
A

D
0
a
w
f
t
m
T
B
S
o
a
©

K

1

e
d
v
v
b
k
t

c
b
c

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 180 (2008) 641–647

Innovative microbial fuel cell for electricity production
from anaerobic reactors

Booki Min, Irini Angelidaki ∗
Department of Environmental Engineering, Technical University of Denmark, DK-2800 Lyngby, Denmark

Received 6 September 2007; received in revised form 23 January 2008; accepted 25 January 2008
Available online 12 February 2008

bstract

A submersible microbial fuel cell (SMFC) was developed by immersing an anode electrode and a cathode chamber in an anaerobic reactor.
omestic wastewater was used as the medium and the inoculum in the experiments. The SMFC could successfully generate a stable voltage of
.428 ± 0.003 V with a fixed 470 � resistor from acetate. From the polarization test, the maximum power density of 204 mW m−2 was obtained
t current density of 595 mA m−2 (external resistance = 180 �). The power generation showed a saturation-type relationship as a function of
astewater strength, with a maximum power density (Pmax) of 218 mW m−2 and a saturation constant (Ks) of 244 mg L−1. The main limitations

or achieving higher electricity production in the SMFC were identified as the high internal resistance at the electrolyte and the inefficient electron
ransfer at the cathode electrode. As the current increased, a large portion of voltage drop was caused by the ohmic (electrolyte) resistance of the

edium present between two electrodes, although the two electrodes were closely positioned (about 3 cm distance; internal resistance = 35 ± 2 �).
he open circuit potential (0.393 V vs. a standard hydrogen electrode) of the cathode was much smaller than the theoretical value (0.804 V).
esides, the short circuit potential of the cathode electrode decreased during the power generation in the SMFC. These results demonstrate that the

MFC could successfully generate electricity from wastewater, and has a great potential for electricity production from existing anaerobic reactors
r other anaerobic environments such as sediments. The advantage of the SMFC is that no special anaerobic chamber (anode chamber) is needed,
s existing anaerobic reactors can be used, where the cathode chamber and anode electrode are immersed.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The concept of a microbial fuel cell (MFC) has been of inter-
st again to researchers around the world in response to high
emand of sustainable energy. An MFC is a device that can con-
ert chemical energy from organic matter to electrical energy
ia both biotic- and abiotic-catalysts [1–3]. Electron transport
etween microorganisms (biocatalyst) and an electrode has been
nown to be possible without any additions of artificial media-
ors [4–8].

An MFC is generally composed of two chambers; an anode

hamber where the oxidation of organic compounds takes place
y microorganisms under anaerobic condition and a cathode
hamber where an oxidant (electron acceptor) such as oxygen

∗ Corresponding author. Tel.: +45 4525 1429; fax: +45 4593 3850.
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r ferricyanide is reduced under aerobic condition [6,8–16]. The
ain potential advantage of the MFC technology for power

eneration from biodegradable organic matter is that electric-
ty is produced directly without any additional step, as for other
ioenergy conversion processes, where first an energy carrier is
roduced and subsequently the energy carrier is used for elec-
ricity generation with efficiency loss in each step. Additionally,

FCs can be used as a green treatment technology for removal of
rganic matter with simultaneous renewable energy production
17–20].

One promising application of the current MFC technology
ill be to generate electricity from wastewaters [11,13,21–23].
owever, MFC technology is still in its infancy in laboratory

xperimental stage operation, and far from field application.

everal limiting factors of the current MFCs have been iden-

ified: high internal resistance, high costs of materials, potential
iffusion of oxygen from cathode chamber to anode cham-
er, and difficulty of scaling up [12–16,21,24–27]. It has been

mailto:ria@env.dtu.dk
dx.doi.org/10.1016/j.jpowsour.2008.01.076
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Fig. 1. Schematic diagram of (A) a submersible MFC (SMFC) and

ecognized that improvement of the MFC configurations could
ignificantly contribute to overcome some of the present limi-
ations [12,15,24]. Therefore, several types of MFCs have been
eveloped and operated in either batch or continuous mode using
atural or artificial wastewater [11,12,21,24–26]. For example,
iu et al. developed a single compartment MFC, which has a
entered cathode surrounded by several anode electrodes. More
etail information about the types of the MFCs can be found in
he reference by Logan et al. [15]. Although researchers have
ntensively looked for new configurations, the current designs
f MFC still suffer of high internal resistance limitations and
re not suitable for in situ utilization of compounds from natural
nvironment.

