Microbial Fuel Cells: Types and Applications
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Abstract Microbial fuel cells (MFCs) are bioelectrochemical devices that convert
the chemical energy present in organic or inorganic compounds into electric current
by using microorganisms as the catalysts. MFCs are of different types; however, the
basic designs used in the laboratories for its applications include double-chamber
MEFC, single-chamber MFC, upflow MFC and stacked MFC. Moreover, some other
designs have also been used for the studies. The type of electrode materials and
proton exchange membrane (PEM) used in MFCs has most significant role for its
outcomes for different applications such as bioelectricity generation, wastewater
treatment, bioremediation of toxic compounds, biohydrogen production and bio-
sensors. Furthermore, MFCs are operated at the optimized parameters such as
thermophilic temperatures, neutral pH, etc. to obtain more significant results for
respective application. This chapter explores the various types of MFCs, the
operational parameters to improve its performance and the most studied applica-
tions of the MFCs.
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1 Introduction

The microbial fuel cell (MFC) technology is one of the most attractive technologies
at present for renewable energy production and simultaneous wastewater treatment.
MFCs are the bioelectrochemical devices that utilize microorganisms as the
biocatalysts to convert the chemical energy present in organic or inorganic com-
pounds into electric current (Aelterman et al. 2006; Bermek et al. 2014; Kumar
et al. 2016). A typical double-chamber MFC is made up of two chambers, i.e. the
anode and the cathode. Usually a proton exchange membrane (PEM) is placed
between these two chambers that allows the protons produced at the anode to pass
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through itself to the cathode. The cathode and the anode are connected by an
electrical circuit (e.g. with titanium wires or copper wires) to make it a complete
system. The organic substrates are oxidized by the microorganisms at the anode
chamber and produce electrons, protons and carbon dioxide. The electrons gener-
ated from the microbial metabolic activity are firstly transferred to the anode
surface by redox-active proteins or cytochromes and then passed to the cathode
through electrical circuit (Borole et al. 2011; Kumar et al. 2015). At the cathode
chamber, the reduction of electrons takes place. Generally an electron acceptor is
provided at the cathode, e.g. oxygen or ferricyanide. Subsequently, electrons
combine with protons and oxygen at the cathode and form water. This reaction
can be further facilitated by a catalyst such as platinum. The general working
process and the components of an MFC are showed in Fig. 1.

Anode reaction : CH;COO~ + 2H,O 2CO, + 7H'T + 8e™
Cathode reaction : O, + 4e~ + 4H* 2H,0

MEFC technology is an encouraging technology for electric current generation
from diverse materials, such as natural organic matter and complex organic waste,
and can be beneficially united with applications in wastewater treatment
(Chaudhuri and Lovely 2003; Inoue et al. 2010; Jiang et al. 2014). There are
some unique characteristics of MFCs that make this technology more advanta-
geous than other technologies. (1) The MFCs provide comparatively higher con-
version proficiency for chemical energy to electric current. (2) The MFCs can
produce fruitful results at varying temperature conditions (from 20 to 40 °C) that
makes MFC technology unique to other present bioenergy practices. (3) During
operation of MFCs, they do not require an external electric for aeration to provide
oxygen (as electron acceptor) as the cathode can be passively aerated. MFCs are
constructed in different designs using diverse materials. These systems are usually
operated at optimized conditions to extract more energy from the system, but they
can be also operated at varying conditions such as at low or high temperatures;
acidic or basic pH, with different electron acceptors; etc. (Amend and Shock 2001;
Logan 2004; Oh et al. 2010; Patil et al. 2011; Tang et al. 2015).

