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Abstract

A Microbial Fuel Cell is a bioelectrochemical device that exploits metabolic activities of living
microorganisms for generation of electric current. The usefulness and unique and exclusive
architecture of this device has received wide attention recently of engineers and researchers of
various disciplines such as microbiologists, chemical engineers, biotechnologists, environment
engineers and mechanical engineers, and the subject of MFCs has thereby progressed as a
well-developed technology. Sustained innovations and continuous development efforts have
established the usefulness of MFCs towards many specialized and value-added applications
beyond electricity generation, such as wastewater treatment and implantable body devices.
This review is an attempt to provide an update on this rapidly growing technology.
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Introduction

Microbial fuel cells (MFCs) are bioelectrochemical systems

that convert chemical energy contained in organic matter into

electrical energy by using the catalytic (metabolic) activity

of living microorganisms (Allen & Bennetto, 1993; Kim

et al., 2002; Mathuriya & Sharma, 2009a). In an MFC, anode

and cathode compartments are separated by a cation-specific

membrane (Figure 1). In the anode compartment, micro-

organisms oxidize fuel (substrate) to generate electrons and

protons. Electrons are transferred through an external circuit

(which comprises the load across which a potential drop takes

place, as described in Box 1) while the protons diffuse

through the solution to the cathode, where electrons combine

with protons and oxygen to form water (Mathuriya & Sharma,

2009a). Over the past few years, intense research and

development activity by a growing community of scientists

has brought MFCs to a level of maturity where we can talk

of their potential for applications in a variety of areas

in technology. The course of the development of MFC

Technology has been documented in a series of topical review

papers (Alfonta, 2010; Du et al., 2007; Duteanu et al., 2010;

Logan, 2010; Logan et al., 2006; Mathuriya, 2014; Pant

et al., 2010; Rozendal et al., 2008; Watanabe, 2008; Zhao

et al., 2009a), and a large number of research articles based

on MFC applications are being added every year, which calls

for a comprehensive review article that provides an update

on broader capabilities of this technology in different areas.

This review is an attempt in this direction, and in it we

highlight those applications which particularly lead to societal

benefits. We have covered a very large number of publications

available till date (as is seen from the list of References)

on the subject of MFCs and their applications, as inputs in our

attempt.

Electricity generation

Electricity generation is the main projected application of

MFCs. Aided by microbes, MFCs have the potential to

convert the chemical energy stored in nearly every chemical

compounds to electrical energy. MFCs have been reported

for the generation of bioelectricity far more than a century

(Allen & Bennetto, 1993; Bond & Lovley, 2003; Kim et al.,

2002; Oh & Logan, 2005; Potter, 1910; You et al., 2010).

It has been demonstrated that any compound, which can

be metabolized by bacteria, can be converted into electricity

(Pant et al., 2010). MFCs offer several advantages over

competitive electricity generation technologies, namely

(a) MFCs offer high conversion efficiency due to their ability

of direct conversion of substrate’s chemical energy to

electricity; (b) MFCs exhibit safe and quiet performance

(Rabaey and Verstreates, 2005); (c) MFCs have high conver-

sion efficiency, since MFCs can harvest up to 90% of the

electrons from the bacterial electron transport system, as

compared to 50% for typical fossil fuel power plants

(Mathuriya, 2014); (d) MFCs operate efficiently at ambient

temperature; (e) Electricity obtained from MFCs is sustain-

able; and (f) The fuel to electricity conversion by MFCs is not

limited by the Carnot cycle because chemical energy from

the oxidization of fuel molecules is converted directly

into electricity instead of incurring partial heat losses and,

theoretically a much higher conversion efficiency can be
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achieved (70%) just like conventional chemical fuel cells

(Mathuriya, 2014). For example, a Coulombic efficiency of

about 97% has been reported by Rosenbaum et al. (2006),

during the oxidation of formate with the catalysis of Pt-black.

Some very attractive power densities from MFCs are shown

in Table 1.

Waste treatment and recovery of pure materials

Waste is unwanted byproduct of almost all human activities,

which becomes even worst when mixed in water. Wastewater

retains considerable amount of complex biological and

chemical matter, which create serious health, sanitation and

environmental problems due to their random degradation.

Moreover, wastewater is a source of innumerable microbial

flora, which can survive even under extreme environment.

Generating electricity from degradation of wastewater by

microbial flora is the driving force for the development

of many modern MFCs (Mathuriya, 2014). The underlying

concept is that bacteria will catalyze the biodegradation of

organic matter resulting into carbon dioxide as end-product

via redox reactions, and will utilize these reactions for

electricity generation (Kim et al., 2001). The advantages

of MFCs in wastewater treatment include: (a) MFCs do not

consume much energy in comparison with activated sludge

process (Watanabe, 2008) and do not require highly regulated

distribution systems like the ones needed for Hydrogen-based

fuel cells; (b) MFCs can treat wastewaters that are not suitable

for anaerobic digestion processes, e.g. low strength waste-

water and wastewater composed of many volatile fatty acids,

etc. (Rittmann, 2008; Watanabe, 2008); (c) The amount of

power generated by MFCs in the wastewater treatment

process can potentially halve the electricity needed in a

conventional treatment process that involves aerating of the

activated sludge (Watanabe 2008); (d) MFCs yield 50–90%

less solids to be disposed of (Du et al., 2007) and the

generated sludge is more stable than the one produced

by aerobic treatment process (Kim et al., 2007); (e) an MFC

does not require gas treatment because the off-gases of MFCs

are enriched in carbon dioxide and normally have no useful

energy content (Jang et al., 2004a); and (f) MFCs do not need

energy input for aeration provided the cathode is passively

aerated (Mathuriya & Sharma, 2010).

Due to an intense research activity done on them over the

last decade, it is considered now that MFCs are quite suitable

for stationary, passive wastewater treatment applications.

Sceptics have certainly not considered MFCs as serious

contenders in the race for developing renewable energy

technologies. Yet this is the only type of alternative system

that can convert organic waste, widely distributed around

the globe, directly into electricity. At the earliest stage

of development, it was expected that the energy gained

from wastewater treatment could at least recover the cost of

wastewater treatment. This technology indeed has shown

a promising perspective for this purpose. The waste therapy

capabilities of MFCs may further be grouped as follows.

