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Microbial fuel cells (MFCs) are devices that convert chemical
energy into the form of electricity through the catalytic
activity of microorganisms [, 2, 5, 6, 22, 37, 42, 86, 90,
91, 95, 97]. Many different bacteria can produce a modicum
of electricity in an MFC if a mediator (electron shuttle) is
used to facilitate the transfer of electrons between the
bacterial cell and the working electrode (anode) in the
system [22, 86, 90]. However, such mediated fuel cells
(Fig. 1A) tend to be inefficient, expensive, and produce
low levels of power.

Recently, a number of bacteria (dubbed “electrochemically
active bacteria, or EAB) have been found to possess the
ability to transfer electrons from oxidized fuel (substrate)
to a working electrode without a mediator [37, 42, 43],
making it possible to establish mediator-less MFCs (Fig. 1B).
Dissimilatory metal reducing bacteria, which are capable
of the reduction of solid metal oxides have been particularly
noteworthy with regard to this ability, and to date, many
species of EAB are known, including Aeromonas hydrophilia
[21], Clostridium Butyricum |77], Desulfoblbus propionicus
[30], Enteroccus gallinarum [41], Geobacter sulfurreducens
[8], Rhodofoferax ferrireducens [13] and Shewanella
putrefaciens 37, 42]. Perhaps not surprisingly, the EAB,
which are defined as those bacteria capable of current
production in the absence of a mediator, are also capable of
electron exchange activity with a working electrode in
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cyclic voltammetry tests [37]. To this end, it was shown
that anaerobically grown intact cells of S. putrefaciens
were electrochemically active both in cyclic voltammetry
experiments [37,42] and in a mediator-less MFC [42].
Furthermore, in the MFC system, growth and metabolism
of S. putrefaciens was dependent on the presence of the
active anode - in essence, it served as the electron acceptor
for growth and metabolism.

Given that the MFC anode can act as the sole electron
acceptor for Shewanella and other EAB, it was reasoned,
and subsequently demonstrated, that the anode could
be used to isolate other EAB from nature, simply by
enrichment experiments in anoxic environments. Using
this approach, single strains, as well as bacterial consortia
have been enriched on anodes of MFCs [38, 47, 80], some
of which have remained active in our laboratory for many
years with minimal maintenance. Thus, it is clear that EAB
and mediator-less MFC systems are closely linked, and
both will be discussed throughout this review, with the
goal of assessing the state of the art in MFC systems,
assessing the challenges that must be overcome, and looking
to the possible applications of this exciting technology.

Life and Electron Flow

From one point of view, life can be viewed as a series of
electron exchanges and electron flow: life extracts energy
in the form of electrons from any of a variety of substrates,
and uses the energy of these electrons to create biologically
useful energy. Almost all life works in a similar way, using
the electron flow to “charge” a biological membrane, and
then using this charged membrane either directly (i.e., to
power transport, or motility), or indirectly (i.e., to use the
membrane potential to drive the synthesis of biologically
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Fig. 1. Two microbial fuel cell systems.
A. Mediated-MFC, B. Mediator-less MFC.

useful energy in the form of ATP). Inherent in this mechanism
is the notion that electrons must flow in order to drive the
mechanism that charges the membrane. This is usually, but
not always, the pumping of protons across the membrane
that establishes a pH/electrical gradient called the proton
motive force. If electrons flow, protons are pumped, and
the “biological capacitor” is charged.

Thus, for an aerobic organism, if oxygen is taken away,
electron flow stops, and the organism suffocates. For many
bacteria, other electron acceptors (nitrate, sulfate, thiosulfate,
fumarate, metal oxides, and CO,, etc.) can be used instead
of oxygen (Table 1), although, as shown, considerably less
energy is obtained when other electron acceptors are used.
In the discussion that follows, it will become obvious to
the reader that it should be possible to make totally
anaerobic MFCs that utilize other electron acceptors than
oxygen. However, the current yields of these MFCs will be
predictably lower, and in proportion to the expected
electron flow.

It is this fundamental property of living systems that
allow us to capture some of the respiratory energy in the
form of electrons, and use this to directly create electricity.

Table 1. Mediator-less microbial fuel cell operation using metal
reducing bacteria.

Metal reducing bacteria Reference
Aeromonas hydrophila [21]
Clostridium butyricum [68]
Desulfobulbus propionicus [30]
Enteroccus gallinarum [41]
Geobacter sulfurreduences [8]
Rhodoferax ferrireducens [13]
Shewanella putrefaciens (Shewanella oneidensis) [37, 42]

Using a fuel cell (as described below), it is possible to
interact with the microbe in a way that, in the absence of
an electron acceptor, it views the anode of the MFC as an
acceptable alternative. Thus the flow of electrons can
proceed, and the organism can continue to metabolize. The
anode is effectively a substitute for respiration. The issue
of importance for the microbe, and for the MFC designer
and user, however, is that electrons must flow, and when
they do the microbes and the MFC function properly.

Fuel Cells

Chemical fuel cells are devices that convert chemical
energy directly into electricity. Chemical conversion occurs
at an anaerobic electrode, where a catalyst is used to speed
up the oxidation of a specific fuel (H,, CH,, CH;OH).
Electrons from this oxidation are passed through an
exterior load to the cathode, while protons diffuse across a
proton-permeable membrane to the cathode. The protons
and electrons are then used to reduce oxygen to water, via
a catalyzed reaction on the cathode electrode.

