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ABSTRACT

D

iminishing natural resources and increasing electricity
requirement for world population necessitates the
development of new technologies that can provide alternatives
to traditional energy sources in sustainable way. Microbial fuel cell
(MFC) has emerged as a promising technology to counteract the
prosperous global energy demands of future. With the prospect of
greater environmental protection and energy recovery, MFC produce
electrical energy through catalytic reactions of microorganisms under
anaerobic conditions. It involves the microbe assisted biochemical
reactions inducing transference directly. Organic matter is used as a fuel
in wastewater to remove the contaminants and produce electricity. The
feasibility of this process as a source of “green electricity” has been
proven for industrial and domestic waste. MFCs have great potential for
sustainable waste treatment and energy production through the linkage
to sources of agricultural, animal or municipal waste. This review
provides a critical insight into recent developments in microbial fuel
cells technology and their possible applications.
Key words: Bioenergy; Sustainability; Microorganisms; Electricity

1. Introduction Methods used traditionally for
energy productions and waste treatment are largely
dependent on non-renewable resources and also
damage the environment. Microbial electrochemical
systems have emerged as a novel technology for

energy production and detoxification of contaminants
through conversion of stored chemical energy in
biodegradable resources into electric current and
chemicals (Wang and Ren, 2013). Microbial
electrochemical systems offer environment friendly,
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transformative and integrated waste management and
energy production solutions, as they provide a
medium for processes involving simultaneous
oxidation and reduction reactions. Basic working
principle of all MESs is same, in the anode chamber,
involving generation of electric current through
oxidation of biodegradable substrates (Desloover et
al., 2012). On the basis of this working principle,
further different applications have been developed,
such as water purification through microbial
desalination cells, production of different chemicals
through microbial electro-synthesis or microbial
electrolysis cells, and energy production through
microbial fuel cells (Kim et al., 2015).
The global economy is largely dependent on fossil
fuels as almost 75% of the energy needs are met by
them (Figure 1). Unprecedented increase in world
population and global energy demands have led to the
search for multipurpose technologies which not only
meet the growing energy needs but also contribute in
improving the environment. Use of microorganisms to
address the issue can provide answer to the problems.
Microbial fuel cells can be an efficient alternative to
traditional methods of electricity production for
applications on small scale. Due to increased energy
demands, conservation of energy is equally important
as the production. Recycling and disposal of waste is a
major problem in developing countries. It not only
poses environmental risks but their treatment also
consume large portion of energy. Analysis of solid
waste of different developing countries revealed that
organic waste comprises more than 80% of it. Proper
treatment and utilization of waste through MFCs can
transform energy-consuming waste treatment to a
source for energy production.
In recent years, MFCs have attracted many
researchers. It is evident from monotonically
increasing number of publications in last decade (Fig.
2) (Zhang et al., 2016).MFCs involve oxidation of
reduced forms of substrates to yield electrons and
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protons with help of biofilms on anode. The delivered
electrons and protons are then transferred to cathode
for reduction of externally supplied oxidants (Wang et
al., 2015). MFCs involve multidisciplinary sciences and
are regarded as an efficient energy source and waste
treatment system (Aelterman et al., 2006; Catal et al.,
2008; Desloover et al., 2012;Sakdaronnarong et al.,
2015).This review is focused on current research
trends in MFC technologies with emphasis on
pollution treatment and energy generation. It further
demonstrates the possible applications of MFC
technology with prospects and limitation.

2. Working principle of MFC
Microbial fuel cells use self-sustaining and low-cost
microorganism for oxidation of organic and inorganic
substrates and electron transfer to anode. By using
external circuit, electrons can be directly captured for
generation of electricity and/or production of different
chemicals (Sun et al., 2016).
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Figure 1: Contribution of different energy sources in
global energy
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Figure 2: Number of publications about MFC technology over the years (2006-2015)
Anodic reactions are governed by different factors
such as microbial activity and community composition,
electron transfer efficiency, substrate conversion rate
and material and system costs (Lim et al., 2012). The
use of these electrons on cathode can be maneuvered
according to the desired objectives. Different microbe
groups are involved in transformation of stored
chemical energy into electrical energy from organic
and inorganic substrates. Anode respiring bacteria,
electricigens, exoelectrogens and electrochemically
active bacteria are significant groups (Park et al., 2001;
Lovley, 2006; Logan, 2009; Torres et al., 2009).
Microbes use either the membrane-bound protein
structures (filaments, c-type cytochrome, pili) or
mobile electron shuttles for transfer of electrons to
the electrode. For instance, Geobactersulfurreducens
use conductive pili and c-type cytochrome OmcZ for
intercellular electron transfer and conduction of
electron to the electrode respectively (Summers et al.,
2010; Lovley, 2011). Whereas, Shewanella species
make contact with electrode directly with the help of
conductive filaments and use mediators like flavin
adenine mononucleotide for electron transfer (Von
Canstein et al., 2008). Several bacteria use electro
shuttles or soluble redox mediators for electron
transport from cell to the electrode. Some bacteria
use mediators like methyl blue, humics, neutral red,

