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Abstract Increasing the ionic strength of the electrolyte in
a microbial fuel cell (MFC) can remarkably increase power
output due to the reduction of internal resistance. However,
only a few bacterial strains are capable of producing
electricity at a very high ionic strength. In this report, we
demonstrate a newly isolated strain EP1, belonging to
Shewanella marisflavi based on polyphasic analysis, which
could reduce Fe(III) and generate power at a high ionic
strength of up to 1,488 mM (8% NaCl) using lactate as the
electron donor. Using this bacterium, a measured maximum
power density of 3.6 mW/m2 was achieved at an ionic
strength of 291 mM. The maximum power density was
increased by 167% to 9.6 mW/m2 when ionic strength was
increased to 1,146 mM. However, further increasing the
ionic strength to 1,488 mM resulted in a decrease in power
density to 5.2 mW/m2. Quantification of the internal
resistance distribution revealed that electrolyte resistance
was greatly reduced from 1,178 to 50 Ω when ionic strength
increased from 291 to 1,488 mM. These results indicate that
isolation of specific bacterial strains can effectively improve
power generation in some MFC applications.
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Introduction

Microbial fuel cells (MFCs) are devices that convert
chemical energy directly from organic matter using elec-
trochemically active bacteria as catalysts to generate
electrical energy. Although the original concept was
proposed early in the last century (Potter 1911), MFCs
have received a great deal of attention only in the last
decade (Kim et al. 1999; Wei and Zhang 2007). In an MFC,
electrons released by microbes can be delivered to an anode
and flow to a cathode through an external circuit operated
under a load. Meanwhile, protons are generated in the
anode and charges transfer across a proton exchange
membrane (PEM), reacting with the electrons and oxygen
on the cathode to form water. One of the most exciting
applications of MFCs is their use as benthic unattended
generators to power electrical detectors (Tender et al. 2002)
or meteorological buoys (Tender et al. 2008) in remote
locations, such as the bottom of the ocean or river. MFCs
can also be developed as a promising tool to treat
wastewater and simultaneously generate electricity.

In practice, the measured MFC voltage is substantially
lower than the maximum thermodynamically attainable
MFC voltage. This discrepancy, referred to as overvoltage
or overpotential, is due to various potential losses inherent
within the MFC that cause high internal resistance (Logan
et al. 2006). Various factors affecting the performance of
MFCs have been identified, including anodic and cathodic
catalytic activities, substrate diffusion, and proton mass
transfer (Kim et al. 2007). Of these factors, proton mass
transfer is considered the main constraint to increasing the
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performance of MFCs as it causes high internal resistance
dominantly captured into electrolyte resistance in single-
chamber MFCs or into membrane resistance and electrolyte
resistance in two-chamber MFCs (Fan et al. 2008).
Removing the membrane, minimizing the electrode spac-
ing, and increasing the ionic strength (IS) could efficiently
reduce these losses caused mainly by proton mass transfer
(Kim et al. 2007; Watanabe 2008). Increasing the solution
ionic strength of electrolyte by adding NaCl (up to
400 mM) or KCl (up to 300 mM) could considerably
increase power output (Liu et al. 2005; Oh and Logan
2006). Moreover, quantification of the internal resistance
distribution of single-chamber MFCs shows that electrolyte
resistance accounts for 36–78% of total resistance, which
can be decreased from 208 to 85.9 Ω by increasing the
phosphate buffer concentration from 50 to 200 mM (Fan et
al. 2008). In previous work, however, the maximum ionic
strength was maintained at relatively low levels due to the
use of mixed cultures derived from freshwater and which
cannot tolerate very high salt concentrations. Though MFCs
using mixed cultures often achieve higher power output
than those using pure cultures (Rabaey et al. 2004, 2005), a
recently isolated bacterium can produce electricity at a
higher power density than can mixed cultures in the same
device (Xing et al. 2008). Furthermore, the pure culture can
also serve as an appropriate model for electron transfer in
MFCs to investigate the physiology of this process
(Lanthier et al. 2008).

In this study, we report a newly isolated current-
producing bacterium Shewanella marisflavi strain EP1 that
could generate power at a high ionic strength in MFC. In
addition, we also investigated the electrolyte resistance
contribution to total internal resistance by varying the
electrolyte ionic strength.