Microbial Fuel Cells

MFCs share many similarities with chemical fuel cells.
The fuel is oxidized in an anaerobic anode chamber, but
rather than a elemental catalyst, living bacteria are used to
catalyze fuel oxidation. As the microorganisms oxidize
electron donors (fuels), the resulting electrons are transferred
to the anode, which is separated from the cathode by a cation
exchange membrane (anode oxidation reaction, equation 1);

(CH,O)n+nH,0—nnCO,+4ne +4nH" (D

The electrons from the anode are then transferred across
an external circuit to an aerated cathode. This transfer is
induced by the potential difference between the anode and
cathode electrodes. An oxygen reduction reaction takes
place at the cathode utilizing the transferred electrons,
protons and molecular oxygen. {Cathode reduction reaction,
equation 2);

4e™+4H +0,—2H,0 )

Under the closed circuit condition, the available power
of MFC (P, depends on cell voltage (V) and cell



current (I.,;) (equation 3). The latter factors are linked by
the applied resistance using Ohm’s law in which R
represents resistance (equation 4). The ideal cell voltage
is the difference in the potentials of the oxidant and
fuel compounds (E~Eg.), however irreversible losses
(overpotential, m) are incurred as a result of kinetic
limitations (equation 5) [36].

The kinetics of an electrochemical system can be diffusion
controlled (mass transport control) and/or activation
controlled (charge transfer control). Diffusion control
arises when the concentration and flow of fuel or oxidant
becomes limited. Charge transfer control dominates when
there are high resistance values of electrode materials,
electrolyte and/or cation exchange membrane. Charge
transfer and mass transport are also affected by the
dimensions and geometry of the membrane electrode
assembly (MEA) in the MFC [36]. Ultimately, both types
of kinetic limitations can decrease power generation. The
specific factors affecting MFC performance have been
well documented [24, 40].
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The MFCs have some notable differences from chemical
fuel cells, all of which relate to the fact that they employ
living, rather than chemical, catalysts. The bacteria, as a
rule are not limited to one substrate, but exhibit a range of
different compounds they can utilize for fuel. Furthermore,
they are inexpensive, and have the ability to reproduce and
to self-repair. Third, they can be custom-made and optimized
to a wide variety of different physical and chemical
conditions, using the robustness of the microbial cells and
communities.

Mediated- MFCs

Most microbes are electrochemically inactive because the
proteins associated with electron transport are contained
within the cell membrane. Mediators can be used to
facilitate the transfer of electrons from the microbial
membrane to the MFC electrode for these microbes [1,
17-22, 45, 86, 95, 96]. Mediators are preferentially reduced
during the metabolic oxidation of organic materials, and
the reduced form of the mediator is then re-oxidized at the
working electrode (anode), which is maintained at a
sufficiently high electric potential (Fig. 1a).

Nearly any bacterium can be used to generate current
in a mediated MFC, and a wide range of mediators
are known, including thionine [5, 45], viologens [1, 86],
methylene blue [86], 2-hydroxy-1,4-naphtoquinone [1, 96]
and other hydrophobic compounds [I1,2,5, 6,22, 86,90,
91,95,97]. In general, these mediators are toxic to
microorganisms in the high concentrations required for
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good current generation. This, coupled with the facts that
the mediators can be expensive, and that high concentrations
are required (i.e., scaling up to large volumes is prohibitively
expensive), make the commercialization of mediated
MFCs unlikely.

Mediator-less MFCs
A mediator-less MFC was first demonstrated by Kim e al.
[37], in which anaerobically grown cell suspensions of
the metal reducing bacterium, S. putrefaciens produced a
quasi-reversible cyclic voltammogram (CV) with a reductive
peak at —0.32 V and an oxidation peak at 0.03 V against a
saturated calomel eclectrode (SCE). The apparent redox
potential was —-0.15 V against a SCE, which is about 0.05 V
against a normal hydrogen electrode (NHE) [37]. No redox
peaks were observed in the CV test of the aecrobically
grown S. putrefaciens cells. These results suggested that,
as long as anaerobic conditions were maintained, direct
electron exchange should be possible using S. putrefaciens.
Direct clectron transfer from cells of S. putrefaciens
to an electrode was also tested using an MFC-type
electrochemical device and lactate as the fuel [37,42].
When the circuit was not connected between anode and
cathode electrodes (i.e., open circuit), the cells did not
consume lactate [43], while under the closed circuit condition,
S. putrefaciens consumed lactate and generated electricity
[37, 42]. To our knowledge, this was the first experimental
verification of a mediator-less MFC operation. Based on
both CV and MFC results, Kim ef al. [37] also proposed
that the electrochemical activity of bacterial cell suspensions
was due to the presence of electrochemically active
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compounds on the cell surface such as cytochromes, as
depicted in (Fig. 2). With regard to this, it is notable that,
based on genome analyses, S. oneidensis strain MR-1 has
43 possible cytochrome ¢ genes on the whole genome
sequence [28, 60], while another electrochemically active
DMRB (dissimilatory metal reducing bacteria), Geobacter
sulfurreducens has more than 100 [66, 59]. It is also notable
for both organisms, that a number of these c-type cytochromes
are located on the outer membrane of the organism, well
suited for their role in extracellular electron exchange.

