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ABSTRACT

Bioelectricity production involves generation of electricity by anaerobic digestion of organic sub-
strates by microbes. A microbial fuel cell (MFC) is a device that converts chemical energy released as
a result of oxidation of complex organic carbon sources which are utilized as substrates by micro-
organisms to produce electrical energy thereby proving to be an efficient means of sustainable
energy production. The electrons released due to the microbial metabolism are captured to main-
tain a constant power density, without an effective carbon emission in the ecosystem. The various
parameters involved in MFC technology toward power generation include maximum power den-
sity, coulombic efficiencies and sometimes chemical oxygen demand removal rate which evaluates
the effectiveness of the device. Application of microbes toward bioremediation at the same time
resulting in generation of electricity makes MFC technology a highly advantageous proposition
which can be applied in various sectors of industrial, municipal and agricultural Waste Management.
Although the efficiency of MFCs in power generation initially was low, recent modifications in the
design, components and working have enhanced the power output to a significant level thereby
enabling application of MFCs in various fields including wastewater treatment, biosensors and biore-
mediation. The following review provides an outline about the components involved, working,
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modifications and applications of MFC technology for various research and industrial objectives.

1. Introduction

Bioelectricity production is the production of electric-
ity by organisms on account of production of electrons
resulting due to their metabolism. These electrons
produced can be captured so as to maintain a stable
or continuous source of energy production. Bacterial
cells when provided a suitable substrate can metab-
olize the components producing electrons which can
be harvested and utilized by connecting them through
a circuit. These components can be packed into an
assembly called a ‘microbial fuel cell’ (MFC) proving to
be a source of energy. Anaerobic digestion of substrate
by the micro-organisms is essential for the production
of the electrons occurring due to their metabolism.
The above reactions indicate the metabolic reactions
carried out by the microbes firstly in the absence of
oxygen (1) and then in the presence of oxygen (2)
(Mogsud et al. 2013).

2. Microbial fuel cell

A MEC typically consists of several components pri-
marily divided into two chambers, that is, anodic and
cathodic chamber containing the anode and cathode,
respectively. These chambers are separated by a proton
exchange membrane (PEM) (Figure 1). The microbes
present in the anodic chamber are provided with a
favorable substrate which is anaerobically degraded to
release electrons which are transported from the anode
to the cathode via external circuit and the protons
generated are selectively passed through the exchange
membrane. Both these products produced due to the
action of the microbes in the anodic compartment
travel to the cathode and react with oxygen to produce
water (Sharma & Li 2010).

MFCs are devices that can convert chemical energy
into electrical energy by the process of oxidation
of various carbon sources or even organic wastes
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Figure 1. Schematic outline of a typical dual chamber MFC.

carried out by electrochemically active bacteria (EAB)
(Angenent et al. 2004; Aelterman et al. 2008; Lovley
2008; Logan 2009). The MFC chambers can be con-
structed by glass, polycarbonate, as well as plexiglass
(Rhoads et al. 2005). Materials such as carbon cloth,
carbon paper, graphite and graphite felt can be used as
anode electrode (Zhang et al. 2011; Zhou et al. 2011;
Wei et al. 2011; Sangeetha & Muthukumar 2013). An
air cathode is used to maintain the aerobic nature of the
electrode and this can be made up of materials such as
platinum (Pt) or Pt-black catalyst materials. The anode
chamber consists of the organic substrates which are to
be utilized by the microbes to produce electrons which
flow through the external circuit to the cathode ulti-
mately accepted by the solution present in the cathodic
chamber. The protons generated pass from anode to
cathode via the ion exchange membrane (Wang et al.
2013). Ferricyanide ([Fe(CNg)]>~) or permanganate
(MnO4 ™) solutions can act as effective catholytes but
are not sustainable (Pham et al. 2004; Wei et al. 2012).

3. Micro-organisms

Geobacter (Lovley et al. 1993; Rotaru et al. 2011; Nevin
et al. 2008) and Shewanella (Gorby et al. 2006; Wat-
son & Logan 2010; Wang et al. 2013) species account
for the majority of the microbial population that have
been utilized in MFC technology. Photosynthetic bac-
teria can also be used effectively in a MFC for elec-
tric power generation. One particular advantage of
using photosynthetic bacteria in MFCs is the elim-
ination of carbon dioxide from the atmosphere due
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to photosynthesis coupled with bioelectricity genera-
tion (Rosenbaum et al. 2010). Previously, cyanobac-
terial strains of Anabaena and Nostoc also have been
used as biocatalysts in MFCs (Tanaka et al. 1985;
Yagishita et al. 1997, 1998). Another idea that can be
used in MFCs is the synergistic relationship between
photosynthetic bacteria and heterotrophic bacteria for
electricity generation. The relationship works on the
symbiotic functioning involving utilization of organic
matter synthesized due to photosynthesis by the het-
erotrophic bacteria. Pseudomonas aeruginosa strains
have also been used along with manipulation of NAD
co-factor thereby increasing the metabolic rate and
potential of the bacteria toward enhanced biofuel
production. Anaerobic acidogenesis of cattle dung
revealed Clostridium sp., Pseudomonas luteola and
Ochrobactrum pseudogrignonense to be the most dom-
inant groups present responsible for the electricity
generation process (Zhao et al. 2012). Algal species
of Leptolyngbya sp. JPMTW1 have also been used for
coupled biofuel and bioelectricity production (Maity
et al. 2014). Mixed cultures of microbial population
have also been used in MFCs, for example, natu-
ral microbial community, domestic wastewater, sed-
iments from marine and lake as well as brewery
wastewater (Logan 2005; Rabaey et al. 2005; Feng et al.
2008).

4, Substrates

A range of organic substrates can be used for anaerobic
digestion by the microbes in bioelectricity produc-
tion. Domestic wastewater can be used for continuous
electricity production (Choi & Ahn 2013). Min et al.
(2005) demonstrated production of maximum power
density using swine wastewater as a substrate in single-
chambered MFC. Oil wastewater can also be used for
bioelectricity production (Jiang et al. 2013; Choi & Liu
2014). Waste sludge also has been demonstrated to be
an effective substrate in bioelectricity generation cou-
pled with hydrogen production (Ge et al. 2013; Choi &
Ahn 2014). Fruit and vegetable wastes were employed
as a substrate for microbes isolated from high Andean
region in a single-chambered MFC (Logroio et al.
2015). Choi and Ahn (2015) reported use of food
waste leachate obtained from bio-hydrogen fermen-
tation as a potential substrate toward enhanced elec-
tricity generation. In a study, simple substrates such
as glucose, acetate, propionate and butyrate have been
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used as substrates in MFCs toward power generation
(Ahn & Logan 2010). The power density measured
in this study for the different substrates was in the
order of acetate > butyrate > propionate. This is of
particular importance because acidogenic degradation
of organic wastes produce a range of volatile fatty
acids which depending upon their affinity toward the
microbes influence the electricity generation (Choi &
Ahn 2015).

5. Design

There are different designs for the construction of a
MFC depending upon the number of chambers, the
mode of operation, etc. These types primarily include:

5.1. Two-chamber MFC

This design is the classical design of a MFC consist-
ing of dual chambers separated by an ion exchange
membrane. These typically run in batch modes but can
function in continuous mode as well and are currently
only used in laboratories (Du et al. 2007).

5.2, Single-chamber MFC

A single-chamber MFC involves only the anodic
chamber coupled with an air cathode to which the
protons and electrons are transferred. Various designs
have been proposed for the construction of a single-
chamber MFC such as Table 1.

5.3. Stacked MFC

A stacked microbial fuel is a collection of MFCs con-
nected with each other in series or in parallel con-
nection (Aelterman et al. 2006).MFC can be stacked
by achieving different configurations of both electrode
as well as hydraulic flow. These can be of four types
such as (i) series electrode connections in parallel flow
mode, (ii) parallel electrode connections in parallel

flow mode, (iii) series electrode connections in series
flow mode and (iv) parallel electrode connections in
series flow mode (Choi & Ahn 2013). Choi and Ahn
(2013) obtained an overall increase in chemical oxy-
gen demand (COD) removal, Coulombic efficiencies
and maximal power densities in parallel electrode con-
nection (series flow mode) while treating wastewater
which was attributed to a higher stability of the oxi-
dation-reduction potentials in overall cells. Aelterman
et al. (2006) reported a six times higher voltage and
current output when connected in parallel as com-
pared to series thereby implying an overall higher
biochemical reaction rate. Thus, these studies imply
a possible innovative modification in MFC technol-
ogy which could assist in increasing the power output
thereby contributing toward one of the application of
MEFCs.