Figure 1. Schematic representation of a
typical two chamber microbial fuel cell
operating on wastewater.

Box 1. Working mechanism in typical microbial fuel cell.

Microbial catabolism involves anaerobic oxidation of a substrate such as carbohydrate. Electrons produced thus are collected the enzyme-active site
which acts as reduced (re) intermediate (Shukla et al. 2004):

C6H12O6 þ 6H2O����������! 6CO2 þ 24Hþ þ 24e� E ¼ 0:014 Voltsð Þ ð1Þ

ðIntermediateÞox þ e� ����������! ðIntermediateÞre ð2Þ

Electrons travel away from cell’s metabolic pathway, across an electrode, through resistance into the oxygen-containing cathode (Balat 2010):

6O2 þ 24Hþ þ 24e� ����������! 12H2O ðE ¼ 1:23 VoltsÞ ð3Þ

2 A. S. Mathuriya & J. V. Yakhmi Critical Reviews in Microbiology, Early Online: 1–17
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The removal of organic matters

The MFCs have the potential to remove organic carbon matter

by treating almost every kind of organic rich wastewater

ranging from Human feces wastewater (Fangzhou et al.,

2011), manure sludge (Lee & Nirmalakhandan, 2011; Scott &

Murano, 2007), cassava mill wastewater (Kaewkannetra

et al., 2011) Dioscorea zingiberensis C. H. Wright waste-

water (Wang et al., 2009), chocolate industry wastewater

(Patil et al., 2009), confectionary wastewater (Sun et al.,

2009a) composite waste vegetables (Venkata Mohan

et al., 2010a), fermented vegetable waste (Mohanakrishna

et al., 2010), canteen-based food waste (Venkata Mohan &

Chandrasekhar, 2011), food processing wastewater

(Sangeetha & Muthukumar, 2011), biodiesel waste (Feng

et al., 2011; Sukkasem et al., 2011), dairy wastewater

(Mathuriya & Sharma, 2009b; Velasquez-Orta et al., 2011;

Venkata Mohan et al., 2010b), cheese whey (Nasirahmadi &

Safekordi, 2011), landfill leachate (Habermann & Pommer,

1991; Galvez et al., 2009; Greenman et al., 2009), domestic

wastewater (Ahn & Logan, 2010; Venkata Mohan et al.,

2009; Zhao et al., 2010), paper industry wastewater (Huang

& Logan, 2008; Mathuriya & Sharma, 2009a), molasses

(Zhang et al., 2009a, 2011, 2013a) starch processing waste-

water (Kim et al., 2004; Lu et al., 2009a), and brewery

wastewater (Huang et al., 2011b; Mathuriya & Sharma, 2010;

Wen et al., 2010a) (Table 2).

Treatment of specific pollutants

Recently many studies have discussed the treatment of various

recalcitrant specific pollutants in MFCs (anodic and cathodic

chambers). Applications of these procedures employing

MFCs can, therefore, produce value-addition to the existing

wastewater treatment protocols. The specific pollutants

include: oilfield wastewater (Gong & Qin, 2012), oil sands

tailings (Jiang et al., 2013), terephthalic acid (Song et al.,

2009; Ye et al., 2009), refinery waste (Morris and Jin, 2008),

diesel range organics (Morris et al., 2009), synthesis gas

(Mehta et al., 2010; Neburchilov et al., 2011), quinoline-

contaminated Water (Zhang et al., 2012a), coking wastewater

(Huang et al., 2010), tannery wastewater (Mathuriya, 2012)

chemical wastewater (Venkata Mohan et al., 2008) and many

more (Mathuriya, 2014) (Table 3), much of which cannot

be treated using established biological treatment methods.

MFCs can remove nearly 100% of COD and other contam-

inants (Luo et al., 2011; Venkata Mohan et al., 2010b; Zhang

et al., 2009b, 2010a;). Some remarkable results shown in

Table 3 clearly indicate the potential candidature of MFCs

as waste treatment system.

Bioremediation

Besides power sources, sediment MFCs have also been

employed as an in situ bioremediation system (Hong et al.,

2010; Morris & Jin, 2012). It has been observed that the

sediment organic matter (SOM) can be oxidized by microbial

community under anaerobic conditions. Compared with main

sediment, the SOM became more humified, aromatic, and

polydispersed around the electrodes, and even had a higher

average molecular weight (Hong et al., 2010). These findings

present a potential for the energy-efficient remediation.

Sediment MFCs have been employed to treat various

organic pollutants from subsurface environments, such as

phenanthrene and pyrene, uranium-contaminated aquifers,

aromatic hydrocarbon-contaminated sediments, lactate and

1,2-dichloroethane (Huang et al., 2011a; Morris & Jin, 2008,

Table 1. Electricity generation in microbial fuel cells.

S.N MFC Type Microbial source Operating time/HRT Electrical output References

1 TC-MFC Activated sludge 120 h 1771 mW/m2 Kaewkannetra et al. (2011)
2 SC-MFC Specifically acclimated

microbial consortia
60d 406 mW/m2 Wang et al. (2009)

3 TC-MFC Lactobacillus helveticus
(85%), Proteus mirabilis
(96%) and Escherichia
coli (96%).

four cycles of 7 days 390 ± 21 W/m2 Kassongo and Togo (2011a)

4 TC-MFC Lactobacillus genus 3 m 1800 ± 120 W/m2. Kassongo and Togo (2011b)
5 SC-MFC Domestic wastewater 23 h 4200 mW/m3 Sharma and Li (2010)
6 SC-MFC Wastewater itself 500 h 672 ± 27 mW/m2 Huang & Logan (2008)
7 Up-flow anaerobic sludge

blanket reactor-MFC-
biological aerated filter

Active sludge 60 d 1410.2 mW/m2 Zhang et al. (2009a)

8 Sequential anode-cathode
TC-MFC

Anaerobic mixed sludge HRT 14.7 h 830 mW/m3 Wen et al. (2010a)

