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Foreword

The increasing consumption of non-renewable fossil fuels has led to the global

energy challenge with respect to climate change and local environment pollutions.

The world is searching for alternative renewable sources of energy. Microbial fuel

cell mechanism is an attractive renewable technology that can convert wastes into a

directly usable form of energy, i.e. electricity. MFCs are unique in their ability to

use bacteria as catalysts for the conversion of chemical energy to electrical energy

without the need for combustion thereby making it a green technology.

In brief, microbial fuel cells comprise an anode and a cathode which may or may

not be separated by a semipermeable membrane. The bacteria (known as

exoelectrogens) are usually grown at the anode in an anaerobic environment such

that they metabolize the substrate (waste stream) and donate the released electrons

to the anode (which acts as a terminal electron acceptor). The fate of these electrons

depends on the product of interest and type of oxidant present at the cathode.

Usually, oxygen is the most commonly used oxidant for fuel cell applications due

to its high electronegativity. MFCs as an area of research have observed a plethora
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of interest in the past 15 years, and significant advances have been made in the

architectural design, electron transfer mechanisms, electrochemical reaction kinet-

ics, membrane properties, etc. that have led to the development of a few pilot-scale

MFCs. While the energy produced from MFCs is not yet practical for on-site

applications, a thorough study is helpful to have understanding of bioenergy. It is

also important to have knowledge of energy generation systems for applications.

Current research has extended the scope of MFC-based technologies to a wide

variety of applications such as bioremediation (sediment MFC), desalination

(microbial desalination cell), CO2 sequestration (microbial carbon capture cells),

hydrogen production (microbial electrolysis cell), synthesis of chemicals (micro-

bial electrosynthesis), biosensors (microfluidic microbial fuel cell), etc. Though the

basic underlying principles for all these applications remain the same, the reaction

kinetics and the electron transfer mechanisms vary with respect to the final product

to such an extent that a deeper understanding is required thus motivating studies

relating to individual processes and applications.

The book provides a detailed description of the basic principles of MFC tech-

nology, the developments made till date, their applications and the associated

challenges and the possible integration with the present energy generation systems

to maximize energy recovery. Each aspect of MFC has been dealt with an interdis-

ciplinary approach with easy to understand illustrations keeping in mind the diverse

audience. I strongly recommend this book to energy researchers, scientists in

industries, engineers and student enthusiasts who are interested in microbial fuel

cell research and want to get abreast with the latest developments. This book serves

as an ideal platform to discuss the wider scope of MFC-based applications beyond

the laboratory conditions and thus shows promising aspects towards a green and

sustainable future.

I appreciate the dedicated and sustained efforts of Prof. Debabrata Das who has

compiled the book for interested students, researchers, industries and even

policymakers.

National Institute of Advanced Studies

Bengaluru, India

Baldev Raj
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Preface

Once we accept our limits, we go beyond them. (Albert Einstein)

Wastewater management and alternative energy are considered the most important

fields of research in environmental biotechnology. The microbial fuel cell (MFC) is

a sustainable process which is gaining popularity in the realm of increasing demand

of energy sources and concern for global warming due to emission of greenhouse

gases. The MFC utilizes waste to extract renewable biofuels and byproducts. This

process can prove to be a boon to developed and developing countries. The

widespread application of the process can help these countries to eradicate the

major problems of remote power generation, waste management, sanitation, health,

biofertilizer production and renewable energy. One of the major products of MFC is

electricity, and bioelectricity is the greenest of all the biofuels. Thus, it can be

reclassified as “super low-carbon fuel” from “low-carbon fuels”. Bioelectricity

produced in MFC can be utilized for decentralized power generation, and additional

revenue can be obtained in the form of renewable energy credit, carbon dioxide

credits and/or other greenhouse gas emissions credits.

The MFC is considered as a renewable natural power source derived from

organic wastes and sewage treatment. Bioelectricity is usually produced through

MFC in oxygen-deficient environment where a series of microorganisms convert

the complex wastes to electrons via liquefaction through a cascade of enzymes in a

bioelectrochemical process. Detailed description of MFC technology and their

applications have been discussed in this book. Basic principles of MFCs would

help to perceive new aspects of bioenergy conversions and how such system could

be integrated with the present energy generation systems to maximize energy

recovery. In brief, MFCs work by utilizing bacteria to drive oxidation of substrate

(such as organic wastes from agriculture, industries or sewage) at anode and

reduction of an oxidant (usually O2) at cathode. The theories underlying the

electron transfer mechanisms, the biochemistry and the microbiology involved

and the material characteristics of anode, cathode and the separator have been

described in detail. The physico-chemical parameters affecting the performance
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of MFC have been included. Technological advancements based on MFC designs

as well as process economy are also discussed.