thionine, methyl viologen and anthraquinone-2,6disulfonate wheres Pseudomonas species produce
extracellular electron shuttles such as phenazines
((Rabaey et al., 2005; Scott and Murano, 2007;
Aulenta et al., 2008). MFCs use microorganisms as
catalysts to generate energy and chemicals from
different substrates. Apart from simple sugars and
their byproducts, various complex substrates have also
been used including industrial and municipal
wastewater, biomass wastes and inorganic substrates
like acid mine drainage, sulfide and ammonia (Rabaey
et al., 2005; Cheng et al., 2007; Velasquez‐Orta et al.,
2009). To degrade complex waste materials, polymerdegrading bacteria break down the complex polymers
into simple organic forms and electrochemically active
bacteria oxidizes the organic products as the electron
receivers ((Freguia et al., 2008; Parameswaran et al.,
2009). For the treatment of the waste materials,
microbial fuel cells can convert treatment-focused and
energy-intensive methods into integrated systems
with ability to recover nutrients, water, energy and
value-added products.

3. Applications of MFCs
The main applications of MFCs developed in recent
decades are classified in the following forms:
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3.1. Generation of bioelectricity
MFC is a fantastic technology that allows diversity of
scenarios according to the desired objectives. Variety
of materials, substrates and infrastructural options can
be combined with microbial diversity achieve bioenergy production (Logan, 2008).MFCs provide a
sustainable solution of energy applications, with
possible public health issues (Du et al., 2007).
According to a study, an area with quite large surface
area, microbial fuel cell of 25 mW power is ideal for
cardiac stimulation. The biggest challenge in MFCs is
to accomplish appropriate current flow and power
stability, particularly to the small electrical devices.
Rahimnejad et al. (2012) successfully operated ten
lamps and a digital clock for two days with energy
generated from fabricated stacked MFC.
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and also the oxygen at the cathode chamber should be
vanished (Logan, 2008).

3.3. Wastewater treatment
As energy source, large potential is kept in
wastewaters including diverse types of organic
substrate (Najafpour et al., 2010; Sharma and Li, 2010;
Izadi and Rahimnejad, 2014). Wastewaters such as
industrial effluents, domestic wastes and food
processing and sanitary wastes contain energy in the
form of biodegradable organic matters(Du et al.,
2007). In early 1990s, MFC technology was largely
oriented to wastewater treatment only (Habermann
and Pommer, 1991), but recent findings have proven
its feasibility for energy generation and production of
bio-hydrogen (Logan, 2008).
For an effective wastewater treatment system, low
material cost and higher operational sustainability are
substantial characteristics (Figure 4). According to
studies, biological treatment has emerged as a
sustainable and highly cost efficient method for
organic matter and nitrogen removal (Gotvajn et al.,
2009; Mehmood et al., 2009).

Figure 3: Components of a Traditional Microbial Fuel
cell.

3.2. Biohydrogen production
MFCs can be readily modified for the production of
bio-hydrogen instead of electricity. Hydrogen can be
collected for later application (Du et al., 2007). MFCs
can act as a renewable hydrogen source to meet the
growing demands of hydrogen in hydrogen driven
economy (Mohan et al., 2008). To generate hydrogen
gas in typical MFC, anodic potential must be increased
with an additional voltage of about 0.23 V or more,

Figure 4: Wastewater treatment process through
microbial fuel cells
Simultaneous methane and electricity generation from
waste materials are anaerobic digestion processes
with long detention time that are suitable for highstrength wastewaters (Logan, 2008). Rabaey et al.
(2006) used specific microorganisms in developed
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MFCs and suggested as an excellent techniques to
remove sulfides from wastewater. Some studies
reported higher columbic efficiency and reduced
chemical oxygen demand upto 80% and 90%
respectively (Kim et al., 2005; Puig et al., 2011; Wang
et al., 2012). The capability of MFC technology for
simultaneous electricity generation and the removal of
salinity from Se-containing wastewater were observed
and it was concluded that at higher serenity
concentration, both power output and CE are lower
(Catal et al., 2008).
Also MFC could be an efficient method of electricity
generation and odor removal, and Kim et al., (2008)
demonstrated MFC based technology accelerates the
rate of removing odor when the electricity generation
-2
reaches a maximum of 228 mWm .Puiget al. (2011)
demonstrated that biofuel cells used landfill leachate
as a method of treating biodegradable organic matter
and electricity production even with high content of
nitrogen and salinity. The amount of removal organic
matter was 8.5 kg when the power density was 344
3
mWm .
A novel MFC-membrane bioreactor (MBR) for the
treatment of wastewater has recently been reported
-3
with a power density of 6.0 Wm with the average
current of 0.4 mA and higher pollutant removal
efficiency due to high biomass retention and solid
rejection (Wang et al., 2012).

