
Chapter 15

Bioremediation and Power Generation from
Organic Wastes Using Microbial Fuel Cell

Jhansi L. Varanasi and Debabrata Das

15.1 Introduction

Worldwide energy consumption has increased drastically over the years due to the

increasing population and economic growth. Modern energy services, electricity in

particular, are a key enabler of economic and social development of a country.

Rapid industrialization has led to the accelerated use of fossil fuels limiting their

accessibility and thus causing difficulty to exploit these sources in the future. Thus,

to meet the energy demands of the growing population, research has been focussed

for the development of clean and green alternative technologies for energy gener-

ation. Bioelectrochemical systems (BES) represent such green technologies that

utilize biocatalysts for bioenergy generation using wastes and wastewaters as

feedstock (Pant et al. 2012a; Rabaey et al. 2009; Sleutels et al. 2012). BESs not

only lead to the sustainable renewable energy generation but also help in reducing

the costs incurred in waste treatment systems. Over the last couple of years, many

possible applications for BESs have been emerged with respect to the oxidation

and/or reduction of organic matter at anode and cathode respectively. Among the

BESs, most widely studied are the microbial fuel cells (MFCs) that convert

chemical energy to electrical energy through microbial oxidation of biodegradable

organic matters (Oh et al. 2010; Wang and Ren 2013; Zhang 2012).

Different configurations of MFCs have been employed for simultaneous biore-

mediation and wastewater treatment along with electricity generation. The unique

microbial species used in these systems are known as electroactive bacteria (EAB)

that have the ability to donate/accept electrons in the surroundings through their cell

surfaces. Several different EABs have been reported for their ability to treat specific
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pollutant present in the organic wastes. In this chapter, emphasis is laid on the basic

principles of MFCs for electricity generation by EABs through degradation of

organic matter. Certain specific examples of MFCs for bioremediation and waste-

water treatment applications have been described and the current challenges and

limitations of MFC technology along with the future directions have been briefly

discussed.

15.2 Basic Principles of Power Generation from Organic
Wastes in MFC

The basic principles of power generation in MFC have been illustrated in detail in

Chap. 2. In general, a typical MFC mainly comprises anode and cathode chambers

which are separated by an ion exchange membrane (Fig. 15.1). Usually the bacterial

degradation of organic matter occurs at anode leading to the generation of protons,

electrons and CO2. The protons diffuse through the ion-selective membrane creat-

ing a potential difference between the anode and cathode. This in turn causes the

electrons to flow and traverse through the external circuit to the cathode where they

recombine with the protons and the terminal electron acceptor (usually O2) to form

water and electricity. The specific electrode potential depends upon the separate

half-cell reactions occurring at the anode and the cathode. These electrode poten-

tials can be deduced via Nernst equation similar to an electrochemical cell (Logan

et al. 2006).

In general, the anodic and cathodic reactions of an MFC with acetate as electron

donor and O2 as the terminal electron acceptor can be given as:

xCO2 + (4x + y − 2z) H +

+ (4x + y − 2z)e −

Cx HyOz + 2 (x − z) H2O 

H2O

Resistor

O2 + 2H + + 2e−

H+

E
lectroactive bacteria

H+

ANODE CATHODE

e- e-

Fig. 15.1 Schematic of a typical MFC with an anode and cathode separated through a selective

membrane
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Anode : CH3COOHþ 2H2O ! 2CO2 þ 8Hþ þ 8e� Ean ¼ �0:296 Vð Þ ð15:1Þ
Cathode : 2O2 þ 8Hþ þ 8e�1 ! H2O Ecat ¼ 0:805 Vð Þ ð15:2Þ

Thus, a cell voltage of Ecell ¼ 1.1 V (Ecat – Ean) can be obtained from an MFC

using acetate as substrate and O2 as electron acceptor.

Apart from O2, certain bacteria can utilize other inorganic compounds as

electron acceptors such as nitrate, sulphate, manganese etc. in anaerobic conditions.

By utilizing such microbes at cathode, remediation of inorganic pollutant com-

pounds can be achieved. The bioremediation of specific pollutants using MFC

technology will be described in details in subsequent sections.

