
Bioresource Technology 133 (2013) 74–81
Contents lists available at SciVerse ScienceDirect

Bioresource Technology

journal homepage: www.elsevier .com/locate /bior tech
Improving startup performance with carbon mesh anodes in separator
electrode assembly microbial fuel cells
0960-8524/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biortech.2013.01.036

⇑ Corresponding author. Tel.: +1 814 863 7908; fax: +1 814 863 7304.
E-mail address: blogan@psu.edu (B.E. Logan).
Fang Zhang a, Xue Xia b, Yong Luo c, Dan Sun d, Douglas F. Call e, Bruce E. Logan a,⇑
a Department of Civil and Environmental Engineering, Penn State University, 212 Sackett Building, University Park, PA 16802, USA
b State Key Joint Laboratory of Environment Simulation and Pollution Control, Tsinghua University, Beijing 100084, China
c School of Environmental Science and Engineering, Sun Yat-Sen University, Guangzhou, Guangdong 510275, China
d State Key Laboratory of Urban Water Resource and Environment, Harbin Institute of Technology (SKLUWRE, HIT), Harbin 150090, China
e Department of Civil and Environmental Engineering, Syracuse University, 151 Link Hall, Syracuse, NY 13244, USA
h i g h l i g h t s

" Separator electrode assembly MFCs
can be difficult to startup.

" Acclimation with raw wastewater
and set potentials produced erratic
startup results.

" Preacclimated cultures always
produced the best startup and
performance.

" A more negative potential (�0.2 V)
produced the best results with
preacclimation.
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In a separator electrode assembly microbial fuel cell, oxygen crossover from the cathode inhibits current
generation by exoelectrogenic bacteria, resulting in poor reactor startup and performance. To determine
the best approach for improving startup performance, the effect of acclimation to a low set potential
(�0.2 V, versus standard hydrogen electrode) was compared to startup at a higher potential (+0.2 V) or
no set potential, and inoculation with wastewater or pre-acclimated cultures. Anodes acclimated to
�0.2 V produced the highest power of 1330 ± 60 mW m�2 for these different anode conditions, but unac-
climated wastewater inocula produced inconsistent results despite the use of this set potential. By inoc-
ulating reactors with transferred cell suspensions, however, startup time was reduced and high power
was consistently produced. These results show that pre-acclimation at �0.2 V consistently improves
power production compared to use of a more positive potential or the lack of a set potential.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Microbial fuel cells (MFCs) utilize bacteria to harvest chemical
energy as electricity (Logan, 2008; Logan et al., 2006; Logan and
Regan, 2006; Lovley, 2006, 2008). MFCs are a promising method
for wastewater treatment due to removal of contaminants from
wastewater while at the same time producing electrical power.
Scaling up MFCs requires compact reactor designs and closely
spaced electrodes to minimize solution (ohmic) losses. To achieve
these goals, and avoid the direct contact of electrodes, a separator
is placed between the anode and cathode forming a separator elec-
trode assembly (SEA) MFC configuration. SEA MFCs have produced
high power densities due to the decrease of solution resistance
(Fan et al., 2007; Zhang et al., 2009b). The porous separator will
optimally have low impedance to ion transport, but this may also
result in little resistance to oxygen transfer (Zhang et al., 2010).
Therefore, when the anode is placed very close to the cathode in
the SEA configuration, the anode is adversely affected by oxygen
leaking through the cathode and separator to the anode (Cheng
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et al., 2006; Hays et al., 2011). Brush anodes (1.5 cm in diameter)
have better performance than flat anodes (�0.02 cm thickness) in
SEA MFCs, likely due to the thickness of the anode which maintains
anoxic zones in the anode (Hays et al., 2011), but the brush occu-
pies more volume than a flat electrode. Flat anodes produce more
erratic performance in SEA MFCs than brush anodes, which have
long startup times, unstable anode performance (high anode
potentials), and low power production or even a failure in power
production (Cheng et al., 2006; Hays et al., 2011). Thus, better
methods are needed to improve the performance of SEA MFCs with
flat anodes.

Setting an anode potential can be a useful approach for improv-
ing startup and power production of MFCs, but there are no reports
on the effect of a set anode potential in SEA MFCs where oxygen
can affect anode microorganisms. Even with more widely spaced
electrodes, there are conflicting reports on which potential is the
most optimal for maximizing MFC performance (Sun et al., 2012;
Torres et al., 2009; Wagner et al., 2010; Wang et al., 2009b; Wei
et al., 2010). In 10 of 14 studies surveyed it was found that more
positive potentials (>0 V versus a standard hydrogen electrode,
SHE) reduced startup time and produced higher power densities
than more negative potentials (<0 V) (Wagner et al., 2010). How-
ever, other studies have shown that reactors with more negative
potentials achieved better performance in terms of faster startup,
improved power output, or increased biomass production/activi-
ties (Aelterman et al., 2008; Sun et al., 2012; Torres et al., 2009).
The anode potentials that normally develop in MFCs operated with
fixed external resistance (no set potential) typically reach very
negative values (ca. �0.26 V at 1 kO external resistance) during
optimum performance. This potential is only slightly more positive
than E00 (standard reduction potential at pH 7) of the substrate (ca.
�0.3 V, 1 g L�1 acetate), suggesting that setting more negative
potentials work better because they produce conditions most sim-
ilar to those that evolve in MFCs operated with fixed resistances.
Therefore, the optimal set anode potential for the best startup
and performance remains unclear for MFCs, particularly in systems
using an SEA setup.