Electrochemically Active Bacteria and Mediator-less
MFCs

Recently, a number of microorganisms have been isolated
based on their ability to use oxidized metal ions including
Fe(Ill) and Mn(IV) as their electron acceptors [62, 84]. In
anoxic environments, most microbial electron acceptors
such as nitrate, sulfate and carbon dioxide are essentially
water soluble both before and after reduction. However,
environmental Fe(IIl) and Mn(IV) minerals, which are
used as electron acceptors by the (DMRB), usually exist as
insoluble (solid) oxyhydroxide minerals at neutral pH levels.
Thus the DMRB face the problem of communicating
electrochemically with solid substrates that are by definition
unavailable to the membrane-bound enzymes usually involved
in respiration. To overcome this obstacle, the DMRB employ
several strategies including: 1) the utilization of naturally
existing electron shuttles (such as humic substances) as
mediators [9, 56, 57]; 2) the production of their own mediators
[71]; and, 3) the use of external {(outer membrane) components
to effect directly electron transfer to the metals.

Multiheme c-type cytochromes are thought to play a
major role in this unique electron transport system (ETS)
and outer membrane cytochromes are believed to be the
contact point to externally located Fe(TIT) and Mn(I'V)-
bearing minerals. Among the DMRB, Shewanella oneidensis
(formerly S. putrefaciens) [68,78,70] and Geobacter
sulfurreducens [10, 46, 66, 59] are found to localize some
of the c-type cytochromes on the outer membrane, rendering
the cells electrochemically active in mediator-less MFC
systems [7, 8, 37, 42]. Electrochemical activities have been
observed in other DMRB such as Aeromonas hydrophila [21],
Rhodoferax ferrireducens [13], Desulfobulbus propionicus
[30] as well as some fermentative microorganisms such as
Clostridium butyricum [77] and Enteroccus gallinarum
[41] (Table 1).

ENRICHMENT OF ELECTROCHEMICALLY ACTIVE
BACTERIA

Enrichment
As noted above, early experiments with Shewanella
putrefaciens showed that under conditions where electron
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Fig. 3. Enrichment steps (A) and enriched electrode (B) in
microbial fuel cell.

acceptors were not present, its metabolism was stimulated
by the presence of the MFC anode [37]. Based on these
simple observations, it was posited that the anode itself
should offer a pathway for the isolation of EAB via
anaerobic enrichment. Thus, “Enrichment” using an MFC
system was initially proposed [31] as a tool for selecting
electrochemically active consortia (Fig. 3). This technique
was explored using sludge collected from a corn-processing
wastewater treatment plant as the inoculum. The anode
compartment of the MFC was inoculated with the studge
and fed with wastewater from the same source. The
cathode compartment contained a buffer under continuous
aeration and the two compartments were separated by a
cation exchange membrane (i.e., it was an MFC!) [38]. An
open circuit potential (OCP) of around 0.6 V was observed
immediately after the inoculation. When the MFC was
connected through a 10 Q resistance the potential dropped
to 20 mV, which corresponds to a current of 20 pA.
When an aliquot of anode solution was replaced with
new wastewater (fuel), the current increased. This current
increase was concomitant with COD reduction. Repeated
wastewater replacements were coupled with current increase
up to 1.2 mA (Fig. 4). Similar patterns were also observed
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Fig. 4. Current changes during the enrichment process.

in all MFCs which had been inoculated with activated
sludge or anaerobic digester sludge [38].

These results suggest that EAB propagated in the MFC
and that wastewater and/or sludge contained EAB at low
concentrations at the initial stage of enrichment (Fig. 3A
top). The electricity production might be the result of
electrons transferred to the electrode by EAB after they
metabolized electron donor(s) in the wastewater in the
absence of any other electron acceptors (Fig. 3A middle).
Because it is thought that the electrode reducing step is an
energy conserving microbial respiration process [7, 38], EAB
could be enriched during MFC operation. If the enrichment
step is stabilized, the electron donor(s) consumption in the
wastewater could be metabolized faster than that of
previous step (Fig. 3A bottom).

Furthermore, enrichment cultures were made with various
nutritional characteristics, including copiotrophic cultures
enriched with artificial wastewater containing acetate [47],
propionate or artificial wastewater containing glucose and
glutamate [20], and oligotrophic cultures with artificial
wastewater [34] or river water [34, 80].

Fermentable substrates showed more diverse bacterial
populations in the MFC than that of non-fermentable
substrates (such as acetate) based on 16S rDNA analyses.
This could be due to nutritional characteristics of electron
donors. Non-EAB may also be present in the electrochemically
active MFC consortia. These microbes may play a critical
role in generating electron donor(s) for the EAB as a result
of their metabolism.

Microscopy

An enriched MFC was operated for about a year using
wastewater from a corn-processing factory and the electrodes
from this system were used for microscopic observation
[38]. Microscopic observations showed clear evidence of
biofilm formation on the anode electrode. A thick biofilm
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was observed on the surface of the electrode, indicating
that the EAB colonized on the electrode surface to use the
electrode as an electron acceptor. It is well documented
that the microbial community in a biofilm is more stable
than a free-living community [89], which would explain
why the biofilm that developed on the electrode was
better than artificially immobilized microbial cells for the
performance of the MFC. In addition to the electrode
biofilm, surface electron microscopy revealed microbial
clumps loosely attached to the electrode [38]. These
clumps were not observed in MFCs enriched with a non-
fermentable fuel, such as acetate [47]. Confocal laser
scanning microscopic observations showed that the biofilm
and bacterial clumps consisted of micro-colonies of Gram
positive and negative bacteria [38]. Thus, it is hypothesized
that the microbial clumps are inhabited by fermentative
bacteria that ferment the complex sugar substrates (complex
electron donors) into products that the microbes in the
biofilm oxidize and then transfer the resulting electrons to
the electrode (Fig. 3B).