Materials and methods

Media and growth conditions

To enrich the electricity-producing bacteria in MFC, a
sterile basal medium (BM) with 2% NaCl was employed as
the routine culture medium (RCM). The basal medium
(IS=120 mM) consisted of (per liter): 1.3 g K2HPO4,
0.45 g KH2PO4, 1.19 g (NH4)2SO4, 0.25 g MgSO4, 0.05 g
CaCl2, 0.02 g L-arginine HCl, 0.02 g L-glutamic acid,
0.02 g L-serine, 100 ml Wolfe’s minerals, and 25 mM
HEPES as buffering agent. The initial pH of the culture
medium was adjusted to 7.0. The cathodic electrolyte was
devoid of the three amino acids and supplemented with
0.6 g/l sodium chloride to balance the osmotic pressure.
Anoxic medium was prepared by boiling under N2

(99.999%) to remove dissolved oxygen and dispensed

under N2 (99.999%) into anaerobic tubes or serum bottles
(Bellco Glass, Inc., USA). Strain EP1 was routinely
cultivated in RCM (2% NaCl) with L-lactate as the sole
electron donor and carbon source at 25°C aerobically with
shaking at 180 rpm or anaerobically static. Appropriate
electron acceptors such as fumarate and ferric citrate were
used in anoxic cultures.

Isolation of current-producing bacteria

Samples were collected from coastal sediments in Xiamen,
China. The sediment was inoculated into the MFC anode
chamber filled with RCM. Strain EP1 was isolated from
one MFC fed with lactate operated for 2 months. Bacterial
biofilm formed on graphite electrode was scraped with a
sterile razor in an anaerobic glove box (Forma Anaerobic
System, model 1029) and inoculated into anaerobic RCM
using lactate as electron donor and ferric citrate as electron
acceptor in anaerobic pressure tubes (Bellco Glass, Inc.).
Bacterial isolation was performed by serial dilution of an
enrichment culture on solid medium using strict anaerobic
roll-tube technique (Hungate 1969). RCM supplemented
with low-melting-point agarose (1.5%, Sigma) was
employed as solid medium in the roll-tube method. In
addition, 10 mM lactate and 50 mM ferric citrate were used
as electron donor and acceptor, respectively. Red-brown
single colonies were picked in glove box, and the isolation
procedure was repeated at least three times until a pure
culture was obtained. Once purified, the isolate was grown
in RCM supplemented with lactate (20 mM) and ferric
citrate (50 mM) or in Difco 2216 marine broth.

Polyphasic phylogenetic analysis, DNA–DNA
hybridization, and morphology analysis

Cells from 10 ml culture grown on lactate and fumarate were
collected by centrifugation. Genomic DNA was extracted
from strain EP1 using E.Z.N.A.™ Bacterial DNA Kit
(OMEGA, USA) following the manufacturer’s instructions.
The 16S rRNA gene was amplified with ExTaq (TaKaRa,
Dalian, China) using the 27f primer (5′-AGAGTTT
GATCMTGGCTCAG-3′) and 1525r primer (5′-AAGGA
GGTGWTCCARCC-3′). PCR mixtures and amplification
were performed as described elsewhere (Coates et al. 2001).
The gyrB gene fragment was determined as reported
previously (Yamamoto and Harayama 1995). PCR products
were purified and ligated into vector pMD-18T (TaKaRa),
and sequencing was performed by Invitrogen, Inc. China.
The sequences obtained were aligned and compared with the
GenBank using BLAST algorithms. DNA–DNA hybridiza-
tion was performed as described previously (Ezaki et al.
1989). Hybridization of each sample was examined with five
replications. The highest and lowest relatedness values for
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each sample were excluded, and the mean of the three
remaining values was reported as the result.

Gram staining, cell morphology, and flagellum type were
examined by light microscopy (Nikon, E600) and trans-
mission electron microscopy using the exponentially
growing cells. Growth at various NaCl concentrations was
measured by examining Fe(III) reduction in anoxic BM
with L-lactate and ferric citrate.