MFC technology represents a multidisciplinary approach to the quest for

alternative sources of energy. It symbolizes the confluence of the chemical, phys-

ical and life sciences and is a meeting point of basic and applied research. The

working principle of MFCs is based on microbial physiology coupled with elec-

trochemistry. Several diagnostic tools that are used to assess the performance of

MFCs have been discussed in detail ranging from electrochemical workstation to

molecular biological tools. Mathematical modelling of the process has been

discussed which would help in scaling up the MFC. A multidisciplinary approach

such as electrochemistry, materials science, microbiology, engineering, etc. has

been considered for the improvement of MFC.

MFC-based technology has a dual purpose: power generation and wastewater

treatment. Several applications of MFC have been discussed such as bioremediation

(sediment MFC), desalination (microbial desalination cell), CO2 sequestration

(microbial carbon capture cells), hydrogen production (microbial electrolysis

cell), synthesis of chemicals (microbial electrosynthesis), biosensors (microfluidic

MFC), etc.

This book is aimed at a wide audience, mainly undergraduates, postgraduates,

energy researchers, scientists in industries and research organizations, energy

specialists, policymakers and others interested in the latest developments

concerning MFCs. Each chapter in the book begins with the fundamental explana-

tion for general readers and ends with in-depth scientific details suitable for expert

readers. One of the chapters highlights the concise summary of biochemistry for

bioelectricity production as well as important major factors involved in the process

towards the realization of a stable bioelectricity-based economy. A successful

application of MFC was found in a pilot-scale wastewater treatment along with

renewable energy production. The proper configuration of MFC and efficiently

pretreated “feedstock” are the major factors to maximize the production of bio-

electricity. The fundamentals of reactor design based on process economy have

been discussed.

The contributions of all the authors in the book are gratefully acknowledged.

Valuable suggestions for the book given by Dr. Soumya Pandit, Postdoctoral

Research Fellow, Ben-Gurion University of the Negev, Israel, and Ms. Jhansi

L. Varanasi, Senior Research Fellow, Indian Institute of Technology Kharagpur,

are worth mentioning.

Kharagpur, India Debabrata Das
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Chapter 1

Introduction

Debabrata Das

1.1 Background

Security for water and energy sources is gaining importance throughout the world.

Increasing population and climate changes pose serious challenges that involve

energy, water resources, land use and waste treatment issues. Throughout the world

there is intense interest in evaluating and implementing alternative energy sources

(Schr€oder 2008). Lots of research is going in quest of renewable energy sources

(Chandrasekhar et al. 2015). The hydropower, biomass, wind, geothermal and solar

radiation are among major sources for renewable energy generation. In recent

years, Microbial Fuel Cell (MFC) technology has been emerging as one of the

popular wastewater treatment-based technology to provide clean water and green

energy (Pant et al. 2012). MFCs are bio-electrochemical devices where organic

wastes degrade to smaller molecules, releasing electrons and protons, thereby

generating electricity. MFCs can directly convert chemical energy into electrical

energy through bioelectrochemical reactions utilizing microorganism or enzymatic

catalysis. MFCs have several advantages as compared to the traditional fuel cells

and enzymatic fuel cells. It is possible to utilize a wide range of organic or inorganic

matter such as organic wastes, soil sediments as a source of fuel generation. High

conversion efficiency can be achieved with such devices due to the direct or a single

step conversion of substrate energy to electricity. Unlike a conventional fuel cell,

MFCs can run at ambient temperature and atmospheric pressure (Du et al. 2007). In

addition it can be useful for widespread application in locations lacking electrical
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facilities (Stams et al. 2006). MFCs have outperformed other technologies like

anaerobic digester, aerated lagoon etc. (Logan 2008) with a wide array of applica-

tions as depicted in Fig. 1.1. The objective of this chapter is to give an overview of

the book.