2 Materials for Construction of MFC

Anode. The materials used to make it as anode need to be a conductive material.
Also the material should be environment-friendly and chemically inert to the
electrolyte (anolyte) in the anode chamber. The electrodes made up of carbon
materials are widely used in the MFCs, for examples, graphite plates, graphite
rods, graphite felt electrodes, graphite granules, carbon cloth, carbon brush and
stainless steel, etc. (Logan and Regan 2006; Liu et al. 2014). Generally, the
electrode materials that are cheaper and exhibit higher surface area are of great
interest in MFCs (Bergel et al. 2005). The bare electrodes that have low surface area
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Fig. 1 General principle of a microbial fuel cell (Kumar et al. 2016)

can be easily modified with conductive nanomaterials of higher surface area
(e.g. graphene) for improved MFC performance (Tang et al. 2015). There are
many techniques to coat the nanomaterial on the bare electrodes. The anodic
modifications with the nanoparticles have shown fruitful results so far in the
MFCs. Such nanomodifications usually favour the biofilm formation on the
anode, decrease the MFC start-up time, facilitate the electron transfer mechanism,
also decrease the internal resistance of the system and consequently increase the
overall performance of the MFC (Bergel et al. 2005; Jiang et al. 2014; Shen et al.
2014).

Cathode The cathode compartment contains the cathode material, a catalyst to
increase the reduction of electrons and an electron acceptor (Wang et al. 2014;
Zhang et al. 2012). The electrode materials used as the anode as mentioned above
are/can be used as the cathode. Moreover, a catalyst (e.g. platinum) is employed to
the cathode electrode to increase the rate of oxygen reduction when oxygen is used
as the electron acceptor. Oxygen is one of the best alternatives for the electron
acceptor as it is cheapest, abundantly available and has high redox potential (Bond
and Lovley 2003; Rhoads et al. 2005; Huang et al. 2012). In contrast, ferricyanide
(K5 [Fe (CN)g)) is a precisely common electron acceptor and has been widely used
in MFCs due to its decent enactment. A catalyst is not required at the cathode when
ferricyanide is used as the electron acceptor in MFCs. This is particularly because it
exhibits a small overpotential with a plain carbon electrode (Huang et al. 2012). But
the use of ferricyanide also has some limitations in MFCs, e.g. the inadequate
reoxidation by oxygen, which needs the catholyte to be frequently changed.
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Moreover, ferricyanide can also be diffused into the anode chamber through the ion
exchange membrane; therefore, its use can decrease the performance of MFCs.

Membrane An ion exchange membrane is generally used in an MFC between the
anode and the cathode chamber, e.g. proton exchange membrane (PEM) that allows
the passage of protons or specific cations from the anode to the cathode compart-
ment (Heilmann and Logan 2006). The best frequently used PEM is Nafion.
However, in place of Nafion, Ultrex CMI-7000 is also suitable for MFC applica-
tions and is ominously more economical than Nafion. In addition, PEM may be
leaky to oxygen, and the anolyte or the bacteria can diffuse to the cathode, while
catholyte such as ferricyanide can also move to the anode, which can decrease the
performance of an MFC effectively. But, further efficient revisions are indispens-
able to appraise the influence of the PEM on performance and durable permanence
(Min and Logan 2004; Jafary et al. 2013).

3 Types of MFC

3.1 Double-Chamber MFC

Double-chamber MFC (see Fig. 2a) is the simplest design among all MFCs
(Niessen et al. 2004; Phung et al. 2004; Kumar et al. 2016). In a typical design,
one bottle (can be of different designs) is used as anode while the other one as
cathode, separated by PEM. Usually in two-chamber MFC, defined medium
(or substrate) in the anode and defined catholyte solution are used to generate
energy. In other words, the double-chamber MFC is often operated in batch
mode. The double-chamber MFC may be in the shape of bottles or cube. The
choice of catholyte in the MFC can define the nomenclature of the design. For
example, if the air is used in the cathode to provide the electron acceptor,
i.e. oxygen, then the MFC can be called as two-chamber air-cathode MFC
(Ringeisen et al. 2006; Shantaram et al. 2005). Such MFCs may prove valuable
to generate electricity in remote sensing regions.