6. Proton exchange membranes (PEM)

In MFC technology, electro-neutrality between the
two chambers is a very important pre-requisite for its
efficient operation achieved by the PEM on account of
the transfer of protons across the membrane (Rozendal
et al. 2006). PEM are a very important component of
the MFC assembly assisting in separation of the anode
and cathode chambers as well as facilitating transfer of
protons to the cathode to sustain the electric current
(Chae et al. 2007). The ideal characteristics of a PEM
include the following criteria:

(i) cost effective
(ii) increased proton conductivity
(iii) good segregational properties
(iv) increased mechanical strength
(v)
(vi)

endurance against heat and chemicals
electronically resistive.

PEM surface area plays a contributive role in MFC
power generation. Oh and Logan (2006) reported that

Table 1. Reports on designs proposed for the construction of a single-chamber MFC.

Design Anode

Cathode Reference

Mn*t graphite anode
Carbon paper without wet proofing

Rectangular
Cylindrical

Tubular
Concentric design

Granular graphite matrix
Graphite
catalyst

Flat plate Carbon paper

Fe3* graphite cathode

Carbon electrode/PEM assembly or
rigid carbon paper without PEM.

Ferricyanide solution

Air porous made up of carbon/Pt

Carbon cloth

Park and Zeikus (2003)

Liu and Logan (2004), Liu, Cheng et al. (2005),
Liu, Grot et al. (2005) and Cheng et al. (2006)

Rabaey et al. (2005)

Liu et al. (2004)

Min and Logan (2004)




the PEM surface area limits the power output when its
surface area is smaller than the electrodes due to inter-
nal resistance. PEM that have been used in MFC tech-
nology include Nafion (Bond & Lovley 2003), Ultrex
(Rabaey et al. 2005; Taskan et al. 2014) and salt bridge
(Nair et al. 2013). Nafion a Dupont product has been
widely used in MFC technology (Jana et al. 2010).
Nafion is a sulfonated tetrafluroethylene copolymer
made up of a hydrophobic fluorocarbon backbone
(-CF,-CF,-) attached to hydrophilic sulfonate groups
(SO37) (Mauritz & Moore 2004). Although widely
used application of Nafion has encountered some com-
plications, which include increase in the pH of the
cathode and decrease in anodic pH ultimately result-
ing in reducing the working efficiency of the MFC (Gil
et al. 2003). The cause of these complications is the
transfer of other cationic species other than the pro-
tons across the membrane resulting in accumulation
of cations and increased conductivity in the cathode
chamber (Rozendal et al. 2006). Chitosan membranes
cross-linked in sulfuric acid were also considered as
a possible candidate and, therefore, were evaluated
through various parameters for their utilization as
a PEM. Chitosan is an N-deacetylated derivative of
chitin which is a polysaccharide in various organisms.
Water absorption of chitosan membranes has been
found to be more efficient than Nafion 117 but ther-
mally less stable (Mukoma et al. 2004). Sulfonated
polyimides have also been casted into membranes and
evaluated for their ability as a PEM to be used in
MFC technology (Genies et al. 2001). Styrene and its
derivatives have also been used as a core molecule in
the construction of a PEM which have been produced
commercially as BAM from Ballard and SEBS (sul-
fonated styrene-ethylene-butylene-styrene) from Dias
Analytics (Hickner et al. 2004). One of the major fac-
tors governing the efficiency of any PEM is its water
absorbing ability as well as conductivity. Water absorp-
tion influences the passage of protons across the mem-
brane required for the functioning of the fuel cell, but
at the same time affects the mechanical properties of
the membrane. Both these factors are a function of the
concentration of ion conducting units (Hickner et al.
2004).

Cation exchange membranes (CEM) are separators
containing negatively charged groups present on them
such as -PO3;~, COO™ and CgH4O,” which facili-
tate the passage of positive ions across them conversely
restricting the negative ions (Rahimnejad et al. 2015).
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Anion exchange membranes (AEM) are mem-
branes containing positively charged groups such as
NH3+, NHR2+, NR2H+, NR3+, PR3+ and SR2+
attached to the membrane matrix and allow passage
of negatively charged groups through them inhibit-
ing the anions (Peighambardoust et al. 2010). Kim
et al. (2007) constructed multiple MFCs using dif-
ferent membranes which included AEM, CEM and
three different ultrafiltration membranes having dif-
ferent molecular cut-offs. These MFCs were then
examined for their production of power densities,
Coulombic efficiencies (CE). It was found out that the
MEC constructed with the AEM produced the largest
power density and CEM as compared to the oth-
ers, which was attributed to the proton charge trans-
fer facilitated by phosphate anions mostly present in
MFCs and lower internal resistance (Kim et al. 2007).
Thus, this provides a conclusion stating that the pos-
itively charged groups present on the AEM matrix
assist in transferring the protons (phosphate anions)
across the membrane and with a particular advan-
tage over CEM by inhibiting passage of excess cations
across the chambers thereby enhancing electricity
generation.

Bipolar membranes consist of two monopolar
membranes, that is, CEM and AEM mounted together
with a transition space between them as illustrated
in Figure 2. The main reason for conduction of ions
across bipolar membranes is due to the water spit-
ting reaction which occurs at the interface of AEM
and CEM in turn resulting in formation of protons
and hydroxide ions which travel through the CEM
and AEM, respectively (Harnisch et al. 2008). Bipolar
membranes have been combined with ferric ion reduc-
tion in graphite cathode using ferric iron chloride and
ferric iron sulfate as catholytes to monitor its effect on
the efficiency of the MFC assembly (Ter Heijne et al.
2006).

The salt bridge is the simplest form of PEM that
could be used in an MFC. The salt bridge consists of
an ionic salt such as KCl or NaOH which is melted
with agar and poured in a cylindrical cast and allowed
to solidify. Upon solidification the bridge is placed
between the two chambers of the MFC thereby acting
as a PEM and facilitating the transfer of protons. Sevda
and Sreekrishnan (2012) concluded that 5% concen-
tration of salt in the salt bridge produces maximum
power density of 84.99 mW/m?>. Nair et al. (2013) var-
ied the concentration of agarose in a salt-bridge MFC
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Figure 2. Structure of a bipolar membrane.

to find out that 10% of agarose concentration acts as
optimum for current and voltage generation.

7. Mediators

The electrons produced by the micro-organisms on
account of anaerobic degradation of the substrate
require a mediator to be transferred to the electrode
(Fultz & Durst 1982). A mediator is a compound hav-
ing low redox potential which is added to the growth
media at specific concentration extracts the electrons
from the metabolic reactions of the microbes in and
supplies those electrons to the anode electrode (Sevda
& Sreekrishnan 2012). An ideal mediator present in
a MFC should possess the following characteristics
(Park & Zeikus 2000):

(i) should form a reversible redox couple at the elec-
trode
(ii) should link to NADH and have a high negative
E%~ value
(iii) should be stable in both oxidized and reduced
form
(iv) soluble in aqueous systems.

The compound 2-hydroxy-1,4-naphthoquinone has
been previously used as a mediator in a MFC using
cyanobacterium Synechococcus sp. UTEX2380 as the
microbial biocatalyst (Yagishita et al. 1997). Thionine
is one of the compounds which have been exten-
sively used as an electron mediator in MFCs utilizing
Escherichia coli (Roller et al. 1984; Rahimnejad et al.
2012). Methylene Blue has also been used as an elec-
tron mediator to increase power production in MFC
(Zuo et al. 2007). Babanova et al. (2011) reported
the order of mediators as Bromocresol Blue < Neutral

Red < Methyl Red < Methyl Orange < Methylene
Blue in terms of power generation in MFC.