MFC construction and operation

Two-chamber MFCs (H type) were employed in this study.
Reactors were assembled by joining two medium bottles
with glass tubes having 26-mm outside diameter suitable
for holding the PEM (Nafion 117, Dupont Co.) that was
clamped between two glass tubes fitted with rubber gaskets.
Each chamber was sealed with a silicon rubber fixed with a
screw cap. Sampling ports sealed with butyl stoppers and
aluminum crimps were added to the sides and top of each
chamber, while electrodes were introduced from the top by
feeding a wire through a butyl stopper in the sampling port.
The volume of each chamber, with the electrode, was
approximately 250 ml of the medium with a 50-ml
headspace. The electrodes for fuel cells were 1×2×8-cm
sticks of unpolished graphite (Grade GM42, Sanye Carbon
Co., Ltd., Beijing). The distance between electrodes was
approximately 18 cm. Electrodes were rinsed in 1 N NaOH
and 1 N HCl to remove possible biomass and metal
contamination and then soaked in deionization (DI) water
for 1 day before testing. Corrosion-proof silicon rubber-
coated wire was directly embedded into the hole drilled on
the top side of the graphite stick, and holes were filled with
conductive epoxy (type HE20; Epoxy Technology, USA)
and sealed with insulated epoxy (type 730Black; Epoxy
Technology). The PEM used in these reactors had a
diameter of 2.2 cm (area, 3.8 cm2). The PEM was
pretreated by boiling in DI water and H2O2 (30%) followed
by 1 M H2SO4 and DI water, each for 1 h, and then stored
in DI water before use. The anode chamber was filled with
250 ml anaerobic BM with various NaCl concentrations
and continuously sparged with pure nitrogen to maintain
anoxic conditions. The initial lactate concentrations for all
tests were 10 mM. The cathode compartment was filled
with 250-ml cathodic electrolyte into which air was
continuously sparged to supply oxygen as the electron
acceptor.

A set of MFCs was operated to investigate the effects of
ionic strength by changing the salt concentration (1%, 2%,
4%, 6%, or 8%). At each ionic strength, MFCs were run for
at least two batches for reproducible power generation.
Polarization curves were obtained by gradually lowering
external resistance from 19.2 kΩ to 100 Ω. For inoculation
of MFC with one specific ionic strength, cells of strain EP1

were pre-grown in 100 ml anaerobic BM containing 25 mM
lactate and 50 mM ferric citrate with corresponding ionic
strength and collected by centrifugation and resuspended in
5 ml anaerobic BM. These cells were inoculated into the
anode chamber using a syringe in the glove box. The device
was removed from the glove box, and voltage across a
1,000 Ω resistor was measured using a multimeter. MFCs
were operated in a temperature-controlled room (25°C), and
both chambers were mixed using a magnetic stirrer.
Potassium ferricyanide (50 mM) was used as the electron
acceptor in the cathode chamber in some tests.

Analyses and calculations

Voltage was measured hourly with a precision multimeter
and a data acquisition system (2000, Keithley, USA).
Power (P) was calculated according to P=IV (I=V/R),
where I (ampere) is current, V (volts) is voltage, and R
(ohm) is external resistance. Power density normalized to
anode area or reactor volume and Coulombic efficiency
(CE) were calculated as previously described (Logan et al.
2006; Lanthier et al. 2008).

The distribution of internal resistance was calculated as
described previously (Fan et al. 2008). Accordingly, Eq. 8
described in the reference could be simplified as follows:

E ¼ Eb � Rs þ Reð ÞI ð1Þ
where E (millivolts) is the external voltage; Eb (millivolts)
is the linear extrapolation open circuit voltage; Rs (ohm) is
the sum of anodic resistance, cathodic resistance, and
membrane resistance; Re (ohm) is the electrolyte resistance;
and I (milliampere) is the current.

Accordingly, the total resistance of MFC could be
indicated as:

Rint ¼ Rs þ Re: ð2Þ
To calculate the power P (milliwatts), Eqs. 1 and 2 could be
transformed into:

P ¼ EbI � RintI
2

� �
=1; 000: ð3Þ

The SOLVER function in Microsoft Office Excel was
employed, and the sum of squares of differences between the
measured and calculated data was minimized by iterating the
initial guess 1,000 times over a wide range of possible
parameter values with a quasi-Newton search method.