3.2 Single-Chamber MFC (SCMFC)

This type of MFC is made up of one chamber only that contains both the anode and
the cathode (see Fig. 2b), which was introduced by Doo Hyun Park and J. Gregory
Zeikus (2003). The anode is either positioned far or near to the cathode separated by
PEM. It has been stated that by decreasing interelectrode spacing, internal ohmic
resistance can also be diminished. This can be achieved by evading the use of
catholyte as a result of joining two chambers and thus raises the power density.
Such MFC is simple and economical and also produces much power in rival to
double-chamber MFC (Chaudhuri and Lovley 2003; Ringeisen et al. 2006).
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Fig.2 (a) Simple design of double-chamber microbial fuel cell. (b) Schematic design of single-
chamber microbial fuel cell. (¢) Schematic design of upflow microbial fuel cell. (d) Design of
stacked microbial fuel cell

However, in SCMFC the major problems such as microbial adulteration and reverse
passage of oxygen from cathode to anode occur normally. SCMFCs propose simpler
and economic designs. Such MFCs generally have simply an anodic chamber with no
requisite of air in a cathodic chamber (Rabaey et al. 2004; Rabaey et al. 2005).

3.3 Upflow MFC

The new design came into existence with increase in the interest in MFC research.
The upflow MFC is cylinder-shaped MFC (He et al. 2006). The MFC is made up of
the cathode chamber at the top and the anode at the bottom. Both the chambers are
apportioned by glass wool and glass bead layers. The substrate is provided from the
bottom of the anode that moves upward to the cathode and leaves at the top (see
Fig. 2c). A gradient is formed between the electrodes which also help in the
favourable action of the fuel cell (Cheng et al. 2006a). In his design, there are no
distinct anolyte and catholyte. Moreover, it does not have any physical parting.
Therefore, proton transmission-related difficulties are very less (Zhou et al. 2013;
Venkata Mohan et al. 2014).

Upflow mode MFCs are fascinating for wastewater treatment since they can be
easily scaled up as compared to other designs of MFCs. However, the major
drawback of the fuel cell is the energy costs to pump the substrate that are highly
greater than their power outcome (Zhou et al. 2013). So we can conclude that the
prime purpose of upflow MFC is wastewater treatment instead of power generation
(Brutinel and Gralnick 2012). These kinds of MFCs are commonly employed in
basic research, and the studies propose that the power densities are low due to high
internal resistance, electrode-based losses and complex design.
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Fig. 2 (continued)

3.4 Stacked MFC

A stacked MFC is generally a combination of some MFCs that are either coupled in
series or in parallel to enhance the power output (Logan and Regan 2006;
Aelterman et al. 2006; Sun et al. 2012). The output of MFC is increased by
connecting some MFCs by multiplying individual power output or current output.
Generally a single unit of MFC (with oxygen as an electron acceptor) can generate a
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maximum open-circuit voltage (OCV) of 0.8 V (Logan et al. 2005). Therefore, a
number of MFC unit cells can be stacked in a series or parallel connection, and their
individual power output can be multiplied to get the resultant power output.
However, some other operational factors also play an important role in current
generation in a stacked MFC, which can either decrease or increase the overall
performance of the MFC (Zhou et al. 2013; Venkata Mohan et al. 2014). Moreover,
after connecting the individual MFC in a stacked MFC, the final voltage may not be
exactly the total of the individual cell voltages because there will be a loss of
voltage when every cell is connected either in series or parallel. The parallel-
connected stack MFCs have proven to produce more current as in rival when the
MFCs are stacked in a series connection. Therefore, we can say that in parallel-
connected stack MFCs, higher bioelectrochemical reaction rate is achieved than in
series-connected stack MFCs. Moreover, a parallel connection is favoured to
maximize chemical oxygen demand (COD) removal for enhanced wastewater
treatment efficiency, if the MFC units are not autonomously functioned. In a
successful study, six MFCs were connected in series or in parallel with copper
wires. The MFC was fed with acetate as substrate in the anode and ferricyanide as
the catholyte, and graphite rods were used as the anode and the cathode. The results
of the study demonstrated that the stacked MFC in a series connection produced a
volumetric power density of 59 W/m® and when connected in parallel generated
51 W/m? of power density (Aelterman et al. 2006).