The electrons generated by the bacteria upon sub-
strate utilization anaerobically are transferred to the
anode either by an exogenous electron carrier com-
pound (potassium ferricyanide, thionine, neutral red,
methylene blue (Delaney et al. 1984; Park & Zeikus
2000; Rabaey, Boon, Dendf et al. 2004, Rabaey, Boon,
Siciliano et al. 2004; Zhou et al. 2007; Babanova et al.
2011) or directly from the enzyme involved in bacterial
respiration to the electrode or with or without (Bond
and Lovley 2003; Chaudhuri and Lovely 2003; Gil et al.
2003) the help of mediators. Exogenous chemical com-
pounds used as mediators in MFC have certain demer-
its such as toxicity and their expensive nature (Bond
& Lovley 2003; Gil et al. 2003). Mediator-less MFCs
have also been developed and consequently applied in
power generation using wastewater sewage (Gil et al.
2003; Liu et al. 2004). Another alternative to the medi-
ators is the utilization of a salt bridge which is made up
of agar and sodium chloride salt (Sevda and Sreekr-
ishnan 2012). Nair et al. (2013) analyzed the power
generation capacity of a dual chambered MFC using
sewage wastewater as a substrate with varying concen-
trations of agarose in the construction of salt bridge.
The optimal concentration of agarose was found out
to be 10% as it showed maximum power density of
78.21 mW/m?.

8. Cathode performance

The cathode is the electrode where the protons along
with electrons and oxygen combine to form water.
Cathodes usually used in MFCs are either Pt-coated
carbon electrodes immersed in water of just plain
carbon electrodes in ferricyanide solution (Oh et al.
2004). Carbon cloth is most commonly used as



material for electrode in MFC along with Pt as cat-
alyst but are expensive in nature. Other materials
which can be used include graphite granules, granular
activated carbon and graphite fiber brush electrodes.
Cathode surface area is one of the factors that influ-
ences the power generation in MFC. Non-precious
metal catalysts such as Cobalttetramethoxyphenylpor-
phyrin (CoTMPP) is one of the compounds that can be
used for coating the cathodic surfaces which has been
used in conjunction with brush anodes and shown to
achieve a power generation value of 18 W/m? (Zuo
et al. 2007). Zuo et al. (2008) compared the perfor-
mance of two cathodes constructed from two AEM
and CEM along with another cathode constructed
from ultrafiltration membrane coated with graphite
granules and using a catalyst CoTMPP. It was observed
that the best performance was obtained using the
AEM cathode having a maximum power density of
449 mW/m? and Coulombic efficiency of 70%. Appli-
cation of graphite granules and the catalyst to the
membrane resulted in increase of surface area of the
cathode as well as making it electrically conductive. Oh
etal. (2004) have compared the characteristics and per-
formance of two cathodes (Pt-coated carbon electrode
and plain carbon electrode) using a two-chambered
MFC. Air- cathode MFCs are also used in which the
cathode is exposed to air on one side and water on the
other side mainly to provide the aeration factor thereby
achieving high power densities (Logan et al. 2006).

9. Anode performance

The materials which can be mostly used for anode
in MFC include carbon in different formats such as
granules, rods, plates and also as fibrous materials
(felt, foam, mesh, cloth, paper and fibers) (Logan et al.
2006). The surface area of the anode plays a con-
tributive role in power generation in MFC. A three
dimensional anode would prove to be more effective
toward electricity generation as it would provide more
surface area for attachment of microbes (Di Lorenzo
et al. 2010). The current conductivity of the differ-
ent materials which can be used for anode was stud-
ied and reported in the order of carbon felt > carbon
foam > graphite (Chaudhuri & Lovely 2003). Another
modification are the graphite brush anodes consist-
ing of graphite fibers wound around a metal core were
used in a cube air-cathode MFC which was observed
to produce a maximum power density of 2400 mW/m?
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and a maximum Coulombic efficiency of 60% (Logan
et al. 2007). The power density production can be
directly attributed to the increased surface area of the
graphite brush anodes accounted by the cumulative
surface area of individual graphite fiber and the elim-
ination of clogging due to the design as compared to
other carbon materials such as carbon foam (Chaud-
huri and Lovely, 2003). The small size of individual
graphite brushes and their low resistance enables them
to be a prime candidate for their utilization in MFC
for various applications (Logan et al. 2007). Di Lorenzo
et al. (2010) constructed a single-chamber MFC using
packed bed of graphite granules as the anode. The cur-
rent output was measured and found out to be increas-
ing with increasing levels of anode thickness and the
overall surface area. Graphite granules when packed
into a bed provide increased surface area as compared
to other materials which proves to be proportional to
the electrical output. Cheng and Logan (2007) treated
the MFC anode with ammonia gas at high temper-
ature which resulted in an increased power produc-
tion. The result of this treatment was due to increased
amine groups on the anode surface which facilitates
better attachment by the bacteria which are negatively
charged (Silhavy et al. 2010). Better attachment in
turn influences better electron transfer (Terada et al.
2006). Further, functionalization of dimethylaniline
groups on carbon cloth anode was done by using
the compound 4(N,N-dimethylamino)benzene diazo-
nium tetrafluoroborate to increase the nitrogen groups
present on the surface and this functionalization indi-
vidually was also varied as well as compared with
that by ammonia gas treatment (Saito et al. 2011). It
was noted that lowest amount of dimethylaniline pro-
vided maximum power production and that excess or
no functionalization can result in impedance of MFC
performance. Thus, one of the factors that influences
MEC performance could be attributed to the nitrogen
content of the anode.

10. Types of MFCs
10.1. Mediator-less MFC

Some mediators are inorganic in nature and pose
a potential toxic nature toward the microbial flora
employed in the MFC system. Therefore mediator-
less MFCs have been developed thereby eliminating
the potential use of mediator compounds. Thus, in
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this type of MFCs biofilm formation on the anode
surface by electrochemically active microbes leads to
the utilization of the substrate producing electricity
(Niessen et al. 2004; Schroder 2007). This type of
MFC employs a class of microbes namely EAB which
mediate the transfer of electrons from the substrate
(electron donor) to the electrode in primarily two
possible ways: directly through membrane bound pro-
teins such as pili, c-type cytochromes and filaments,
or indirectly through mediators (Wang & Ren 2013).
Bond and Lovley (2003) found out that the Geobacter
genus are capable of forming highly conductive net-
works of filaments (pili) along with c-type cytochrome
OmcS mediating electron transfer. Shewanella genus
have been found out to produce bacterial nanowires
which have been proposed to mediate transfer of elec-
trons from bacterial cells to solid phases located at
distances (Gorby et al. 2006). A mediator-less MFC
was constructed with artificial wastewater used as the
substrate which produced highest power density of
0.56 W/m? (Moon et al. 2006). Gil et al. (2003) con-
structed a mediator-less MFC which was evaluated and
optimized for its various operational parameters such
as pH, resistance, electrolyte used and dissolved oxy-
gen concentration in the cathode compartment. It was
observed that an optimum pH of 7, lower resistance,
buffer with NaCl solution, and increased aeration rate
were the parameters ideal for efficient mediator-less
MEC operation.

10.2. Membrane-less MFC

PEM serve as a means of transporting protons pro-
duced as a result of microbial degradation to the
cathodic chamber. Membrane-less MFC eliminate the
usage of PEM, which creates a transmembrane poten-
tial difference in turn leading to resistance to the flow
of ions in electrolytes (Du et al. 2007). Membrane-
less MFCs are mostly preferred in cases of wastew-
ater treatment applications as the membrane acts as
an electronic insulator and inevitably will result in
fouling due to suspended solids and soluble contam-
inants (Jang et al. 2004). Due to the absence of a
membrane, ohmic losses in electrolytes can be dimin-
ished by decreasing the distance between electrodes
(Du et al. 2007). This same parameter was evalu-
ated by Ghangrekar and Shinde (2006) when they
constructed a membrane-less MFC utilizing wastew-
ater and studied the power density production at

different electrode distance. Maximum power densi-
ties of 10.9 and 10.16 mW/m? were obtained at an elec-
trode spacing of 20 cm. Jang et al. (2004) constructed
a novel mediator-less and membrane-less MFC which
employed wastewater for current generation and COD
removal but proved not much efficient due to the
design of the MFC which assisted in passage of oxy-
gen from cathode to the anode. Jadhav et al. (2013)
constructed a dual chambered membrane-less MFC
designed to treat synthetic wastewater producing a
maximum current and power density of 3.8 mA/m?
and 0.52 mW/m?.