1.2 Basic Principles of Microbial Fuel Cell (MFC)

MFC is a bioelectrochemical tool comprised of an anaerobic anode chamber and an

aerobic cathode chamber physically separated by anion exchange membrane

(AEM). In a typical MFC, microbes are utilized for oxidation of substrate in

anode chamber; subsequently the electron released from the microorganism goes

to cathode via external wire. The anode chamber consists of microorganism (cat-

alyst) and an electrode (anode) and it can be fed with growth media or wastewater

named as anolyte and redox mediator (not required in case of mediator-less MFC).

The necessary protons and electrons extracted during bacterial substrate catabolism

combine with oxygen to form water on cathode (Fig. 1.2). Usually, electrons flow to

the cathode via a conductive material having an external resistance. The protons

which migrate through membrane are reduced by accepting these electrons. Ter-

minal electron acceptors (e.g. O2 to water) at the cathode is similar to chemical fuel

cell (Venkata Mohan et al. 2014) (Fig. 1.2). Chapter 2 deals with an overview of

power generation in MFC including bioelectrochemical reactions, and major

Fig. 1.1 An overview of different applications of MFC-based technologies
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considerations in an MFC system like benefits, limitations and calculations of the

energy generation from various feedstocks.

The microbes in MFC play very important role. On the basis of their electron

transfer mechanisms, they are basically classified into two types viz. indirect and

direct (Fig. 1.3). In indirect MFCs, microbes require some form of mediator for

electron transfer to anode which can be obtained from outside (e.g. E. coli, Bacillus
sp. etc.) or can be produced endogenously (e.g. Pseudomonas, Lactobacillus etc.).
On the other hand, in direct MFCs bacteria known as electroactive bacteria

(e.g. Shewanella putrefaciences and Geobacter sulferreducens) donate electrons

directly to anode. They are also known as anodophiles or exoelectrogens and are

able to form conductive biofilm on anode. Apart from these, mixed cultures can also

be used as biocatalyst in anode chamber of MFC that are dominated by different

phylogenetic group such as Firmicutes, Acidobacteria, Proteobacteria etc. Under

suitable acclimatization conditions, the MFC system is expected to select and

enrich its own electrochemically active consortia from the mixed culture in course

of time. Depending on the source of the inoculum, operational conditions, substrate

availability and MFC system architecture, the microbial communities differ from

each other. Many electroactive bacteria are also commonly present in syntrophy

with fermentative organisms and methanogens that divert the degradation pattern of

organic matter present in the wastewater.

Due to their utmost importance in MFCs, Chaps. 3, 4 and 5 have been dealt

exclusively with the principle characteristics of electroactive bacteria including

their microbiology, ecology, the effect of environmental factors (such as tempera-

ture, pH, nutrients etc.) on their growth, and their interaction with the electrodes in

details.

Fuel
(substrate)

Oxidation
products (CO2)

Bacteria

Anaerobic environment
Pt or

catalyst

Anode

Cathode

ee-

Separator

H+

H2O

O2

load

b
ac

te
ri

a

fuel

+ H+ + O2 (any electron acceptor) H2O (Cathodic reaction)

(Anodic reaction)

e-

e-CO2 + H+ +

Fig. 1.2 Schematics of principle of a single chamber microbial fuel cell
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1.3 Components of MFC

Like chemical fuel cell, MFC is composed of basic components such as the anode,

the cathode, the separator and the external circuits (Fig. 1.2). Depending upon the

application, different configurations of MFCs have been developed such as single

chamber or double chambered (Fig. 1.4). However the basic principles for these

configurations remain the same. Over the past few decades several advances have

been made to improve the individual components of MFCs to increase the overall

performance of MFCs. Table 1.1 shows some recent developments made on

improving power generation in MFCs.

1.3.1 Anode Materials

Anode is an important component in MFC which allows EABs to form

electroactive biofilm. Therefore, quality of anode material should have different

attributes like superior conductivity and good biocompatibility. The other qualities

Fig. 1.3 Different mechanisms of electron transfer in MFC: (a) Indirect MFC; (b) Mediator

driven MFC; and (c) Mediatorless MFC

4 D. Das



like chemical stability, resistance to corrosion, mechanical strength and toughness

are also important parameters to choose anode materials. Anode should provide

large specific surface area for adhesion and biofilm formation. Carbon materials are

predominantly applied as anode materials which include graphite rod and fibre

brush, carbon felt, reticulated vitreous carbon (RVC), carbon cloth etc. (Qiao et al.