Culture-Independent Molecular Biological Analyses
DNA was extracted from the MFC anode communities,
enriched, and evaluated using various nutritional characteristics
for molecular ecological analyses. The enrichments utilized
different substrates including artificial wastewater (AW W)
containing glucose and glutamate and AWW containing
acetate. Denaturing gradient gel electrophoresis (DGGE)
revealed that the bacterial population in the MFC was
different from that in the original inoculum [38, 47, 80],
and the dominant microbial populations in the MFCs were
dependent on the substrate used.

Analyses of the 16S rDNA sequences also showed
that the dominant bacterial classes differed based on
the fuel used. In most cases, Gram negative bacteria were
dominant. The MFC enriched with AWW containing
glucose and glutamate featured Gammaproteobacteria
(36.5%) and Firmicutes (27.0%) {20]. The MFC enriched
with AWW containing acetate had less diversity with
approximately 70% of the bacterial population as
Deltaproteobacteria and 17.3% Gammaproteobacteria
[47]. In contrast, when MFCs were enriched with corn-
processing wastewater [38], the majority of the bacterial
clones amplified from the latter were Betaproteobacteria
(40.9%) and Alphaproteobactria (27.2%), and devoid of
Deltaproteobacteria and Gammaproteobacteria.

Interestingly, high percentage of Firmicutes (>20%) was
found in an acetate-enriched MFC in a marine environment
[8] but a low population found in a fresh water environment
[47].

Different microbial populations have been reported
between oligotrophic MFCs enriched and run with AWW
containing fuel at 10 mg/1 as the BOD, and MFCs enriched
and run with river water with a BOD of around 5 mg/I
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[80]. Alphaproteobateria were identified as the majority
population in the MFCs enriched with a low concentration
of AWW, followed by Betaproteobacteria. The high population
of Alphaproteobacteria was apparently due to the enrichment
of nitrilotriacetate (NTA) oxidizing Aminobacter aminovorans
[80], where NTA was used as the chelating agent to
dissolve metal ions. Meanwhile, Betaproteobacteria were
the major population in the river water-enriched MFCs [80].
Thus, it would appear that Betaproteobacteria are the major
electrochemically active bacteria under oligotrophic conditions.

It has been shown that Deltaproteobacteria are the
major bacterial population in acetate-enriched MFCs [8,
47]. However, Deltaproteobacteria were not found in
the MFCs enriched with corn-processing wastewater [38]
and AWW with a low fuel concentration {80]. Instead,
these MFCs were found to contain a high population of
Betaproteobacteria, which was also the dominant bacterial
population in the MFCs enriched with river water. Rhodoferax
Serrireducens, a member of Betaproteobacteria, can reduce
an electrode using glucose as fuel [13].

Large populations of Gammaproteobacteria were
also found in most of the MFCs analyzed. Members of
Gammaproteobacteria, known to be electrochemically active,
include Shewanella putrefaciens [42] and Aeromonas
hydrophila [21]. Thus, electrochemical activity may be a
widely distributed characteristic among bacteria, including
Firmicutes [77]. Consequently, novel methods should be
developed to characterize the role of Gammaproteobacteria
in the natural ecosystem and confirm the hypothesis that
electrode reduction is a form of anaerobic respiration.

ELCTRON TRANSPORT SYSTEM

One of the big challenges facing the MFC field will be the
delineation of the mechanisms involved with electron
transfer, and the optimization of this process. To this point
in time, there is little information involving the components
of any of the EAB in the process of current generation.
This being said, both biochemical and genomic work are
proceeding, and it is expected to have major revelations
with regard to electron transport components and processes
in the near future.

Several metabolic inhibitors have been used to establish
the electron transport chain of the electrochemically active
bacterial population in an MFC [38,47]. The current
increased slightly with the addition of terminal oxidase
inhibitors such as cyanide and azide, but antimycin A
(inhibitor of cytochrome b) had no affect on the current
generation. Meanwhile, the current generation was inhibited
in the presence of rotenone (inhibitor of NADH:CoQ
oxidoreductase), 2-heptyl-4-hydroquinolone-N-oxide (HQNO,
inhibitor of Quinones), dicyclohexylcarbodimide (DCCD,
ATPase inhibitor), and 2, 4-dinitrophenol (DNP, uncoupler).
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Fig. 5. Proposed electron transport system in an MFC enriched
with acetate.

These results indicate that the microbial electron transport
for MFC electrode reduction shares an early part of the
electron transport chain (NADH dehydrogenase and coenzyme
Q) with aerobic bacteria, although cytochrome 5 and
terminal oxidases do not appear to be involved [38, 40,
47]. These results were used to propose electron transport
chain for EAB in MFC shown in Fig. 5 [40].

DESIGN AND OPTIMIZATION OF MFCs

Electricity generation by MFC systems is determined by
several physical and biochemical factors [24, 84], as shown
in Fig. 6, and noted below:

1) Microbial oxidation of the substrate (fuel),

2) Electron transfer from the microbe to the anode,

3) Electron transfer through the circuit including external
resistance,

4) Proton diffusion from the anode compartment to the
cathode compartment

5) Oxygen supply and reduction at the cathode (cathode
reaction),

6) Oxygen diffusion into the anode compartment through
the membrane.