10.3. Catalyst coated electrode MFCs

There are certain chemicals which are coated on the
surface of the electrodes to increase their efficiency.
These chemicals mostly include conductive polymers
such as polyaniline which could assist in the trans-
fer of electrons to the electrode. Niessen et al. (2004)
examined the ability of fluorinated aniline polymers
toward their efficiency as an electrode modifier. They
also depicted that the polymers could improve the cat-
alytic activity of Pt toward formed hydrogen as well
as protect it from poisoning. Another polymer poly-
tetrafluroethylene (PTFE) has also been used in MFCs
wherein it was composed (30%) with a graphite anode
generating a power density of 760 mW/m? (Zhang
et al. 2007). Carbon nanotubes/polyaniline compos-
ite structure was also illustrated as a possible anode
modification which could enhance the MFC efficiency
(Qiao etal. 2007). Ammonia pretreatment of the anode
can also increase the power density due to the pres-
ence of functional groups on the surface (Cheng &
Logan 2007). Similar to the anode, the cathode under-
goes oxygen reduction reaction on its surface which
has slow kinetics on plain graphite, and therefore a cat-
alyst is required to expedite this reaction. Potassium
ferricyanide and Pt are the most commonly used cat-
alysts that are employed in the cathodic chamber in
MFCs (Rahimnejad et al. 2015).

10.4. Sediment-type MFCs

The concept of this type of MFC involves insertion
of one of the electrode (anode) in anaerobic sedi-
ment which constitutes of both, the organic substrates
and the microbial community. This electrode is con-
nected to the cathode which is placed in aerobic water.



Thomas et al. (2013) constructed a sediment-type
MEFC which was linked to a wireless telecommunica-
tion device and was able to power the device for con-
siderable time without any external control. Sediment-
type MFC can further be coupled with various modi-
fications thereby differentiating them depending upon
the type of microbial catalyst involved as well as the
process of electron generation and transfer (Rosen-
baum et al. 2010).

11. Applications
11.1. Production of bioelectricity

The main feature of a MFC is the utilization of organic
carbohydrate substrates from biomass obtained from
agricultural, industrial and municipal wastes for the
production of bioelectricity. MFCs involve another
added advantage of direct conversion of fuel molecules
into electricity without the production of heat, the
Carnot cycle which limits the efficiency for ther-
mal energy conversion is avoided thereby enabling
achievement of a higher conversion efficiency (> 70%)
(Du et al. 2007). Although MFCs are not currently
an economical method for power production, the last
few years have proved to be a progressive arch for
MFCs in power generation. Power output of 10-50 and
250-500 mW/m? have been generated using substrates
such as domestic wastewater and glucose, respectively
(Logan 2004). Rabaey et al. (2003) generated a power
density of 3.6 W/m? using a simple substrate like glu-
cose and a mixed consortium of microbial community
(Rabaey et al. 2003). Chaudhuri and Lovely (2003)
reported the utilization of a novel micro-organism
Rhodoferax ferrireducens which can oxidize glucose to
CO; without the need of electron mediators to shuffle
them to the anode. Thus, this eliminates the require-
ment for an electronic mediator thereby providing
a way for future modifications in the MFC design
increasing its efficiency. Stacked MFCs are another
idea that could be implemented for increased power
generation thereby applying at the same time through
various other applications. Aelterman et al. (2006)
connected six individual MFC units in a stacked con-
figuration which produced a maximum hourly aver-
aged power output of 258 W/m?. Although the power
production by MFC falls short when compared with
that by other fuel cells, for example, methanol drivel
FCs but the variation in terms of substrate utilization
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adds an incentive feature to the technology (Rabaey
& Verstraete 2005). Also a self-sustained phototrophic
MEFC has been created which eliminates the usage
of substrate, that is, organics or nutrients and gives
continuous power output under illumination thus if
upgraded could prove to be an efficient alternative
source of sustainable energy (He et al. 2008). Rosen-
baum et al. (2005) constructed a MFC utilizing the
metabolic activity of Rhodobacter sphaeroids for in situ
oxidation of photo-biological hydrogen for the gen-
eration of electricity. Therefore, this MFC technology
can be applied as a potential utilization of sustain-
able source of energy. MFC technology can also be
applied toward a concept of Bio-battery which is able
to recharge appliances and devices requiring small
voltage. Different modifications have been inculcated
into the primary and basic design of a MFC thereby
providing a base for further construction of new ideas
and applications.

11.2. Bio-hydrogen production

Usually in MFCs the bacteria act as catalysts and
oxidize the substrates present in the anodic cham-
ber thereby producing electrons and protons which
are transferred to the cathode via the wire (exter-
nally) and through the PEM, respectively. Both of
them combine to form water thereby eliminating any
chances of hydrogen production. The final electron
acceptor for the bacteria in the anodic compartment
during substrate oxidation can either be the electrode
which results in power generation or produce reduced
metabolites such as methane or hydrogen gas (Rabaey,
Boon, Siciliano et al. 2004). External application of
potential in a MFC resulted in overcoming the ther-
modynamic barrier to form hydrogen at the cathode
by the combination of electrons and protons. This
provides a possible modification to the MFC func-
tioning as to direct it toward bio-hydrogen produc-
tion. Rabaey, Boon, Siciliano et al. (2004) enriched
microbes harvested from anodic chamber of a MFC
which consisted of microbial consortia which when
identified were known to contain some hydrogen pro-
ducing species as well. In this study, the hydrogen
production rates initially up to 43 = 5%, fell below the
detection limit with an increase in the electron transfer
rate. Thus, this study indicates that electricity gener-
ation and hydrogen production are not influenced or
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caused by each other in MFCs and highly unlikely to
occur simultaneously.

11.3. Wastewater management

Wastewater effluent from industrial, municipal and
other sources acts as a prime source for energy har-
vesting and simultaneously proving to be a suitable
substrate toward bioremediation. Microbial fuel tech-
nology proves to be an ideal solution to the long last-
ing question of wastewater management. The primary
three parameters on which the efficiency of MFC tech-
nology works are maximum power density, Coulom-
bic efficiencies and COD. Maximum power densities
obtained as a result of usage of pure substrates such as
acetate, glucose and sucrose by MFC technology are
always higher (494 mW/m?) as compared to a com-
plex substrate like wastewater (146 mW/m?) (Feng
et al. 2008). Wastewater from different sources have
been tested using MFCs for power generation which
include domestic wastewater (Liu et al. 2004), swine
wastewater (Min et al. 2005), meat packing wastewater
(Heilmann & Logan 2006), food processing wastewa-
ter (Kim et al. 2004), hydrogen fermentation reactor
effluent (Oh & Logan 2005) and brewery wastewa-
ter (Feng et al. 2008). As compared to the pure sub-
strates, complex organic substrates such as wastewater
residues from different sources may produce potential
problems interfering with electricity generation such
as toxicity due to high concentration of ammonia or
due to volatile acid production during hydrolysis and
substrate fermentation (Min et al. 2005).

11.4. Biosensors

MFCs can be widely used in the field of biosensors
for evaluating the pollutant level of several wastewater
effluents. MFC technology can be utilized as a means of
measuring the biological oxygen demand of different
treatment plant effluents. This ability of MFCs is due to
the proportional relationship between the Coulombic
yield with the biological strength of wastewater (Kim
et al. 2003).

11.5. Other applications

The production of bioelectricity technology is being
used for its various applications both at industrial and
research levels. MFC technology utilizing microbes for

electricity generation involve degradation of various
substrates which can be applied at an industrial level
coupled with biofuel production. One such example is
the complete degradation of Acid Orange-7 dye using a
MFC integrated with an aerobic bioreactor (Fernando
etal. 2014). Thus, this technology achieves wastewater
treatment for Acid Orange-7 dye along with simulta-
neous production of bioelectricity. In another study,
soil MFCs were used to degrade a toxic refractory pes-
ticide called hexachlorobenzene along with electricity
generation (Cao et al. 2015). Both of the above exam-
ples signify the importance and application of MFC
technology being efficiently used for bioremediation
coupled with bioelectrogenesis. Different organisms
such as micro-algae can also be used in MFCs for
wastewater treatment owing to their ability to degrade
organic and inorganic pollutants present in the water.
Leptolyngbya sp. JPMTW 1 was used in a MFC coupled
bioreactor for biofuel, bioelectricity production and
wastewater treatment (Maity et al. 2014). The anodic
compartment present in the MFC is the region of
inhabitation for the microbes along with the process
of degradation. Several improvements in the anodic
compartments especially the bioanode can definitely
enhance the efficiency toward electricity production.
These include use of carbon or graphite materials,
their dimensions (due to increase in surface area),
low resistivity and also the design of the compart-
ment. Along with this the operational conditions of the
bioanode also influence the efficiency. These parame-
ters include anode potential, pH, medium composition
and feeding mode (Pham et al. 2009). Thus, these sys-
tems responsible for the production of electricity can
have a number of applications such as efficient har-
vesting of solar energy (Wang et al. 2013), oxidation
and degradation of organic and inorganic pollutants in
wastewater and microbial utilization of substrates for
production of useful products (Pham et al. 2009).