2010). Chapter 6 deals extensively with the recent progress towards anode materials

used for MFC applications.

1.3.2 Types of Separators/Membranes

Separator plays an important role in MFC. It physically divides anode chamber and

cathode but ionically and electronically conjugated. In a dual chambered MFC,

separator facilitates in developing both anodic and cathodic half-cell potential by

Fig. 1.4 (a) Schematic diagram of a single chambered MFC; (b) Experimental setup of single

chambered MFC; (c) Schematic diagram of a double chambered MFC; and (d) Experimental setup

of double chambered MFC

1 Introduction 5
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splitting anolyte at the anode chamber to cathode. The electrons producing through

bacterial metabolic activity pass via an external circuit while the proton migrates

via a separator, separating the anode chamber from the one in which the cathode is

immersed (Leong et al. 2013). Use of separator has several advantages in MFC like

transport of anolyte or substrate from anode to cathode.

Though separators have proven to be beneficial, they usually contaminate the

cathode and generate mixed potential, consequently reducing MFC performance.

The single chambered MFC without a separator has been recently reported to have

increased current density. The absence of a separator results in increasing oxygen

and substrate diffusivity and consequently reduces the CE. Chapter 7 briefs the

benefits as well as challenges associated with the use of separator in MFCs.

1.3.3 Cathode Materials

Cathode is a place where oxygen reduction reaction (ORR) occurs. In cathode, air

spurges to increase dissolved oxygen concentration which uptake electrons and

proton generation during substrate metabolism in anode chamber. The performance

of cathode is critical to high current generation in MFCs. The graphite, carbon felt,

carbon cloth and carbon paper have been chosen by researchers as common cathode

materials. Power generation is limited by the cathode due to sluggish reduction

kinetics which limits these non-catalyzedmaterials for the commercial use as cathode

(Rismani-Yazdi et al. 2008). Large over-potential develops (ηact) due to non-catalytic
activity of common cathode materials which reduces the current generation (Rabaey

and Keller 2008). The materials used for cathode and the catalyst used for ORR are

discussed in details in Chap. 8. Basis of choosing materials, their synthesis and

fabrication are highlighted in brief. Performances of these materials for the improve-

ment of power generation have been analyzed critically.

Apart from biotic cathodes, recent advances in MFC research has focused on the

development of biotic cathodes (biocathode) which have opened up a wide array of

new and emerging applications for MFCs. Biocathodes can either be aerobic,

anoxic or anaerobic in nature. Depending upon the nature and composition of

biocathode, they can produce electricity or H+ or methane in MECs with the help

of small additional energy. Chapter 9 discusses the recent developments made in

biocathode application in MFCs. Their mode of electron transfer to or from the

electrodes and their composition and characteristics have been briefly described.

1.4 MFC Architecture

The reactor configuration of the MFC affects significantly the performance of MFC

by controlling the internal resistance. Selection of a proper reactor configuration is

of prime importance in MFC for anaerobic processes. The relatively low
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biosynthesis rate of methanogens in an anaerobic system demands special consid-

eration for reactor design. The selection of reactor is based on the requirement of a

high solid retention time/hydraulic retention time (SRT/HRT) ratio, mixing and

shear control so as to prevent the washout of slow-growing exoelectrogens.

Chapter 10 deals with different strategies used for the reactor design of

bioelectrochemical systems.

For designing of scale down MFCs, a microfluidics approach is usually

employed to achieve multiplexing, automation, and high-throughput screening.

Apart from representing a miniature form of macro-scale MFCs, the micro-sized

MFCs aid in on-chip powering and rapid screening of optimal operating conditions.

The micro-sized MFCs possess a large surface area-to-volume ratio, short inter-

electrode separation (hence low internal resistance), low response time and low

Reynolds number. Their fabrication and assembly is precise and less expensive if

done using micro-fabrication processes. They exhibit better performance than

large-scale MFCs in terms of volumetric current and power densities. The laminar

flow model to reduce internal resistance is also applicable to micro-sized MFCs

only. The performance of a μMFC is limited by factors like heterophase catalytic

reactions, transport/diffusion of reactants (substrate, electrons and electron-

accepting species) from the bulk electrolyte to the electrode surfaces and the

reaction kinetics on these surfaces. Details of microfluidics in MFC has been

discussed in Chap. 11.