Conductivity was measured using a conductivity meter
(sensION™5, HACH). Fe(III) reduction was monitored by
measuring the concentration of Fe(II), which was deter-
mined with the ferrozine assay (Phillips and Lovley 1987).
Biomass from plankton, electrode, and PEM was collected
as described previously (Bond and Lovley 2003), and
protein concentration was measured using the BCA™
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Protein Assay Kit (Thermo Scientific, USA) following the
manufacturer’s instruction.

Statistical analysis

The numerical data from biologically independent experi-
ments were analyzed by one-way ANOVA to calculate the
mean and standard deviation of repeated assays. The
comparison of differences among the groups was carried
out by Student’s t test. Significance was defined as p<0.05.

Nucleotide sequence accession number

The nucleotide sequences of the 16S rRNA gene and the
gyrB gene fragment reported in this study were registered
in the GenBank nucleotide sequence databases under
accession numbers FJ589035 and FJ589038, respectively.

Results

Isolation and characterization of strain EP1

Several samples from the coastal sediments were inoculated
into MFCs for enrichment of current-producing isolates.
After serial transfers and dilutions to extinction, one isolate
designated as strain EP1 was purified. The MFC inoculated
with the pure culture of EP1 produced substantial current
densities using the electrolyte containing 2% NaCl. Cells of
strain EP1 were Gram-negative and rod-shaped with 0.3- to
1.0-μm width and 2.5- to 4.0-μm length and motile by
means of a polar flagellum (data not shown). Strain EP1
could reduce nitrate, fumarate, ferric citrate, and Fe(III)
oxide, with lactate as electron donor in anaerobic cultures.
On the basis of 16S rRNA gene sequence analyses, strain
EP1 showed high homologies with those of Shewanella
species (Fig. 1). Strain EP1 exhibited its closest relatedness

(99.9%) to the type strain S. marisflavi JCM 12192T.
Because the 16S rDNA sequence lacks sufficient specificity
for the differentiation of close relatives in this genus, the
more rapidly evolving gyrB gene was also employed. The
gyrB gene sequence of EP1 shared 98.1% similarity to that
of S. marisflavi JCM 12192T (Fig. 1), which was far higher
than the suggested species cutoff value of 90% for gyrB
sequences in Shewanella genus (Venkateswaran et al. 1999).
A further DNA–DNA hybridization assay revealed a high
relatedness (91.7%) between the EP1 and S. marisflavi JCM
12192T (Table 1). On the basis of these phylogenetic and
phenotypic characteristics, strain EP1 was classified as a
member of species S. marisflavi. The new isolate was
deposited in the China Center for Type Culture Collection
(CCTCC) under accession number CCTCC M 209016.

Fe(III) reduction at various ionic concentrations

To better understand the physiology of Fe(III)-reducing
bacteria in MFCs, anaerobic cultures with ferric iron as
electron acceptor were often applied to investigate the
growth conditions. Here, ferric citrate was used as the
electron acceptor to test the growth of strain EP1 with
lactate as electron donor at various ionic strengths. Cells
pre-grown in 10 ml anaerobic RCM with fumarate and
lactate were collected by centrifugation, washed twice, and
resuspended in 1 ml anoxic RCM to inoculate the 100 ml
ferric citrate culture. The Fe(II) production determined was
shown in Fig. 2. It was found that no Fe(II) production was
observed at 0% NaCl, demonstrating that salts were
indispensable for the growth. With 8 mM lactate and
50 mM ferric citrate, the Fe(II) concentration eventually
reached the maximum of 32 mM at 1%, 4%, and 6% NaCl.
The results indicated that strain EP1 was able to completely
utilize lactate as electron donor in the range of 1–6% NaCl,
but not at 8%. In addition, differences of the time required
for reaching the maximum Fe(III) reduction among various
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NaCl concentrations demonstrated that strain EP1 could
grow well at 1%, 4%, and 6% NaCl and that its growth was
slightly inhibited at 8% NaCl, presumably due to the
excessively high ionic strength.

Differential growth rates at different salt concentrations
reflected the tolerance of strain EP1 for various ionic
strengths or osmotic pressures. The growth of strain EP1 in
such a wide range of NaCl concentrations (1–8%) made it
an excellent instance for investigating electricity generation
at various ionic strengths.