15.3 Electrode Mechanisms

Depending upon the type of pollutant and the electroactive bacteria (EAB), both

anode and cathode can be used for bioremediation purpose. Different mechanisms

prevail at the electrode surfaces that lead to oxidation/reduction of the organic

substrates. As described in Chap. 5, several extracellular electron transfer mecha-

nisms of EABs have been elucidated that directly or indirectly interact with the

electrode surfaces to transfer or uptake electrons obtained from the organic pollut-

ant. Depending upon the redox reaction involved, the EABs can either be electrode

oxidizing bacteria (at anode) and electrode reducing bacteria (at cathode). Apart

from microbial metabolic reactions, partial chemical and electrochemical reactions

also prevail in the anode and cathode chambers that influence the pollutant removal

and wastewater treatment processes (Venkata Mohan and Srikanth 2011).

15.3.1 Reactions at Anode

Oxidation of substrates at anode can be microbialy catalysed as well as chemically

or electrochemically induced. These reactions at anode and the substrate degrada-

tion are dependent upon the cathodic reduction processes and the terminal electron

acceptor. Oxygen is the most widely used electron acceptor at cathode due to its

high electronegativity. At anode, the substrates (pollutant/wastewater) are oxidized

by microbial electron transfer reactions which lead to the production of intermedi-

ate reductant contaminants or convert to CO2, protons and electrons. In addition,

due to the presence of strong oxidizing agents a potential difference is created

between anode and cathode which in turn increases the redox potential of the

system and induces chemical or electrochemical reactions. These chemical/elec-

trochemical reactions can cause partial oxidation of the substrate leading to the

formation of intermediate reductant compounds. The intermediate contaminants/

compounds can further be microbialy oxidized or can act as mediators for electron
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transfer between the bacteria and anode surface (Venkata Mohan and Srikanth

2011). Apart from microbial and induced chemical/electrochemical reactions,

electrode sorption also has shown to play an important role for the conversion

and removal of trace organic pollutants (Wang et al. 2015a, b). Usually, due to the

presence of different types of contaminants present in the wastewater, a combina-

tion of different mechanisms as described above can occur simultaneously. A

general schematic of possible reactions occurring at the anode and cathode of

MFC is shown in Fig. 15.2.

15.3.2 Reactions at Cathode

The electrons obtained by the substrate oxidation at anode flow via the external

circuit to cathode where the reduction reaction takes place in the presence of

terminal electron acceptors (TEA). Depending upon the type of MFC system and

its application, TEA can be varied at the cathode. As described previously, oxygen

Fig. 15.2 Schematic illustration of the possible bio-electrochemical reactions occurring at anode

and biocathode during MFC operation: (a) Microbial oxidation of substrate; (b) Formation of

intermediate redox compounds by chemical/electrochemical/microbial induced reactions; (c)
Anaerobic oxidation/reduction of intermediate redox compounds by microbes; (d ) Electrochem-

ical reduction; (e) Microbial reduction using aerobic or anaerobic biocathode; ( f ) Formation of

intermediate redox compounds by microbial/chemical/electrochemical induced reactions; (g)
Microbial oxidation/reduction of intermediate redox compounds by aerobic biocathode; (h)
Microbial oxidation/reduction of intermediate redox compounds by anaerobic biocathode; and

(i) Formation of intermediate redox compounds by microbial metabolism and further reduction

using chemical/electrochemical reactions
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is the most commonly used TEA as it is highly electronegative, abundant in nature

and sustainable due to its reduction product being water (Dopson et al. 2016). It is

observed that in the absence of O2 environmental contaminants such as nitrate,

hydrocarbons, azo dyes etc. can be utilized as potential electron acceptors in MFC

systems thereby resulting in effective remediation of such pollutant containing

waste streams at cathode (Pant et al. 2012).

Similar to anode, depending upon the microenvironment, different reactions are

possible at cathode (Fig. 15.2). The microenvironment at cathode can be chosen

based on the type and nature of the pollutant to be treated. Generally, in the absence

of oxygen, the reduction reaction is catalysed by microbial metabolic reactions

which can be either aerobic or anaerobic in nature. Like in anode, the prevailing

chemical/electrochemical reactions can also lead to partial reduction of the pollut-

ant resulting in an intermediate oxidant formation. This intermediate oxidant again

can further be reduced microbially or can induce certain chemical/electrochemical

reaction to generate product of interest. The energy output and treatment efficiency

for this process, however, varies with the type of reaction occurring at cathode.

15.4 MFC Configurations

Several designs and configurations of MFCs have been developed for simultaneous

wastewater treatment, pollutant remediation and bioelectricity generation. In gen-

eral, they can be broadly classified into double chambered, single chambered,

U-tube, upflow and stack MFCs (Fig. 15.3). The type of MFC used depends upon

the purpose of its application. The most primitive MFC design is a double cham-

bered MFC in which the anode and cathode chambers are separated by a cation or

proton exchange membrane. These systems have high internal resistance and

complex design and, therefore, scale up of double chambered MFCs is challenging.

