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bstract

The application of a rotating cathode in a river sediment microbial fuel cell increased the oxygen availability to the cathode, and therefore
mproved the cathode reaction rate, resulting in a higher power production (49 mW/m2) compared to a nonrotating cathode system (29 mW/m2).

he increased dissolved oxygen in the water of our lab-scale sediment MFC, however, resulted in a less negative anode potential and a higher
nodic charge transfer resistance, which constrained the maximum power density. Thus, an optimum balance between the superior cathode reaction
ates and the inferior anode reaction rates due to higher dissolved oxygen levels must be ascertained.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A likely application of microbial fuel cell (MFC) technol-
gy is in remote bodies of water where electric energy can be
xtracted from organic-rich aquatic sediments (Lovley, 2006b).
or this purpose, researchers have developed sediment MFCs

hat consist of an anode electrode embedded in the anaero-
ic sediment and a cathode electrode suspended in the aerobic
ater column above the anode electrode (Reimers et al., 2001).
lectricigenic bacteria in the sediment transfer electrons pro-
uced during the oxidation of organic or inorganic matter to the
node electrode; while oxygen is reduced in the water column
y accepting electrons from the cathode electrode. As a result,
n electric current is generated. Classically, H-type MFCs have
een used to study microbial respiration in the anode (Rabaey
nd Verstraete, 2005). Such MFCs contain a cation exchange
embrane to separate the anaerobic anode from the aerobic cath-

de. A cation exchange membrane is not necessary in sediment

FCs, because the decreasing oxygen gradient over the depth

f water and sediment columns creates the necessary potential
ifference naturally.
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Most sediment MFCs have been tested in marine environ-
ents, and only a few in rivers (Bond et al., 2002; Shantaram et

l., 2005; Lovley, 2006a). Seawater has a higher electrical con-
uctivity than river water (∼50,000 vs. ∼500 �S/cm at 20 ◦C).
herefore, seawater sediment MFCs are expected to produce
reater electric power than river-water MFCs due to a lower
lectrolyte resistance. In addition to the water conductivity, the
lectric power from a sediment MFC also depends on the type
f cathode catalyst and electrode material used, and the distance
etween electrodes. A typical maximum power density found
ith sediment MFCs is ∼10–20 mW/m2 of anode surface area

Lowy et al., 2006); however, both Tender et al. (2002) and
eimers et al. (2006) have reported a maximum power density
igher than 30 mW/m2 in marine environments.

In H-type MFCs, oxygen is supplied by forced aeration
Angenent et al., 2004). Sediment MFCs, however, utilize the
issolved oxygen that is naturally present in water. Dissolved
xygen is essential for the cathodic reaction, and therefore sed-
ment MFCs are typically installed in shallow waters with the
athode close to the water surface; or they are installed in deep
cean locations where relatively high oxygen levels (dissolved

xygen ∼0.5 mg/L) are present in cold seeps (Reimers et al.,
006).

Rotating biological contactors (RBC), as used in wastewater
reatment, consist of vertical disks that are mounted on a

mailto:angenent@seas.wustl.edu
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orizontal shaft and are partially immersed in the wastewater
hile rotating continuously. The intermittent exposure of the

otating disks to air provides oxygen to the attached biofilms
or aerobic bacterial metabolism of organic material in the
astewater (Masters, 1998). Rotation of the disks also increases

he dissolved oxygen in the wastewater. We show herein that
he RBC concept was also beneficial for sediment MFCs
y increasing the oxygen availability to a rotating cathode
lectrode. No external energy input is necessary when the
otating disks are driven by natural river currents or ocean
ides.

. Experimental

.1. Sediment MFC setup and operation

A river sediment MFC was constructed in the laboratory as
escribed previously (Reimers et al., 2001; Tender et al., 2002)
xcept that a platinum-coated cathode was used (Scheme 1). Car-
on cloth (apparent surface area of 100 cm2, E-Tek, Somerset,
J) was placed on the bottom of a plastic bottle (working volume
f 1.3 L) as the anode electrode and covered by a 0.5-cm layer of
resh sediment from the Mississippi river (St. Louis, MO). A hor-
zontal shaft was placed in a cylindrical cathode that was made of
eticulated vitreous carbon (RVC, 10 PPI, ERG, Oakland, CA).
he shaft and cathode were rotated by a Masterflex pump (Cole-
armer Instrument Company, Vernon Hill, IL). The cathode was
0% submerged in the river water at a distance of 12 cm from
he bottom of the cathode to the top of the anode. The cathode
lectrode had a diameter of 6 cm, a length of 6 cm and a surface
rea of 86 cm2. Platinum was coated on the cathode electrode
<0.5 mg Pt/cm2) by chemical deposition (Gharibi et al., 2005).
he anode and cathode electrodes were connected to an exter-
al electric circuit via a carbon fiber (Zoltek Companies Inc.,
t. Louis, MO) and a copper wire, respectively. The operation