Current generation at different ionic strengths

Since strain EP1 could reduce Fe(III) at high salt concen-
trations, this strain was applied to better understand power
generation at various ionic strengths. To initiate the growth
of strain EP1 in MFC, the sterile anaerobic anode chamber
with a certain ionic concentration was inoculated with 5 ml
stationary phase culture of strain EP1 that pre-grew at the
same ionic concentration with ferric citrate as the electron
acceptor. All tests were performed with a 1,000 Ω fixed
external resistance, and 10 mM lactate was provided as the
electron donor with electrode as electron acceptor. The
results showed that rates of current increase with 1–6%
NaCl ranged from approximately 2.0 to 2.4µA/h, whereas
the rate with 8% NaCl was 1.2µA/h (Fig. 3). These were
consistent with the growth of strain EP1 using ferric citrate
as electron acceptor in serum bottle cultures as described
above.

After a period of gradual increase, the current production
eventually reached a plateau (Fig. 3). A maximum voltage
of 134 mV was obtained using the electrolyte with a NaCl
concentration of 1% (IS=291 mM). With 10 mM lactate as
electron donor and a fixed external resistance, the maxi-
mum voltage was increased gradually when the electrolyte
ionic concentration was increased, reaching a maximum of
219 mV at 6% NaCl (IS=1,146 mM). This maximum
voltage was 63% larger than that using the electrolyte with a
solution IS of 291 mM, and the corresponding maximum
power density was increased by 167% from 3.6 to 9.6 mW/m2.
However, further increasing the ionic strength (8% NaCl) led
to a decrease of the maximum voltage and power density to
163 mV and 5.2 mW/m2, respectively. It was found that
increasing the ionic strength of the electrolyte could increase
the current by reducing the internal resistance of MFC,

suggesting that bacterial growth was not greatly affected.
However, the adverse effect of medium salinity on bacterial
growth was obvious. Strain EP1 could not grow well at such
a high ionic strength (1,488 mM).

To investigate the overall effects of high ionic strength
on power generation, biomass recovered from three
different parts of the anode chamber and the CE were
determined. Substantial amounts of biomass were obtained
from the anode chamber with higher quantities of plank-
tonic biomass than those of electrode and PEM biomass at
each ionic strength (Fig. 6). The total biomass in the anode
chamber at 1%, 2%, 4%, and 6% NaCl were 8.6, 9.2, 8.7,
and 8.3 mg, respectively. Biomass from plankton, electrode,
and PEM at 8% NaCl all declined compared with those at
1–6% NaCl. The total biomass at 8% NaCl declined to only
4.1 mg. The CE values of MFCs at 1–6% NaCl were
increased with ionic strength or the stable maximum current
density (Fig. 3), reaching 54.6% at 4% NaCl and 57.2% at
6% NaCl. The CE at 8% NaCl decreased to 45.6% with the
stable maximum current density decline.

Internal resistance distribution

To explore the effect of solution ionic strength on the
internal resistance distribution and power output of MFCs
using dissolved oxygen or ferricyanide as electron accept-
ors, polarization curves produced by strain EP1 were
generated by varying the external resistance between the
electrodes (Fig. 4). The total internal resistance Rint in the
two-chamber MFCs could be divided into anodic resis-
tance, cathodic resistance, membrane resistance, and elec-
trolyte resistance. During the tests with salt concentrations
of 1–6%, bacterial growth was not affected by ionic
concentration and the parameters of MFCs were un-
changed. Therefore, anodic resistance, cathodic resistance,
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Table 1 DNA–DNA hybridization of S. marisflavi EP1 to other
Shewanella species

Bacterium Strain no. Similarity (%)

S. marisflavi JCM 12192T 91.7

S. oneidensis ATCC 700550T 20.4
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and membrane resistance were fixed. For the MFC with 8%
NaCl, the anodic resistance might be significantly different
since the catalytic activities of bacterial cells were de-
pressed by the high ionic strength.

When using Eq. 1 to fit the polarization data, those with
actual current less than 0.03 mA were excluded since they
were probably located in the activation loss-dominated
region and departed away from the linear region of the
polarization curve (Logan et al. 2006). Eb, Rs, Re, and Rint

were calculated using the SOLVER function, and the
maximum value of the quadratic Eq. 3 (Pmax) was also
derived. The results with corresponding ionic strengths
were listed in Table 2.