9 SCac-MFC Anaerobic mixed consortia HRT 2.13 h 669 mW/m2 Wen et al. (2010b)
10 SCac-MFC Domestic wastewater – 2110 ± 68 mW/m2 Feng et al. (2011)
11 TC-MFC Anaerobic sludge 25 h 1600 mW/m2 Li et al. (2008)
12 TC- MFC – 240 h 970.2 ± 16.5 mW/m2 Zhang (2011)
13 SCac-MFC Bacteria from another MFC 24 h 101.2 W/m3 Wen et al. (2011a)
14 SCac-MFC Anaerobic activated sludge – 6817.4 mW/m3 You et al. (2006)
15 Three MFCs fludically

connected in series and
in loop

– 96 h 1822.6 W/m2 Galvez et al. (2009)

16 MDC Mixture of aerobic and
anaerobic sludge

4 m 30.8 W/m3 Jacobson et al. (2011)

17 SC-MFC Mixed bacterial culture 48 and 72 h 2900 mW/m2 Catal et al. (2009)
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2012; Pham et al., 2009; Tront et al., 2008a; Williams et al.,

2010a, 2010b; Yan et al., 2010; Yuan et al., 2010). Very

recently, in an interesting study, an MFC was exploited as a

pretreatment step to remove dissolved organic matter (DOM)

from polluted lake water, and simultaneously generate

electricity. After MFC treatment, the total organic carbon

concentration in the raw lake water was reduced by 50%, the

physicochemical nature of DOMs got substantially altered

and the genotoxic agents in the polluted lake water were

almost completely removed (He et al., 2013).

Heavy metal recovery

The term ‘‘heavy metal’’ is often used for a diverse range

of elements. There are hundreds of sources of heavy metal

pollution, including the coal, natural gas, paper, acid mine

drainage (AMD), chlor-alkali industries and many more

(Mathuriya, 2012). Such pollutants have received worldwide

attention due to their harmful environmental effects.

Conventionally, heavy metal waste waters can be treated

and recovered via Chemical precipitation, Hydroxide precipi-

tation, Sulfide precipitation, Heavy metal chelating precipi-

tation, Ion exchange, Adsorption, Ultrafiltration, Reverse

osmosis, Coagulation and flocculation, Electrodialysis, and

Flotation processes (Fu and Wang 2011). Every process

has its own inherent advantages and limitations. Heavy metal

treatment is possible in both anode and cathode chamber of

MFCs, as discussed below (Figure 2).

In general, MFCs have been applied as functional half-cell,

i.e. only the anode chamber is used to degrade pollutants/

organics through biocatalytic oxidation (Mathuriya, 2013).

The cathode chamber of an MFC mainly serves the role for

MFC circuit closure (as the destination for electrons and

protons). Theoretically, any compound with adequately high

redox potentials can serve as the cathodic electron acceptor

in an MFC. When contaminants serve as electron acceptors

in the MFC cathode chamber, the environmental benefits

of MFCs could be greatly enhanced. MFC methods involve

the plating-out of metal ions on a cathode surface and can

recover metals in the elemental metal state. Based on this

hypothesis, recently a few studies investigated cathodic

reduction as a mechanism for recovering metallic contamin-

ants (Choi & Hu 2013; Liu et al., 2011a). Various heavy

metals have been treated and recovered in anodic and

cathodic chambers of MFCs. These include chromium

(Li et al., 2009a; Tandukar et al., 2009; Yeon et al., 2011;

Zhao et al., 2009b), vanadium (Li et al., 2009b; Zhang,

2011; Zhang et al., 2010b), copper (Heijne et al., 2010;

Liang et al., 2011; Zhang et al., 2012b), arsenic (Xue et al.,

2013), gold (Choi & Hu, 2013), silver (Choi & Cui, 2012;

Wang et al., 2013), cobalt (Huang et al., 2013) and even

uranium (Gregory et al., 2004). Metallic solutions can be

treated to recover up to 100% of heavy metals in certain

cases (Table 4). In addition, in many studies, metals are

recovered and precipitated in pure form (Li et al., 2008;

Zhang, 2011). Recovering metals during electricity generation

certainly eliminates the energy need for treatment process.

In addition, MFCs can remove and recover metals even in

very low concentrations, which is not possible using any

other process.

Nitrification and denitrification

Nitrogen is present in domestic and industrial wastewater

mainly in the form of ammonium (NH4+) and nitrate (NO3�)

(Tchobanoglous et al., 2003). Technologies for efficient

nitrogen removal in small wastewater treatment systems are

very limited because of the sophisticated operational require-

ments. Besides, there is a requirement to have simultaneous

removal of organic and nitrogen from wastewater. Recently,

there have been reports of simultaneous removal of organic

matter and nitrate, along with electricity generation using

two-chamber MFCs where denitrification was accomplished

by microorganisms at the cathode (Clauwaert et al., 2007;

Lefebvre et al., 2008; Puig et al., 2011; Virdis et al., 2010;

Wang, et al., 2011a; Zhang et al., 2013b). Specifically,

efficiencies of removal of up to 95% of nitrogen (Virdis

et al., 2010), more than 99% COD (Yu et al., 2011), 100%

ammonium (Feng et al., 2013a) have been observed, and

power generation of up to 900±25mW/m2 (Yan et al., 2012)

and 16.6W/m3 (Virdis et al., 2010) have been reported. Very

recently Zhang et al. (2013b) reported removal of 90.2% of

total ammonium nitrogen in just 98 h.

Dye decolorization

Dyes are substances that possess high degree of coloration

and are, in general, employed in the textile, pharmaceutical,

cosmetics, plastics, photographic, paper and food industries

(Zollinger, 1991). Many dyes are difficult to fade due to their

complex structure and synthetic origin. The color and toxicity

of dyes influence the quality of life by causing health

problems besides influencing the efficiency of some water

treatment techniques (Carneiro et al., 2007). Therefore,

establishing removal technologies for dyes is a challenging

problem which also calls for urgent attention. Recently, many

studies have been done to decolorize dyes using MFCs (Cao

et al., 2010; Sun et al., 2009b, 2013). Several dyes namely

Azo dyes (Fu et al., 2010b; Fang et al., 2013), Amaranth Dye

(Fu et al., 2010b), Active brilliant red X-3B (Sun et al.,

2009b, 2011), Congo Red (Cao et al., 2010; Hou et al., 2011;

Sun et al., 2013), methyl orange (Ding et al., 2010), C.I.
Figure 2. Concept of heavy metal recovery in a microbial fuel cell. ‘‘M’’
represents heavy metal.