In this study, we developed a novel configuration of MFC,
hich is called a submersible MFC (SMFC), by immersing an

node electrode and an air-cathode chamber in an anaerobic
eactor. In this innovative design, there was no necessity of a
pecially designed anode chamber which is the main difference
rom other MFC configurations. We expect that SMFC can be
pplied easily to the existing anaerobic reactors or natural anaer-
bic environments without additional constructions to recover
aximum electrical energy from reduced compounds. The per-

ormance and characteristics of the SMFC was investigated in
erms of individual electrode potential and power generation
rom organic substrate in wastewater medium.

. Materials and methods
.1. Inoculum and medium

Domestic wastewater was collected after a fine screen pro-
ess of the Lundtofte Wastewater Treatment Plant (Lyngby,

(
t
s
3

cathode chamber in the SMFC (upper, side view; lower, top view).

enmark). The wastewater was first sparged with nitrogen gas
nd then was placed in a temperature-controlled room at 4 ◦C
rior to being used. Wastewater was used both as inoculum
nd as medium for power generation in the SMFC without
ddition of nutrients, buffer, vitamins, or minerals. During
he startup period, acetate was added to wastewater as addi-
ional substrate at a final concentration of 1.6 g L−1. In some
xperiments, different initial concentrations of acetate were
ested.

.2. SMFC configuration

The SMFC was composed of an anode electrode and a rectan-
ular cathode chamber, which were submersed in a glass reactor
total volume = 600 mL, liquid volume = 550 mL) (Fig. 1A). The
eactor was covered by a rubber stopper having several openings
or liquid and gas samples, air supply to the cathode cham-
er, a thermometer, and the anode electrode. The reactor was
ubmerged in a thermostatic water bath for temperature con-
rol. The anode electrode was a 4 cm × 4 cm piece of not wet
roofed plain carbon paper (Toray carbon paper, E-TEK divi-
ion, USA). The cathode electrode was a 5% wet proofed carbon
aper (4 cm × 4 cm), and one side of the electrode contained Pt
atalysts (0.5 mg cm−2 with 20% Pt, E-TEK). The Pt-coated side
as hot-pressed with a proton exchange membrane (NafionTM

17, DuPont Co., USA) as prepared in other study [21]. The
athode compartment was made of non-conductive polycarbon-
te plate enclosing a chamber of dimensions 4 cm × 4 cm × 1 cm

16 cm3) (Fig. 1B). The length and width (4 cm × 4 cm) of
he cathode chamber were chosen in order to have the same
ize of the cathode as the anode electrode. There were two
-mm diameter holes on the top of the chamber for airflow
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nd electrical outlet. The two sides of the cathode chamber
ere covered by a membrane-electrode assembly and an open

rame was sealed with rubber gasket as shown in Fig. 1B. All
etal parts were covered using silicon glue. The distance of

he anode and cathode electrode was approximately 3 cm in the
eactor.

.3. SMFC operation

The reactor was operated in batch mode at 30 ◦C generally
ver 1 or 2 weeks before the solution was replaced with a freshly
repared medium. Wastewater was filled into the reactor and was
urged with nitrogen gas for approximately 30 min prior to being
ightly sealed inside an anaerobic glove box (Coy Laboratory
roducts Inc.). Replacement of the wastewater in the SMFC
as performed in an anaerobic glove box all the times. The

eactor mixing was provided by magnetic stirring (300 rpm). The
athode chamber was aerated at a flow rate of approximately
0 mL min−1 in all experiments. The electric current between
wo electrodes was generally measured with a fixed resistor of
70 or 180 �, except for the measurement with various loads
sing a resistance box.

.4. Analysis and calculations

The strength of wastewater amended with acetate was
xpressed as the average soluble COD (SCOD) based on dupli-
ate samples. All samples were filtered through a 0.2-�m
iameter syringe membrane (Sartorius Minisart®), and in most
ases the filtered samples were used immediately for the COD
easurement except some samples were stored at a −20 ◦C

efrigerator before the measurement. The determination of COD
as performed using cell tests (Merck, Germany) on the basis
f Standard Methods (method 5220) [28]. The potential of each
lectrode was measured by immersing an Ag/AgCl reference
lectrode (Bioanalytical Systems Inc.) into solutions, and elec-
rolyte resistance between two electrodes was determined by
n impedance spectroscopy instrument (HIOKI 3522-50 LCR
iTESTER).
The voltage difference between two electrodes was mea-

ured across a fixed load every 10 or 30 min, and the data
ere collected automatically by a data acquisition program