MEFC technology on account of its power generation
ability, sustainable energy generation and biosensor
application can be targeted toward a future application
in space technology.

12. Advantages and disadvantages

One of the most important merits of MFC technol-
ogy is its environment friendly nature as compared to
other energy production technologies which involve
methanogenic anaerobic digestion, fossil fuels, etc.,



resulting in emission of carbon dioxide and global
warming (Du et al. 2007). As aforementioned the var-
ious applications of MFC technology include produc-
tion of bioelectricity from various organic sources such
as solid waste biomass, food waste, domestic and other
wastewaters, etc. Thus, inclusion of these waste prod-
ucts as substrates in MFC technology makes it a more
potent means of sustainable energy generation. Indus-
trial and domestic wastewaters namely sewage, cattle,
swine and brewery wastewaters have been employed
as potential substrates in MFC technology generating
efficient results (Min et al. 2005; Feng et al. 2008; Zhao
et al. 2012). Upgrading these models to a larger scale
would aim to decrease the energy expenditure in terms
of their treatment (Logan et al. 2006). Another impli-
cation of MFC technology is the alternate production
of hydrogen and methane (Rabaey, Boon, Dendf et al.
2004). Hydrogen production is achieved by external
application of potential to the MFC system which con-
tributes to overcome the thermodynamic barrier lead-
ing to formation of hydrogen (Liu, Cheng et al. 2005;
Liu, Grot et al. 2005). Thus, basically MFC technology
aims to induce generation of clean energy from waste
products generated in the society through efficient
conversion by employing microbes. This technology as
opposed to the means of renewable sources of energy
recycles the waste and energy generated by our society
and makes it replenishes it back to us eliminating the
harmful side effects of environmental endangerment.
There are a number of restrictions that MFC
technology faces in terms of its utilization and appli-
cation in energy production. One of the most impor-
tant demerits is the inability to scale up MFC models
on a large and commercial scale (Singh et al. 2010).
Any bioreactor model when scaled up has to deal
with quantities tenfold and hundredfold of the orig-
inal and accordingly proportionate the components
concurrently maintaining similar efficiency to vali-
date the process. Most of the MFC models do pro-
vide efficient energy production but pose a question
mark on the efficiency when scaled up. The electricity
production by MFC technology as of currently when
compared with methanogenic anaerobic digestion falls
short of economical (Logan 2004). The operating tem-
perature also acts as a limitation for MFC technology
as microbial reactions cease at temperatures below
20°C (Shantaram et al. 2005). There are several fac-
tors involved in determining the efficiency of MFC
technology namely, technical factors such as internal
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resistance, electrode potential and oxygen availability,
which act as a hindrance in elevating the potential
of MFC technology on a commercial and economical
basis (Logan & Regan 2006). Continuous power gen-
eration by MFCs is largely dependent on its reliance on
biofilm formation by the microbes to facilitate transfer
of electrons from the biofilm to the anode for which the
development of various microbial catalysts need to be
found and employed (Angenent et al. 2004). Although,
several microbial strains such as Geobacter and She-
wanella have been introduced in MFC technology for
their ability to self-mediate the transfer of electrons
(Chae etal. 2009; Bond & Lovley 2003), other microbes
employed involve assistance from electron mediators
which inadvertently decrease the efficiency of the MFC
system. The pre-requisites involved in MFC technol-
ogy are expensive and fragile and do present a question
about execution of these materials on alarge scale. Cer-
tain materials such as carbon cloth, paper and rods are
not conducive to scale up due to their lack of durability
and strength (Logan & Regan 2006).

13. Recent developments

Zhang, He, Yang et al. (2016) have reported utilization
of nitrogen doped ionothermal carbon aerogel which
is coated on the surface of the cathode to achieve a
maximum power density production of 2300 mW/m?.
This power density generation in 1.7 times greater
as compared with that obtained by most commonly
used Pt/C cathodes. Certain modifications in the elec-
trodes such as development of air cathode have been
proved to enhance the efficiency of the MFC system
(Feng et al. 2008; Choi and Ahn 2013; Di Lorenzo
et al. 2014). Air-cathodes are basically constructed
with three basic layers: a catalyst, current collector
and a diftfusion layer (Zhang, He, Zhang et al. 2016).
As compared to the traditional Pt coated cathodes,
air-cathodes have emerged as promising alternatives.
These are traditionally made by brushing a catalyst (Pt)
with a binder (mostly Nafion) onto carbon cloth/mesh
with PTFE used as a diffusion layer on the air side of
the cathode (Cheng et al. 2006). Zhang et al. (2009)
constructed an activated carbon air cathode by cold-
pressing the activated carbon with a PTFE binder
around a Nickel mesh current collector. The maximum
power density produced by the activated carbon air
cathode was higher than the traditional Pt-catalyzed
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electrode indicating a higher activity for oxygen reduc-
tion in case of the former. Wei et al. (2011) compared
the efficiency of granular semi-coke and granular acti-
vated carbon as electrode materials for a biocathode
in an MFC system and the power density obtained
was compared with two commonly used biocathode
materials graphite and fiber-felt. It was observed that
the power density generated in case of the two for-
mer materials was higher than the two latter materi-
als. MFC technology involves proximate association of
micro-organisms with the anode (bioanode) through
which the electrical current generated is being trans-
ferred. There are number of factors affecting the per-
formance of the bioanode namely mass transfer, ohmic
losses, activation losses and electron quenching reac-
tions (Pham et al. 2009). A number of studies have
been carried out evaluating the bioanode performance
with respect to its structural and chemical properties
which can be enhanced by utilization of different mod-
els of electrodes, application of various electron medi-
ating compounds such as catalysts. Adjoining these
factors, certain other parameters such as compartment
design and microbiology also influence the power gen-
eration capability of the MFC system (Rabaey et al.
2005; Li et al. 2008). Metabolic and genetic engineer-
ing of the microbial strains that are employed in MFC
technology is one of the major routes toward increas-
ing the efficiency of the system. Yong et al. (2014)
achieved enhanced bioelectricity production through
over-expression of NAD synthetase gene by genetic
engineering.

14. Conclusion

Thus, bioelectricity production technology can be
applied through various modes achieving different
goals ranging from energy production to biofuel
production as well as bioremediation. Bioelectricity
production from microbes can very well act as a sus-
tainable source of energy minimizing the utilization of
fossil fuels resulting in green energy. Also, anaerobic
digestion of waste products, pollutants and chemi-
cals can prove to be an effective way of maintaining
environmental purity and production of renewable
energy.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Aelterman P, Freguia S, Keller ], Verstraete W, Rabaey K. 2008.
The anode potential regulates bacterial activity in microbial
fuel cells. Appl Microbiol Biotechnol. 78(3):409-418.

Aelterman P, Rabaey K, Pham TH, Boon N, Verstraete W. 2006.
Continuous electricity generation at high voltages and cur-
rents using stacked microbial fuel cells. Environ Sci Technol.
40(10):3388-3394.

Ahn YH, Logan BE. 2010. Effectiveness of domestic wastew-
ater treatment using microbial fuel cells at ambient and
mesophilic temperatures. Bioresour Technol. 101(2):469-475.

Angenent LT, Karim K, Al-Dahhan MH, Wrenn BA,
Dominguez-Espinosa R. 2004. Production of bioenergy and
biochemicals from industrial and agricultural wastewater.
Trends Biotechnol. 22(9):477-485.

Babanova S, Hubenova Y, Mitov M. 2011. Influence of artifi-
cial mediators on yeast-based fuel cell performance. ] Biosci
Bioeng. 112(4):379-387.