To minimize the complexity and cost of the process, single chambered

air-cathode MFCs were developed that could obtain high volumetric power densi-

ties (Logan et al. 2006). In this configuration, a single chamber (anode) is attached

to the membrane cathode assembly (MCA) such that one side of the cathode is

bonded to the membrane while the other side is air-facing. This design negates the

use of external air supply to the cathode and thus proves to be cost effective.

For bulk-scale wastewater treatment and simultaneous electricity generation,

upflow and U-tube MFCs are considered to be a promising configuration (Deng

et al. 2010). This configuration is a hybrid of upflow anaerobic sludge blanket

(UASB) and MFC that combines the advantages of both the systems. In this design,

the substrate is fed continuously to the reactor from the bottom of the anodic

chamber such that an up-flow hydraulic pattern is created. Due to this, continuous

mixing of the anolyte is ensured and thus the use of a mechanical agitator can be

avoided. Upflow MFCs have shown high power outputs as compared to the single

chambered.
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A scalable configuration of MFCs which has been used for practical application

is the Stack MFCs. In this configuration, several MFCs are interconnected either in

series or in parallel. Since current is an extensive property with respect to the

surface area of electrodes, stack MFCs are considered to be the most appropriate

configuration for obtaining high voltage and current outputs along with higher

wastewater treatment efficiencies (Aelterman et al. 2006; Pasupuleti et al. 2015).

15.5 Microbial Remediation Using MFC-Based
Technologies

Bioremediation is the process of consumption or degradation of environmental

pollutants by the use of naturally occurring or deliberately introduced microorgan-

isms to clean a polluted site. Though bioremediation process is considered to be an

efficient, cost effective and environmentally friendly technology, the major
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challenge for this process is the lack of contact between the pollutant and the

microbes and the slow kinetics (Wang et al. 2015b). MFC-based technologies

emerge as alternative bioremediation processes by utilizing EABs to oxidize/reduce

pollutant at a specific site. Sometimes the pollutants themselves can act as media-

tors in electron transfer and can be treated in the process. Over the past few decades,

several studies related to the removal of specific environmental pollutants such as

azo dyes, polycyclic hydrocarbons and its derivatives, heavy metals, radioactive

compounds etc. using MFC-based technologies have been explored (Table 15.1).

These studies reflect the practical feasibility of MFC-based technologies for real-

time removal of environmental pollutants at contaminated sites in a sustainable and

economical manner.

15.5.1 MFC-Assisted Biodegradation of Azo Dyes

Azo dyes are aromatic compounds comprising one or more azo groups (�N¼N–)

and are the most widely used synthetic dyes used in commercial applications

(Solanki et al. 2013). These compounds when degraded result in production of

mutagenic or carcinogenic degraded products and if released into the environment

can pose serious threat to human health and the natural environment (Chen 2015).

These dyes are water soluble and highly stable in nature and at present harsh

physicochemical methods (coagulation, flocculation, adsorption, membrane filtra-

tion etc.) are used for their removal from industrial effluents (Pandey et al. 2007).

These physicochemical methods are energy and cost intensive and they often

lead to the production of secondary waste streams that need further treatment

and/or disposal. Biological processes for azo dye degradation have also been

studied extensively using enzymes or whole cells (aerobic/anaerobic) and prove

to be effective alternatives to the physicochemical methods of decolourization of

wastewater. Nevertheless, the huge cost of enzymes, product inhibition, incom-

plete degradation and slow kinetics are the major challenges for the application of

these processes at commercial scale. Enzymatic decolourization is now widely

used for the decolourization of dye wastewater. However, this method is also

facing several problems such as cost of enzymes, enzyme stability and product

inhibition.

Recently, MFCs have been employed for the application of azo dye treatment by

utilizing both the anode and cathode chambers (Chen 2015; Solanki et al. 2013). In

anode, anaerobic degradation of azo dye occurs via co-metabolism i.e. in the

presence of another organic compound (carbon source) which acts as a primary

or co-substrate. The EABs utilize primary substrate as electron donor and a portion

of electron released are used to generate electricity while the other portion is

utilized for azo dye reduction thereby competing with anode for electrons. Apart

from co-metabolism, direct anaerobic degradation of azo dyes has also been

reported in MFCs in the absence of other organic compounds (Solanki et al.