DOI: 10.3109/1040841X.2014.905513 Microbial fuel cells 5

C
ri

tic
al

 R
ev

ie
w

s 
in

 M
ic

ro
bi

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
11

1.
93

.3
5.

13
5 

on
 0

6/
06

/1
4

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.

https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/233848356_Synergetic_interactions_improve_cobalt_leaching_from_lithium_cobalt_oxide_in_microbial_fuel_cells?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/237084056_Redox_mediator_enhanced_simultaneous_decolorization_of_azo_dye_and_bioelectricity_generation_in_air-cathode_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/237084056_Redox_mediator_enhanced_simultaneous_decolorization_of_azo_dye_and_bioelectricity_generation_in_air-cathode_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/255734434_Removal_of_ammonia_nitrogen_from_wastewater_using_an_aerobic_cathode_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/255734434_Removal_of_ammonia_nitrogen_from_wastewater_using_an_aerobic_cathode_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/239946839_A_decentralized_wastewater_treatment_system_using_microbial_fuel_cell_techniques_and_its_response_to_a_copper_shock_load?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/235895730_The_modeling_of_gold_recovery_from_tetrachloroaurate_wastewater_using_a_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/235895730_The_modeling_of_gold_recovery_from_tetrachloroaurate_wastewater_using_a_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/256332128_Arsenite_removal_from_aqueous_solution_by_a_microbial_fuel_cell-zerovalent_iron_hybrid_process?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/256332128_Arsenite_removal_from_aqueous_solution_by_a_microbial_fuel_cell-zerovalent_iron_hybrid_process?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/244145888_CrVI_reduction_at_rutile-catalyzed_cathode_in_microbial_fuel_cells?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/257555940_Electricity_generation_from_dissolved_organic_matter_in_polluted_lake_water_using_a_microbial_fuel_cell_MFC?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/223266734_Electricity_production_during_the_treatment_of_real_electroplating_wastewater_containing_CrVI_using_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/223946579_Degradation_of_azo_dyes_using_in-situ_Fenton_reaction_incorporated_into_H2O2-producing_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/223946579_Degradation_of_azo_dyes_using_in-situ_Fenton_reaction_incorporated_into_H2O2-producing_microbial_fuel_cell?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/225247863_A_new_approach_to_in_situ_sediment_remediation_based_on_air-cathode_microbial_fuel_cells?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/240408234_Study_on_microbial_reduction_of_vanadium_matallurgical_waste_water?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/250919398_Performance_of_microbial_fuel_cell_coupled_constructed_wetland_system_for_decolorization_of_azo_dye_and_bioelectricity_generation?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/284699941_Color_Chemistry-Synthesis_Properties_and_Applications_of_Organic_Dyes_and_Pigments?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==
https://www.researchgate.net/publication/291190230_Wastewater_Engineering_Treatment_Disposal_and_Reuse?el=1_x_8&enrichId=rgreq-941d94b62c76decccd27496b94495044-XXX&enrichSource=Y292ZXJQYWdlOzI2MjkzMTczODtBUzoyMDAyMDQwMjUzNzI2NzJAMTQyNDc0Mzc2NzI0Nw==


reactive blue 160 (Chen et al., 2010b), C.I. Acid Orange 7

(Zhang & Zhu, 2011), reactive blue 221 (Bakhshian et al.,

2011) have been investigated, in this context. Some research

groups have investigated the degradation of real dye waste-

water, too (Chen et al., 2010b; Kalathil et al., 2011, 2012).

Many bacterial strains were identified as dye decolorizers and

used in various studies, these include Proteus hauseri ZMd44

(Chen et al., 2010a), Acinetobacter johnsonii NIUx72,

Enterobacter cancerogenus BYm30, Klebsiella pneumoniae

ZMd31 (Chen et al., 2010b), Geobacter sulfurreducens, Beta

Proteobacteria and plant sps. Ipomoea aquatic (Fang et al.,

2013). Under some studies attempts were made to either

modify or combine MFCs with other processes like MFC with

rutile-coated graphite cathode (Ding et al., 2010), granular

activated carbon based MFC (Kalathil et al., 2011), or MFC-

Fenton system (Fu et al., 2010b) to ensure process efficiency.

Salient achievements in this context are: complete decolor-

ization (Sun et al., 2009b; Cao et al., 2010), handsome COD

removal (Bakhshian et al., 2011; Kalathil et al. 2011)

alongwith attractive power generation in just 1 h (Sun et al.,

2009b, 2011) (Fu et al., 2010b) (Table 5). However, additions

of C.I. reactive blue 160 apparently repressed bacterial

activity of Acinetobacter johnsonii NIUx72, Enterobacter

cancerogenus BYm30 for power generation in MFC (Chen

et al. 2010b).

Phosphorus recovery

Some recent studies have shown phosphorus recovery in

MFCs (Hirooka et al., 2013; Ichihashi et al., 2012; Zang

et al., 2012). Ichihashi et al. (2012) studied phosphorus

recovery from swine wastewater. During operation, 70–82%

of the phosphorus was removed from the influent, and

4.6–27% equivalent precipitations were observed on the

surface of the cathodes. Zang et al. (2012) studied the

recovery of a slow-release fertilizer and electricity from urine.

In a two-step process, both nitrogen and phosphorus were

recovered, and organic matters in the urine are converted into

electricity.