Bond DR, Lovley DR. 2003. Electricity production by Geobac-
ter sulfurreducens attached to electrodes. Appl Environ
Microbiol. 69(3):1548-1555.

Cao X, Song H, Yu C, Li X. 2015. Simultaneous degradation
of toxic refractory organic pesticide and bioelectricity gen-
eration using a soil microbial fuel cell. Bioresour Technol.
189:87-93.

Chae K], Choi M, Ajayi FF, Park W, Chang IS, Kim IS.
2007. Mass transport through a proton exchange membrane
(Nafion) in microbial fuel cells. Energy Fuels. 22(1):169-176.

Chae KJ, Choi MJ, Lee JW, Kim KY, Kim IS. 2009. Effect of dif-
ferent substrates on the performance, bacterial diversity, and
bacterial viability in microbial fuel cells. Bioresour Technol.
100(14):3518-3525.

Chaudhuri SK, Lovely DR. 2003. Electricity generation by
direct oxidation of glucose in mediatorless microbial fuel
cells. Nat Biotechnol. 21(10):1229-1232.

Cheng S, Liu H, Logan BE. 2006. Increased performance of
single-chamber microbial fuel cells using an improved cath-
ode structure. Electrochem Commun. 8(3):489-494.

Cheng S, Logan BE. 2007. Ammonia treatment of carbon cloth
anodes to enhance power generation of microbial fuel cells.
Electrochem Commun. 9(3):492-496.

Choi J, Ahn Y. 2013. Continuous electricity generation in
stacked air cathode microbial fuel cell treating domestic
wastewater. ] Environ Manage. 130:146-152.

ChoiJ, Ahn Y. 2014. Increased power generation from primary
sludge in microbial fuel cells coupled with prefermentation.
Bioprocess Biosyst Eng. 37(12):2549-2557.

Choi J, Ahn Y. 2015. Enhanced bioelectricity harvesting
in microbial fuel cells treating food waste leachate pro-
duced from biohydrogen fermentation. Bioresour Technol.
183:53-60.

Choi J, Liu Y. 2014. Power generation and oil sands process-
affected water treatment in microbial fuel cells. Bioresour
Technol. 169:581-587.

Delaney GM, Bennetto HP, Mason JK, Stirling R, Thurston CE
1984. Electron-transfer coupling in microbial fuel cells. 2.



Performance of fuel cells containing selected microorgan-
ism—mediator—substrate combinations. ] Chem Technol
Biotechnol. 34(1):13-27.

Di Lorenzo M, Scott K, Curtis TP, Head IM. 2010. Effect
of increasing anode surface area on the performance of a
single chamber microbial fuel cell. Chem Eng J. 156(1):
40-48.

Di Lorenzo, M, Thomson AR, Schneider K, Cameron PJ,
Ieropoulos I. 2014. A small-scale air-cathode microbial fuel
cell for on-line monitoring of water quality. Biosen Bioelec-
tron. 62:182-188.

Du Z, Li H, Gu T. 2007. A state of the art review on microbial
fuel cells: a promising technology for wastewater treatment
and bioenergy. Biotechnol Adv. 25:464-482.

Feng Y, Wang X, Logan BE, Lee H. 2008. Brewery wastew-
ater treatment using air-cathode microbial fuel cells. Appl
Microbiol Biotechnol. 78:873-880.

Fernando E, Keshavarz T, Kyazze G. 2014. Complete degrada-
tion of the azo dye Acid Orange-7 and bioelectricity gener-
ation in an integrated microbial fuel cell, aerobic two-stage
bioreactor system in continuous flow mode at ambient tem-
perature. Bioresour Technol. 156:155-162.

Fultz ML, Durst RA. 1982. Mediator compounds for the elec-
trochemical study of biological redox systems: a compilation.
Anal Chim Acta. 140(1):1-18.

Ge Z, Zhang E Grimaud J, Hurst J, He Z. 2013. Long-term
investigation of microbial fuel cells treating primary sludge
or digested sludge. Bioresour Technol. 136:509-514.

Genies C, Mercier R, Sillion B, Cornet N, Gebel G, Pineri
M. 2001. Soluble sulfonated naphthalenic polyimides as
materials for proton exchange membranes. Polymer. 42(2):
359-373.

Ghangrekar MM, Shinde VB. 2006. Wastewater treatment in
microbial fuel cell and electricity generation: a sustainable
approach. In 12th International Sustainable Development
Research Conference; Vol. 8, p. 201.

Gil GC, Chang IS, Kim BH, Kim M, Jang JK, Park HS, Kim
H]J. 2003. Operational parameters affecting the performance
of a mediator-less microbial fuel cell. Biosens Bioelectron.
18(4):327-334.

Gorby YA, Yanina S, McLean JS, Rosso KM, Moyles D,
Dohnalkova A, Beveridge TJ, Chang IS, Kim BH, Kim
KS, et al. 2006. Electrically conductive bacterial nanowires
produced by Shewanella oneidensis strain MR-1 and other
microorganisms. PNAS. 103(30):11358-11363.

Harnisch E Schroder U, Scholz E 2008. The suitability
of monopolar and bipolar ion exchange membranes as
separators for biological fuel cells. Environ Sci Technol.
42(5):1740-1746.

He Z, Huang Y, Manohar AK, Mansfeld E 2008. Effect of elec-
trolyte pH on the rate of the anodic and cathodic reactions
in an air-cathode microbial fuel cell. Bioelectrochemistry.
74(1):78-82.

ter Heijne A, Hamelers HVM, de Wilde V, Rozendal RA, Buis-
man CJN. 2006. A bipolar membrane combined with ferric
iron reduction as an efficient cathode system in microbial
fuel cells. Environ Sci Technol. 40(17):5200-5205.

FRONTIERS IN LIFE SCIENCE (&) 263

Heilmann ], Logan BE. 2006. Production of electricity from
proteins using a microbial fuel cell. Water Environ Res.
78(5):531-537.

Hickner MA, Ghassemi H, Kim YS, Einsla BR, McGrath JE.
2004. Alternative polymer systems for proton exchange
membranes (PEMs). Chem Rev. 104:4587-4612.

Jadhav GS, Jagtap YD, Ghangrekar MM. 2013, April. Dual-
chambered membrane microbial fuel cell: limitation on
potential difference. In International Journal of Engineer-
ing Research and Technology (Vol. 2, No. 4 (April-2013)).
ESRSA Publications.

Jana PS, Behera M, Ghangrekar MM. 2010. Performance com-
parison of up-flow microbial fuel cells fabricated using
proton exchange membrane and earthen cylinder. Int ]
Hydrogen Energy. 35:5681-5686.

Jang JK, Pham TH, Chang IS, Kang KH, Moon H, Cho K§, Kim
BH. 2004. Construction and operation of a novel mediator-
and membrane-less microbial fuel cell. Process Biochem.
39(8):1007-1012.

Jiang Y, Ulrich AC, Liu Y. 2013. Coupling bioelectricity gen-
eration and oil sands tailings treatment using microbial fuel
cells. Bioresour Technol. 139:349-354.

Kim BH, Chang IS, Gil GC, Park HS, Kim HJ. 2003. Novel
BOD (biological oxygen demand) sensor using mediator-
less microbial fuel cell. Biotechnol Lett. 25(7):541-545.

Kim BH, Park HS, Kim HG, Kim GT, Chang LS, Lee J, Phung
NT. 2004. Enrichment of microbial community generating
electricity using a fuel-cell-type electrochemical cell. Appl
Microbiol Biotechnol. 63(6):672-681.

Kim JR, Cheng S, Oh SE, Logan BE. 2007. Power gen-
eration using different cation, anion, and ultrafiltration
membranes in microbial fuel cells. Environ Sci Technol.
41(3):1004-1009.

Li Z, Yao L, Kong L, Liu H. 2008. Electricity generation using a
baffled microbial fuel cell convenient for stacking. Bioresour
Technol. 99(6):1650-1655.

Liu H, Cheng S, Logan BE. 2005. Production of electricity from
acetate or butyrate using a single-chamber microbial fuel
cell. Environ Sci Technol. 39(2):658-662.

Liu H, Grot S, Logan BE. 2005. Electrochemically assisted
microbial production of hydrogen from acetate. Environ Sci
Technol. 39(11):4317-4320.