3.4. Biosensors
Another application prospective of microbial fuel cells
is their use as sensor for processing monitoring and
analysis of pollutants (Chang et al., 2005). A major
constraint in systems operated through back up power
source is continues recharging or replacement of
batteries; thus, MFCs are an option to power
electrochemical sensors. MFCs are telemetry systems,
smaller in size and can transmit signals to distant
receivers (Ieropoulos et al., 2005; Shantaram et al.,
2005). To design this type of system, having
appropriate cathodic and anodic reactions is the first
step (Shantaram et al., 2005). It is possible to use
MFCs as biological oxygen demand (BOD) sensor (Gilet
al., 2003), and it is exhibited that this type of BOD
sensor has excellent operational sustainability and
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reproducibility and can be kept operating for 5 years
(Du et al., 2007).
Different types of enzymatic glucose sensors have
been developed (Bettin, 2006). The first type
measures the amount of produced hydrogen peroxide
and the lack of oxygen with the advantages of being
easily fabricated and assembling small sized systems
(Wilson et al., 1992; Gerritsen et al., 1999). The other
one uses chemical mediators such as ferrocene to
convey electron to electrode (Bettin, 2006). MFCs are
versatile open systems with many modification
options and can be used for many applications besides
energy production and wastewater treatment. The
first and practical application of MFC is using this
system for energy recovery to sustainable water
infrastructure (Logan, 2008). Also a potential of
remediating toxicants, such as phenols and petroleum
compounds is another application of MFC (Morris and
Jin, 2007; Luo et al., 2009). Biological electricity from
wastes produced onboard on a spaceship is also a
possible applicability (Du et al., 2007).

4. MFC as energy source
Power density deliverable act as major determinant in
application of microbial fuel cells as a source of
renewable energy. Fan et al (2008) and Logan (2007)
achieved ultimate power generation up to 17-19 Wm
3
without internal resistances. The volumetric power
3
generation of human body with 0.1 m volume and
heat generation up to 100W, is calculated to be 1
-3
13
kWm . A typical human body contain 3.73 × 10 cells
(Bianconi et al., 2013); thus, a single cell cangenerate
-12
estimated energy of 2.68 ×10 W. the surface area of
a packed bed with regular or random can reach upto a
2 -3
few hundred m m (Zhang et al., 2016). An MFC with
2 -3
precise surface area of 100 m m and biofilms covering
the entire surface area with 20 layers of cells of
2
estimated area of 1 µm , then the power density and
volumetric energy generation can be calculated as:
2 -3
2
-1
-12
[(100 m m ) / (1 µm cell )] × 20 (layers) (2.68 ×10
-1
-3
Wcell ) = 5360 Wm
-12
-1
2
-2
[2.68 × 10 Wcell × 20 cells] / (1 µm ) = 53.6 Wm
Interestingly, the volume fraction of these biofilm only
accounts on 0.2% of the total reactor volume [(100
2 -3
2
-1
3
-1
3 m m ) / (1 µm cell )] × 20 × 1 µm cell = 0.002 m m
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3

). Less than 99% space of the total reactor is occupied
by channels for liquid current, connecting wires and
electrodes (Zhang et al., 2016). Sufficient flow
channels are significant in regulations of pressure over
an MFC for practical implementation. A dramatic
increase in power densities was found in literature,
-2
-2
less than 0.1 Wm to 6.9 Wm , from the period of
1999 to 2008, suggesting MFCs as an effective system
for energy generation. MFC with 12mL volume of
anodic chamber showed maximum power density of
-2
6.9 Wm . Fan et al. (2012) also achieved relatively
-2
higher power density (4.3 Wm ) from 30mL reactor
volume of MFC. With increase in the volume of anodic
chamber, declining trend was observed in power
densities. A few hundred mL volume of anodic
-2
chamber reported less than 1 Wm of power density.
The relationship between power density and volume
of anode chamber is independent of factors like MFC
configuration, substrates and adopted inoculum. The
methods of power density calculations are largely
based on estimated anode chamber area, but systems
using electrodes of high surface area, actual power
density would be even lower. Furthermore, the
chemical fuel cells offer much higher ultimate power
-2
densities (104–105 Wm ) as compared to those
predicted in the literature (Wang et al., 2014).
Higher power output is required for energy production
through MFCs, particularly for industrial and domestic
use. The possible use of MFCs for tasks with low
power demand has been proven, but main challenge
of future research is to increase the power density and
making this technology compatible for usage in higher
fields. Energy generation is more lucrative prospect of
MFC for masses along with the waste treatment.