nd a personal computer. In some test, the external resis-
or was varied ranging 43–22 k� to determine the maximum
ower density and individual electrode potential as a func-
ion of different electric current. Current (I) was calculated
n the basis of Ohm’s law (I = V/R), where V is voltage and

resistance, and current density, i (A m−2), was calculated
s i = I/A, where A is the projected surface area of the anode
lectrode. Power density, P (W m−2), was calculated by mul-
iplying the current density by voltage, P = IV/A. Coulombic
fficiency (CE) was calculated based on CE = (CG/CT) × 100%,

here CG is the total coulombs calculated by integrating the

urrent generated over time, and CT is the theoretical amount of
oulombs available based on the measured COD removal in the
FC.

e
t
(
t

ig. 2. Voltage generation from the modified wastewater containing acetate
1.6 g L−1; SCOD = 1694 ± 20 mg L−1) with a 470-� resistor in the SMFC.
o airflow to the cathode chamber between 12 and 16 h.

. Results and discussion

.1. Voltage generation from the modified wastewater in the
MFC

Within 5 days after a startup period, the SMFC could suc-
essfully generate voltage up to a maximum 492 mV with a
xed 470 � resistor from modified wastewater amended with
cetate to a concentration of 1.6 g L−1 (data not shown). This
esult suggests that the domestic wastewater could support
icrobial growth as it contained the necessary electrolytes,

utrients and microorganisms necessary for power generation
uring the starting up period of the SMFC. This is in accordance
ith previous studies [11,13]. After two more additional load-

ngs, the SMFC produced a stable voltage of 0.428 ± 0.003 V
±standard deviation) for 7 h (5–12 h) from the acetate-fed
astewater (SCOD = 1694 ± 20 mg L−1; SCOD of wastewater

tself = 222 ± 3 mg L−1; Fig. 2). When air supply to the cath-
de chamber was stopped for about 4 h, a voltage decrease to
.373 V was noticed (Fig. 2). This indicated that continuous air
upply is necessary for oxygen reduction in the completion of
he electrical circuit. Re-establishing the air supply to the cath-
de chamber restored the voltage up to average 0.406 ± 0.003 V
ver the next 31-h period.

.2. Cell voltage and power output as a function of current
ensity

In order to measure maximum power output, loadings from 43
o 22 k� resistances were applied between the anode and cathode

lectrode. The voltage and power density were plotted as a func-
ion of current density as shown in Fig. 3. An open circuit voltage
OCV, without a circuit load) of 0.720 V was first obtained with
he wastewater of SCOD = 1672 ± 6 mg L−1. However, as cur-
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ig. 3. Power density and cell voltage as a function of current density by varying
n external resistor between the anode and cathode electrodes ranging from 43 �

o 22 k� (SCOD of wastewater = 1672 ± 6 mg L−1).

ent between the electrodes was allowed, the voltage decreased
harply to approximately 0.6 V (at around 96 mA m−2) possi-
ly showing the presence of a kinetic limitation at the lower
urrent generation [29]. At higher current production, voltage
ecreased almost linear from 0.612 to 0.217 V until a current
ensity of about 827 mA m−2 was obtained. This result indicated
hat the electrolyte resistance of a real wastewater medium still
ffected significantly the power output even though the anode
nd cathode electrodes were placed close together in this study
3 cm). The internal resistance of the SMFC was measured at
5 ± 2 � from the electrochemical impedance test. The signif-
cant effect of the electrolyte resistance on power generation
as also reported in other MFC studies [12,25,30]. A maximum
ower density of 204 mW m−2 was obtained at a current density
f 595 mA m−2 at 180 � resistance. This maximum power out-
ut in the SMFC containing acetate in the wastewater medium
s approximately five times higher than the values (range of
8–43 mW m−2) obtained in the two-chamber membrane MFCs
ith the artificial nutrient medium containing acetate [10,12,14].
owever, this power generation was lower in comparison with

he one obtained by membrane-less single-chamber MFC show-
ng a maximum power density of 506 mW m−2 from acetate
n a nutrient synthetic medium [31]. Possible explanations for
he lower power output compared to the single chamber MFC
ould be due to lower conductivity of the wastewater medium
nd the presence of a membrane in the SMFC [12,30,31]. The
ell voltage in the SMFC further decreased sharply at the range
f high current density (approximately 850 mA m−2) proba-
ly due to mass transport limitation at both anode and cathode
hambers.