Water softening

Salt and hardness removal is an important process to ensure

process and drinking water quality, including during sea-

water recycling. Most of the salt removing technologies viz.,

reverse osmosis, electrodialysis, and distillation are both

energy and capital intensive (Shannon et al., 2008). Based on

the MFC technology, a new technique has been developed

recently to reduce the salinity of brackish water during

electricity generation, and is called microbial desalination cell

(MDC) technology (Cao et al., 2009b; Chen et al., 2012;

Mehanna et al., 2010a, 2010b). Venkata Mohan & Srikanth

(2011) studied salt removal in both the anode and cathode

chambers in dual chambered MFC under varying biocathode

microenvironment and achieved handsome Total Dissolved

Solids (TDS) (cathode, 90.2±1%; anode, 39.7±0.5%) and

substrate (cathode, 98.07±0.06%; anode, 96.2±0.3%) removal

in MFC with aerobic biocathode. Jacobson et al. (2011)

developed a continuously operated upflow MDC for salt

removal. During its 4-month operation, a Power Density (PD)

of 30.8 W/m3 was generated along with over 99% of NaClT
ab
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removal from the salt solution (initial salt concentration of

30 g/l). In addition, the TDS removal rate was 7.50 g/l d

(salt solution volume) or 5.25 g/l d (wastewater volume), and

the desalinated water met the drinking water standard in

terms of TDS concentration. Brastad & He (2013) developed

an MDC consisting of three compartments – the anode, the

cathode, and a salt compartment between the anode and the

cathode. This MDC was used to soften the hard water and

achieved more than 90% removal of hardness from several

hard water samples along with four heavy metals (arsenic –

89%; copper – 97%; mercury – 99%, and 95% of the nickel)

from a synthetic water sample.

Bioproduction and related aspects

The production of biofuels and related chemicals from

renewable resources has emerged as one of the great

engineering challenges of the twent-first century. There is a

great deal of interest in the development of technologies that

simultaneously improve energy capture and transfer to

biosynthetic pathways optimized for production of useful

compounds (Khunjar et al., 2012). MFCs can meet these

challenges by producing various fuels and chemicals in both

anodic and cathodic chambers. The microbial assisted chem-

icals production, called microbial electrosynthesis, offers a

highly attractive, novel route for producing valuable products

from wastewater along with electricity generation (Rabaey &

Rozendal, 2010).

Biomethane

Methane is a potent greenhouse gas, which can be produced

from chemical and biochemical routes and is claimed to be

more environmentally friendly than other fossil fuels such

as gasoline/petrol and diesel (Huzel, 1992). It is the major

component of Liquefied natural gas or LNG (Duren et al.,

2004) and liquid methane rocket fuel (Huzel, 1992; Todd,

2012). Methane production is another attractive application of

MFCs. Studies have demonstrated electricity and methane

production from alkaline pre-treated sludge (Xiao et al.,

2013), glucose or acetate (Martin et al., 2010), paddy (Rizzo

et al., 2013). It was observed that anodic methane producing

methanogens did not affect the electricity production but in

fact co-existed with electricity-producing bacteria, mostly on

the surface as well as inside the anode (Xiao et al., 2013).

In another interesting study, Inglesby & Fisher (2012)

integrated a semi-continuously fed continuous stirred tank

reactor, advanced flow-through anaerobic reactor and

advanced flow-through anaerobic digester with an integrated

recirculation loop MFC for the production of methane using

Arthrospira maxima as the sole feedstock and demonstrated

that the inclusion of a recirculation loop MFC increased the

methane yields and energy efficiency of anaerobic digestion

of Arthrospira maxima biomass.

Biohydrogen

Hydrogen gas is a potential environmental friendly fuel for

vehicles, bulk percentage of which is produced from

nonrenewable sources using natural gas (50%), petroleum-

derived napthenes and distillates (30%), coal (18%), or byT
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using electricity produced from a variety of Fuels (2%)

(Cheng & Logan, 2011; Manish & Banerjee, 2008).

Production of hydrogen with the aid of an MFC is referred

to as biocatalyzed electrolysis (Booth, 2005; Rozendal et al.,

2006, 2007) or a bio-electrochemically assisted microbial

reactor (BEAMR) process (Liu et al., 2005) or electro-

hydrogenesis (Cheng & Logan, 2007). Among the first

attempts to produce hydrogen from MFCs was by Kreysa

and co-workers in 1994 who proposed the utilization of

a combination of an MFC with water electrolysis. More

recently, Logan’s group (Call & Logan, 2008; Cheng &

Logan, 2007, 2011; Oh & Logan, 2005) made successful

attempt of hydrogen production in MFCs. Microbial

electro-hydrogenesis provides a new approach for hydrogen

generation from biomass, and wastewater during current

generation in a microbial electrolysis cell (MEC-a native of

MFC) accomplishing waste treatment at the same time

(Cheng & Logan, 2011; Ditzig et al., 2007; Logan et al.,

2008; Rozendal et al., 2006, 2007; Wagner et al., 2009). This

process also has multiple advantages over the fermentative

hydrogen production, such as higher hydrogen recovery,

high conversion efficiency and more diverse substrates. More

than 90% of hydrogen can be harvested using microbial

electrohydrogenesis vis-à-vis 33% by employing fermentation

(Chaudhari & Lovely, 2003; Du et al., 2007). In MFCs,

hydrogen yield from acetate have reached 2.9 moles of

hydrogen per mole of acetate (versus a theoretical maximum

of 4mol/mol) for an energy input equivalent to 0.5moles

of hydrogen (Logan & Regan, 2006). Earlier tests with

two-chamber MECs had yielded low hydrogen production

rates (0.01–0.1m3/m3d) (Liu et al., 2005; Rozendal et al.,

2006). By increasing anode surface area and by using an

anionic exchange membrane, hydrogen production increased

to 1.1m3/m3d (Cheng & Logan, 2007). The production

rate increased to 3.12m3/m3d by using a single-chamber

MEC (Call and Logan, 2008). Highest hydrogen yield of

4.8±0.7/2.5±0.4 mol-H2/mol-propionate was obtained at 10X
by using a MEC–MFC-coupled system (Sun et al., 2010).