4.1. MFC-based
production

systems

for

energy

Microbial fuel cells can be further categorized on the
basis of used substrates, designs, microbial community
and configurations (Table 1).

4.1.1. Wastewater microbial fuel cells

Early lab scale MFC studies were majorly focused on
simple substrates like glucose or acetate for
performance evaluation of microbial inoculum, used
material and configuration of reactors (Rabaey et al.,
2003; Liu et al., 2005). Liu et al 2004 conducted the
first reported study of MFCs using real wastewater,
followed by numerous studies using different
substrates with different materials and configurations.
Several studies have conducted experiments with
varying reactor configurations, electrode materials
and separator materials ((Logan et al., 2006; Hamelers
et al., 2010; Pant et al., 2010; Wei et al.,
2011).Significant reduction in cost and internal
resistance of system was achieved by liu and logan by
eliminating the membrane. Their design included
single chamber air cathode (Liu and Logan, 2004; Liu et
al., 2005). After certain modification in the system,
tubular designed MFCs were developed characterized
by optimized systems, varying flow patterns and
simplified construction processes. These systems
decreased the internal resistance of system and used
larger surface area (He et al., 2005; Rabaey et al.,
2005). To increase organic loading rate, baffled aircathode MFCs were designed (Fenget al., 2010), and
stacked MFCs were able to increase substrate
oxidation and enhanced voltage or current output
(Aelterman et al., 2006). Submersible MFCs are also
widely used for wastewater treatment and have the
ability to transform substrate toxicity, dissolved
oxygen concentrations and concentration into
electronic signals or sensors (Zhang and Angelidaki,
2012). Efficient sludge disposal and conversation of
aeration energy are main features of MFCs used for
treatment of wastewater (Oh et al., 2010; Xiao et al.,
2012).In traditionally used systems, 45-75% of plant
energy is consumed for aeration, whereas MFCs
system eliminates the energy consumption for
aeration but also produce surplus energy by 10-20%,
which can be utilized in other processes (Pant et al.,
2010; Huggins et al., 2013). Enhancement of MFCs
system on larger scales is still a challenge as the
maximum power density achieved from lab scale air-3
cathode MFCs has reached up to 2.87 kWm (Fan et
al., 2012). Microbial fuel cells attributes to 50-70%
lesser sludge production as the cell yield in activated
sludge is much higher than the electrochemically
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active bacteria (Fan et al., 2012; Huggins et al.,
2013).Reduction in the sludge production also reduces
the operation cost of system by 20-30%. Removal of
nutrient and production of different value-added
products during the process are additional benefits of
the system.

4.1.2. Benthic microbial fuel cells
Benthic MFCs or sediment MFCs, use the natural
potential difference found between seawater and
sediments to generate energy (Lovley, 2006). The
substrates are oxidized in the sediments with help of
microorganisms; electrons are then transferred to
anode present on top of sediments or embedded

inside them. Cathode chamber is usually submerged in
the seawater, where reduction of dissolved oxygen
occurs (Donovan et al., 2011). BMFC have the
potential for sustainable production of energy due to
abundant supply of substrate. Steady power supply
and lower maintenance requirements make this
system ideal for underwater vehicles and independent
marine sensors. This feature of MFC system gives
them advantage over traditional systems as usage of
batteries is not only expensive but also their
replacement adds to maintenance cost, particularly in
deep waters.
Malik et al. (2009) estimated that an average current
of 0.3mA can be generated continuously for 22 years
from 1L marine sediment, due to high organic content.