Another important factor in MFC startup is the choice of inocu-
lum. It has been shown that reactor startup and subsequent perfor-
mance can be improved by using cell suspensions from operating
MFCs (Rabaey, 2005; Wang et al., 2009a). For example, power pro-
duction with a carbon mesh anode was improved by 28% by inoc-
ulating the MFC with a pre-acclimated culture instead of domestic
wastewater (Wang et al., 2009a). However, this was demonstrated
in MFCs with anodes sufficiently distant from the cathode (2 cm),
where oxygen intrusion is not a factor in performance. Well per-
forming MFCs contain a high percentage of Geobacter species (Chae
et al., 2009; Sun et al., 2012; Torres et al., 2009; Yates et al., 2012),
but higher dissolved oxygen concentrations are toxic to these mi-
crobes. Therefore, other microbes are needed to scavenge dissolved
oxygen that leaks in through the air cathode. For example, a co-cul-
ture of Geobacter sulfurreducens and a nonexoelectrogen, Esche-
richia coli, showed improved startup and performance compared
to tests using only G. sulfurreducens due to the consumption of oxy-
gen by E. coli (Qu et al., 2012). Other approaches to accelerate the
startup using a wastewater inoculum, such as the addition of dif-
ferent chemicals (Liu et al., 2011), have not been as successful as
the use of pre-acclimated cultures or set potentials.

In this study, both the set anode potential approach and the pre-
acclimation approach were examined and compared to find a way
for consistently good startup performance in SEA MFCs. Anodes in
SEA MFCs were inoculated with different wastewater samples
(same source but at different time points), and started up with
fixed anode potentials ranging from �0.2 V to +0.2 V (vs. SHE).
These potentials were chosen to span the range of commonly used
anode potentials (Wagner et al., 2010) to determine which condi-
tion would be more beneficial to performance with the anode di-
rectly adjacent to the separator and cathode. A detailed
comparison of startup performance and anode electrochemical
activities were performed with the most negative set potential of
�0.2 V, and the most positive potential of +0.2 V, using both the
wastewater inoculum and successively transferred inocula. The
performance of these set potential reactors was also compared to
that of a control MFC, operated at a fixed resistance (no set poten-
tial). Electrochemical techniques including cyclic voltammetry
(CV), differential pulse voltammertry (DPV), and electrochemical
impedance spectroscopy (EIS) were used to compare the activities
of the anode biofilms acclimated at different conditions, and to
characterize the change of anode biofilm activities using the accli-
mated (transferred) culture compared to the wastewater
inoculum.
2. Methods

2.1. MFC construction

MFCs were single-chamber, cubic-shaped reactors with an an-
ode chamber 4 cm long and 3 cm in diameter (Liu and Logan,
2004). Anodes were inexpensive carbon mesh (Gaojieshi Graphite
Products Co., Ltd., Fujian, China) that were pre-soaked in acetone
overnight and then heat treated at 450 �C for 30 min (Wang
et al., 2009a). Tape was placed around the edges of the mesh before
they were cut into circles (projected surface area of 7 cm2) in order
to minimize fraying or unfolding of the loosely woven mesh. Tita-
nium wire was placed across the diameter of the carbon mesh to
ensure a good electrical connection. Cathodes were made of acti-
vated carbon (AC) (VITO, Mol, Belgium) as previously described
(Zhang et al., 2009a, 2011), in order to avoid the use of precious
metals. The cathode consisted of a nickel mesh current collector,
an activated carbon layer, and a porous PTFE diffusion layer to pre-
vent water leakage. The porosity of the outer PTFE diffusion layers
in this study was 70%, which has been shown to produce a higher
power density than the same cathode with a reduced diffusion
layer porosity of 30% (Zhang et al., 2011). Two layers of wipe cloth
(DuPont Sontara, style 8864, with 49% of polyester and 51% of
wood pulp, 0.58 mm thick; also known as Amplitude ProZorb Wip-
ers) were used as the separator, with the separator sandwiched be-
tween the electrodes as previously described (Zhang et al., 2009b).
An Ag/AgCl reference electrode (+211 mV versus SHE; RE-5B; BASi)
was inserted into the reactor (1 cm from the anode) to measure
and control anode potentials. All potentials are reported here ver-
sus SHE.
2.2. Inoculation

The inoculum source was domestic wastewater from the efflu-
ent of the primary clarifier at the Pennsylvania State University
wastewater treatment plant. Domestic wastewater was taken from
the same location, but different times, and used to inoculate differ-
ent batches of reactors that were started up at different times. For
the inoculation process with the domestic wastewater, reactors
were inoculated with fresh wastewater for the first cycle. For the
next two cycles the reactors were fed a mixture (50:50) of waste-
water and a medium containing 1 g L�1 sodium acetate dissolved
in 50 mM phosphorus buffer (Na2HPO4, 4.58 g L�1; NaH2PHO4�H2O
2.45 g L�1; NH4Cl 0.31 g L�1; KCl 0.13 g L�1; trace minerals and
vitamins; conductivity of 6.95 mS cm�1). Afterwards, only the ace-
tate medium (1 g L�1) was used. The cell suspensions from these
reactors were later used as the pre-acclimated inocula for new
reactors. For the pre-acclimated culture inoculation process, a mix-
ture (50:50) of effluent from the running reactor and acetate med-
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ium (1 g L�1 sodium acetate dissolved in 50 mM phosphate buffer)
was used for inoculation at the first cycle. Afterwards, only acetate
medium was used in the rest of the cycles.