.3. Individual electrode potential at different current
ensities

Individual electrode potential was measured against an

g/AgCl reference electrode (0.195 V vs. standard hydrogen

lectrode, SHE) in order to examine the performance of each
lectrode at different current densities. The open circuit poten-
ials (OCPs vs. an Ag/AgCl reference) of the anode and cathode

t
d
w
p

ig. 4. Individual electrode potential vs. an Ag/AgCl reference electrode
0.195 V vs. standard hydrogen electrode, SHE) as a function of current density
n the SMFC fed with wastewater.

ere −0.518 V (−0.323 V vs. SHE) and 0.198 V (0.393 V vs.
HE), respectively. The cathode OCP (OCPcathode) of 0.393 V
s. SHE was much lower than the theoretical value (0.804 V)
alculated by the Nernst equation on the base of pH 7, 0.2 atm.
2, and 30 ◦C (51% potential reduction) [15]. The obtained
CPcathode from the SMFC was higher than the value (0.358 V
s. SHE) for the membrane two-chamber MFC [12], but was
ower than 0.413 V for the single chamber MFC without mem-
rane [31]. The lower OCPcathode in the SMFC would be one
f the factors causing the lower power generation in com-
arison with the single chamber MFC. One of the reasons
or the lower OCPcathode in MFC could be that other cations
han protons (Na+, K+, Ca2+, etc.) are crossing the membrane
rom the anode side [32]. However, the OCP of the anode
OCPanode) could not be compared directly to the theoretical
alue because there was no information about the redox pairs
or electron transport in microorganisms in this study. Instead,
f considering the redox potential of the input substrate (assum-
ng acetate = 20 mM, HCO3

− = 1 mM at pH 7 and 30 ◦C), the
bserved value of OCPanode (−0.323 V vs. SHE) was similar to
he theoretical value of 0.318 V [15]. The OCPanode (−0.323 V)
bserved in this study is higher than the values (from −0.285 to
0. 214 V) from other studies using different types of the MFCs

12,31].
The overvoltage (internal resistance) at both anode and

athode increased with current generation between the two
lectrodes of the SMFC. The OCPanode of −0.518 V increased
uickly to −0.492 V at the lower current density possibly indi-
ating that there were kinetic limitations (Fig. 4). As higher
urrent was applied, the anode potential further increased
lmost linearly up to −0.254 V at a current density of around
27 mA m−2. Possible mass transport limitation on the anode
as observed at higher current density (>∼827 mA m−2). The

ame trend was seen for the potential of the cathode, that in

his case, decreased almost linearly from 0.198 V of OCPcathode
own to −0.043 V with an increase of the cell current generation
ithout a sudden change of the potential as shown in the anode
otential.
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0.435 to 0.297 V. The SCOD was decreased from 1004 to
980 mg L−1 during 21 h of operation, and at the end of the
experiment, it decreased to 940 ± 6 mg L−1 after about 52 h
(CE = 28%).
ig. 5. Electricity generation in the SMFC as a function of initial SCOD of
astewater (R = 180 �). The power density showed a saturation curve with

espect to different SCODs, with Pmax = 219 mW m−2 and Ks = 244 mg L−1.

.4. Power output with different concentrations of the
odified wastewater

Power generation by the SMFC, from different initial
cetate concentrations in wastewater, was tested. The volt-
ge measurements were conducted with a fixed resistor of
80 �, at which the maximum power was obtained at the
revious polarization test. Power generation was immediately
eveloped without a lag period after receiving the acetate
mended wastewater (344–1584 mg L−1 SCOD), and aver-
ge power density was calculated on the basis of values
btained during the operation of stable power generation.
he power generation as a function of wastewater strength
howed a saturation-type relationship over the range of the
ested initial acetate concentrations (Fig. 5). This observation
s consistent with the findings reported by other studies regard-
ess of reactor configuration and substrates [21,31,33]. The

aximum power density, Pmax, in the equation for this hyper-
ola was 218 mW m−2 with a half-saturation constant, Ks of
44 mg L−1.