Table 1: Summary of various Microbial Fuel cells, electrode description and products
Microbial Fuel Cells
Tubular MFCs

Baffled air-cathode
MFC
Up flow MFC

Electron donors (Anode)

Electron Acceptors
(Cathode)

Products/
Objective

Reference

Domestic wastewater, food
processing waste, Acetate,
glucose, hospital wastewater,
Glucose

Potassium ferricyanide

Energy/
Electricity

(Kimet al., 2015)

Oxygen

(Fenget al., 2010)

Sucrose

Energy/
Electricity
Energy/
Electricity
Energy/
Electricity
Energy/
Electricity
Waste Treatment

Benthic MFC

Sediments

Oxygen, Potassium
ferricyanide
Oxygen

Submersible MFC

Domestic Wastewater

Oxygen

Microbial
remediation cell

Phenol, ethanol, Diesel,
pyridine, 1,2-dichloroethane,

Microbial
photoelectrochemica
l solar cell
Photobioelectrochem
ical fuel cell
Acid-mine drainage
fuel cell
Osmotic MFC

Marine Sediment

Chlorinated solvents,
perchlorate, chromium,
and uranium
Oxygen

Alcohols, Organic Acids

Potassium ferricyanide

Energy, Hydrogen

(Rosenbaumet al., 2005)

Ferrous ion

Oxygen

(Chenget al., 2007)

Sodium acetate

Oxygen

Carbon capture
microbial cell
Microbial salinewastewater
electrolysis cell

Glucose

Carbon Dioxide

Sodium acetate

Hydrogen

Removal of Iron
ions
Electricity,
Diluted draw
solution
Electricity, Algal
Biomass
Electricity, Saline
water treatment

Energy, Oxygen,
Glucose

(Heet al., 2005)
(Nielsenet al., 2007;
Gonget al., 2011)
(Zhang and Angelidaki,
2012)
(Gregory and Lovley,
2005; Aulentaet al.,
2008)
(Maliket al., 2009)

(Zhanget al., 2011)

(Wanget al., 2010)
(Kimet al., 2015)
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BMFC technology is relatively new as the idea
emerged in early 2000s (Reimers et al., 2001), but it is
considered as the most realistic and practical
application for commercial purpose. Tender et al.
(2008) demonstrated BMFC as a power source for the
first time. They powered meteorological buoy with
18mW power requirement for almost 7 months. Gong
et al. (2011) operated oceanographic sensor with
-2
44mWm power density, for more than 50 days by
using chambered BMFC as power source. Longest
continuous power generation reported through BMFC
is for 2 years so far, by tender et al. (2008).
BMFCs have gone through various modifications with
time. Early studies used graphite plates as anode,
embedded in sediment with cathode submerged in
water. The limitations of this design included low
power output and structural fragility (Tender et al.,
2002). The power output was enhanced and system
footprints were reduced in BMFC and this design used
semi-enclosed and suspended anode chamber
(Nielsen et al., 2007).

4.1.3. Microbial remediation cells (MRCs)
Removal of contaminants by using microorganisms is
one of the developing applications of microbial fuel
cells. Inexhaustible electron acceptors are used as
electrodes in anode chamber, whereas cathode
(donors) is responsible for remediation of
underground contaminant (Morris and Jin, 2007; Yuan
et al., 2010; Huang et al., 2011). MRCs use electrodes
either individually or in combination. This approach
allows simultaneous degradation of pollutants and
energy production by using microorganisms. The
system doesn’t involve chemical input and hence, the
operational cost is minimized. Petroleum contaminant
degradation is reported by linking electrodes so that
the underground hydrocarbons are oxidized and
aboveground oxygen is reduced.
Morris et al. (2009) reported 164% more degradation
by active MRC technology as compared to traditional
open circuits in diesel range organics (DRO). Wang et
al. (2012) showed 120% higher degradation in crude
oil by using U-tube MFC. Higher metabolic activities in
microbes can be attributed to the competition
between them for access and supply of electrons.
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Remediation of different pollutants such as pyridine,
1,2-dichloroethane, diesel and ethanol are also
reported (Luo et al., 2009; Pham et al., 2009; Zhang et
al., 2009). Similarly by using the electrodes as electron
donors, oxidized contaminant like uranium,
percholates, chlorinated solvents and chromium can
also be reduced (Gregory and Lovley, 2005; Aulenta et
al., 2008; Wang et al., 2008; Butler et al., 2010). For
example, trichloroethene was dechlorinised to ethane
by using negatively charged electrode as electron
donor and mixture of microorganisms (Aulenta et al.,
2008). Williams et al., 2010 conducted lab scale and
field studies to reduce U(VI), where direct correlation
was established between uranium reduction and
acetate input by horizontally distributed anodes and
cathodes; the electricity produced can act as an
efficient tool for remediation efficiency and microbial
activity monitoring (Williams et al., 2009).