The coulombic efficiency (CE) in MFCs can give the estimation of the electrons
transferred (from the total electrons generated theoretically from substrate oxida-
tion) from the anode that help to generate the current (Kumar et al. 2015). In stacked
MEFCs, the different rates of CE can be achieved while linking the cells in different
connections. The former study exhibited that the stacked MFC achieved higher rate
of CE when operated in parallel, i.e. 78 %, than in series that produced the CE of
only 12 %. The major obstacle in stack MFC to achieve higher voltage outputs is the
voltage reversal. The voltage reversal may be due to the depletion of the substrate in
the cell, pointing to the diminished ability of the bacteria to produce higher voltage
(Logan and Regan 2006; Aelterman et al. 2006).

3.5 Other Designs

The basic designs of MFCs are overwhelmingly used for the studies, and less
intention is paid to develop new designs to overcome the drawbacks of the existing
designs. In order to diminish one obstacle, a flat-plate MFC (FPMFC) in 2004 was
designed by Min and Logan to reduce the ohmic resistance that is caused due to
more interelectrode spacing (Min and Logan 2004). This kind of design is generally
used in chemical fuel cells, also generating more power than the former designs. In
FPMFC, the anode and the cathode were made up of flat plates (each plate with a
projected surface area of 225 cm?). A Nafion membrane was placed between the
two plates. This reactor generated the power density of 56 mW/m? with domestic
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wastewater as a substrate, and 58 % COD was achieved in the study (Min and
Logan 2004). The reactor was also used to produce power with other substrates like
acetate, glucose, starch, etc. but produced less power output than the other designs,
i.e. cube reactor. It may be due to the too closely joined electrodes, and oxygen may
pass through the membrane to the bacteria in the anode chamber, therefore affecting
the growth of the microbial community (Phung et al. 2004; Patil et al. 2011).

4 Factors Affecting the Performance of MFCs

4.1 Electrode Material

In the MFCs , the anode and the cathode are made up of the electrode material that
should be conductive in nature, non-corrosive, non-fouling to the bacteria (in case
of anode) and cost-effective. The electrode material with high surface area also
increases the performance of the MFC (Zhang et al. 2012; Alatraktchi et al. 2014).
The development of the electrodes for the MFC has reached to the higher level.
Moreover, many electrodes with modification of nanoparticles have produced
electricity manifold than the plain electrodes. In the anode, the electrode modifi-
cation with the nanomaterial or catalyst that can support the biofilm formation and
increase the electron transfer rates is highly beneficial for increased power output.
For example, magnetite nanoparticles increased the current production in the MFC
using G. sulfurreducens as an inoculum (Alatraktchi et al. 2014). The study found
that the nanoparticles increased the electrical conductivity of biofilm-electrode
interface, thus boosted the electron transfer mechanism (Kumar et al. 2016). In
the cathode, Pt or Pt-coated cathodes produced higher electric current as compared
to plain cathodes containing no catalyst. Pt has been regarded the best catalyst for
oxygen (when used as electron acceptor) reduction in MFCs (Bond and Lovely
2003), but its higher cost is also one of the obstacles for the technology to get
launched at large-scale applications.

4.2 Proton Exchange System

The proton exchange system of an MFC consists of proton exchange membrane
(PEM) between the anode chamber and the cathode chamber. The membrane
contains the pores with charged side walls that help the movement of protons
from anode to cathode. Hence this membrane has a pivotal function in the MFCs
that can affect the power output of the MFCs (Gil et al. 2003; Cheng et al. 2006b).
During the operation of the MFC, there might be a diffusion of the anolyte through
the membrane to the catholyte. This can cause fouling of the membrane, subse-
quently can block the passage of protons to the cathode and consequently will