Liu H and Logan BE. 2004. Electricity generation using an air-
cathode single chamber microbial fuel cell in the presence
and absence of a proton exchange membrane. Environ Sci
Technol. 38(14):4040-4046.

Liu H, Ramnarayanan R, Logan BE. 2004. Production of elec-
tricity during wastewater treatment using a single cham-
ber microbial fuel cell. Environ Sci Technol. 38(7):2281-
2285.

Logan B, Cheng S, Watson V, Estadt G. 2007. Graphite fiber
brush anodes for increased power production in air-cathode
microbial fuel cells. Environ Sci Technol. 41(9):3341-
3346.

Logan BE. 2004. Peer reviewed: extracting hydrogen and
energy from renewable resources. Environ Sci Technol.
38(9):160A-167A.



264 A.D.THARALIET AL.

Logan BE. 2005. Simultaneous wastewater treatment and bio-
logical electricity generation. Water Sci Technol. 52(1-2):
31-37.

Logan BE. 2009. Exoelectrogenic bacteria that power microbial
fuel cells. Nat Rev Microbiol. 7:375-381.

Logan BE, Hamelers B, Rozendal R, Schroder U, Keller J,
Freguia S, Aelterman P, Verstraete W, Rabaey K. 2006. Micro-
bial fuel cells: methodology and technology. Environ Sci
Technol. 40(17):518-519.

Logan BE, Regan JM. 2006. Electricity-producing bacterial
communities in microbial fuel cells. Trends Microbiol.
14(12):512-518.

Logronio W, Ramirez G, Recalde C, Echeverria M, Cunachi A.
2015. Bioelectricity generation from vegetables and fruits
wastes by using single chamber microbial fuel cells with high
Andean soils. Energy Procedia. 75:2009-2014.

Lovley DR. 2008. The microbe electric: conversion of organic
matter to electricity. Curr Opin Biotechnol. 19:
564-571.

Lovley DR, Giovannoni SJ, White DC, Champine JE, Phillips
EJ, Gorby YA, Goodwin S. 1993. Geobacter metallireducens
gen. nov. sp. nov., a microorganism capable of coupling the
complete oxidation of organic compounds to the reduction
of iron and other metals. Arch Microbiol. 159(4):336-344.

Maity JP, Hou CP, Majumder D, Bundschuh J, Kulp TR, Chen
CY, Chuang LT, et al. 2014. The production of biofuel and
bioelectricity associated with wastewater treatment by green
algae. Energy. 78:94-103.

Mauritz KA, Moore RB. 2004. State of understanding of Nafion.
Chem Rev. 104(10):4535-4586.

Min B, Kim JR, Oh SE, Regan JM, Logan BE. 2005. Electricity
generation from swine wastewater using microbial fuel cells.
Water Res. 39:4961-4968.

Min B, Logan BE. 2004. Continuous electricity generation from
domestic wastewater and organic substrates in a flat plate
microbial fuel cell. Environ Sci Technol. 38(21):5809-5814.

Moon H, Chang IS, Kim BH. 2006. Continuous electricity
production from artificial wastewater using a mediator-less
microbial fuel cell. Bioresour Technol. 97(4):621-627.

Mogqsud AM, Omine K, Yasufuku N, Hyodo M, Nakata Y. 2013.
Microbial fuel cell (MFC) for bioelectricity generation from
organic wastes. Waste Manage. 33:2465-2469.

Mukoma P, Jooste BR, Vosloo HCM. 2004. Synthesis and char-
acterization of cross-linked chitosan membranes for applica-
tion as alternative proton exchange membrane materials in
fuel cells. ] Power Sources. 136(1):16-23.

Nair R, Renganathan K, Barathi S, Venkatraman K. 2013. Per-
formance of salt-bridge microbial fuel cell at various agarose
concentrations using hostel sewage waste as substrate. Int ]
Advance Res Technol. 2(5):326-330.

Nevin KP, Richter H, Covalla SE, Johnson JP, Woodard TL,
Orloff AL, Jia H, Zhang M, Lovley DR. 2008. Power output
and columbic efficiencies from biofilms of Geobacter sul-
furreducens comparable to mixed community microbial fuel
cells. Environ Microbiol. 10(10):2505-2514.

Niessen J, Schroder U, Scholz E 2004. Exploiting com-
plex carbohydrates for microbial electricity generation-a

bacterial fuel cell operating on starch. Electrochem Com-
mun. 6(9):955-958.

Oh S, Min B, Logan BE. 2004. Cathode performance as a factor
in electricity generation in microbial fuel cells. Environ Sci
Technol. 38(18):4900-4904.

Oh SE, Logan BE. 2005. Hydrogen and electricity produc-
tion from a food processing wastewater using fermen-
tation and microbial fuel cell technologies. Water Res.
39(19):4673-4682.

Oh SE, Logan BE. 2006. Proton exchange membrane and
electrode surface areas as factors that affect power genera-
tion in microbial fuel cells. Appl Microbiol Biotechnol. 70:
162-169.

Park DH, Zeikus JG. 2000. Electricity generation in micro-
bial fuel cells using neutral red as an electronophore. Appl
Environ Microbiol. 66(4):1292-1297.

Park DH, Zeikus JG. 2003. Improved fuel cell and electrode
designs for producing electricity from microbial degrada-
tion. Biotechnol Bioeng. 81(3):348-355.

Peighambardoust SJ, Rowshanzamir S, Amjadi M. 2010.
Review of the proton exchange membranes for fuel cell
applications. Int ] Hydrogen Energy. 35(17):9349-9384.

Pham TH, Aelterman P, Verstraete W. 2009. Bioanode perfor-
mance in bioelectrochemical systems: recent improvements
and prospects. Trends Biotechnol. 27(3):168-178.

Pham TH, Jang JK, Chang IS, Kim BH. 2004. Improvement
of cathode reaction of a mediatorless microbial fuel cell. J
Microbiol Biotechnol. 14(2):324-329.

Qiao Y, Li CM, Bao SJ, Bao QL. 2007. Carbon nan-
otube/polyaniline composite as anode material for microbial
fuel cells. ] Power Sources. 170(1):79-84.

Rabaey K, Boon N, Dendf V, Verhaege M, Hofte M, Verstraete
W. 2004. Bacteria produce and use redox mediators for elec-
tron transfer in microbial fuel cells. In: Logan B, Mallouk
TE, editors. Bioenergy production: biohydrogen and elec-
tricity generation using microbial fuel cells. Proceedings of
the 228th ACS Meeting; 2004 Aug 22-26. Philadelphia, PA:
American Chemical Society.

Rabaey K, Boon N, Siciliano SD, Verhaege M, Verstraete
W. 2004. Biofuel cells select for microbial consortia that
self-mediate electron transfer. Appl Environ Microbiol.
70(9):5373-5382.

Rabaey K, Clauwaert P, Aelterman P, Verstraete W. 2005. Tubu-
lar microbial fuel cells for efficient electricity generation.
Environ Sci Technol. 39(20):8077-8082.

Rabaey K, Lissens G, Siciliano SD, Verstraete W. 2003. A
microbial fuel cell capable of converting glucose to elec-
tricity at high rate and efficiency. Biotechnol Lett. 25(18):
1531-1535.

Rabaey K, Verstraete W. 2005. Microbial fuel cells: novel
biotechnology for energy generation. Trends Biotechnol.
23(6):291-298.

Rahimnejad M, Adhami A, Darvari S, Zirepour A, Oh SE.
2015. Microbial fuel cell as new technology for bioelectricity
generation: a review. Alexandria Eng J. 54(3):745-756.

Rahimnejad M, Najafpour GD, Ghoreyshi AA, Talebnia F, Pre-
mier GC, Bakeri G, Kim JR, Oh SE. 2012. Thionine increases



electricity generation from microbial fuel cell using Sac-
charomyces cerevisiae and exoelectrogenic mixed culture. ]
Microbiol. 50(4):575-580.

Rhoads A, Beyenal H, Lewandowski Z. 2005. Microbial fuel
cell using anaerobic respiration as an anodic reaction and
biomineralized manganese as a cathodic reactant. Environ
Sci Technol. 39(12):4666-4671.

Roller SD, Bennetto HP, Delaney GM, Mason JR, Stirling JL,
Thurston CF. 1984. Electron-transfer coupling in microbial
fuel cells: 1. Comparison of redox-mediator reduction rates
and respiratory rates of bacteria. ] Chem Technol Biotechnol.
34(1):3-12.