4.1.4. Microbial solar cells (MSCs)
Systems involving synergistic association between
organisms
involved
in
photosynthesis
and
electrochemically active bacteria are collectively
termed as microbial solar cells. MSCs, as the name
suggests, use solar energy as power source and
integrate the photosynthetic reaction with microbial
electricity production (Strik et al., 2011).
Electrochemically active bacteria are similar to other
bacterial groups used in MFCs whereas algae,
photoautotrophic bacteria and higher plants play key
role in conversion of solar energy to organic matter.
This approach has been widely used and named in
literature such as solar-powered microbial fuel cell
(Strik et al., 2009), photo-microbial fuel cell (Thorne et
al., 2011), photobioelectrochemical fuel cell
(Rosenbaum et al., 2005), microbial photoelectron
chemical solar cell (Malik et al., 2009) and
photosynthetic microbial fuel cells (Zou et al., 2009),
photosynthetic electrochemical cell (Yagishita et al.,
1997), and solar-driven microbial photoelectron
chemical cell (solar MPC) (Qian et al., 2010). In spite of
the differences in name and modifications in designs,
basic working principle comprise of four steps:
i) Production of organic matter through
photosynthesis.
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ii) Transfer of organic matter to anode chamber.
iii) Organic matter oxidation at anode by
electrochemically active bacteria.
iv) Cathodic reduction of oxygen or other electron
acceptors.
On the basis of photosynthetic responsible organisms,
MSCs can be categorized into three groups – algae
MSCs, phototrophic MSCs and plant MSCs. Plant MSCs
mostly rely on rhizo-deposits produced by higher
plants for organic matter and feeding of
electrochemically active bacteria to produce
electricity. First demonstration of plant MSCs
-2
-2
produced power of 67 mWm and 26 mWm with
reed grass and rice respectively (Strik et al., 2008).
Other plants were also investigated for simultaneous
production of biomass and electricity, including
Arundinellaanomala,
Spartinaanglica
and
Arundodonax. Results showed current generation by
using S. anglica for 119 days, whereas A. donax could
not show significant electricity production (Helder et
al., 2010; Timmers et al., 2010). Despite the failures in
-1
-1
initial studies, power output up to 1000 GJ ha year
is estimated by European research consortium (Strik et
al., 2011).
The phototrophic MSCs are the studies independent of
microbial group association as the photosynthetic
bacterial strains have the ability to produce electricity
through oxidation of photobiological hydrogen
(Rosenbaum et al., 2005). Algae MSCs possess higher
potential or energy production on commercial basis as
the electrochemically active bacteria and algae
complement each other. This association is important
in conversion of solar energy to electric energy and
production of different chemicals like biodiesel and
protein. This system has also shown significant results
in nutrient removal. Different studies showed
utilization of microalgae and macroalgae as substrates
for electrochemically active bacteria (Velasquez‐Orta
et al., 2009).

5. MFCs as pollutant treatment
5.1. Anode processes

J. Appl. Agric. Biotechnol. 2017 2(1): 1−18
The majority of oxidation reactions occur at the anode
chamber. As waste or wastewater pollutants are
mostly present in organic forms, Chemical oxygen
demand is considered as a unanimous index for
evaluation of oxidation power of pollutants. The
anode electrode delivers oxidizing power for
conversion of chemical oxygen demand to carbon
dioxide and water (Kim et al., 2015).
Rec carried out for degradation of complex pollutants
through anodic treatment process. These recalcitrant
pollutants include polycyclic aromatic hydrocarbons
(Sherafatmand and Ng, 2015), azo dyes (Han et al.,
2015; Kong et al., 2015; Sun et al., 2015; Thung et al.,
2015), benzene derivatives (Cheng et al., 2015;
Raschitor et al., 2015; Zhang et al., 2015) and
inorganic wastewaters (Raschitor et al., 2015).
Thunget al. (2015) conducted study on decolorization
of acid orange 7 through single-chamber membraneless MFC and suggested that anode and cathode both
play significant roles in dye decolorization. Zhang et al.
treated landfill leachate of high strength in membrane
less MFC (Zhang et al., 2015). The removal efficiency
of MFC was 84-89% and 94-98% for COD and NH4
respectively at hydraulic retention time of 24 hrs and
COD volume loading of 3 kg/m3-d. Degradation of
hydrophilic fraction of organic matter through MFCs
produce humin as a value added product. Further, the
electric fields created at cathode due to different
bioelectrochemical reactions enhance efficiency of
COD degraders and biofilm nitirfiers for improved
ammonium removal.
Zhang et al. used dairy manure as the energy input in
microbial fuel cells and found that single feed can
generate electricity for more than 100 days (Zhang et
al., 2015). Hydrophilic portion of manure and
hydrophobic acid played role in degradation of organic
matter at anode chamber. For remediation of
contaminated soil, sediments or groundwater, anode
electrodes are embedded in the matrix while cathode
is placed externally for exposure to air. Xia et al.
(2015) degraded prganic chemicals of high polarity
through sediment MFC. Xuet al. (2015) achieved
removal efficiency of up to 58.91% and 43.26% for
total organic carbons and PCBs respectively in
contaminated sediments. Cao et al. (2015) used MFC
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for degradation of hexachlorobenzene and achieved
71.15% removal efficiency in top soil layer.
The installation of MFC in soil, sediment or
groundwater is economical and easy relatively. Yang et
al. used a simple iron rod as bioanode by inserting half
of it into sediment layer and attaching its ends with or
without carbon felt. The portion above ground acts as
biocathode and helps in conversion of nitrate into
nitrogen (Yang et al., 2015).