Each step is affected by MFC constituents and configuration.
Among the steps, proton transfer and cathode reaction
were found to be the most important steps in the electricity
generation affecting the feasibility of MFC applications [24,
32, 62, 79]. Much effort has been devoted to improvement
of the proton transfer and cathode reaction. However, as
there are many designs and potential uses for MFCs, one
can readily expect that any of the above processes could be
a rate-limiting step. Surely, as one rate-limiting process is
enhanced, another must take its place.
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Fig. 6. Rate limiting steps in MFC enriched with electrochemically
active consortia.

Proton Mass Transfer

The proton transfer can be influenced by the ionic strength
of fuel and electrolyte, the resistance of proton exchange
membrane, and the MFC design. A high strength buffer
reduced the proton exchange limitation to some extent
[24,32], while increasing the ionic strength of the
electrolyteincreased the power outputs [32, 53]. Installing
a proton exchange membrane between the anode and
cathode compartments showed a power density up to two
orders of magnitude larger than that obtained with a salt
bridge MFC [71]. However, the proton exchange membrane
limited power production when the surface area of the
membrane was smaller than that of the electrodes due to an
increase in internal resistance [72]. The commercially available
cation exchange membranes can be the major cost for the
construction of an MFC and attempts have been made to
remove the membrane completely from the MFC system [32,
55]. Alternatively, custom-made proton exchange membranes
have been utilized for some MFCs [26].

Liu and Logan [55] demonstrated that removing the
cation exchange membrane from an MFC could increase
power by a factor of 1.9 for glucose and 5.2 for wastewater.
This increase was partly attributed to an enhancement of
the proton flux from the anode to the cathode. Decreasing
the distance between the anode and the cathode increased
the power in an MFC system without a proton exchange
membrane [32, 55].

In designing the proton exchange system, the oxygen
diffusion into the anode compartment, which consumes
electrons in the anode compartment, thus reducing the
coulomb yield, should be considered. The use of mixed
cultures may help minimize the effects of oxygen diffusion
into the anode chamber because these bacteria will scavenge
any dissolved oxygen, maintaining anaerobic conditions in
the anode chamber [62].
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Oxygen Supply and Cathode Reaction

The performance of the cathode can affect the electricity
generation in MFCs. The strategies to improve the cathode
reaction have involved adopting a cathode mediator such
as ferricyanide or incorporating a catalyst such as platinum
to enhance the kinetics of the reduction reaction. For
example, addition of ferricyanide resulted in a 50-80%
increase in power output [74]. Pham ef al. [79] introduced
a platinum-coated electrode as the MFC cathode to improve
the oxygen reduction reaction. Platinum, although expensive,
is an effective catalyst for the cathode and it has been
repeatedly demonstrated in chemical fuel cells.

The effect of different Pt loading amounts on MFC
performance has been examined. Cheng ef al. [16] indicated
that the performance was only slightly reduced (by a factor
of 1.2) when Pt loading was decreased from 2 to 0.1 mg/
cm’. This difference might be acceptable given the cost of
the catalyst and the large surface area needed for MFC
construction. Additionally, a cobalt electrocatalyst material
showed similar oxygen reduction rates to those seen with
platinum catalysts under the chosen conditions of air
saturated electrolyte solutions [96].

The use of peroxide for oxygenation appeared to alleviate
the oxygen limitation problem and was found to improve
the long-term stability of the MFC reactor [92].

Further improvements have been made through the
use of air-breathing cathodes (widely used in the direct
methanol fuel cells (DMFC) [14, 27]) in place of cathodes
fed with air-saturated water. [6, 13, 24, 32, 37, 38, 42, 78,
79, 81, 82]. MFCs with direct air cathodes eliminated the
requirement of oxygenation, which is an energy burden to
MFC applications. Direct air cathodes also significantly
increased MFC power generation [49-53, 78].

Some researchers have also focused on increasing the
effectiveness of the cathodic reaction using a mediator
such as ferricyanide [2], and to increase the oxygen reduction
reaction at the cathode electrode by platinum (Pt) [32, 79]
or enzyme [79] treatment or direct air-breathing assembly
[78]. However, use of ferricyanide was impractical because
of poor long-term operational stability. Furthermore, Pt
treated electrode is not a good idea if MFC systems are to
be operated in large scale applications such as wastewater
treatment system. In the case of MFC’s as a sensing
system, Pt treated cathode electrodes may be a useful
approach to increase the oxygen reduction kinetics [79].