Many other studies also produced interesting results

(Hu et al., 2008; Stamatelatou et al., 2011; Tartakovsky

et al., 2008). Wang et al. (2011) integrated fermentation,

MFC and MEC systems to produce hydrogen gas from

cellulose. The overall hydrogen production for the integrated

system was increased by 41% compared with fermentation

alone to 14.3 mmol H2/g cellulose, with a total hydrogen

production rate of 0.24 m3 H2/m3/d and an overall energy

recovery efficiency of 23% (based on cellulose removed)

without the need for any external electrical energy input. Very

recently, by adding a gold precursor at its cathode, Kalathil

et al. (2013), demonstrated to form gold nanoparticles in

an MFC that can be used to simultaneously produce

bioelectricity and hydrogen. Gold nanoparticles have also

been demonstrated to mediate hydrogen production without

requiring any external power supply, while the MFC produces

a stable power density.

Hydrogen peroxide

Hydrogen peroxide (H2O2) is a common green and environ-

mental friendly reagent often used as a bleaching or cleaning

agent. It is commercially produced by toxic and expensive

anthraquinone process. MFCs may provide a cost-effective

way for H2O2 production at cathode. As reported earlier

(Fu et al., 2010a, 2010b), a two-electron oxygen reduction

could be controlled for H2O2 production by using a corrosion-

resistant spectrographically pure graphite (SPG) electrode

with a relatively low energy consumption (Fu et al., 2010a).

Biomass

Biomass production is another application of MFCs.

Inexhaustible availability of CO2 could provide a promising

technology for biomass production with simultaneous energy

recovery, under this methodology. Powell et al. (2008a) were

the first to use an algae Chlorella vulgaris, as the biological

electron acceptor at the cathode while reducing CO2 to

biomass using a mediator resulting in the generation of

bioelectricity. Since than many efforts have been put in this

direction (Cao et al., 2009a; Powell et al., 2008a, 2008b,

2009; Rashid et al. 2013). These studies demonstrated that

MFCs could be used to fix carbon dioxide for biomass

production as well as to produce electricity, to some extent.

Helder et al. (2010) checked concurrent biomass and bio-

electricity production in a plant-MFC. Spartina anglica and

Arundinella anomala concurrently produced biomass and

bio-electricity for six months, consecutively.

Acetic acid

The co-production of acetic acid and electricity by applying

MFC technology was successfully demonstrated by Tanino

et al. (2013) through a series of repeated batch fermentations.

Although the production rate of acetic acid by this route

was rather small, it increased with the number of repeated

batch fermentations. Further nearly identical (73.1%) or larger

(89.9%) acetic acid yielded than that typically achieved by

aerated fermentation (75.8%).

Robotics

Autonomous robots having the capacity to work efficiently in

remote, terrestrial or underwater locations are being increas-

ingly employed in industry and their use is contemplated for

many diverse applications in future. However, designing them

poses many challenges for engineers, including the need to

incorporate energy-packs in them for sustained operation.

Generally, small mobile robots run on electrical energy

supplied by standard battery-packs (electrochemical energy

source) or in a few instances, by photovoltaic panels (the

Sojourner Mars rover for example) (Begley, 1997; Kluger,

1997), which may often require human intervention. At times,

big robots used in industry require bulky electrical cables as

power-feeds (Wilkinson, 2000a). As power sources to run the

robots, the MFCs can provide viable options in situations

where energy entrapped in the form of complex waste water/

pure compounds can be converted into useful electricity

(Ieropoulos et al., 2012; Melhuish et al., 2006). This envir-

onmentally benign and compact energy solution is a pre-

requisite for a host of terrestrial outdoor robot applications,

especially those assigned ‘‘start and forget’’ missions

(Wilkinson & Campbell, 1996). There are various generations
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of robots, which have been shown to employ MFCs as their

power source (Ieropoulos et al., 2005; Kelly et al., 1999;

Melhuish et al., 2006; Wilkinson 1999, 2000a).

Gastrobots (Gast¼Gastrum, Robot¼machine), a class of

intelligent bioelecrochemical machines, derives its oper-

ational power by trapping the energy of food digestion via

microbial catalytic activities (Kelly et al., 1999; Wilkinson,

1999, 2000a). World’s first robot using bacteria was

Wilkinson’s Gastronome (Chew-chew) in 2000, which

employed chemical Fuel Cells to charge Ni-Cd batteries

(Wilkinson, 2000b). It worked on the electrical power

generated by E. coli consuming sugar, via synthetic mediator

(HNQ).

EcoBot (Ecological robot) is another autonomous robot

that employs MFCs, as the onboard energy supply (Ieropoulos

et al., 2005; Melhuish et al., 2006). Till date, EcoBot-I,

EcoBot-II and EcoBot-III have been developed with same

operational principle. MFCs can generate electrical energy

to power the complimentary artificial muscle technologies

of dielectric elastomer actuators and ionic-polymer metal

composites. In EcoBot I, the MFC forms a soft stomach and

gut and the artificial muscles form a soft pliable body

(Ieropoulos et al., 2008). EcoBot II (Figure 3), powered by

eight MFCs (Ieropoulos et al., 2003a, 2003b, 2004) performs

environmental monitoring. It is integrated with a wireless

transmitter connected to a temperature sensor. The sensed and

transmitted data does not limit to temperature only but it may

include toxic levels, humidity or an indication of its internal

state, such as pH, fluid substrate level etc. EcoBot-III, a robot

with an artificial digestion system, is the first model, which

exhibits symbiosis (Symbot) for digestion and autonomous

operation as an exemplar of artificial life. It is also powered

by MFCs and designed to collect food and water from the

environment, to digest the collected food and can be operated

for seven days when fed with anaerobic or pasteurized sludge

(Ieropoulos et al., 2010).

Melhuish et al. (2006) reported the first-stage underwater

MFCs which can operate by utilizing dissolved oxygen within

the cathodic half-cell, likened to an artificial gill (Melhuish &

Kubo, 2004). ‘‘Slugbot’’ is a robot that utilizes the electrical

power produced from biomass. It ferments slug mass and

converts it into electrical energy, and uses it to catch the slugs

in the field (Kelly et al., 1999).