2013). In such systems dye decolourization occurs via breakdown of the azo bond

15 Bioremediation and Power Generation from Organic Wastes 291



T
a
b
le

1
5
.1

B
io
re
m
ed
ia
ti
o
n
o
f
sp
ec
ifi
c
p
o
ll
u
ta
n
ts
u
si
n
g
M
F
C
te
ch
n
o
lo
g
y

P
o
ll
u
ta
n
t

M
F
C

co
n
fi
g
u
ra
ti
o
n

R
ed
o
x
re
ac
ti
o
n

E
le
ct
ro
n
d
o
n
o
r

E
le
ct
ro
n

ac
ce
p
to
r

P
d
(W

m
�3
)

C
E
(%

)
R
E
(%

)
R
ef
er
en
ce
s

P
h
en
o
l

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

P
h
en
o
l

O
x
y
g
en

9
.1

1
.5

9
5
.5

L
u
o
et

al
.
(2
0
0
9
)

P
y
ri
d
in
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

P
y
ri
d
in
e

F
er
ri
cy
an
id
e

1
.7

5
9
5

Z
h
an
g
et

al
.
(2
0
0
9
a,
b
)

p
-n
it
ro
p
h
en
o
l

S
in
g
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

p
-n
it
ro
p
h
en
o
l

O
x
y
g
en

n
.a
.

*
8
0

Y
u
an

et
al
.
(2
0
1
0
)

P
et
ro
le
u
m

sl
u
d
g
e

S
in
g
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

P
et
ro
le
u
m

sl
u
d
g
e

O
x
y
g
en

0
.5
4

*
4
1
.8

M
o
h
an

an
d
C
h
an
d
ra
se
k
h
ar

(2
0
1
1
)

N
it
ra
te

D
o
u
b
le

ch
am

b
er

C
at
h
o
d
ic

re
d
u
ct
io
n

D
o
m
es
ti
c

w
as
te
w
at
er

N
it
ra
te

1
.6
8

6
6

4
9

F
an
g
et

al
.
(2
0
1
1
)

P
et
ro
le
u
m

h
y
d
ro
ca
rb
o
n
s

U
-t
u
b
e

A
n
o
d
ic

o
x
id
at
io
n

P
et
ro
le
u
m

h
y
d
ro
ca
rb
o
n

O
x
y
g
en

n
.a
.

*
7
9

W
an
g
et

al
.
(2
0
1
2
)

E
st
ri
o
l

S
in
g
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

E
st
ri
o
l

O
x
y
g
en

0
.8
3

*
5
0
.2

K
ir
an

K
u
m
ar

et
al
.
(2
0
1
2
)

E
th
y
n
y
l-
es
tr
ad
io
l

E
th
y
n
y
l-
es
tr
ad
io
l

0
.9
9

4
4
.6

B
en
ze
n
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

B
en
ze
n
e

O
x
y
g
en

*
*

6
9

R
ak
o
cz
y
et

al
.
(2
0
1
3
)

S
u
lp
h
id
e

S
u
lp
h
id
e

5
9

O
x
al
at
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

O
x
al
at
e

*
*

3
3
.9

1
0
0

B
o
n
m
at
ı́
et

al
.
(2
0
1
3
)

S
u
lp
h
at
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

S
u
lp
h
at
e

F
er
ri
cy
an
id
e

0
.5

*
7
7
.9

L
ee

et
al
.
(2
0
1
4
)



T
o
lu
en
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

T
o
lu
en
e

F
er
ri
cy
an
id
e

0
.1

1
1
.6

9
6

W
u
et

al
.
(2
0
1
4
)

M
et
h
y
l
o
ra
n
g
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

M
et
h
y
l
o
ra
n
g
e

F
er
ri
cy
an
id
e

2
.0
8

7
.5

7
5
.1

G
u
o
et

al
.
(2
0
1
4
)

T
et
ra
th
io
n
at
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

T
et
ra
th
io
n
at
e

F
er
ri
c
io
n

1
.3

4
.9

6
6

S
u
lo
n
en

et
al
.
(2
0
1
5
)

A
n
il
in
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

A
n
il
in
e

F
er
ri
cy
an
id
e

1
.7
1

5
.1

9
1
.2

C
h
en
g
et

al
.
(2
0
1
5
)

E
th
an
o
la
m
in
e

S
in
g
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

E
th
an
o
la
m
in
e

O
x
y
g
en

1
0

2
0

5
3
.4

S
h
in

et
al
.
(2
0
1
5
)