2.3. Operation

Different anode potentials were set using a potentiostat (VMP3;
BioLogic, Claix, France), with data (current, counter electrode poten-
tial) recorded at 4 min intervals, and analyzed using EC-Lab V10.02
software. Anode potentials were set to �0.2 and +0.2 V. More set
potentials within this range (�0.2, �0.15, �0.1, 0, +0.2 V) were
tested, inoculated with domestic wastewater taken from the same
location but at different times. For the control reactors (no set poten-
tial), the external resistance was 1000 O during the startup phase
(20 days), and was subsequently changed to 100 O to produce high-
er current. The voltages across the resistor were recorded using a
data acquisition system (2700; Keithley, Cleveland, OH). The med-
ium was replenished when the cell voltage dropped to values below
50 mV for the control reactors, or to less than 0.5 mA for the reactors
with set anode potentials, forming one complete fed-batch cycle. All
reactors were operated in duplicate at 30 �C.

For the reactors with set anode potentials, anode potentials
were set during the startup period of the reactors (for one month),
except when medium was replenished at the end of a fed-batch cy-
cle. After one month when all reactors were fully started up (dem-
onstrated by repeatable cycles of current), the reactors were
disconnected from the potentiostat and analyzed in polarization
tests. Control reactors were started up and analyzed over the same
period of time. The reactors were left open circuit for one hour
after being fed with fresh medium, and then the external resistor
was switched from 1000 to 20 O in a decreasing order (20 min
per resistance) (single cycle method). Power and current were nor-
malized by the electrode projected surface area of 7 cm2.

2.4. Electrochemical tests

Electrochemical techniques including cyclic voltammetry (CV),
differential pulse voltammertry (DPV) and electrochemical imped-
ance spectroscopy (EIS) were applied to electrochemically charac-
terize the change of anode biofilm activities using the potentiostat
(VMP3; BioLogic, Claix, France). All tests were conducted using the
MFC reactors with the anode as the working electrode and the
cathode as the counter electrode. For the CV tests, anode potential
was scanned from �0.39 to +0.31 V at a scan rate of 0.2 mV s�1.
DPV was performed from �0.49 to +0.31 V as previously described
(Marsili et al., 2008), with a pulse height of 50 mV, pulse width of
300 ms, step height of 2 mV, and step time of 500 ms (equivalent to
scan rate of 4 mV s�1), with current averaged over the last 80% of
the step (1 s, 12 points) using an accumulation time of 5 s. EIS
was conducted at an anode potential of �0.2 V, which was close
to that at the maximum power production in MFCs without set an-
ode potentials, over a frequency range of 100 kHz to 100 mHz with
a sinusoidal perturbation of 10 mV amplitude. Charge transfer
resistances were obtained by fitting semi-circles to spectra in Ny-
quist plots (Hutchinson et al., 2011).
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Fig. 1. Comparison in startup performance with reactors inoculated with waste-
water (ww) or acclimated transferred culture (Tc), with set anode potential of (A)
�0.2 V, (B) +0.2 V or (C) control (no set potential, ctrl).
3. Results and discussion

3.1. Startup

Startup time was defined here as the time needed to produce
repeatable current output over multiple cycles. The startup time
was appreciably affected by the inoculum and the set anode
potential. For the reactors inoculated with wastewater, startup
time was reduced by using the more positive set potential, from
20 days acclimated at �0.2 V, to 10 days at +0.2 V (Fig. 1). This de-
crease in startup time with the more positive potential was likely
due to the greater available energy for bacterial growth, which
would have enabled faster startup and more biomass production
(Wei et al., 2010). Control reactors (no set potential) had a longer
startup time of 12 days, and anode potentials were gradually re-
duced from +0.45 V at the beginning of startup over the first few
days, to a stable potential of �0.26 V after 12 days (Fig. S1). The
control reactors produced much smaller current with a 1 kO exter-
nal resistor (peak at ca. 0.65 A m�2) than reactors with set anode
potentials (peak at ca. 6.5 A m�2), thus they had longer cycle time
(ca. 3–4 days) than the reactors with set anode potentials (1 day)
(Figs. 1 and S1).