Biosensor applications

Biosensors are molecular sensors that combine a biological

recognition mechanism with a physical transduction tech-

nique to generate a signal proportional to the analyte

concentration (Cornell et al., 1997). This signal can result

from a change in protons concentration, release or uptake of

gases, light emission, absorption etc., brought about by the

metabolism of the target compound by the biological

recognition element. The transducer converts this biological

signal into a measurable response such as current, potential

or absorption of light, electrochemically or optically,

which can be amplified, processed and stored for further

analysis (Mulchandani & Rogers, 1998). Schematic represen-

tation of the microbial lactate sensor is shown in Figure 4.

MFCs may be applied as biosensors (Kim et al., 2009) in

many ways:

BOD monitoring

Biochemical Oxygen Demand (BOD) refers to the amount of

oxygen that would be consumed if all the organics in one liter

of water were oxidized by bacteria (Young et al., 1981).

Since the electrical charge generated from a mediator-less

MFC is proportional to the concentration of fuel used, MFCs

can be used as a BOD sensors (Kim et al., 2003a). MFC-

based BOD sensors offer various advantages over other BOD

sensors like excellent operational stability, accuracy, good

reproducibility, ability to work in remote or dangerous areas,

potential to self power and substantially longer life-span

(Kim et al., 2009). An MFC-type BOD sensor can operate for

over 5 years without extra maintenance (Kim et al., 2003a),

far longer than other types of BOD sensors. As early as

in 1977, Karube et al. reported a BOD sensor based on

MFC using the hydrogen produced by Clostridium butyricum

Figure 3. Experimental setup for the
EcoBot-II (Included and adapted after per-
mission from Ieropoulos et al. (2005),
copyright 2005 InTech – open Access
Company).
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immobilized on the electrode. Since then, several types of

MFC-based biosensors have been developed for monitoring

of BOD in surface water, secondary effluents or wastewater

samples and showed good stability, accuracy and wide

detection range when compared with other types of biosen-

sors (Di Lorenzo et al., 2009a, 2009b; Jang et al. 2004b;

Kang et al., 2003; ; Kumlanghan et al., 2007; Moon et al.,

2004; Pasco et al., 2004; Shantaram et al., 2005).

An accurate method to determine the BOD value of a

liquid stream is to calculate its Coulombic yield. Many

researchers (Kim et al., 2003a, 2003b; Chang et al., 2004)

showed a linear relationship between the Coulombic yield and

wastewater strength in a wide BOD concentration range, e.g.

BOD in sewage has been promisingly quantified using

systems based on the microorganism Shewanella (Moon

et al., 2004; Chang et al., 2005) because of the correlation

between the Coulombic yield of MFCs and wastewater

concentration within a large range. Later, it was realized that

electric current is more suitable as an indicator than

Coulombic yield for BOD monitoring, as Coulombic yield

is calculated only after the BOD has been consumed and thus

a high BOD level requires a long response time (Du et al.,

2007). Efforts have been made to improve the dynamic

responses of MFC-based BOD sensors. Moon et al. (2004)

investigated the dynamic behavior of a continuous mediator-

less MFC as BOD sensor, which had the shortest response

time of 36 min. Various types of MFC reactors including

two-chamber and single-chamber systems have been used as

BOD sensor, and BOD levels from 2 to 350 mg/L have been

detected in wastewater (Di Lorenzo et al., 2009b; Moon

et al., 2004). To develop a MFC-type BOD sensor having

enhanced performance and providing high sensitivity and

accuracy, membrane-electrode assembly has been employed

(Kim et al., 2009).

Monitoring of chemical toxicants

Chemical toxicants can inhibit the metabolic activity of

anodic microbial population, influence the transfer rate of

electrons to the electrode and thus decrease the electricity

production. Therefore, MFCs can be proposed as a toxicity

sensor for monitoring the presence of chemical toxicants

in various environments (Stein et al., 2012) like in rivers,

at the entrance of wastewater treatment plants, to detect

pollution or illegal dumping, or to perform research on

polluted sites (Chang et al., 2004; Meyer et al., 2002). The

compact design of these devices made them suitable for

their incorporation into measurement equipments either as

an individual device or as an array of sensors for high

throughput processing. Various toxicants including formalde-

hyde (Davila et al., 2011), anaerobic digestion fluid

(Liu et al., 2011b), Cr, Hg, Pb and phenol in the test water

(Kim et al., 2003b), toxic components in drinking water

(Stein et al., 2012) have been monitored by MFC sensors.

Kaur et al. (2013) demonstrated volatile fatty acid concen-

tration by MFC-biosensor and this biosensor array was

capable of measuring individual acetate, propionate and

butyrate concentrations with sensitivity down to 5 mg/l and

up to 40 mg/l. A portable wall-jet MFC biosensor developed

by Liu et al. (2011b) showed on-line measurements (i.e. pH,

gas flow rate) and off-line analysis (i.e. COD) over 6-month

operation. Recently MFC technology is integrated with other

technologies like with artificial neural networks (Feng et al.,

2013b); and time series analysis (Feng et al., 2013c) for

enhanced waster quality monitoring. Very recently, MFC was

also developed as a Cu(II) toxicity biomonitoring system

(Shen et al., 2013).

Microbial activity assessment and screening
of bacteria

Microbial activity monitoring has also been proposed as

another application of an MFC-based sensor (Patchett et al.,

1988; Tront et al., 2008a,b; Williams et al., 2010b). The

idea is based on the response of current generation

to different substrate (BOD) concentrations based on the

activity of the biofilm colonized on the anode. Williams

et al. (2010a) developed an electrode-based approach by

placing anode electrode in anoxic subsurface environments

for monitoring of microbial activity. Geobacter species in

the subsurface environments readily colonized the graphite

electrode and produced current which correlated to the

availability of acetate added to promote U(VI) reduction.

Abrevaya et al. (2010) reported a cylindrical reactor without

anode chamber for extraterrestrial microbial life detection.