1.5 MFC Performance Indicators

Operating conditions in anode chamber-anaerobic wastewater treatment involves

several groups of bacteria, having their own optimum working conditions. MFC

operation in optimized anodic operating condition will facilitate proper growth of

electrogenic biofilm during start up and enhance the subsequent performance in

long term operation. Several process parameters such as pH, alkalinity, substrate

type, substrate concentration and, organic loading rate (OLR) affect the activity of

these anaerobic microorganisms (Gil et al. 2003). The anodic conditions affecting

the performance of MFC include the inoculum, type of substrate, influent COD

concentration, feed pH etc. Chapter 12 discusses in details the physicochemical

parameters governing the performance of MFC.

MFC performance and efficiency is generally measured in terms of energetic

parameters (volumetric power density, current, potential difference, cell internal

resistance) and biological treatment efficiency (COD removal) (Logan 2012).

Coulombic efficiency (CE) describes the efficiency with which charge (electrons)

is transferred in a system facilitating an electrochemical reaction using organic

substrate. The assessment of MFCs performance is usually measured through

various techniques such as: polarization studies that analyze and characterize

quality of fuel cells in terms of power generation; the current interruption method

that is commonly used for evaluation of total internal resistance of MFCs;
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electrochemical impedance spectroscopy (EIS) analysis that helps in differentiating

the different components of internal resistance i.e. solution resistance, charge

transfer resistances, and diffusion resistance in electrochemical systems; and cyclic

voltammetry (CV) which is used to investigate the mechanisms of oxidation or

reduction reactions on the electrode surface. Different types of diagnostic tools for

the assessment of MFC have been included in Chap. 13. These include primarily

electrochemical tools along with case studies with possible interpretation.

1.6 Modelling of Reaction and Transport Processes

in MFCs

The electrochemically active microorganisms in MFC convert organic material to

carbon dioxide, protons and electrons, and subsequently transfer the produced

electrons to the anode surface. The conversion of the organic material into carbon

dioxide, protons and electrons occurs inside the microorganism and the conversion

rate is determined by enzyme kinetics. The transfer of electrons from the microor-

ganism to the electrode occurs at the interface between the microorganisms and the

electrode surface, and is described by various models such as Nernst-Monod model

and Butler Volmer model. The Nernst-Monod model specifically aims at modelling

the bioanode performance with respect to the effect of substrate and anode poten-

tial. The Nernst-Monod model is a modified version of the Monod model by

considering the electrode as the final electron acceptor. Butler Volmer Monod

model comprises kinetics of the electron transfer. Numerical modelling of an

MFC system is a valuable tool for investigating system parameters with reduced

time and money, as models can be easily modified to simulate various configura-

tions and operating conditions. The details of modelling approach are highlighted in

Chap. 14.

1.7 Applications of MFCs

Over the past few decades, the capacity of MFCs vary from μL to few litres which

have been studied to evaluate their performance (Logan 2010; Schr€oder 2007). The
advancement in MFC research domain increased power output from nW to kW per

m3 with simultaneously achieving effective wastewater treatment and other

resources recovery. Though an appreciable improvement has been observed in

the power outputs of MFCs, the practical utilization of these technologies has not

been achieved so far due to certain inevitable limitations. With the improvement of

design, cost effectiveness and performance efficiency of these systems, several

progress have been made over the past few decades. Apart from electricity gener-

ation, MFCs have also been employed for various other applications such as
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bioremediation, resource recovery, biosensors etc. The present research is thus

focused on targeted application to yield maximum efficiency of the system.

Table 1.2 enlists the recent developments made in the different applications of

MFCs.

1.7.1 Bioremediation and Wastewater Treatment

MFCs cannot be at par with conventional fuel cell as far as current generation is

concerned. Therefore, efforts have been made to project MFCs as useful wastewater

treatment devices. MFCs are bioelectrical devices that use microorganisms to

oxidize the organic matter present in wastewaters from different sources (domestic,

industrial, agricultural) generating electrical power that can be harvested for

numerous purposes (Chandrasekhar and Venkata Mohan 2012). Sustainability of

this process augurs in using existing wastewater treatment facility which would

result in reduction in energy demands and operational costs (Chandrasekhar et al.