When new MFCs were inoculated with cell suspensions trans-
ferred from the operating MFCs, the startup time in the new MFC
with set anode potential of �0.2 V was reduced to 10 days, about
the same as that obtained with a set potential of +0.2 V (Fig. 1A
and B). The anode acclimated at +0.2 V using the transferred culture
inoculum also had a startup time of �10 days, but its startup cur-
rent was higher than that produced by MFCs inoculated with
wastewater, indicating better startup performance (Fig. 1B). The
control reactor inoculated with the transferred cell suspension
had the shortest startup time, producing a stable voltage after only
�3 days (Fig. 1C), although the current produced was much smaller
compared to the reactor with set anode potentials. These results
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show that setting the more positive anode potential of +0.2 V was
better than �0.2 V in terms of startup time, and that in all cases
the transferred cell suspension from a working MFC was the most
reliable method for achieving a short startup time.
3.2. Power production

The startup methods that produced the most rapid startup did
not produce conditions that resulted in the highest possible power
densities. For the MFCs inoculated with wastewater, acclimation at
a set potential of �0.2 V produced the highest power density of
1330 ± 60 mW m�2 in polarization tests, but this MFC did not have
the shortest startup time. Much less power was produced by MFCs
acclimated to the more positive potential of +0.2 V
(910 ± 50 mW m�2) or the control (900 ± 60 mW m�2) (Fig. 2A).
The higher power production by the MFC with the anode accli-
mated to the more negative potential was probably due to the high
selective pressure that was produced by setting the anode poten-
tial close to that of the half cell potential for acetate oxidation. This
condition would have resulted growth only by bacteria that could
adapt to such a low anode potential. This low anode potential is
more advantageous for MFC operation as it enables greater power
densities to be produced at higher current densities.

There were fewer differences in maximum power densities
among MFCs inoculated with transferred cell suspensions. The max-
imum power produced for the MFC with a set potential of�0.2 V was
1320 ± 60 mW m�2, similar to that obtained with the wastewater
inoculum acclimated to this potential. These power densities were
only slightly larger than the maximum power densities produced
using a set potential of +0.2 V (1200 ± 40 mW m�2) or the control
with no set potential (1200 ± 20 mW m�2) when using transferred
cell suspensions (Fig. 2A). Therefore, inoculation with transferred
culture improved the power production with the reactor acclimated
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Fig. 2. (A) Power density curves and (B) electrode potentials with set anode
potentials of �0.2 V, +0.2 V and the control (no set potential, ctrl), inoculated with
wastewater (ww, solid symbols) or acclimated transferred culture (Tc, open
symbols). (In part B, solid lines represent cathode potentials, while dot lines for
anode potentials.)
to +0.2 V and the control reactor, but a more negative potential of
�0.2 V still produced a higher maximum power density.

Cathode potentials were almost identical for reactors accli-
mated to the different anode conditions in polarization tests, indi-
cating that the anodes were responsible for the differences in
power production (Fig. 2B). Anodes acclimated to �0.2 V had the
most negative potentials during the polarization tests, resulting
in a larger whole cell voltage and thus higher power production.
Anodes acclimated to +0.2 V had anode potentials similar to those
of the control reactor, but the potentials were more stable at higher
current densities. For the control reactor inoculated with wastewa-
ter, power overshoot (a doubling back of the power curve at higher
current densities) occurred as a result of a rapid increase in anode
potentials, resulting in no further increase in current densities.
Power overshoot was eliminated here when using the transferred
cell suspension as the inoculum, as this anode could sustain higher
current densities (Fig. 2B). These results from polarization data
show that the anode performance was the distinguishing factor
in power production.

3.3. Cyclic voltammetry (CV)

CV was used to identify the activities and redox potentials of
anode biofilms for the reactors acclimated to different set anode
potentials and inoculated with different bacterial suspensions.
For the MFCs inoculated with wastewater, anodes acclimated at
�0.2 V had the highest peak current of 8.0 A m�2 at potential of
�0.105 V, indicating the most active anode biofilm. The reactors
acclimated to a higher potential of +0.2 V had a lower peak current
of 6.4 A m�2, and the peak potential shifted to a more positive po-
tential of �0.061 V, likely due to the adaption of the biofilm to
more positive potentials during the startup. Control reactors pro-
duced the smallest peak current (4.6 A m�2 at �0.138 V), indicat-
ing anodes with lower electrogenic activities (Fig. 3A).

The use of transferred culture inocula in the MFCs resulted in
higher peak currents in all CVs, indicating improved anode perfor-
mance (Fig. 3B–D). Although the peak current (8.5 A m�2) of the
anode acclimated to �0.2 V was slightly larger than that of waste-
water inoculated MFCs (8.0 A m�2) (Fig. 3B), this did not result in
higher power densities in polarization tests. This lack of a higher
power density in MFC tests suggests that the cathode limited
power production for the anode acclimated to �0.2 V. The CVs
for the control reactor and the MFC acclimated to +0.2 V had large
increases in peak current relative to the wastewater inoculated
MFCs (Fig. 3C and D), in agreement with polarization results show-
ing that these reactors produced higher power densities than those
inoculated with wastewater. The peak current in CV and maximum
power production generally were positively correlated, as a higher
anodic peak current resulted in a higher power production, up until
the point where the power production was limited by cathode per-
formance (Fig. S2).