Hou et al. (2012) described an MFC array device that

incorporated microfluidic technology used in screening

microbial consortia collected from geographically diverse

environments for enhanced MFC performance. Mukherjee

et al. (2013) developed an array of six MEMS

(micro-electro-mechanical systems) and MFCs, for rapid

screening of electrochemically active bacteria (S. oneidensis

and P. aeruginosa). A membrane-less microfluidic lMFC

for rapid detection of microorganism’s electroactivity was

demonstrated by Wang & Su (2013) by measuring open

circuit voltage.

Figure 4. Schematic diagram of the microbial lactate sensor: (a) working
electrode (anode) (b) counter electrode (cathode) (c) ion exchange
membrane (d) sample injection port (e) N2 outlet (f) N2 Inlet (g) anode
compartment (h) resistor (i) magnetic stirrer bar (j) cathode compartment
(k) voltmeter (l) Scanner (m) data acquisition system. (Included and
adapted after permission from Kim et al. (1999), copyright 1999 Korean
Society for Microbiology and Biotechnology).
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In situ power supply

In situ power source for remote locations is another applica-

tion of MFCs that has attracted attention towards the recovery

of electricity from sediments. MFCs can provide in situ power

source for electronic devices (e.g. environmental sensors) in

remote areas, such as the ocean and the bottom of deep-water,

where routine access is restricted to replace traditional

batteries (Logan & Regan, 2006; Lovley, 2006). A popular

sediment-MFC is benthic unattached generator (BUG), in

which the anode is buried in anoxic or anaerobic marine

sediments connected to a cathode suspended in the overlying

aerobic water. Organic matter in the sediments is used to

produce electricity in BUG (Kim et al., 2008). Recently,

Donovan et al. (2013) develop a power management system

(PMS) based on sediment MFC to power a submersible

ultrasonic receiver (SUR). The integrated PMS was tested

and operated the SUR continuously for six weeks.

Implantable power sources

Various implanted biomedical devices require power which is

generally supplied by batteries with a finite life, necessitating

another surgery to replace the power source. A method

for continuously generating electricity within the body would

revolutionize biomedical devices and enhance patient care

(Clayton, 2006). An unusual application for MFC technology

is to power implanted medical devices using glucose and

oxygen from blood. An implanted MFC could provide

power indefinitely and negate the need for surgery to replace

batteries (Franks & Nevin, 2010). Clayton (2006) examined

the feasibility of MFC technology to the areas of glucose

sensing and cardiac pacing and discusses the problems

that are likely be encountered. Recently MFCs have been

investigated as implantable medical devices (IMDs), proposed

to be placed in human large intestine and could utilize

intestinal contents and microorganisms to generate electricity

(Dong et al., 2013; Han et al., 2010). Considering human

anatomy and inner environmental conditions of large intes-

tine, transverse colon was chosen to be the appropriate

location for the implantation of MFC. Moreover, the changes

of environmental conditions in the chambers of MFC did not

have a significant impact on human body, as demonstrated

by the analysis of pH and DO values (Han et al., 2010).

Miscellaneous

In addition to the above-mentioned applications, the MFCs

many more studies are being made by researchers currently

which prove MFCs as versatile devices.

Lagooning is a well-known process of ponds, in which

sunlight, bacterial action and oxygen cause self-purification

of water (Kruzic & Kreissi, 2009). Very recently, Lobato

et al. (2013) described a lagooning-MFC, consisting of a

photosynthetic system at the cathode coupled to a microbial

anodic system. Again, Fraiwan et al. (2013) developed a

paper-based MFC, which has the advantages of ease of use,

low production cost, and high portability for powering

on-chip functions.

During treatment of Acid Mine Drainage, Cheng et al.

(2011) generated spherical nanoparticles of iron oxide

(120 to 700 nm), that upon drying, transformed to goethite

(a-FeOOH). Particle diameters could be controlled by

varying the conditions in the MFC, especially current density

(0.04e0.12 mA/cm2), pH (4–7.5), and initial Fe(II) concen-

tration (50–1000 mg/L). By adding a gold precursor at the

cathode, Kalathil et al. (2013) demonstrated the formation

of gold nanoparticles in MFCs.

Perspectives

Over the last decade, MFC technology has developed

remarkably. This is attributed to sustained efforts made in

altering their designs, such as optimization of the MFC

configurations, their physical and chemical operating condi-

tions, and the choice of biocatalyst. The MFC technology

holds promise towards sustainable power generation along

with applications in several areas discussed in this article.

Although MFC technology is rapidly spreading its aura in

every dimension, still the applicability of MFC is in nascent

phase. Major responsible reason is its limitation up to small

laboratory scale and much time is required for its pilot scale

sustainability. Other major factors include: its inferior

performance in comparison to its competitors like methano-

genic anaerobic digesters; less efficiency at process scale up

(Clauwaert et al., 2007); high cost of Proton Exchange

Membrane (PEM) (Duteanu et al., 2010). Addition of

mediator may lead inactivity of pure culture microbes.

MFCs have another limitation of long start up and

Hydraulic retention time compared to other processes

(Duteanu et al., 2010). In addition, degradation of recalcitrant

wastes is possible up to a certain concentration, after that it

leads to inhibition in biological treatment process and can kill

microbial flora (Abbas et al., 2009; Mayen-Mondragon

et al., 2008), for example excess amounts of total ammonia

nitrogen, which is produced by the hydrolysis of proteinous

organic materials, is one limiting factor in microbial metab-

olism and has been found to severely inhibit the function of

electrochemically active microorganisms (Nam et al., 2010).

Sometimes, final products of recalcitrant waste degradation

might be more toxic than their parent substances (Huang

et al., 2011c). MFCs used in robotics also displaying lower

efficiency (Ieropoulos et al., 2005; 2012).

However, if MFC technology is to achieve wide acceptance

for practical implementation, several important challenges

need to be met. More studies are required to tackle the

following aspects: improved power generation, controlled

microbial performance occurring in the system, development

of new full-scale MFC designs to minimize potential losses

for optimized performance. Most of all, the capital costs

of MFCs have to be reduced for their practical applications.

The extent to which these challenges can be circumvented

will eventually determine the success of MFC technology to

meet the demands for applications in future.
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