J. Appl. Agric. Biotechnol. 2017 2(1): 1−18
suggested integrated system of microbial electrolysis
cell and MFC for metal ion removal from wastewaters.
The spontaneous reacting ions (Cr6+) in MFC were
used to generate electricity and then applied this
electricity to stimulate reduction of lead and nickel
ions. The metal ions are reduced in the system at rate
of 30 mg/L, 32.7 mg/L and 8.9 mg/L for Chromium,
Lead and Nickel respectively.

5.5. MFC as post-treatment
5.2. Cathode processes
Electron acceptors go through reduction reaction at
cathode chamber. The oxidized substances are
reduced when electric potential of cathode electrode
surpasses the threshold (Nancharaiah et al., 2015).
Cathode chamber is significant in wastewater
treatment due to provision of the reducing power. The
cathodic substrates reported in literature include
organic
substance
like
chlorobenzene
and
trichloroethylene, inorganic substances like ammonia
(Kim et al., 2015) and heavy metals like Chromium
(Wu et al., 2015).

5.3. Integrated systems
Integrate systems for MFC were widely discussed in
literature works as being applied as a pre-treatment
stage, a posttreatment stage, or a unit working in
parallel with other treatment units.

5.4. MFC as pre-treatment
Microbial fuel cells can be used to change the
pollutant’s characteristics and reduce the toxicity level
before proceeding to treatment unit. For example,
petrochemical wastewater was pretreated through
MFC for the easy degradation of COD in approaching
batch reactor (Raschitoret al., 2015). Ma et al. (2015)
used combination of membrane reactors and MFCs for
treatment of municipal wastewater and enhance
nitrogen and COD removal efficiencies. Kong et al.
(2015) applied MFC as pretreatment for azodye
wastewaters so that the preceding anaerobic sludge
digester can enhance removal of dyes. Li et al. (2015)

Pretreatment of recalcitrant pollutants can be applied
to enhance their degradation through MFC biofilms.
Aspergillusawamori, a fungus, was used for
pretreatment of insolubles and large molecules in
distillery wastewater to increase the quantity of
electricity produced and improved removal of COD
(Ray and Ghangrekar, 2015). Su et al. (2015) used
TiO2photocatalysis pretreatment on red reactive dye
removal in follow-up MFC. Wang et al. (2015) used
continues stirring reactor at the bottom of the system
which produce methane, whereas MFC is placed on
the top to produce electricity. The COD removal for
the integrated reactor was 55% without MFC whereas
it reached to 90% with MFC.

5.6. Parallel treatments
Different experiments and studies were conducted to
evaluate removal efficiencies in combination of MFCs
and waste treatment units. Placement of different
membranes in anode chamber enhanced the quality of
effluent quality from the integrated system. Similarly,
MFCs were integrated with sludge reactors for
enhance dye removal (Kong et al., 2015), constructed
wetland (Wei et al., 2015) or a septic tank (Yazdi et al.,
2015) for improved COD removals. To improve the
effectiveness of systems, integration of different
chemical pathways and MFCs is an interesting
progress. Li et al.(2015) used anaerobic ammonium
oxidation process and denitrifying MFC in cell cathodic
chamber. Results indicated that in cathode chamber
biofilm and sludge performed denitrification and
annamox reactions respectively. These authors
claimed that the sludge and biofilm in the cathodic
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chamber performed anammox and denitrification
reactions, respectively. Shin et al., experimented with
integration of ferric ammonium oxidation and MFC to
produce electricity and degrade ethanolamine
simultaneously. More than 96% of ammonium ions
were removed through iron reduction reactions (Shin
et al., 2015).

for long-term duration is also a limitation seldom
reported in literature. Lab-scale studies are often
conducted for limited number of cycles. Few studies
are present regarding lon-term stability of MFC
operations. To establish MFCs as commercial product,
these limitations are needed to be eliminated or at
least minimized

6. Challenges and future prospects

6.2. Mechanisms

Microbial fuel cells have many advantages as well as
certain limitation, particularly in field applications. The
major limitations include initial capital requirements,
expensive chemicals and metal catalysts and low
power output. Scientists are working to reduce these
limitations to the maximum and MFC technology has
evolved and modified to a very large extent since
beginning. The initial installation cost of MFCs is
reduced through modifications in cell designs,
replacement of proton exchange membrane by aircathodes, and removal of Pt-catalytic cathode from
the system by using biocathodes.