2015).

Table 1.2 Recent developments made in MFC based technologies

Type of MFC e� donor e� acceptor Main products References

Single

chambered flat

plate MFC

Acetate Oxygen Electricity Varanasi et al.

(2016)

Microbial

carbon capture

cell

LB media CO2 Algal biomass, CO2

sequestration,

Electricity

Pandit et al.

(2012)

Biocathode

MFC

Lactate VFA rich

fermentation

effluent

Electricity Sharma et al.

(2013b)

Air cathode

MFC

Molasses mixed

sewage

wastewater

Oxygen Wastewater treat-

ment, Electricity

Sevda et al.

(2013)

Sediment MFC Polyaromatic

hydrocarbon

Nitrate/sulphate Bioremediation,

Electricity

Sherafatmand

and Ng (2015)

Microbial elec-

trolysis cell

Glycerol, milk

and starch

Proton Hydrogen Montpart et al.

(2014)

Microbial elec-

trolysis cell

Sodium acetate – Methane Ding et al.

(2016)

Potentiostat

poised half-cell

Electrode Acetate and

butyrate

Alcohols, acetone

and caproate

Sharma et al.

(2013a)

Potentiostat

poised H-cell

Electrode CO2 Acetate, oxobutyrate

and formate

Nevin et al.

(2011)

Microbial

desalination

cell

Acetate Potassium

ferricyanide

Desalination,

Electricity

Zhang et al.

(2012)
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In addition, an MFC has great potential for treating recalcitrant wastewater with

the help of microorganisms as biocatalysts. A large number of recalcitrant wastes

which include dyes, pesticides, polyalcohol, and heterocyclic compounds are pro-

duced by industry. Currently, the discharge of wastewaters containing these pol-

lutants is an important environmental hazard, owing to their mutagenicity,

recalcitrance and tendency to accumulate in the environment. Also, their discharge

in surface water leads to aesthetic problems and obstructs the light penetration and

oxygen transfer into water, hence affecting aquatic life (Umbuzeiro et al. 2005).

The Chap. 15 provides comprehensive insights on various aspects of MFC as a tool

for efficient recalcitrant waste treatment.

1.7.2 Removal and Recovery of Heavy Metals

Heavy metals play an important role in the environmental pollution problem in

several industrial, medical and domestic wastewater. Effluents from many indus-

tries, heavy metals pose a serious problem to the environment and public health due

to their toxicity, bioaccumulation and non-biodegradability. Conventional physical,

chemical and biological methodologies to treat wastewater containing heavy metals

are energy-intensive and become ineffective if metals concentrations are below

1–100 mg L�1. Currently, MFC technology is being investigated extensively for its

state-of-the-art features and environmental welfare. Interestingly, treatment of

heavy metal-containing wastewater can be attempted in both anode and cathode

chambers of microbial fuel cells. Chapter 16 deals with the treatment of metal-

containing effluents using MFCs.

1.7.3 Constructed Wasteland Management

The sediment MFC (SMFC) or marine MFC or benthic MFC is a special MFC

which operates on ocean floor and/or river sediment. SMFCs are used as renewable

power sources for sensors in fresh and ocean waters. It is an electrochemical device

which generates electrical current from the natural redox gradients that commonly

occur across the sediment-water interface. This interface separates the two half-

cells of the SMFC. There is no need for a proton-permeable membrane because

protons are exchanged over the oxic-anoxic interface at the water-sediment bound-

ary. A key difference between MFCs with wastewater and SMFCs is the mass

transport losses. Mass transport is often the main limiting factor in SMFCs due to

the relatively low concentration of electron donors and the slow rate of mass

transport in sediments. SMFCs are very promising power sources for low power

marine sensors, water-based sensors, telemetry devices including acoustic

receivers/transmitters, meteorological buoy and other oceanographic and environ-

mental instruments. It can be helpful to operate pressure gauges deployed in the
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ocean bottoms to predict Tsunamis in oceans. A thorough discussion on SMFC has

been provided in Chap. 17.