First derivative analysis of the CVs (DCVs) provided additional
evidence of the improvement in anode biofilm redox activities by
using transferred culture inocula. The anodes acclimated to
�0.2 V, when inoculated with either wastewater or a transferred
culture, had almost identical DCV plots, with the highest peak at
potential of �0.23 and �0.15 V (inflection point, midpoint poten-
tial) (Fig. 4A and B). For the reactor acclimated to +0.2 V and the
control reactor, DCV plots with the transferred culture inocula
had higher and broader peaks than those reactors inoculated with
wastewater (Fig. 4C and D), showing much improved anode ability
over a wider potential range. The midpoint potentials did not
appreciably change with transferred culture inocula compared to
the wastewater, with ca. �0.17 V for the reactor acclimated to
+0.2 V, and ca. �0.19 V for the control. A previous study showed
similar midpoint potentials at �0.25 and �0.19 V for acetate fed
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Fig. 3. CV curves for (A) reactors that were inoculated with domestic wastewater. Inoculating with pre-acclimated transferred culture improved anode activities at all
conditions: (B) �0.2 V, (C) +0.2 V and (D) control.
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G. sulfurreducens (Katuri et al., 2010). These potentials can be
compared to the midpoint potentials of solubilized multiheme
cytochromes implicated in Geobacter electron transport, such as
OmcZS (�0.22 V) (Inoue et al., 2010), OmcB (�0.19 V) (Magnuson
et al., 2001) and periplasmic cytochrome c (PpcA) purified from
G. sulfurreducens (�0.17 V) (Lloyd et al., 2003).
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The changes of the CV and DCV curves in the control reactor
help to explain why power overshoot was eliminated by using a
transferred culture inoculum. With the control reactor inoculated
with wastewater, power overshoot occurred because the current
could not further increase beyond 4.1 A m�2 in polarization tests.
This maximum current was quite similar to the peak current ob-
tained in CV tests (4.6 A m�2) for this reactor, further indicating
that limited anode activity caused the power overshoot. Inocula-
tion with an acclimated transferred culture resulted in the anode
biofilm exhibiting improved redox activity (higher peak in CV
and DCV) over a wider range of anode potentials (broader peak
in DCV) for the control reactor, thus the anode was capable of high-
er current densities at more positive potentials. The anodes accli-
mated at the set potentials were less likely to exhibit power
overshoot in polarization tests (Fig. 2). This lack of power over-
shoot probably resulted from the adaption of the biofilm to higher
current densities during startup (ca. 6.5 A m�2) compared to con-
trol reactors (ca. 0.65 A m�2), which was consistent with a previous
study that adaptation to higher current densities eliminates power
overshoot (Hong et al., 2011).
3.4. Differential pulse voltammetry (DPV)

DPV is a technique with improved sensitivity compared to CV
that discriminates faradic from capacitive current even at high
scan rates. Therefore, DPV can be used to reveal characteristic
peaks, while canceling out capacitive or background current, show-
ing the alteration of redox species within the anode biofilms under
different acclimation conditions (Marsili et al., 2010). The height of
the peak current in a DPV is directly related to the concentration of
the electroactive species in the electrochemical cell, while the peak
potential should indicate the half-wave potential (E1/2) of the an-
ode, where E1/2 = Epeak + DE/2 (Bard and Faulkner, 2001). DPV anal-
ysis showed one broad peak for the wastewater inoculated reactors
at the two different set potentials. The reactor acclimated to �0.2 V
had a half-wave potential (E1/2) of �0.153 V, and the highest peak
current among the reactors inoculated with wastewater, indicating
the highest electroactive biomass (Fig. 5). The reactor acclimated to
+0.2 V had more positive E1/2 of �0.115 V, consistent with CV re-
sults which showed that the peak potential shifted to a more posi-
tive direction when acclimated to the more positive potential. The
DPV for the control reactor showed a broad peak (E1/2 = �0.162 V)
and an additional small peak (�0.055 V), indicating multiple active
redox couples in the biofilm (Fig. 5).

Reactors that were inoculated with the transferred culture
had much higher peak currents in the DPVs, indicating more
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Fig. 5. DPV with set anode potentials of �0.2 V, +0.2 V and the control (no set
potential, ctrl), inoculated with wastewater (ww, solid lines) or transferred culture
(Tc, dotted lines).
electroactive biomass in the biofilm. The half-wave potentials
for the new reactors were �0.150 V (�0.2 V), �0.130 V (+0.2 V)
and �0.154 V (control) (Fig. 5), showing that the active redox
species did not appreciably change as a result of the transfer pro-
cess. However, the control reactor only exhibited a single broad
peak, indicating reduced redox protein diversity, likely due to
the selection of more exoelectrogenic species by the transfer
process.

3.5. Electrochemical impedance spectroscopy (EIS)

EIS was conducted to identify the anode charge transfer resis-
tances produced by different acclimation conditions and inocula.
The anode potential for these EIS tests was set at �0.2 V, which
was close to the anode potentials at which maximum power was
produced. The reactors inoculated with wastewater and acclimated
at the same set potential of �0.2 V had the smallest Rct = 5.3 O,
consistent with this MFC producing the highest currents in the
CV and DPV tests. Anodes acclimated to +0.2 V had much larger
Rct = 17.9 O, which was also much larger than the control reactor
(8.1 O) (Fig. 6). This larger resistance was probably due to the lack
of suitable electron transfer pathways for operation at this highly
negative anode potential.