S
u
lf
am

et
h
o
x
az
o
le

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

S
u
lf
am

et
h
o
x
az
o
le

F
er
ri
cy
an
id
e

*
*

5
0

W
an
g
et

al
.
(2
0
1
5
b
)

E
th
an
o
la
m
in
e

D
o
u
b
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

E
th
an
o
la
m
in
e

N
it
ra
te

8
.4
1

2
8
.5

8
0
.9

A
n
et

al
.
(2
0
1
5
)

A
n
et

al
.
(2
0
1
5
)

N
it
ra
te

C
at
h
o
d
ic

re
d
u
ct
io
n

5
2
.4

5
8
.6

E
th
y
le
n
e
g
ly
co
l

S
in
g
le

ch
am

b
er

A
n
o
d
ic

o
x
id
at
io
n

E
th
y
le
n
e
g
ly
co
l

O
x
y
g
en

0
.1
3

*
9
2

H
o
ss
ei
n
p
o
u
r
et

al
.
(2
0
1
6
)

P
d
P
o
w
er

d
en
si
ty
,
C
E
C
o
lu
m
b
ic

ef
fi
ci
en
cy
,
R
E
R
em

o
v
al

ef
fi
ci
en
cy

*
D
at
a
n
o
t
re
p
o
rt
ed



at the anode while complete degradation of intermediates occurs at cathode.

Anaerobic degradation of various dyes such as congo red (Cao et al. 2010), active

brilliant red (Sun et al. 2009), acid orange (Mu et al. 2009) etc. have been reported

at anode with 75–90% removal efficiencies (Solanki et al. 2013).

Azo dyes can also be degraded in the cathode chamber by receiving electrons

from the cathode electrode. Such reactions are already well established for electro-

chemical cells in which the chromophoric linkage of azo dyes is reduced to

degradable colourless amines. Similar mechanisms can be employed in MFCs

systems in which the pollutants with high redox potentials such as nitro-aromatic

compounds, metal ions like manganese (VII), chromium (VI) or uranium (VI) etc.

can be used and treated. The feasibility of utilizing different toxic azo dyes as

electron acceptors at cathode was demonstrated by Liu et al. Several dyes such as

methyl orange, orange I, orange II etc. were studied for the degradation in cathode

(Liu et al. 2009). The mechanisms of dye degradation in cathode are similar to the

anaerobic anodic degradation. However, additional protons and electrons are trans-

ferred to the cathode via the membrane and the external circuit respectively which

can also be utilized for the degradation of dye.

The performance of an MFC for azo dye degradation depends on several factors

such as type and structure of dye used, its concentration, operating pH, wastewater

quality, external resistance used etc. (Solanki et al. 2013). These factors not only

influence the degradation process but also affect power generation capacity of MFC

system as a whole.

15.5.2 Bioremediation of Hydrocarbons and Their
Derivatives

Organic compounds comprising hydrogen and carbon are known as hydrocarbons

while their derivatives have a functional group in place of hydrogen atom. Major

hydrocarbon pollutants include BTEX (benzene, toluene, ethylbenzene and

xylenes), PAHs (polycyclic aromatic hydrocarbons) and TPHs (total petroleum

hydrocarbons) which impose serious health and environmental concerns and thus

require to be eliminated. BTEXs are usually found in petroleum derivatives such as

petrol (gasoline) and have harmful effects on the central nervous system of humans.

They also lead to the contamination of soil and groundwater that are near to the

petroleum and/or natural gas production sites. The amount of BTEX at a site is used

to assess the relative risk or seriousness of contamination at that particular site.

PAHs consist of two or more fused benzene rings and/or pentacyclic molecules

arranged in various structural configurations. Due to their low water solubility they

can persist in the environment for longer duration. Though they are found in

ubiquitous environments, they are most prevalent contaminants in soils

(Sherafatmand and Ng 2015). TPHs are mixtures of hydrocarbons that are found

in crude oil and can contaminate the environment. They mainly comprise hexane,
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benzene, toluene, xylenes, naphthalene, fluorine, gasoline constituents, mineral oils

etc. Like BTEXs, some TPH compounds can affect the central nervous system or

can cause serious effects on the blood, immune system, lungs, skin and eyes. Some

TPH compounds have also been shown to affect reproduction and the developing

foetus in animals. At present, all the hydrocarbon pollutants (BTEXs, PAHs and

TPHs) and their derivatives are degraded using different bioremediation techniques

such as biosparging, biostimulation, bioaugmentation etc. However, these tech-

niques have several disadvantages such as low kinetics, low contact between the

microbe and the pollutant, competition for survival between the new and the

already present microbes etc. (Wang et al. 2015a).