Rosenbaum M, He Z, Angenent LT. 2010. Light energy to bio-
electricity: photosynthetic microbial fuel cells. Curr Opin
Biotechnol. 21:259-264.

Rosenbaum M, Schréder U, Scholz E. 2005. In situ electrooxida-
tion of photobiological hydrogen in a photobioelectrochem-
ical fuel cell based on Rhodobacter sphaeroides. Environ Sci
Technol. 39(16):6328-6333.

Rotaru DE, Franks AE, Orellana R, Risso C, Nevin KP. 2011.
Geobacter: the microbe electric’s physiology, ecology, and
practical applications. Adv Microb Physiol. Nov 19(59):1.

Rozendal R, Hamelers HVM, Buisman CJN. 2006. Effects of
membrane cation transport on pH and microbial fuel cell
performance. Environ Sci Technol. 40(17):5206-5211.

Saito T, Mehanna M, Wang X, Cusick RD, Feng Y, Hickner
MA, Logan BE. 2011. Effect of nitrogen addition on the per-
formance of microbial fuel cell anodes. Bioresour Technol.
102(1):395-398.

Sangeetha T, Muthukumar M. 2013. Influence of electrode
material and electrode distance on bioelectricity production
from sago-processing wastewater using microbial fuel cell.
Environ Prog Sustain Energy. 32(2):390-395.

Schroder U. 2007. Anodic electron transfer mechanisms in
microbial fuel cells and their energy efficiency. Phys Chem
Phys. 9(21):2619-2629.

Sevda S, Sreekrishnan TR. 2012. Effect of salt concentration and
mediators in salt bridge microbial fuel cell for electricity gen-
eration from synthetic wastewater. ] Environ Sci Health A
Tox Hazard Subst Environ Eng. 47(6):878-886.

Shantaram A, Beyenal H, Veluchamy RRA, Lewandowski Z.
2005. Wireless sensors powered by microbial fuel cells. Env-
iron Sci Technol. 39(13):5037-5042.

Sharma Y, Li B. 2010. The variation of power generation with
organic substrates in single-chamber microbial fuel cells
(SCMFCs). Bioresour Technol. 101:1844-1850.

Silhavy TJ, Kahne D, Walker S. 2010. The bacterial cell enve-
lope. Cold Spring Harb Perspect Biol. 2(5):a000414.

Singh D, Pratap D, Baranwal Y, Kumar B, Chaudhary RK.
2010. Microbial fuel cells: a green technology for power
generation. Ann Biolog Res. 1(3):128-138.

Tanaka K, Tamamushi R, Ogawa T. 1985. Bioelectrochemi-
cal fuel-cells operated by the cyanobacterium, Anabaena
variabilis. ] Chem Technol Biotechnol. 35(3):191-197.

Taskan E, Ozkaya B, Hasar H. 2014. Effect of different mediator
concentrations on power generation in MFC using Ti-TiO,
electrode. Int ] Energy Sci. 4(1):9-11.

FRONTIERS IN LIFE SCIENCE (&) 265

Terada A, Yuasa A, Kushimoto T, Tsuneda S, Katakai
A, Tamada M. 2006. Bacterial adhesion to and viabil-
ity on positively charged polymer surfaces. Microbiology.
152(12):3575-3583.

Thomas YR]J, Picot M, Carer A, Berder O, Sentieys O, Barriére E
2013. A single sediment-microbial fuel cell powering a wire-
less telecommunication system. Journal of Power Sources.
241:703-708.

Wang H, Qian F, Wang G, Jiao Y, He Z, Li Y. 2013. Self-biased
solar-microbial device for sustainable hydrogen generation.
ACS Nano. 7(10):8728-8735.

Wang H, Ren ZJ. 2013. A comprehensive review of microbial
electrochemical systems as a platform technology. Biotech-
nol Adv. 31(8):1796-1807.

Watson V], Logan BE. 2010. Power production in MFCs inoc-
ulated with Shewanella oneidensis MR-1 or mixed cultures.
Biotechnol Bioeng. 105(3):489-498.

Wei L, Han H, Shen J. 2012. Effects of cathodic electron accep-
tors and potassium ferricyanide concentrations on the per-
formance of microbial fuel cell. Int ] Hydrogen Energy.
37(17):12980-12986.

Wei ], Liang P, Cao X, Huang X. 2011. Use of inexpensive semi-
coke and activated carbon as biocathode in microbial fuel
cells. Bioresour Technol. 102(22):10431-10435.

Yagishita T, Sawayama S, Tsukahara K, Ogi T. 1997. Behav-
ior of glucose degradation in Synechocystis sp. M-203
in bioelectrochemical fuel cells. Bioelectrochem Bioenerg.
43(1):177-180.

Yagishita T, Sawayama S, Tsukahara K, Ogi T. 1998. Perfor-
mance of photosynthetic electrochemical cells using immo-
bilized Anabaena variabilis M-3 in discharge/culture cycles.
J Ferment Bioeng. 85(5):546-549.

Yong XY, Feng ], Chen YL, Shi DY, Xu YS, Zhou J, Wang SY, Xu
L, Yong YC, Sun YM, et al. 2014. Enhancement of bioelec-
tricity generation by cofactor manipulation in microbial fuel
cell. Biosens Bioelectron. 56:19-25.

Zhang E, Cheng S, Pant D, Van Bogaert G, Logan BE. 2009.
Power generation using an activated carbon and metal mesh
cathode in a microbial fuel cell. Electrochem Commun.
11(11):2177-2179.

Zhang T, Zeng Y, Chen S, Ai X, Yang H. 2007. Improved
performances of E. coli-catalyzed microbial fuel cells with
composite graphite/PTFE anodes. Electrochem Communs.
9(3):349-353.

Zhang X, He W, Yang W, Liu J, Wang Q, Liang P, Huang X,
Logan BE. 2016. Diffusion layer characteristics for increas-
ing the performance of activated carbon air cathodes in
microbial fuel cells. Environ Sci: Water Res Technol. 2(2):
266-273.

Zhang X, He W, Zhang R, Wang Q, Liang P, Huang X, Logan
BE, Fellinger TP. 2016. High-performance carbon aero-
gel air cathodes for microbial fuel cells. ChemSusChem.
9(19):2788-2795.

Zhang Y, Mo G, Li X, Zhang W, Zhang J, Yea ], Huang
X, Yu C. 2011. A graphene modified anode to improve
the performance of microbial fuel cells. ] Power Sources.
196(13):5402-5407.



266 A.D.THARALIET AL.

Zhao G, Maa F, Wei L, Chua H, Chang CC, Zhang X].
2012. Electricity generation from cattle dung using micro-
bial fuel cell technology during anaerobic acidogenesis and
the development of microbial populations. Waste Manage.
32:1651-1658.

Zhou M, Chi M, Luo J, He H, Jin T. 2011. An overview of
electrode materials in microbial fuel cells. ] Power Sources.
196(10):4427-4435.

Zuo Y, Cheng S, Call D, Logan BE. 2007. Tubular mem-
brane cathodes for scalable power generation in
microbial fuel cells. Environ Sci Technol. 41(9):3347-
3353.

Zuo Y, Xing D, Regan JM, Logan BE. 2008. Isolation of the
exoelectrogenic bacterium ochrobactrum anthropi YZ-1 by
using a U-tube microbial fuel cell. Appl Environ Microbiol.
74(10):3130-3137.



	1. Introduction
	2. Microbial fuel cell
	3. Micro-organisms
	4. Substrates
	5. Design
	5.1. Two-chamber MFC
	5.2. Single-chamber MFC
	5.3. Stacked MFC

	6. Proton exchange membranes (PEM)
	7. Mediators
	8. Cathode performance
	9. Anode performance
	10. Types of MFCs
	10.1. Mediator-less MFC
	10.2. Membrane-less MFC
	10.3. Catalyst coated electrode MFCs
	10.4. Sediment-type MFCs

	11. Applications
	11.1. Production of bioelectricity
	11.2. Bio-hydrogen production
	11.3. Wastewater management
	11.4. Biosensors
	11.5. Other applications

	12. Advantages and disadvantages
	13. Recent developments
	14. Conclusion
	Disclosure statement
	References