The reactors inoculated with the transferred culture had lower
Rct values, consistent with the improved power production and
higher CV or DPV peak currents with these reactors. Anode accli-
mated to �0.2 V had a slightly lower Rct of 5.1 O, while the control
reactor had a Rct = 5.9 O which was close to that obtained for the
reactor acclimated to �0.2 V. Anodes acclimated to more positive
potential of +0.2 V still had the largest Rct = 16.5 O (Fig. 6). There-
fore, anode acclimation to the more negative values was more ben-
eficial for power production due to the reduction in charge transfer
resistances. Using a pre-acclimated cell suspension for inoculation
could decrease the charged transfer resistance and thus improve
power production.

3.6. Effects of inoculation with different wastewater samples

A broad range of set anode potentials were tested with different
domestic wastewater inocula that were taken from the same loca-
tion at different times, but there was no consistent trend in terms
of startup time or power generation with the potential (Fig. 7). Set
potentials of �0.2 V and +0.2 V were tested using different waste-
water inocula to examine the reproducibility of the set anode
conditions on the startup of the MFCs, as well as the control reac-
tors with no set potential. Although the source of the wastewater
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was the same location, wastewater inocula obtained at different
times resulted in large variations for the same acclimation condi-
tion (set potentials or no set potential). When acclimated at a set
potential of �0.2 V the wastewater inoculum obtained at a differ-
ent time (ww2, Fig. 7) had a startup time as long as 40 days, with
power production of only 875 ± 5 mW m–2. Although this power
was higher than those obtained with more positive set potentials
of �0.15 and �0.1 V using the same inoculum (Fig. 7), it was 34%
lower than the previously obtained power production of
1330 ± 56 mW m–2 (ww1). The inconsistent results produced by
the various wastewater inocula were likely due to natural varia-
tions of bacteria in the domestic wastewater over time. This varia-
tion in startup time and performance was unexpected as previous
MFC tests using samples from this wastewater treatment plant
have shown more consistent results (Yates et al., 2012). However,
most previous tests were done in MFCs with well spaced elec-
trodes, where most of the oxygen diffusing through the cathode
would be consumed by the heterogeneous bacteria grown on the
cathode or in the anolyte. In an SEA setup, anodes were placed next
to the porous separator and the cathode, where oxygen will more
directly affect power production by the anode biofilm. Thus, it is
likely that oxygen intrusion that occurs using closely spaced elec-
trodes can result in much greater variability in MFC startup and
performance.

When acclimated to a more positive potential of +0.2 V with an-
other wastewater sample (ww3), the maximum power density of
1130 ± 20 mW m�2 was higher than that originally obtained under
this condition with the ww1 inoculum (910 ± 50 mW m�2). A sim-
ilar power density (1060 ± 130 mW m�2) was obtained with accli-
mation to a set potential of 0 V with the ww3 inoculum (Fig. 7).
The control reactors also had large variation in power production
using different wastewater inocula. Originally we obtained
900 ± 60 mW m�2 (ww1), compared to 780 ± 60 mW m�2 (ww2)
and 980 ± 20 mW m�2 (ww3). Therefore, different wastewater
inocula had large impact on the reactor performance with SEA set-
up, and acclimation at a set anode potential could not avoid these
changes and inconsistent behavior.

When MFCs were inoculated with the transferred cell suspen-
sions from reactors originally inoculated with different wastewater
samples taken at different times, reproducible and consistent start-
up performance and power production were obtained. The pre-
acclimated transfer from ww2, with a set potential of �0.2 V, had
a reduced startup time of only ca. 10 days, compared to 40 days
without pre-acclimation, and power production increased to
1280 ± 90 mW m�2 (Fig. 7). Transferred culture inocula resulted in
a consistent startup time of 10 days or less, and high power produc-
tion (>1200 mW m�2) for all acclimation conditions (Fig. 7). There-
fore, inoculation with a pre-acclimated cell suspension was the
only method to ensure consistent and reproducible results of both
reduced startup time and improved power production, which is par-
ticularly important for reactors with closely spaced electrodes.

3.7. Outlook

The materials used in MFCs with the SEA configuration were very
cost-effective relative to those used in many other MFC tests. The
carbon mesh anodes cost only $25 per m2 even for small quantities
used here (Wang et al., 2009a). Cathodes were made of activated car-
bon without precious platinum catalysts, which could cost as little
as $50–70 per m2 (Zhang et al., 2009a). The cost of the separator
was only $2 per m2. With the SEA setup and these low-cost materi-
als, power production was 1200 mW m�2 (pre-acclimated culture)
without a set potential, and slightly higher (1330 mW m�2) with a
set potential of�0.2 V. These values are higher than that previously
obtained with a glass fiber separator in an SEA MFC with the same
electrodes used here (960 mW m�2) (Hays et al., 2011), and the
same as that obtained with a more expensive carbon cloth anode
and a Pt/C cathode (1195 mW m�2) (Zhang et al., 2009b). This shows
that the separator material used here is a promising alternative to
glass fiber separators. The highest power density obtained here
(1330 mW m�2) was slightly larger than that obtained with a brush
anode and the same activated carbon cathode using a 4-cm electrode
spacing (1220 mW m�2) (Zhang et al., 2009a), and similar to that ob-
tained with the brush and activated carbon materials in a SEA setup
with a glass fiber separator (1300 mW m�2) (Hays et al., 2011). How-
ever, the thinner carbon mesh anode may allow for more compact
reactor designs than the larger graphite fiber brush. Thus, carbon
mesh anodes in SEA setup are both cost-effective and efficient alter-
natives to previously used materials in MFCs, particularly when used
in SEA arrangements.
4. Conclusions

