substrate concentration
10 mmol l−1).

[

[

[

urces 196 (2011) 1909–1914

The cathode area reduction experiment indicates that the dual
anode-chambered MFC was anode limited; conditions of recircula-
tion rate and lactate concentration for which the cathode reduction
experiment was performed were found to be sub-saturating. The
polarization curve data further indicates that the anode limitation
was likely partially due to a high ohmic resistance in the anode.
It is not clear what would cause this; the design of the reactor
(close electrode spacing, high ionic strength buffer, high surface
area-to-volume ratio) should minimize omhic resistance. Further
electrochemical studies are recommended to elucidate the rate
controlling processes in the cell.
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