According to the calculated values from Table 2, we
reconstructed the polarization curves and power curves as
shown in Fig. 4. Based on the functions of these curves, the
calculated voltage and power data points fit very well the
measured data points with correlation coefficients R2>0.99
(n=58). For the five air-cathode MFCs, electrolyte resis-
tance ranged widely from 3% to 60%. Increasing the
solution ionic strength could dramatically reduce electrolyte
resistance within the IS range of 219 to 1,146 mM.
However, further increasing IS to 1,488 mM only slightly
decreased electrolyte resistance from 72 to 50 Ω. This was
similar to the findings of a previous report in which internal
resistance was only reduced from 83 to 79 Ω when IS was
increased from 300 to 400 mM (Liu et al. 2005). By adding
NaCl, the conductivity of the electrolyte nearly increased
linearly, but electrolyte resistance was lowered scarcely, and
the curve tended to become flat when the IS reached a
higher value (Fig. 5). Moreover, the internal resistance
increased from 861 to 1,551 Ω when the ionic strength
increased from 1,146 to 1,488 mM. This phenomenon was
reported in previous studies, and the internal resistance

increased at high IS presumably due to the increase of
anodic resistance caused by the limited bacterial activities
at such an IS. Along with the decrease of electrolyte
resistance (1–6% NaCl), on the other hand, the sum of
anodic resistance, cathodic resistance, and membrane
resistance contributed from 40% to 92%, although Rs was
unchanged in these tests. Using ferricyanide instead of air
as cathodic electron acceptor, the calculated Eb (787 mV)
was much higher than 449 or 371 mV, and the
corresponding Re, Rs, or Rint were all decreased. However,
the percentage contribution to Rint of each component was
not changed distinctly. In addition, the relatively low
internal resistance of MFCs with ferricyanide cathode also
contributed to the higher power generation. The calculated
maximum power of MFC with ferricyanide cathode and 6%
NaCl was about one order of magnitude higher than that of
MFC with air cathode and 1% NaCl, indicating that cathode
and electrolyte resistances were the major factors limiting
cell performance.

Discussion

For the similarities between the insoluble Fe(III) oxides and
electrode, Shewanella putrefaciens that could breathe Fe
(III) oxides was first thought to be able to reduce electrode
to produce electricity in MFCs (Kim et al. 1999). From then
on, various Shewanella strains were developed as electro-
genic biocatalysts in MFCs, and intensive studies were
conducted to understand the mechanism of electron transfer
to electrode using Shewanella oneidensis MR-1 as a model
microorganism (Lanthier et al. 2008). However, to our
knowledge, S. marisflavi has not been reported as an
electrogenic bacterium to generate power in MFCs. Our
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results demonstrate for the first time that a bacterium from
S. marisflavi species can transfer electrons to an electrode
to generate current at high ionic strength in an MFC.
Although it has been demonstrated that the type strain of S.
marisflavi can tolerate 8% NaCl in aerobic growth (Yoon et
al. 2004), there is no evidence for its capacity to produce
current at such an ionic strength in an MFC. Rhodopseu-
domonas palustris DX-1, for example, can produce very
high current and power density, but the type strain of R.
palustris cannot generate power under the same conditions
(Xing et al. 2008).

In the present study, strain EP1 isolated from costal marine
sediments could grow and produce electricity at a wide range
of solution ionic strengths. Based on our knowledge, this is
the first time electricity generation is demonstrated at such a
high ionic strength (1,488 mM) by a pure culture. Strain EP1

produced 44 mA/m2 and 9.6 mW/m2 at the ionic strength of
1,146 mM, which was maintained at levels of power output
comparable with those obtained from similar architected
H-type MFCs with other species (Lanthier et al. 2008; Bond
and Lovley 2003). Although the amount of power density
was very small compared with those produced by
different microorganisms in other MFC types (Xing et
al. 2008; Ringeisen et al. 2006), low performance was
mainly the result of the architecture of the MFC system
but not the bacterium as this H-type MFC had high
internal resistance, which could significantly affect the
performance (Watanabe 2008).