Both setting anode potential and pre-acclimation are useful
strategies to enhance anode startup performance in SEA MFCs.
While a set anode potential of �0.2 V produced the highest power,
pre-acclimation is necessary to ensure consistently good startup
performance. A set anode potential of �0.2 V with pre-acclimation
produced slightly improved maximum power densities (�by 10%)
compared to the control (no set potential), but this is a relatively
small change considering the need for a relatively more compli-
cated three-electrode setup. For large scale reactor inoculation, it
is suggested that pre-acclimated cultures be used as the inoculum
to ensure good startup performance.

Acknowledgements

The authors thank D.W. Jones for help with the analytical mea-
surements, and Dr. Xiuping Zhu and Dr. Justin Tokash for useful



F. Zhang et al. / Bioresource Technology 133 (2013) 74–81 81
discussions. This research was supported by Award KUS-I1-003-13
from the King Abdullah University of Science and Technology
(KAUST).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.biortech.2013.01.
036.

References

Aelterman, P., Freguia, S., Keller, J., Verstraete, W., Rabaey, K., 2008. The anode
potential regulates bacterial activity in microbial fuel cells. Applied
Microbiology and Biotechnology 78 (3), 409–418.

Bard, A., Faulkner, L., 2001. Electrochemical Methods: Fundamentals and
Applications. John Wiley & Sons, Inc..

Chae, K.-J., Choi, M.-J., Lee, J.-W., Kim, K.-Y., Kim, I.S., 2009. Effect of different
substrates on the performance, bacterial diversity, and bacterial viability in
microbial fuel cells. Bioresource Technology 100 (14), 3518–3525.

Cheng, S., Liu, H., Logan, B.E., 2006. Increased power generation in a continuous flow
MFC with advective flow through the porous anode and reduced electrode
spacing. Environmental Science and Technology 40 (7), 2426–2432.

Fan, Y., Hu, H., Liu, H., 2007. Enhanced coulombic efficiency and power density of
air-cathode microbial fuel cells with an improved cell configuration. Journal of
Power Sources 171 (2), 348–354.

Hays, S., Zhang, F., Logan, B.E., 2011. Performance of two different types of anodes in
membrane electrode assembly microbial fuel cells for power generation from
domestic wastewater. Journal of Power Sources 196 (20), 8293–8300.

Hong, Y., Call, D.F., Werner, C.M., Logan, B.E., 2011. Adaptation to high current using
low external resistances eliminates power overshoot in microbial fuel cells.
Biosensors and Bioelectronics 28 (1), 71–76.

Hutchinson, A.J., Tokash, J.C., Logan, B.E., 2011. Analysis of carbon fiber brush
loading in anodes on startup and performance of microbial fuel cells. Journal of
Power Sources 196 (22), 9213–9219.

Inoue, K., Qian, X., Morgado, L., Kim, B.-C., Mester, T., Izallalen, M., Salgueiro, C.A.,
Lovley, D.R., 2010. Purification and characterization of OmcZ, an outer-surface,
octaheme c-yype cytochrome essential for optimal current production by
Geobacter sulfurreducens. Applied and Environmental Microbiology 76 (12),
3999–4007.

Katuri, K.P., Kavanagh, P., Rengaraj, S., Leech, D., 2010. Geobacter sulfurreducens
biofilms developed under different growth conditions on glassy carbon
electrodes: insights using cyclic voltammetry. Chemical Communications 46
(26), 4758–4760.

Liu, G., Yates, M.D., Cheng, S., Call, D.F., Sun, D., Logan, B.E., 2011. Examination of
microbial fuel cell start-up times with domestic wastewater and additional
amendments. Bioresource Technology 102 (15), 7301–7306.

Liu, H., Logan, B.E., 2004. Electricity generation using an air-cathode single chamber
microbial fuel cell in the presence and absence of a proton exchange membrane.
Environmental Science and Technology 38 (14), 4040–4046.

Lloyd, J.R., Leang, C., Myerson, A.L.H., Coppi, M.V., Cuifo, S., Methe, B., Sandler, S.J.,
Lovley, D.R., 2003. Biochemical and genetic characterization of PpcA, a
periplasmic c-type cytochrome in Geobacter sulfurreducens. Biochemical
Journal 369, 153–161.

Logan, B.E., 2008. Microbial Fuel Cells. John Wiley & Sons, Inc., Hoboken, NJ.
Logan, B.E., Aelterman, P., Hamelers, B., Rozendal, R., Schröder, U., Keller, J., Freguiac,

S., Verstraete, W., Rabaey, K., 2006. Microbial fuel cells: methodology and
technology. Environmental Science and Technology 40 (17), 5181–5192.
Logan, B.E., Regan, J.M., 2006. Microbial fuel cells—challenges and applications.
Environmental Science and Technology 40 (17), 5172–5180.