Recently, studies have been conducted to improve the
effectiveness of MFC cathode compartments by the study
of membrane-less MFC’s [32, 55] and biofilms on the
cathode electrode [3]. Allison ef al. [3] studied the use of
manganese oxides as cathodic reactants in MFC systems and
biofilms of manganese-oxidizing microorganisms (Leptothrix
discophora SP-6) were grown on the cathode electrodes.
The current density using biomineralized manganese oxides
was almost 2 orders of magnitude higher than that obtained
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when using oxygen. Gregory ef al. [29] also reported
improved reducing capabilities using nitrate as a cathodic
reactant and using a nitrate- and iron-reducing microorganism
(Geobacter metallireducens) with a potentiostat-poised graphite
electrode as an electron donor. Park ef al. [76] reported that
nitrate reduction could occur in a biofilm at the cathode
electrode. These results indicate that if oxygen is not
present in MFC system, microbial nitrate reduction may be
an alternative to oxygen for the cathodic reduction reaction.
Recent studies conducted by the authors show that
enrichment cultures were established from an anaerobic sludge
inoculum using the graphite MFC electrode as an electron
donor and nitrate as the electron acceptor in cathode. Nitrate
was reduced to nitrite with the production of current. The
stoichiometry of electron consumption and required electron
for nitrate reduction were consistent with the electrode
serving as the sole electron donor for nitrate reduction.

Anode Reaction:

Limitations on power output are certainly limited by the
nature of the bacterial communities on the anode, and an
understanding of these communities will be needed that
ranges from the mechanism(s) of electron transfer to
understanding the complex interactions that occur between
microbial cells (within and between species) on the
membrane. To this end, some studies have explored the
anodic reactions of microorganisms [3, 19, 48, 81], as
well as anode modification with metals, surfactants, and
organic materials [15, 23, 29]. This will be a focal point of
work in the future. What we know for now is that a wide
variety of different organisms exist and can be enriched on
the anodes, and that eventually, as other parts of the MFCs
are optimized, these will represent the rate limiting step
in the production of current: rate limiting steps that can
conceivably, via genetic engineering and physiological
manipulation, be substantially improved upon.

With regard to materials science of the anode, Schréder
et al. [88] obtained a power density of 6.0 W/m" using
polyaniline-modified platinum as an anode. Although the
power density is high, this MFC system needs improvements
to overcome the inherent drawbacks such as the requirement
of an additional reactor for fermentation, the use of a
complex anode of polyaniline-modified platinum, and
the need for a potential-pulse operation to maintain the
catalytic activity of the anode [64].

DESIGN OF MEMBRANE-CONTAINING MFCs

Many MFC designs have been explored with regard to the
physical and chemical nature of the cation exchange
membrane (Table 2). Power density is commonly used as a
representative performance index for MFCs as well as
chemical fuel cells, although a value of power density

cannot clearly indicate the performance because it can be
substantially varied according to the determination method
of electrode area [64]. For example, in MFCs, only a
fraction of the anode electrode surface may take part in the
electron transfer reaction because of how the biocatalyst
interacts with the electrode surface. In contrast, chemical
fuel cells employ the total surface, including internal surface,
for the oxidation reaction. For electrode material with
internal structure, the total area of electrodes including the
internal surface area [75], or apparent surface area [13, 65,
73,92], or projected area [49, 55, 69, 81, 83] has been
adopted for the computing of power density in MFCs. In
this sense, volumetric power can be used as an alternative
performance index to power density in large volume processes
such as wastewater treatment [64].

MFCs can be designed with one or two chambers. The
two-chambered MFC can be designed for fed-batch or
continuous operation. A mixed reactor-type MFC and a
plug flow reactor-type MFC have been used for batch
operation and continuous operation, respectively. The two-
chambered and mixed reactor-type MFC for the fed-batch
operation generally consists of two cylinders connected by
a glass tube containing a cation exchange membrane [55,
72,75, 76]. A maximum power density of 216 W/m’ has
been obtained using this type of fed-batch MFC type [81].
MFCs which are operated in continuous mode are more
suitable for practical applications than fed-batch MFC’s.
Using this design, a continuous MFC, which was initially
developed as a real-time BOD sensor [12] and then used
for power generation {64], yielded power densities as high
as 560 mW/m” (102 W/m’ MFC total volume).

Plug flow reactor-type MFC’s have structural features
that include direct contact between electrodes and membrane,
and a rectangular cross section perpendicular to the direction
of fuel-flow with the narrow width of 20 mm, which
enabled such improvement [64]. Such a plug flow reactor
type-MFC was used to continuously convert carbohydrates
to electricity [83, 84], achieving a power density of 18 W/
m® (37 W/m’ anode volume), using glucose as substrate.

A single-chambered MFC using a proton exchange
membrane and adopting an electrode assembly technique
has been developed [49, 55, 78]. Using a single-chambered
MFC configuration, up to 28 mW/m’ (1.6 W/m® liquid
volume) was generated using domestic wastewater [55]. A
maximum of 262 mW/m” (6.6 W/m’ liquid volume) was
generated using glucose with the single-chambered air-
cathode MFC operated in batch mode operation [55]. It
was shown using food processing wastewater as fuel that
power could be increased from 81 to 371 mW/m” by using
a single-chambered MFC [73].

Upflow Membrane-less MFC
Because proton exchange membranes are expensive and
can be fouled during use [32], membrane-less microbial
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fuel cells (ML-MFC) have been developed for wastewater
treatment |32, 55, 92]. The ML-MFC is a tubular or rectangular
type reactor consisting of one compartment packed with
several anodes and cathodes, and is operated in an up-flow
mode. (i.e., fluid elements travel upward through the ML-
MFCs). An optimal configuration for the anode of an ML-
MFC is thought to be an ideal plug flow reactor [65]. It is
known that the organic compounds not used in the anode
region are transferred to the cathode region in an ML-
MFC, where they are oxidized through the aerobic bacterial
respiration consuming oxygen [32]. Because the aerobic
bacteria have higher affinity to oxygen than plain graphite
electrodes [79], organic compounds leaving the anode region
can inhibit the cathode reaction. The oxygen limitation to
the cathode reaction can cause MFC instability and lead to
process failure. For this reason uneven flow must be
avoided. Clearly, the performance of ML-MFCs could be
improved through understanding the flow characteristics
at the anode and how a power density of 7.5 W/m® was
obtained in a continuous mode [65]. By using a membrane-
less air-cathode MFC, it was possible to produce as much
as 12.5 W/m® with domestic wastewater in a fed-batch
mode [55].