Several studies have suggested MFCs to be an alternate remediation technology

that could help mitigate the problems associated with the existing bioremediation

techniques (Morris and Jin 2008; Sherafatmand and Ng 2015; Wang et al. 2012).

MFCs can couple the hydrocarbon degradation to energy production (in the form of

electricity) by employing electrogenic bacteria that could utilize hydrocarbons as

electron donors at anode. For this purpose, major studies have reported the use of

sediment MFC (SMFC) that utilizes indigenous microbes present in the soil/sedi-

ments to remove organic compounds. SMFCs typically consist of an anode buried

inside the soil at the site of interest and a cathode in the top of the soil exposed to air

(De Schamphelaire et al. 2008). Sherafatmand and Ng reported bioremediation of

PAHs in water originated from soil with consistent power generations of

6.02 � 0.34 and 3.63 � 0.37 mW/m2 by the aerobic and anaerobic SMFC respec-

tively. The bioremediation capabilities of 41.7%, 31.4% and 36.2% removal of

naphthalene, acenaphthene and phenanthrene, respectively in the aerobic environ-

ment and 76.9%, 52.5% and 36.8%, respectively in the anaerobic environment were

achieved (Sherafatmand and Ng 2015). Wang et al. reported the use of U-tube

MFCs for enhanced degradation of TPHs. They reported the degradation rates to be

enhanced by 120% with simultaneous 125 � 7 C of charge output

(0.85 � 0.05 mW/m2 in the tested period (25 days). These studies suggest that

utilizing MFCs for hydrocarbon remediation is the most successful technology

nearing commercialization with several pilot and field studies as compared to

other applications (Wang et al. 2015a).

15.5.3 Removal of Heavy Metals

Heavy metals are group of metals and metalloids (such as Cd, Cr, Cu, Ni, As, Pb, Zn

etc.) that have atomic density of greater than 4000 kg/m3. They are used extensively

in industrial, medical and household applications. However, when exposed in the

environment they can pose various health and environmental concerns since they

are not biodegradable and can accumulate in living tissues causing serious diseases

and disorders (Wang et al. 2015a, b). Due to the high market value of these metals,

studies have been focused on recovery of these metals rather than their degradation.

Numerous approaches have been studied for the development of cheaper and more
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effective technologies for heavy metal recovery from contaminated wastewater

such as adsorption, membrane separation (including ultrafiltration (UF),

nanofiltration (NF) and reverse osmosis (RO), electrotreatments (such as electro-

dialysis), photocatalytic processes etc. (Barakat 2011). These conventional methods

are energy intensive and become ineffective if metals concentrations are below

1–100 mg/L (Barakat 2011).

MFCs appear to be effective in recovering heavy metals from wastewater

(Mathuriya and Yakhmi 2014). Metal ions can be reduced and deposited by bacteria

by utilizing both anode and cathode chambers of MFC. In principle, metal pollut-

ants can be recovered at anode by the oxidative action of microbes while they can

serve as alternative electron acceptors at cathode in place of oxygen. Nitrate,

trichloroethene, perchlorate etc. have been demonstrated as effective electron

acceptors in the MFC cathode chamber (Mathuriya and Yakhmi 2014). Different

mechanisms have been elucidated for simultaneous wastewater treatment and

heavy metal recovery in MFCs (Wang et al. 2015a, b) which include:

1. Metal with a redox potential higher than the MFC anode potential can be

spontaneously reduced e.g. Au(III), Ag(I), Cu(II) etc.

2. Metals with lower redox potentials can be recovered by applying an external

power supply (microbial electrolysis cell) to force the electrons to travel from

the anode to the abiotic cathode e.g. Ni(II), Cd(II), Zn(II) etc.

3. Microbial reduction of metal oxides on the cathode with or without using an

external potential.

The recovery of metallic species in MFCs has several benefits as compared to

other conventional methods such as eliminating the need of external energy input

for the treatment process, recovery of metals present in lower concentrations etc.

Nevertheless, metals with low redox potentials still require stringent operating

conditions and external input to drive the reaction in MFCs and thus extensive

research is required to optimize and enhance the process efficiency.