Microbial Fuel Cells: Types and Applications 375

decrease the power output of the MFC. Alternatively, the passage of catholyte to the
anode chamber will affect the performance of the bacteria. For example, if the
electron acceptor is oxygen, its diffusion to the anode can affect the biofilm growth
of the anaerobic bacteria, consequently affecting the whole performance of the
MFC (Reguera et al. 2005; Shen et al. 2014). Moreover, the membrane increases
the internal resistance of the MFC, and the diffusion of ions or the electrolytes
through it causes concentration polarization loss of the system, which has a direct
effect on the current generation of the fuel cell. Nafion membrane is the most
commonly used PEM in the MFC technology. This is because the membrane is
selectively permeable to the protons (Gil et al. 2003). Though, some other cations
also transported through Nafion during the MFC operation. But, the use of mem-
brane is highly beneficial to maintain the balance of the charge between the anolyte
and the catholyte (Raghavulu et al. 2013). Moreover, it is also found that the ratio of
membrane surface area to volume of MFC is vital for electrical output of the
system. The results of a study suggested that MFCs with PEM of large surface
area generate less internal resistance and hence the higher power output. Some
studies have also shown that the MFCs without a PEM produce more power output
up to a specific period than membrane-less MFC (Gil et al. 2003). The higher cost
of the PEM is also one of its disadvantages. Therefore, we can imagine membrane-
less MFCs in the future at large-scale applications.

4.3 Operational Condition

This section includes only the basic parameters for the MFC operation, such as pH,
temperature, organic loading, feed rate and shear stress. It is found that perfor-
mances of MFCs at the small scale such as in the laboratory are still very low than
the ideal performances. Therefore, it is highly beneficial to optimize the operating
conditions to improve the overall performance of the MFCs.

4.3.1 Effect of pH

In the anodic chamber of the MFCs, the microorganisms oxidize the substrates and
produce protons that move to the cathode through the PEM where they combine
with electrons and an electron acceptor (if oxygen) to form water. After a long
period of the MFC operation, the concentration of protons increases in the anolyte
due to the slow or restricted flow of the protons via the PEM. This accumulation of
the protons makes the anode chamber more acidic and much unfavourable for the
bacterial growth though bacteria are more active at nearly neutral pH (Venkata
Mohan et al. 2014). On the second hand, the cathode chamber becomes more
alkaline due to the deficiency of replacement of protons from the oxidation reaction
and constant diminution of protons by the reduction reaction (He et al. 2006). This
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pH concentration gradient across the two chambers leads to an electrochemical/
thermodynamic drawback on MFC performance.

The high pH in the cathode chamber can substantially reduce the current
generation. The potential of the oxygen reduction increases with a decrease in pH
value (according to the Nernst equation). Therefore, the low operational pH is
advantageous for the oxygen reduction and subsequently to achieve higher electric
current from MFCs (Niessen et al. 2004; Phung et al. 2004; Kumar et al. 2016).
Usually, bacteria need a neutral pH for their optimum growth, and bacteria counter
to the variations in internal and external pH by regulating their activities. The
bacterial growth requirements can change the pH in the anode chamber which can
further cause some variations in primary physiological parameters, such as mem-
brane potential, concentration of ions, biofilm formation and proton-motive force
(Kumar et al. 2016).

The pH maintenance in the anodic compartment is one of the significant factors,
which affects microbial metabolic activity and subsequently disturbs the electron
and proton generation mechanism (Kumar et al. 2015). The lower pH in the anolyte
decreases the bacterial activity and therefore affects the biofilm formation and
current output of the MFC. A study revealed that MFCs worked at low anodic pH
exhibited higher proton transfer rates; therefore, higher amount of protons accu-
mulated at the cathode side that further diminished the current density (Bermek
et al. 2014). However, an alternative study validated that the pH ranging from 6 to
9 is appropriate for microbial growth and achieving comparatively higher power
outputs.