Efficiency of microbial fuel cells is largely dependent
on performance of biofilms at anode chambers. In
systems applied with objective of achieving higher
power densities, decrease in external loads also
reduces electrical current and cell voltage. When
power output exceeds a certain limit, protons
accumulate in cell membrane causing hindrance in
transfer of electrons and eventually reducing
extracellular electron rates. In MFCs used for
environmental applications, special care needs to be
taken
while
choosing
chemicals
as
the
known/unknown impurities in the biofilm matrix may
affect the reactions and transport of electric current.
For example, Liang et al. (2013) demonstrated that
bioelectrochemical reactions were influenced by the
functional strains for degradation of chloramphenicol
on biocathode. The detailed study of mechanisms
involved in MFC technology needs to be studied in
detail. Combination of processes, modifications in
configurations and variations in microbial community
composition may yield improved performance and
power densities.

6.1. Operational stability and consistency
Biofilms, present in anode or sometimes cathode
chamber, are usually made up of extracellular
polymeric materials, live/dead cells and different
inorganic and organic compounds produced during
complex biological and chemical reactions. Stability,
consistency and sustainability are three key traits
required in anodic biofilms for field applications of
MFCs. Biofilm formation is very sensitive to slight
changes in the environment particularly near
electrode surface. Slight variations in local
environment can result in different spatial distribution
of functional strains and altered matrix structure,
causing changes in cell performances. Weng and Lee
(2015) conducted a study with keeping the design,
electrode materials, and the protocols constant in
MFCs with sulfate reducing bacteria, but variations in
cell performances were observed. Liu et al. (2016) also
noted differences in bioelectrochemical characteristics
of biofilms regardless of identical seed/fee/reactor
designs and protocols. Stability in operations of MFC

6.3. Larger-scale MFC
Power densities achieved from MFCs so far are much
as compared to traditional chemical fuel cells. The
difference in output is even more when large-scale
MFCs are considered. Incomplete and non-uniform
biofilms structures produce external mass transfer
resistances, causing reduction in power density of the
system.
Significant correlation exists between associated
electrical fields, concentration fields, force fields and
biological activities in a full scale MFC unit. Specific
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dimensional modifications can be applied to scale-up
the electrical fields, concentration fields and force
fields; however little knowledge is available about
scalable biological activities. Recent studies preferred
stacked systems to provide sufficiently large reactor
volume, which led to complicated interactions
between stacked units with extra loss by integration
factors such as voltage reversal loss. To achieve high
volumetric power density, conventional strategies of
minimizing internal resistances, biofilm architectures
and flow patterns need thorough modifications. Living
organisms possess complex, fractal-like flow systems
which offer higher surface contact area and effective
transport of substances. Human body structures and
functioning can act as a model for MFC architecture
modifications. Extensive studies in terms of all
technical and economic options of MFCs are needed
to have clear comparison among different MFC
operational techniques and configurations. Through
quantification of these and complete life-cycle analysis
can make MFCs an environmental friendly and
economical technology for energy generation and
waste treatment.

7. Conclusions
In past decade considerable advancements has been
made in terms of electricity generation and
wastewater treatment in MFC processes. Despite the
dramatic expansion in functionality and improvement
in performance, there is still need of research before
implementation of the technology on larger scale.
Through improving reactor architecture, operational
protocols and materials, power density has increased
-3
-3
from less than 1mW m to 2.87 kW m .
Use of inexpensive alternatives in place of expensive
membranes and metal catalysts has reduced the cost
of reactor dramatically, but still MFCs are considered
expensive for treatment of wastewater. There is still
plenty
of
research
needed
for
practical
implementation of the technology. Scaling up to larger
units, replacement of resistors with effective
harvesting systems, reactor configuration and
improvements in infrastructure needs to be done.
Waste treatment, desalination and chemical
production through MFCs is considered to be more

J. Appl. Agric. Biotechnol. 2017 2(1): 1−18
economical and technically feasible than electricity
production. The major challenge is implementation of
the technology on larger scale as it is comparatively
new and is mainly limited to lab scale. Largely, despite
the challenges and limitations, if MFCs managed to
keep its leap of research and development, there is
strong probability that this technology will provide
long term solutions to different environmental and
economic problems.
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