15.5.4 Other Pollutants

Apart from the applications described above, MFCs have also been employed to

treat several other pollutants such as chlorinated organic compounds, perchlorate

reduction, sulfide removal, trace organic compounds etc. (Pant et al. 2012; Wang

et al. 2015a, b). These pollutants can be effectively removed in MFCs since they

provide a unique environment where both oxidation and reduction reactions can

occur simultaneously along with the different microbial reactions as described in

Fig. 15.1. Though most of these studies were conducted in lab scale, successful

demonstration of MFCs for environmental remediation in pilot scale have also been

reported (Wang et al. 2015a, b). Apart from treatment of one specific pollutant at a

time, different contaminants that co-exist in soil, sediment or groundwater can also
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be removed using MFC technology though more studies are required to understand

the mechanisms of treatment under such conditions.

15.6 Organic Wastes and Wastewater as Potential
Feedstocks for MFCs

Over the past few decades, numerous studies have reported the application of MFCs

to treat wastes and wastewaters with simultaneous electricity generation (Pant et al.

2012c). In these systems, the organic content is degraded with the help of electro-

genic bacteria which convert the chemical energy of the organic waste/wastewater

directly into electricity. Removal efficiency as high as 95% have been reported so

far. MFCs prove to be attractive technologies for the waste/wastewater treatment as

they reduce the input energy requirement as compared to the conventional waste-

water treatment technologies. They also produce less sludge during the treatment

making it environmentally friendly process. Several solid wastes and wastewaters

like food wastes, cattle manure, domestic, industrial, and agricultural wastewaters

have been studied in MFCs for bioelectricity generation which are elucidated in

subsequent sections.

15.6.1 Solid Residual Wastes

Solid residual wastes usually cannot be reused, recycled or composted and need

stringent disposal technologies such as landfill and incineration. A strategy to

remove these materials and products from the waste stream is the use of

MFC-based technologies. The primary goal is to obtain high organic removal rather

than achieving higher power outputs. However, to make the MFC system self-

sufficient, the exploitation of MFC for simultaneous power generation and waste

treatment is necessary. The solid waste residues are majorly composed of complex

molecules such as cellulose and hemicellulose which can be actively utilized for

bioelectricity generation. Due to the different operational conditions, reactor con-

figurations, types of electrodes, membranes and microorganisms involved, it is

difficult to compare the performances of MFCs. However, a rough approximation

can be made to evaluate the performance in terms of volumetric power densities and

removal efficiencies. Under different operational and experimental conditions of

MFCs, the power densities achieved with different solid residual wastes such as

corn stover, cattle manure, food and vegetable waste etc. range 2–100 W/m3 with

COD removal efficiencies ranging from 40 to 90% (Table 15.2). These studies

suggest that the energy-generating capacities of MFCs vary significantly,

depending on the composition, strength and solution chemistry of wastes.
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Complex substrates present in wastes require higher energy to break down as

compared to simple substrates and thus in turn yield lower energy outputs as

compared to pure substrates. Certain complex substrates like lignocellulosic bio-

mass can be detrimental to electrogenic bacteria and may require the use of

pretreatment strategies prior to substrate utilization by MFCs. Different

pretreatment methods such as mechanical, thermal, chemical, biological and the

combination of these have been reported in literature for the hydrolysis of complex

substrates into simple sugars or low-molecular weight compounds (Ariunbaatar

et al. 2014). These hydrolysis products are ideal substrates to support bioelectricity

generation in MFC systems.

15.6.2 Organic Wastewater

Wastewater treatment at present utilize aerobic and anaerobic biologic treatment

technologies which include activated sludge, trickling filters, sequencing batch

reactors (SBR), upflow anaerobic sludge blankets (UASB), anaerobic filters,

constructed wetlands, or a combination of these. These technologies provide

sufficient effluent quality. They are usually energy and cost intensive. MFCs on

the other hand could be used for generating energy along with wastewater treatment

and thus can offset the operational costs of wastewater treatment plants (Pant et al.

2012c). Apart from reducing the overall energy consumption in the treatment

process, MFCs produce much less secondary sludge making the process environ-

mental friendly. In fact while performing energy balance analysis for MFC systems,

it was observed that theoretically the energy generated by MFC process is much

higher as compared to the energy consumption (Kelly and He 2014). However,

practically the energy recoveries from the MFCs have been much lower due to the

prevailing internal resistance of the systems. The presence of alternate electron

acceptors such as nitrate, nitrite, sulphate etc. can impair energy recovery from

wastewater.