It is more convenient to sustain two different pH conditions in a dual-chamber
MEFC to optimize the anodic and cathodic reactions as compared to a single-
chamber MFC (Huang et al. 2012). On the other hand, it is more difficult to
maintain the pH in air-cathode MFC, because of the presence of one electrolyte
only that is present in the anode chamber, referred to as anolyte. The electrolyte
present in the cathode is referred to as catholyte (in two-chamber MFC). The
air-cathode MFCs (the cathode electrode is exposed to the air) exhibit simpler
configuration and have proven to generate more power outputs than the conven-
tional MFCs (Bermek et al. 2014). A study demonstrated that the air-cathode MFC
can be operated with an anolyte of pH range between 8 and 10. The results exhibited
that the anodic bacterial activity was optimum at a neutral pH, while the oxygen
reduction reaction was amended at a higher pH.

4.3.2 Effect of Temperature

In MFCs, the temperature is one of the most important factors that affect the
kinetics of the whole system (Amend and Shock 2001). Any large deviation in
the temperature during the operation of MFC may affect its performance to a great
extent. It mainly affects the microbial metabolism, mass transfer and thermody-
namics (electrode potentials and Gibbs free energy). The temperature has been
included a vital parameter for the MFC’s performance toward electricity generation
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and wastewater treatment efficiency (Amend and Shock 2001; Logan 2004; Oh
et al. 2010; Patil et al. 2011; Tang et al. 2015). Usually, the MFCs are operated at
the room temperature nearly in the range between 25 and 30 °C. However, MFCs
have shown good results (with respect to both, i.e. power density and COD
removal) at higher temperatures as well (Jafary et al. 2013). The increase in
power density may be due to the augmentation of the bacterial metabolism and
membrane permeability. Moreover, the high temperature can increase the conduc-
tivity of the anolyte as well as the catholyte thus decreasing the ohmic resistance of
the MFC and hence rising the power density (Phung et al. 2004). It has been
observed that the slight increase in the temperature does not the membrane perme-
ability. The studies have shown that the effect of temperature on bacterial activity
follows an exponential trend. Therefore, the enhanced power output due to increase
in temperature can be directly attributed to the increased bacterial activity. The
bacterial activity can be determined in terms of biofilm growth at the anode which
has an impact on the current production (Wang et al. 2014; Yang et al. 2015). The
studies have shown that the temperature plays a vital role in the start-up of the MFC
and hence in the initial biofilm formation. It has been observed that the higher
temperatures decrease the start-up time of the MFC operation and lead to the stable
biofilm formation (Phung et al. 2004).

A study found that the temperature ranges between 30 and 45 °C are more
beneficial for the operation of MFCs to obtain higher power outputs because the
bacterial biofilms showed maximum catalytic activity between the mentioned
temperature ranges (Yong et al. 2014). However, some particular bacterial species
can work effectively in a particular temperature range; it is useful to adjust the
temperature range during the MFC operation to achieve the maximum outputs from
the system (Kumar et al. 2015). Moreover, the variation in the temperature can
result in the different microbial communities in the anodic chamber of the MFC
(Phung et al. 2004). After the establishment of a stable biofilm, the bacteria can
adjust their metabolism according to the small variations in the temperature.

4.3.3 Feed Rate and Shear Stress

The MFCs can be operated in two modes, the first is batch mode and the second is
continuous mode. In the batch mode, the substrate is provided in the initiation of the
cycle; on the other hand, in the continuous mode, the substrate is provided after
short intervals in the cycle. The operation of MFCs in the continuous mode exhibits
hydrodynamic problems that further affect the whole performance of the system.
Therefore, the flow rate and the subsequent hydraulic retention time (HRT) and the
shear stress are important parameters that should be optimized for MFC operation
to obtain the maximum output from the fuel cell (Zhou et al. 2013; Venkata Mohan
et al. 2014). It has been found that flow rate affects the performance of MFCs for
both power density and COD removal. The studies suggest that higher flow rates
decrease the power output as well as COD removal efficiency and coulombic
efficiency (Logan et al. 2005; Sun et al. 2012). In practice, the higher flow rates
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decrease the HRT. It means the bacteria get less time to oxidize the substrate,
therefore waning the COD removal efficiency of the MFC. Moreover, another vital
parameter in MFCs is the hydrodynamic strength. It affects the bacterial adhesion
and biofilm formation on the anode. The studies have demonstrated that low shear
rates lead the formation of thicker biofilms (Logan et al. 2005). The formation of
denser biofilms may be attributed to stable bacterial attachment on the electrode
(anode). The operation of MFC at different shear rates can also result in different
bacterial communities at the anode. It has been seen that higher shear rates in the
MEFCs decline the microbial diversity, resulting mostly in the homogeneous biofilm
formation (Ringeisen et al. 2006; Raghavulu et al. 2013).