Sediment Batteries

In a variation on the theme of MFCs, an electrode placed
in marine sediments was shown to collect electrons through
microbial reactions when connected to another electrode
placed at the aerobic surface [85,93]. This system has
been demonstrated without the use of a proton exchange
membrane. Reimers ef al. [85] proposed this system could
be used to supply power for oceanographic instruments
deployed for routine long-term monitoring operations in
the coastal ocean. They also proposed that the viability of
the MFC system in this environment has been established
by power density.

APPLICATIONS OF MFCs

The laboratory-sized MFCs are the workhorse of the field
right now, using these systems to understand how MFCs
function, and how to optimize the various components.
As MFCs continue to improve in performance, and they
will do so, many potential applications will appear that
will require moving to different size scales and different
MFC designs. For example, some applications will require
scaling up in size: 1) current production; and 2) waste
disposal, both of which may occur from local to municipal
scales, while others may require scaling down: 3) biosensors
for environmental or medical applications; and 4) remote,
long-lived power sources.

To date, there are few examples of MFCs that have been
successfully employed in any of these applications, but

some progress has been made. For example MFCs have
been used for various purposes including biosensors [11,
12, 33, 39, 66, 67] and electricity production coupled with
wastewater treatment [32, 38, 44, 49-54, 62-65, 81-83].
Karube et al. [35] developed a BOD sensor based on an
MFC using the hydrogen produced by Clostridium butyricum
immobilized on the electrode. Particularly, mediated-MFC
systems have been tested as BOD sensors [90, 94]. But
these BOD sensors have a poor long-term stability as the
mediators are generally toxic to microorganisms.

Mediator-less MFCs could be operated using EAB or
electrochemically active consortia. The EAB at the anode
of the MFC oxidizes the substrate as a fuel and resulting
electrons are directly transferred to the electrode suggesting
that the MFC system can monitor substrate concentration
because electric signal is proportional to fuel (substrate)
strength. Studies were carried out to monitor lactate
concentration using S. putrefaciens as a biocatalyst in
the MFC [37]. Furthermore, the MFC enriched with
electrochemically active consortia could measure BOD
values of wastewater either by reading the current or by
calculating the coulombic yield [39].

Operational stability is one of critical factors to be
considered in biosensors because stable sensor performance
over a desired period is essential for data accuracy. MFC-
type BOD sensors showed operational stability for over 5
years without any services as long as wastewater (fuel)
was available. Definitely, this period is much longer that
that of previously reported BOD sensors based on DO
electrode systems. In addition, this MFC BOD system showed
acceptable reproducibility [39] relative to conventional
BOD measurement methods (BOD;). A study was also
conducted to measure the BOD of wastewater for real-time
monitoring by reading current [12]). This real-time BOD
monitoring system could measure BOD values up to
100 ppm based on a linear relationship while higher BOD
values were measured using a lower feeding rate [12]. In
addition, its repeatability was less than 10% and showed a
long-term stability (over S years) as well [12]. However,
about 30—60 min was required to reach steady-state current
after the system had been changed with different BOD
values of wastewater. The response time and the sensitivity
of real-time BOD monitoring system were analyzed through
step-change testing of fuel [66]. The results showed that
newly designed smaller MFCs (5ml) had a response
time of 5 min, which was relatively shorter than that of
previously used MFCs (25 ml) [66]. These MFC-type BOD
sensor systems also successfully monitored low BOD values
of natural river water [33] and artificial wastewater [34].

One potential problem in such systems is the presence
of other electron acceptors in the effluent. For example,
current generation as an indicator of BOD was reduced in
the presence of nitrate and oxygen in wastewater. Nitrate
and oxygen are electron acceptors with high redox potentials



suggesting that electrons could be used to reduce these
alternative electron acceptors instead of an electrode. Oxygen
can be removed by nitrogen purging but it is not easy
to efficiently eliminate nitrate in the sample wastewater.
Respiratory inhibitors such as azide and cyanide eliminated
the negative effect of high redox potential electron acceptors
present in the MFC [11]. As azide and cyanide did not
inhibit the ETS of EAB [38, 40], the use of these respiratory
inhibitors is a good recommendation for the accurate BOD
measurement of sample wastewater containing nitrate and/
or oxygen [11].

Another potential application is that of wastewater
treatment, where MFC systems are a very attractive option
due to their multi-functional characteristics. It is expected
that MFC’s would generate energy in the form of electricity
while simultaneously remediating biodegradable contaminant
in wastewater. In addition, MFC’s would generate much
less sludge than a conventional activated sludge process,
since the major part of energy available from the oxidation
of organic contaminants is converted to electricity, and the
remaining energy is used for microbial growth [32]. This is
another big advantage because excess sludge treatment and
disposal currently represents a rising challenge for wastewater
treatment plants [4].