Several wastewater streams originating from different sources such as distillery

waste, brewery waste, food processing waste, palm oil mill effluent etc. which are

readily available and are rich in organic content have been used in MFCs for power

generation (Table 15.3). Most of these studies have been conducted using mixed

cultures so as to avoid stringent aseptic conditions and to their ability to utilize wide

variety of substrates. Usually (Pant et al. 2012c) MFCs have shown to be effective

in a COD range of 3–5 g/L. The absence of microbial growth inhibiting agents in

these wastewaters adds up to an additional advantage. Since the COD concentration

of the wastewater originating from industries or agriculture is much higher, inte-

grated treatment systems coupling MFCs with other wastewater treatment technol-

ogies such as dark fermentation or anaerobic digestion processes etc. have also been

employed to treat wastewaters and enhance the overall energy recovery (Pandit

et al. 2014; Varanasi et al. 2015). In the integration process, the complex wastewa-

ter is first converted to volatile fatty acids (VFA) via the acidogenic pathway and
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these VFAs in turn are utilized in MFCs by the EAB. The integrated MFC

technologies have proved to be better treatment systems achieving removal effi-

ciencies of 70–90% with the overall energy recoveries 30–40% (Chookaew et al.

2014; Pasupuleti et al. 2015; Varanasi et al. 2015; Wang et al. 2011).

15.7 Challenges

Several attempts have been made in the development of various MFC technologies

for enhanced energy recovery and simultaneous waste/wastewater treatment. Their

practical real-field applications have been limited due to the associated operational

and economic challenges. Although many pilot scale studies have been performed

using real-time wastewater, the outputs obtained is far behind from those obtained

with the bench studies under similar operational conditions (Du et al. 2007). Several

operational factors such as limited membrane transport, ohmic losses, activation

losses, unstable voltage for long duration of time, columbic losses etc. limit the

performance of MFCs during large scale operation (Logan 2010). Though stacks

cells provide appreciable outputs and stability, they are limited by the voltage

reversal arising at high current densities. Growth of excessive unwanted biomass

and biofouling of membranes can also severely affect the long-term performance of

pilot-scale MFCs. To utilize MFCs in real-world applications such as environmen-

tal remediation and wastewater treatment, more flexible reactor configurations will

be required that can adapt to the physico-chemical environment to which they are

constructed. Use of expensive electrodes and membranes materials, their

pretreatment methods, installation and operational costs, use of extra current

collectors and precious metal catalysts etc. contribute to the economic constraints

for the large scale production of these systems (Pant et al. 2012c). These constraints

can be overcome by utilizing cheaper electrodes and treatment strategies. Use of

aeration in cathode chamber also leads to the increasing costs of MFCs for

wastewater treatment and utilizing biocathodes or single chambered air-cathode

MFCs could be a possible solution for such systems. Implementing biocathodes not

only reduces the costs but can also lead to the production of value added compounds

(Huang et al. 2011b). Developing membrane-less MFCs is another strategy that

could be used to further reduce the overall costs and improve the performance and

treatment efficiencies of MFCs. However, in such a scenario, the distance between

the electrodes might increase and thus in-turn the internal resistance of the systems

may increase. Further research should be made to compare the performances of

membrane and membraneless systems and if needed cheaper membrane materials

or membrane cathode assemblies should be used which can further improve the

performance of the system. Though at present the outputs of MFCs are far behind

than the theoretical values, the ongoing research to tackle the above mentioned

challenges can lead to successful commercialization of these technologies.
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15.8 Conclusions and Future Prospects

Direct waste to energy conversion by employing MFC-based technologies appears

to be the most promising solution to tackle the global energy and wastewater

management related issues. The present chapter discusses in brief the recent

advances made with respect to environmental remediation as well as waste/waste-

water treatment by employing MFCs. Several studies suggest that MFCs achieve as

high as 90% removal efficiencies though the energy recoveries are poor. To make

this process energy efficient, considerable attention must be given to the complex

reactor configurations, type of electrodes, membranes and the external circuit

components which collectively affect the internal resistance of the system. To

avoid strict aseptic conditions, enrichment of electrogen-rich consortium is desir-

able. For achieving high energy recoveries from MFCs, pre-treatment of wastes

and/or integration with existing wastewater treatment technologies like fermenta-

tion, anaerobic digestion, activated sludge process etc. appear to be more realistic,

cost-efficient and feasible. With the recent developments of novel cost effective

materials and cell components, superior performance is expected from MFCs that

could expand their applicability for real-field applications. Wide applications of

MFCs have emerged using biocathodes which include bioproduct development and

its recovery along with power generation. It is anticipated that with these upcoming

improvements and the few pilot-scale studies, the commercialization of MFCs is

the next step for a sustainable and economical bioenergy production.
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