S5 Applications

In laboratory MFCs have been already experimented for many applications such as
electricity generation, wastewater treatment, biosensing and hydrogen production.
Each application is discussed in detail further in the chapter.

5.1 Electricity Generation

It is quite evident that most of the studies of MFCs are performed for the electricity
generation, and it is the prime application of the technology (Orellana et al. 2013).
Some examples of MFC performance for electricity generation are given in Table 1.
In the anode chamber of the MFC, the microorganisms oxidize the substrate into
protons and electrons that are passed through PEM and electrical connection,
respectively, to the cathode (Aelterman et al. 2006; Bermek et al. 2014; Kumar
et al. 2015). The two chambers of the MFC can be electrically connected to a
multimeter and with an external resistor box, to measure the voltage, and

Table 1 Performance of MFCs for bioelectricity generation

Type of MFC Substrate Power density | References
Single-chamber MFC | Glucose 68 mW/m?> Logan (2004)
Acetic acid 835 mW/m?> Oh et al. (2010)
Ethanol 820 mW/m?> Logan and Regan (2006)
Domestic wastewater | 114 mW/m? Jiang et al. (2014)
Double-chamber Glucose 855 mW/m?> Chaudhuri and Lovely (2003)
MEC Acetate 1926 mW/m? | Inoue et al. (2010)
Acetate 1.9 mW/m?> Tang et al. (2015)
Acetate 1200 mW/m? | Patil et al. (2011)
Cellulose 188 mW/m? Liu et al. (2014)
Wastewater 2485 mW/m? | Amend and Shock (2001)
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subsequently the power can be calculated using Ohm’s law. The substrates that can
be completely oxidized into electrons are of great importance in MFCs to achieve
higher coulombic efficiency and subsequently the power output of the MFCs. A
study has shown that Geobacter sulfurreducens can reduce the acetate completely
into electrons and protons (Reguera et al. 2005). The electrical output of the MFC
depends on many factors mainly including the design of MFC, electrode materials,
inoculum (pure culture or mixed culture), proton exchange membrane and the
operational conditions (Sun et al. 2012). Many approaches are already employed
to increase the electrical output in the MFCs. The amendments in MFCs are
basically focused on new MFC designs to reduce the internal resistance of the
system, cost-effective electrode materials with high surface area, cheaper cation
exchange membranes, modifications of the electrode material with nanomaterials
(e.g. gold nanoparticles, nickel nanoparticles) and other physical (e.g. heat treat-
ment of stainless steel electrode) or chemical (nitrogen-doped electrodes) treatment
methods (Zhou et al. 2013; Venkata Mohan et al. 2014; Kumar et al. 2016).

5.2 Wastewater Treatment

The MFCs have shown the potential to treat different industrial, urban or domestic
wastewaters (Rhoads et al. 2005; Oh et al. 2010; Zhou et al. 2013). Some examples
of MFC performance for wastewater treatment are given in Table 2. Though, the
highly toxic wastewaters cannot be completely treated in MFCs, however MFCs are
able to reduce the COD of wastewaters much enough to meet discharge regulations
before it is released into the environment. The MFCs have proved up to 98 % COD
removal from the wastewater (Oh et al. 2010). Alternatively, the wastewaters rich
in organic materials (carbohydrates, proteins, lipids, minerals, fatty acids, etc.)