Actually, the electrochemical activity of EAB gives an
estimate of how much sludge can be reduced during MFC
processing. Cyclic voltammetry of Shewanella putrefaciens
cell suspensions showed redox activity at around 0V
against normal hydrogen electrode (NHE). This evidence
suggests that electrons from substrate oxidation reduce
microbial electrochemical carriers, probably c-type cytochrome
complexes, and their redox potentials are around 0 V.
If hydrogen is a representative substrate in the system,
0.42 V of potential difference may be involved in the
microbial growth (sludge production), and 0.42 V is one
third of the potential difference of the activated sludge
process (AE/=1.24 V).

MFC design improvements must be made if MFC
systems are to be used for wastewater treatment. The
model MFC structure is a two-chamber system separated
by proton exchange membrane. As mentioned previously,
commercial proton exchange membranes (e.g. Nafion")
are not suitable if MFC systems are applied for wastewater
treatment processing because of cost. In addition, electrode
(cathode) modification by treatment of expensive catalysts
such as platinum is an expensive approach. New studies
using membrane-less MFC systems offer a promising cost-
reducing alternative.

Finally, a general use of the MFC might be the removal
of organic matter from sediments or other polluted sites.
When the rate of oxygen consumption exceeds the rate
of oxygen diffusion, anaerobic conditions prevail. These
conditions exist in sediment environments where organic
materials are also present often as contaminants. Sulfate
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and carbon dioxide can be used as alternative electron
acceptors in sediment environments, but these electron
acceptors are not always sufficient to facilitate the consumption
of excess organic matter by microbial populations. Therefore,
fermentative anaerobic bacteria are predominant in sediments
and they produce fatty acids as major fermentative products.
This acidic condition makes it easy to solublize heavy
metals and phosphate in the sediments and thus the water
quality is deteriorated.

A two electrode MFC system was employed in a freshwater
sediment environment to oxidize organic contaminants. A
graphite electrode was embedded in freshwater sediment
(anode), and the cathode was placed at the water surface.
In this case, no proton exchange membrane was used.
Power output increased with DO and proton concentrations
increased at the cathode. The open circuit potential (OCP)
was recorded as 0.85 V with control tests (open circuit).
The ORP of anode (ORP,,,) was calculated as 290 mV
(vs NHE) in the MFCs tested, and that of control tests was
-546 mV (vs NHE). Considering ORP data of anode, the
strict anaerobes such as methanogens could be predominant
in the sediment of control tests, but not in the MFC tested.
From experiments of this type, it is proposed that MFC
type systems can be used to oxidize organic matter in
place, removing pollutants and stabilizing sediments.

CHALLENGES AND PROSPECTS

The challenges facing the MFC community are many.
Almost all aspect of the MFC operation can be regarded as
sub-optimal at this point, including the anode, the cathode,
the membrane, and MFC design! While these challenges
loom as great, the opportunities are equally great.

As both bioelectrochemical activity and microbial metal
reducing activityappear to share the same or similar electron
transport chains, electrochemical activity of microorganisms
may play an important role in the biogeochemical cycling
of carbon, nitrogen, metals and other organic contaminants.
Indeed, the concept of mediator-less MFC was a great
finding and mediator-less MFC studies provide new insights
into the function of electrochemically active bacteria directly
associated with practical needs of the environmental protection.

In past years, environmental pollution control has mainly
relied on how fast and feasible processes could operate to
treat environmental pollutants. However, the needs of a
“sustainable and renewable energy” provide pressure
that will shift the focus from the treatment of pollution
to resource exploitation. This concept may be a future
strategy of “environmental energy technology” suggesting
that pollutant treatment processing is associated with
energy production.

As we know, fossil fuels as a conventional fuel source
(such as petroleum and coal) have very useful properties
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not shared by non-conventional energy sources (such as
solar, wind and geothermal powers) that have made them
popular during the last century. (i.e., they are abundant,
easy to use and possess high energy). However, since the
first oil crisis of 1973, we have become more aware of
the need to search for alternative energy sources. As the
supply of fossil fuels decreases (and the price increases)
the utility of methods such as MFC power generation will
become apparent. Fossil fuels are not renewable and result
in the emission of CO, into the atmosphere. MFCs, using
recently fixed biomass for energy, are renewable, and have
no impact on the CO, budget.

Biomass can be defined as all water- and land-based
organisms and vegetation. This biomass contains forestry
(woody) and agricultural residues as well as industrial
waste such as municipal solid waste and sewage waste. It
has been thought that the only natural and renewable
carbon resources that is large enough to be used as a
substitute for fossil fuel is a biomass. The biomass is
renewable in the sense that only a short period of time is
needed to replace what is used as an energy source.

Mediator-less MFC systems can use biomass as a fuel
source both directly and indirectly by the catalytic activity
of microorganisms. Additionally, MFC systems directly
produce electricity suggesting that they don’t require advance
processes to purify (separate) energy resources.

In this review, we have discussed physical and biochemical
properties of electrochemically active bacteria as biocatalyst
in mediator-less MFC systems and their unique electron
transport chain. We also investigated several rate limiting
steps. This was a very helpful approach to understand the
working of MFC system, and to optimize the system for
environmental process such as wastewater treatment system.
Based on the discussion here, we may propose that mediator-
less MFC systems can be a novel energy production
system in terms of renewable, sustainable energy as well as
pollutant control process. Indeed, mediator-less MFC
systems have a great potential for future technology.
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