as conducted at room temperature (∼21 ◦C). The sucrose solu-

ion consisted of (per litre of deionized water): sucrose, 2.16 g;
H4Cl, 0.08 g; CaCl2·2H2O, 0.08 g; KCl, 0.08 g; NaCl, 0.40 g;
gCl2, 0.08 g; K2HPO4, 0.72 g; KH2PO4, 0.32 g; FeCl2, 0.04 g;

cheme 1. Schematic of a lab-scale sediment MFC with a rotating cathode made
f carbon foam.
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2SO4, 0.02 g; iron citrate, 0.01 g; yeast extract, 0.002 g; and
race metals (1.6 mL) (He et al., 2005).

.2. Chemical and electrochemical analyses

The chemical and electrochemical measurements followed
he procedures described previously (He et al., 2005). The dis-
olved oxygen was measured using a DO meter (Model 50B,
SI Incorporated, Yellow Springs, Ohio, USA). We used an

quivalent circuit (EC) for the analysis of the anodic impedance
pectroscopy (S. 1). Rs and Rc represent the electrolyte and elec-
ric resistance of the anode, while Rt is the anodic charge transfer
esistance. Qdl, Qc, and Q represent the double layer capaci-
ance and other capacitors. A constant phase element (CPE),
nstead of a capacitor element, was employed during simulation
not shown in the EC) because of a serious dispersion effect,
hich relates to a rough electrode surface. The diffusion char-

cteristic appears at the low frequency; however, the slope of
he diffusion characteristic line is much lower than 1, indicat-
ng that it is not a typical Warburg infinite length diffusion.
herefore, a CPE was employed to represent this diffusion char-
cteristic. Impedance spectroscopy measurement for the rotating
athode produced chaotic data and could not be utilized for
nalysis.

. Results and discussion

Initially, the river sediment MFC was operated without cath-
de rotation. After operating for 30 h with an immobile cathode,
he sediment MFC produced a maximum potential of 0.19 V
t an external resistance of 1000 � (data not shown). Subse-
uently, this peak potential decreased to 0.06 V in the following
5 h due to consumption of easily degradable organic materials
n the sediment. The potential of the sediment MFC temporarily
ncreased to 0.09 V within 1 h after beginning cathode rotation
0.5 rpm), but it then dropped to zero volts within 22 h due to
he accelerated breakdown of the remaining organic material in
he sediment.

Upon the addition of an exogenous electron donor (sucrose
olution) to the sediment at a 0.5-rpm rotational cathode speed,
he potential increased from zero to 0.36 V within 27 h and
emained constant for 40 h (1000 �—data not shown). We fed a
ynthetic solution containing sucrose and phosphate buffer with
conductivity of ∼10,000 �S/cm (estimated at 20 ◦C) at a 10-
ay hydraulic retention time. When the rotational speed of the
athode was increased from 0.5 to 2 rpm after 7 days of feeding
he sucrose solution, the potential increased further to 0.50 V
ithin 12 h and remained constant for 25 h. Discontinuation of

ucrose addition to the sediment decreased the potential from
.50 V to below 0.10 V (Fig. 1). When sucrose addition was
eestablished, the potential returned to ∼0.50 V (Fig. 1), indi-
ating that an ample supply of easily degradable organic material
s crucial for electricity generation. The slow increase in water

onductivity of the MFC electrolyte over a period of 10 days
one hydraulic retention time) by replacing river water with the
ucrose solution (containing phosphate buffer) did not increase
he potential considerably.
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Fig. 1. Voltage production at an external resistor of 1000 � with a rotating speed
of 2 rpm. A sucrose solution was fed when the feeding pump was switched on:
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a) the feeding pump was switched off; (b) the feeding pump was switched on;
c) the rotating cathode was switched off; (d) the rotating cathode was switched
n.