Lovley, D.R., 2006. Bug juice: harvesting electricity with microorganisms. Nature
Reviews Microbiology 4, 497–508.

Lovley, D.R., 2008. The microbe electric: conversion of organic matter to electricity.
Current Opinion in Biotechnology 19 (6), 564–571.

Magnuson, T.S., Isoyama, N., Hodges-Myerson, A.L., Davidson, G., Maroney, M.J.,
Geesey, G.G., Lovley, D.R., 2001. Isolation, characterization and gene
sequence analysis of a membrane-associated 89 kDa Fe(III) reducing
cytochrome c from Geobacter sulfurreducens. Biochemical Journal 359, 147–
152.

Marsili, E., Rollefson, J.B., Baron, D.B., Hozalski, R.M., Bond, D.R., 2008. Microbial
biofilm voltammetry: direct electrochemical characterization of catalytic
electrode-attached biofilms. Applied and Environmental Microbiology 74 (23),
7329–7337.

Marsili, E., Sun, J., Bond, D.R., 2010. Voltammetry and growth physiology of
Geobacter sulfurreducens biofilms as a function of growth stage and imposed
electrode potential. Electroanalysis 22 (7–8), 865–874.

Qu, Y., Feng, Y., Wang, X., Logan, B.E., 2012. Use of a coculture to enable current
production by Geobacter sulfurreducens. Applied and Environmental
Microbiology 78 (9), 3484–3487.

Rabaey, K., 2005. Continuous microbial fuel cells convert carbohydrates to
electricity. Water Science and Technology 52, 515.

Sun, D., Call, D.F., Kiely, P.D., Wang, A., Logan, B.E., 2012. Syntrophic interactions
improve power production in formic acid fed MFCs operated with set anode
potentials or fixed resistances. Biotechnology and Bioengineering 109 (2), 405–
414.

Torres, C.I., Krajmalnik-Brown, R., Parameswaran, P., Marcus, A.K., Wanger, G.,
Gorby, Y.A., Rittmann, B.E., 2009. Selecting anode-respiring bacteria based on
anode potential: phylogenetic, electrochemical, and microscopic
characterization. Environmental Science and Technology 43 (24), 9519–9524.

Wagner, R.C., Call, D.F., Logan, B.E., 2010. Optimal set anode potentials vary in
bioelectrochemical systems. Environmental Science and Technology 44 (16),
6036–6041.

Wang, X., Cheng, S., Feng, Y., Merrill, M.D., Saito, T., Logan, B.E., 2009a. The use of
carbon mesh anodes and the effect of different pretreatment methods on power
production in microbial fuel cells. Environmental Science and Technology 43
(17), 6870–6874.

Wang, X., Feng, Y., Ren, N., Wang, H., Lee, H., Li, N., Zhao, Q., 2009b. Accelerated
start-up of two-chambered microbial fuel cells: effect of anodic positive poised
potential. Electrochimica Acta 54 (3), 1109–1114.

Wei, J., Liang, P., Cao, X., Huang, X., 2010. A new insight into potential regulation on
growth and power generation of Geobacter sulfurreducens in microbial fuel cells
based on energy viewpoint. Environmental Science and Technology 44 (8),
3187–3191.

Yates, M.D., Kiely, P.D., Call, D.F., Rismani-Yazdi, H., Bibby, K., Peccia, J., Regan, J.M.,
Logan, B.E., 2012. Convergent development of anodic bacterial communities in
microbial fuel cells. The ISME Journal 6, 2002–2013.

Zhang, F., Cheng, S., Pant, D., Bogaert, G.V., Logan, B.E., 2009a. Power generation
using an activated carbon and metal mesh cathode in a microbial fuel cell.
Electrochemistry Communications 11 (11), 2177–2179.

Zhang, F., Pant, D., Logan, B.E., 2011. Long-term performance of activated carbon air
cathodes with different diffusion layer porosities in microbial fuel cells.
Biosensors and Bioelectronics 30 (1), 49–55.

Zhang, X., Cheng, S., Huang, X., Logan, B.E., 2010. The use of nylon and glass
fiber filter separators with different pore sizes in air-cathode single-
chamber microbial fuel cells. Energy and Environmental Science 3 (5), 659–
664.

Zhang, X., Cheng, S., Wang, X., Huang, X., Logan, B.E., 2009b. Separator
characteristics for increasing performance of microbial fuel cells.
Environmental Science and Technology 43 (21), 8456–8461.

http://dx.doi.org/10.1016/j.biortech.2013.01.036
http://dx.doi.org/10.1016/j.biortech.2013.01.036

	Improving startup performance with carbon mesh anodes in separator electrode assembly microbial fuel cells
	1 Introduction
	2 Methods
	2.1 MFC construction
	2.2 Inoculation
	2.3 Operation
	2.4 Electrochemical tests

	3 Results and discussion
	3.1 Startup
	3.2 Power production
	3.3 Cyclic voltammetry (CV)
	3.4 Differential pulse voltammetry (DPV)
	3.5 Electrochemical impedance spectroscopy (EIS)
	3.6 Effects of inoculation with different wastewater samples
	3.7 Outlook

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