Most of the biomass in the anode chamber was
planktonic, indicating that strain EP1 may employ a similar
strategy for growth with electrode as the electron acceptor
as observed in S. oneidensis (Lanthier et al. 2008).
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Fig. 4 Comparison of the observed voltage (a) and power output (b)
of air-cathode MFCs with different solution ionic strengths (1%, 2%,
4%, 6%, and 8% NaCl) and the ferricyanide-cathode condition with

2% and 6% NaCl (c). The calculated voltages and currents are shown
as dash lines or solid lines. Insets indicate the correlation between the
observed and the calculated data
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Shewanella species are well known for their capacity to
release electron shuttles out of cells, which help them
transfer electrons to electrodes without direct contact
(Marsili et al. 2008). The CEs obtained in this study (42–
57%) are generally maintained at levels comparable with
those using the same type of cell system (Lanthier et al.
2008). CE increased with current density at different ionic
strengths. This pattern was also observed in a pure culture
MFC (Xing et al. 2008). However, a high current density
does not always infer a high CE. This is mainly caused by
using MFCs with different configurations. MFC, in the
absence of PEM, produced greater power density than MFC
in the presence of PEM, but the CE remained very low (Liu
and Logan 2004). The most likely reason for the low CE is
the aerobic loss of substrate caused by the diffusion of
oxygen from the cathode chamber. In the absence of PEM,
oxygen easily diffuses to the anode and causes substantial
loss of substrate. In the same MFC, oxygen diffusion rate is
fixed, and the loss of substrate is in proportion to time.

When the same amount of electrons is released, the longer
time a low current runs for, the greater the loss of electrons
and the lower the CE (Fig. 6).

The resistance distribution analysis shows that a low
ionic strength may be a limiting factor for MFC power
output and that increasing the solution ionic strength could
significantly decrease electrolyte resistance and total resis-
tance within the range of ionic strengths that the bacteria
could tolerate. This indicates that the major contribution to
total internal resistance was likely the electrolyte resistance
when using a low solution ionic strength, and the major
contribution could turn to the other resistances after the IS
increased to a comparatively higher level. Through varying
the area of PEM in a previous report (Fan et al. 2008), it
was concluded that the main contribution to total internal
resistance came from the membrane resistance component.
However, the electrolyte resistance in our study was
identified to contribute 60% of total internal resistance
when the ionic strength of the electrolyte was maintained at
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Table 2 Summary of experimental and calculated data from two-chamber MFCs with different ionic strengths

MFCa ISb/mM Eb/mV Re/Ω (%)c Rs/Ω (%)c Rint/Ω Pmax
d/mW/m2 Pmax

e/mW/m3

Air 1% 291 449 1,178 (60) 789 (40) 1,967 5.12 85

Air 2% 462 449 592 (43) 789 (57) 1,381 7.3 122

Air 4% 804 449 234 (23) 789 (77) 1,023 9.9 164

Air 6% 1,146 449 72 (8) 789 (92) 861 11.7 195

Air 8% 1,488 371 50 (3) 1,501 (97) 1,551 4.4 74

FeCN 2% 291 787 577 (50) 579 (50) 1,156 25.8 430

FeCN 6% 1,146 787 65 (10) 579 (90) 644 48.4 807

a Air and FeCN indicate MFCs using oxygen and ferricyanide as electron acceptor, respectively. The number indicates the NaCl concentration in
electrolyte
b Only IS in the table was obtained from experiments and the others were calculated
c Numbers in the parentheses show the percentage contribution in total Rint
d Based on the surface area of anode
e Based on the reactor volume
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a low level (1% NaCl). This discrepancy is presumably due
to the different electrode material, MFC configurations, and
biocatalysts. Our results suggest that electrolyte resistance
could be another major contributor within internal resis-
tance and that increasing ionic strength could greatly
enhance the power output of two-chamber MFCs. With
such a salt-tolerant strain applied at high ionic strength in
the single-chamber MFC system, it is easy to deduce that
internal resistance could be further reduced and power
output could increase to a higher level. Our results also
suggest that searching for and isolating novel microorgan-
isms that are more halophilic and even acidophilic from
various environments could be a new approach to improve
performance in some MFCs that employ pure cultures.
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