.5. Cell voltage and individual cell potential as a function
f time

Cell voltage decreased slowly with operation time at some
xperiments, especially after approximately a week of the SMFC
peration. For elucidating the reason for this decrease, short cir-
uit potentials (SCP, at 470 �) of both anode and cathode were
easured separately vs. an Ag/AgCl reference electrode as a

unction of operation time (Fig. 6A). The cell voltage of the
MFC was calculated based on the SCPs of the two electrodes
SCPcathode − SCPanode). For about 20 h of operation, the cell
oltage and cathode potential decreased from 0.432 to 0.373 V

nd from 0.094 to 0.008 V, respectively. However, the perfor-
ance of the anode was improved slightly as a consequence of

he decrease of the potential from −0.344 to −0.364 V during
hat period. This result indicated that optimization of a cath-

F
(
o

er Sources 180 (2008) 641–647 645

de in the SMFC is necessary for increasing power generation,
specially for stable power generation in a continuous oper-
tion of the SMFC. The SCOD of the wastewater decreased
rom 968 ± 3 to 826 ± 23 mg L−1 for 20 h of operation, and
oulombic efficiency was 7% during that period. The low CE
as likely due to substrate loss by suspended bacteria from
astewater, in their non-power generation processes such as

erobic respiration, biomass production, and methanogenesis
12,31].

Water flooding at the cathode was thought to cause the
eterioration of the cathode performance by hindering acces-
ibility of gaseous oxygen to platinum catalysts [34]. Therefore,
he cathode electrode was dried almost completely, and then
nstalled again at nearly identical conditions to the previous
peration. However, the performance of the cathode did not
mprove, even became worse compared to the previous set-up
Fig. 6B). Cathode potential of 0.034 V was initially devel-
ped, and then decreased sharply down to −0.131 V within
bout 21 h. However, this time, the anode potential decreased
rom −0.402 to −0.419 V indicating improvement of the anode
erformance. As a result, the significant decrease in cath-
de potential resulted in decreasing the cell voltage from
ig. 6. Cell voltage (©) and two-electrode potentials (anode (· · ·) and cathode
—)) as a function of time. (A) With a cathode electrode used for several runs
f the SMFC, (B) after drying out the cathode used in the previous experiment.
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Another possible reason of the deterioration of the cathode
erformance during the operation could be due to the Nafion-
ype membrane used, which was hot-pressed with a cathode
lectrode in this study [11,16,32,35]. The membrane is typi-
ally used as solid electrolyte for transport of only protons in
ydrogen fuel cell. However, in MFC, there are other kinds
f cations (e.g. Na+) at high concentration in anode chamber,
hich also can cross through the membrane to cathode chamber

35]. Therefore, permeability of other cations through Nafion
embrane in MFC will inhibit the accessibility of proton ions

o the cathode, which are necessary for oxygen reduction, and
nally decrease oxygen reduction rate. The slow permeabil-

ty of proton ions would also increase pH at the surface of
he cathode, and decrease the theoretical potential of the cath-
de of 0.804 (pH 7) to 0.677 V (e.g. pH 9) vs. SHE at 30 ◦C
15,16]. The decreased theoretical potential will further limit
he possibility of higher power generation in the SMFC opera-
ion.

Dimensioning of the SMFC is also important. Several con-
iderations are important for the size of the cathode chamber,
uch as the relative volume of the cathode chamber to the anaer-
bic reactor volume. A small cathode chamber volume would
ermit a larger number of cathode chambers immersed in the
naerobic reactor and thus facilitate easier electron transfer to
he anode. Other considerations are the practical aeration of the
athode chamber as well as construction costs. However, in the
resent study the dimensions of the cathode chamber were not
ptimized.

. Conclusions

It has been determined from several previous studies that
he MFC configuration is very important factor for power gen-
ration. In this study, an innovative MFC configuration (the
MFC) was developed. The SMFC was constructed by immers-

ng both anode and cathode chamber in one bioreactor. The
MFC could successfully generate electricity from wastewa-

er amended with acetate. The maximum power generation was
04 mW m−2 with current density of 595 mA m−2 at a circuit
esistance of 180 � (SCOD of wastewater = 1672 ± 6 mg L−1).
he power output showed a saturation-type relationship as a

unction of wastewater concentration (SCOD), with a half sat-
ration coefficient of Ks = 244 mg L−1 and a maximum power
ensity of Pmax = 244 mW m−2. The OCP of the anode electrode
as 0.323 V vs. SHE, which was a similar to theoretical values
r the observations from other studies. However, the cathode
CP of 0.393 V (vs. SHE) was much less than the theoreti-

al value (0.804 V, by 51% reduction), and even smaller than
he value (∼0.413 V) from other types of air cathode MFCs.
esides, the cathode potential decreased after a long period
f operation. These results indicated that more optimization
f the SMFC, especially the cathode chamber, is essential for
igher and stable power generation. The SMFC configuration

as however great potential for effective electricity generation
rom artificial or even natural environment, and can be also used
or other applications like biosensors or bioremediation in the
uture.
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