The beneficial effect of the rotating cathode was demon-

trated by stopping and then restarting cathode rotation during
ucrose addition (Fig. 1) and investigated further by constructing
olarization curves after varying the external resistor between
pen circuit and 40 � (Fig. 2A). The maximum power density

ig. 2. Comparison of sediment MFCs performance with and without a rotating
athode: (A) polarization curves of the sediment MFC with (black) and without
white) a 2-rpm rotating cathode when the sucrose solution was continuously
ed: voltage (square) and power density (circle); (B) anode (square) and cath-
de (circle) potentials (vs. Ag/AgCl, 205 mV vs. SHE) as a function of current
ensity: with (black) and without (white) a 2-rpm rotating cathode.
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ith a nonrotating cathode was 29 mW/m2. When the cath-
de was rotating, the maximum power density was 49 mW/m2,
hich is a 69% improvement over the nonrotating cathode.
e found higher power densities than have been reported for

ther sediment MFC studies. Besides the rotating cathode,
hese high densities were obtained in part because platinum
as used as the cathode catalyst, and in part due to the

ddition of a steady supply of easily degradable organic mate-
ial, which mimicked the natural replenishment of Mississippi
ediments.

Cathode rotation increased the dissolved oxygen concen-
ration from 0.4 to 1.6 mg/L in the bulk liquid adjacent to
he cathode. This resulted in a higher cathode potential (vs.
n Ag/AgCl reference electrode) regardless of the current
ensity (Fig. 2B), and thus improved overall performance
ompared to the nonrotating cathode. At open circuit, the
athode potential with and without a rotating cathode was
.43 and 0.22 V, respectively (Fig. 2B). As a result, the over-
ll open-circuit potential was 0.73 and 0.61 V, respectively
Fig. 2A).

The rotating cathode also produced a consistently higher
less negative) anode potential than the nonrotating cathode
Fig. 2B), which has a negative effect on the overall perfor-
ance. This negative effect of the higher dissolved oxygen

the dissolved oxygen level at the sediment/liquid interface was
.5 mg/L during rotation) on the anode potential was more severe
t the higher current densities >160 mA/m2 during which the
verall voltage decreased faster over the current density with
otation compared to without rotation, resulting in a similar
verall voltage at the highest current density of 172–175 mA/m2

Fig. 2B). The accelerated decline in overall voltage (and thus
he power density) was likely caused by the insufficient sup-
ly of protons/cations from the anode to match the increased
emand from the cathode reaction. Indeed, the rotating cath-
de increased the pH from 6.90±0.16 to 7.43±0.08 due to a
aster consumption of protons (Rozendal et al., 2006; Zhao et
l., 2006).

We investigated differences of the anodic resistances using
mpedance spectroscopy (IS). This electrochemical technique
as recently been used to study the internal resistance of MFCs,
hich is a key factor limiting their power output (He et al.,
006). By fitting experimental data into equivalent circuits (S.
) and performing simulations (Fig. 3), we found that the total
nodic resistance (including anodic electrolyte resistance and
nodic charge transfer resistance) was 105.5 and 78.0 � for
he rotating and nonrotating cathode, respectively. This differ-
nce was due to the higher anodic charge transfer resistance of
he rotating cathode (65.1 �) compared to the nonrotating cath-
de (28.0 �), demonstrating the negative effect of the higher
issolved oxygen level in the sediment on the capacity of the
lectricigenic bacteria. These bacteria are often strictly anaero-
ic, and traces of oxygen will slow the electron transfer rate
rom the biofilm to the anode. The anodic electrolyte resis-

ances, which are the x-axis intercepts in Fig. 3, were only
lightly different (40.4 and 50.0 � for the rotating and nonrotat-
ng cathode, respectively), probably due to minor improvement
n ion transport caused by mixing of water during cathode
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Fig. 3. Nyquist plot of impedance spectroscopy for anode electrodes with (black)
and without (white) a 2-rpm rotating cathode when the sucrose solution was
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ircuits.

otation. Thus, an optimum balance between the improvement
f the cathode reaction and the deterioration of the anode
eaction due to higher dissolved oxygen levels must be estab-
ished.

. Conclusion

In this paper, we have shown an improved performance of
river-water sediment MFC by rotating the cathode to supply

dditional oxygen. Compared to an immobile cathode, the maxi-
um power density was improved from 29 to 49 mW/m2 (a 69%

mprovement) when the cathode rotated. The rotating cathode is
romising when natural water currents or ocean tides are avail-
ble to drive the rotating cathode. However, excess oxygen in
he bulk liquid of the MFC increased the anodic charge transfer
esistance, ultimately limiting the power density at the highest
urrent. Thus, an optimum rotational speed of the cathode is
equired. The improvement of the sediment MFC system could
ecome pertinent for the bioremediation of contaminated sedi-

ents in rivers, because a higher electric current demonstrated

he accelerated breakdown of organic materials at the anode due
o the indirect addition of a free electron acceptor (O2) through
he fuel cell.
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upplementary material

The figure of equivalent circuit (S. 1) is available free of
harge via the Internet at http://www.sciencedirect.com.
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