Table 2 Performance of MFCs for wastewater treatment/bioremediation

Wastewater/heavy % COD
Type of MFC metals removal References
Single-chamber Olive mill wastewaters | 65 He et al. (2006)
MFC Biodiesel wastes 90 Brutinel and Gralnick
(2012)
Brewery wastewater 98
Azo dye Congo red 98 Rhoads et al. (2005)
Cadmium 90 Orellana et al. (2013)
Chromium (VI) 99 Yong et al. (2014)
Double-chamber Domestic wastewater 88 Cheng et al. (2006a)
MFC Chemical wastewater 63 Zhou et al. 2013
Real urban wastewater | 70 Logan et al. (2005)
Food waste leachate 85 Liu et al. (2004)
Cyanide 88 Min and Logan (2004)
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provide the substrate for microbial metabolism to produce electrons and protons.
Moreover, wastewaters are also the source of inoculum. The basic wastewater
treatment assays (COD, BOD, total solids, nitrogen removal) can be employed to
measure the treatment efficiency of the MFCs before and after the MFC operation
(Zhou et al. 2013). The COD removal in MFCs can be further improved by
operating the MFCs at optimized conditions such as mesophilic temperatures
which have shown to increase the COD removal. Moreover, the MFC operation
in fed-batch mode is advantageous to obtain high COD removal rate. Usually, the
MEC studies operated for wastewater treatment are coupled with power generation;
however the coulombic efficiency obtained in such cases is quite low varying from
10 % to 30 % only (Liu et al. 2004).

5.3 Biosensor

The application of MFC technology besides electricity generation and wastewater
treatment is its use as a biosensor for pollutant detection in water (Shantaram et al.
2005; Zhou et al. 2013). The linear relationship between the coulombic yield of
MEFC and wastewater strength appoints MFC as a BOD sensor. MFC-based bio-
sensor has advantages over conventional biosensors. Such biosensors are compar-
atively cheaper because they don’t need transducer which is generally used in
conventional biosensors. Moreover, they can be operated for very long period
such as 5 years without any maintenance. Therefore, MFC-based biosensors have
more stability and reliability. Several studies have shown that on the basis of linear
correlation, wide BOD ranges (low/high) can be measured in the MFC-based
biosensors.

5.4 Biohydrogen

The typical double-chamber MFC can be amended to microbial electrolysis cell
(MEC) for hydrogen production (Rhoads et al. 2005; Zhou et al. 2013; Kumar et al.
2015). The basic principle of an MEC remains quietly similar; instead electric
current is provided at the cathodic chamber. An MEC is also made up of two
chambers, i.e. the anode and the cathode. Like MFC, an ion exchange membrane
separates both chambers of MEC (Zhou et al. 2013). In the anode chamber, the
exoelectrogens metabolize the substrate and produce electrons and protons. The
protons are moved to the cathode similarly in MFCs. However, the reaction
between protons and electrons to produce hydrogen at the cathode is thermody-
namically not possible. To accomplish this reaction, electric current is provided at
the cathode. Usually, >0.3 V is enough to fulfil the electrical requirement. Such low
voltages can be easily obtained in the MFCs. Therefore, the MFCs employed to
generate electricity can be coupled with MEC to fulfil the electrical requirement.
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The hydrogen produced from the MEC can be easily stored and subsequently can be
used to produce electricity.

6 Future Directions

The MFC technology is still not commercialized despite of 10 years of intensive
research on the MFC studies. There is yet to solve many problems in the technology
to launch the MFCs in the real-world applications. The main drawback of the MFCs
is the insufficient power output. The other limitations are related to the high cost of
the electrode materials, membranes and the cathode catalyst. The power output in
MFCs can be improved in the future by providing electrode materials of high
surface area, while the absence of PEM in futuristic MFC (at large scale) can
make the MFC more economical. The MFCs used for wastewater treatment still
need effective amendment to completely purify the water. A less work has been
done for biosensor application. Because the MFCs are biofilm-based biosensors, the
response time is longer in MFC-based biosensor.
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