1.7.4 Water Desalination

Microbial desalination cells (MDCs) are a new, energy-sustainable method for

using organic matter in wastewater as the energy source for desalination. In

MDC, microbial electron harvesting ability is used to desalinate saline water.

EABs on anode created a negative electric potential gradient which allows cation

and anion from a concentrated saline chamber to migrate through ion-exchange

membranes (IEMs) to balance the electro-neutrality. The electric potential gradient

created by exoelectrogenic bacteria desalinates water by driving ion transport

through a series of ion-exchange membranes (IEMs). The extent of desalination

is affected by water transport through IEMs by both osmosis and electro osmosis.

Membrane performance affects both anode and cathode activity. Thus water can be

desalinated in MDC without any power consumption. Kim et al. demonstrated

stackable MDCs with parallel desalination chambers and concentrated chambers

which are separated by compartmental AEMs and CEMs (Kim and Logan 2013).

The major factors which influence the performance of a MDC are membrane type,

ion exchange ability, binder content for MCA fabrication, fouling on membrane/

cathode etc. MDC badly suffers from the membrane fouling during long time

operation. It results in decreasing current density of the MFC due to the reducing

ion transfer capabilities of the membrane. A detail description of operation of

different MDCs has been documented in Chap. 18.

1.7.5 Biophotovoltaics

In a plant microbial fuel cells (PMFC), MFCs are associated with living higher

plants (Strik et al. 2011). In PMFCs, electrochemically active bacteria on anode

utilize excreted Rhizo deposits from plant roots to directly generate electricity.

Therefore, it is possible to convert solar energy to electrical energy directly in

PMFC. Rhizo deposits are rich in carbon sources like arabinose, ribose, fructose

etc. Rhizo deposits consist of a different array of substances that generate from

pilled off root cells, and soluble lysates and exudates. These compounds can be

degraded by a wide array of EABs. Photosynthetic bacteria (e.g. Synechocystis pcc
6803) are able to donate electron directly to anode in PMFC.

Microbial carbon capture cells (MCC) are different type of PMFCs where

microalgae can be used in cathode of a conventional dual chambered MFC to

sequester atmospheric CO2 and provide oxygen to cathode via biophotolysis.

Wang et al. demonstrate an MCC where CO2 from the anode chamber is

redissolved in catholyte where a photosynthetic microorganism (Chlorella

12 D. Das



vulgaris) utilize the CO2 in presence of light (Pandit et al. 2012). Microalgae

biomass from the cathode chamber can be utilized for downstream processing of

different value added products like lipid extraction or ethanol production.

Chapter 19 deals with conversion of light energy to bioelectricity through photo-

synthetic MFC and associated technology.

1.7.6 Biosensors

BOD is a measure of biodegradable organic content and gives an indication on how

much oxygen would be required for microbial degradation. High BOD of a sample

indicates the extent of biodegradable substance present in it. BOD measures the

oxygen uptake by bacteria in a water sample at a temperature of 20 �C over a period

of 5 days in the dark. The sample is diluted with oxygen saturated de-ionized water,

inoculating it with a fixed aliquot of microbial seed, measuring the dissolved

oxygen (DO) and then sealing the sample to prevent further oxygen addition. The

sample is kept at 20 �C for 5 days, in the dark to prevent addition of oxygen by

photo-synthesis, and the dissolved oxygen is measured again. The American Public

Health Association Standard Methods Committee adopted the 5-day biochemical

oxygen demand (BOD5) test. This method has been widely used as the standard

method for determining the concentration of biodegradable organics in wastewater

(APHA 1995). However, this conventional method is time-consuming (five days of

incubation) and usually requires experience and skill to achieve reproducible

results. As such, studies have already been conducted to develop alternative

methods for real-time or on-line BOD monitoring. In MFC, wastewater could be

used as fuel. Bacteria in anode of MFC can utilize biodegradable substrate easily

and convert it in to electricity (DC) in a single step process named as electrogenesis.

The coulomb generated from a mediator-less MFC is proportional to the concen-

tration of fuel used. MFCs can be used as a BOD sensor (Kim et al. 2003). MFC as

BOD biosensor has been discussed in Chap. 20.

1.7.7 MFC as Alternate Power Tool

Fuel cells convert chemical energy from various compounds into electrical energy.

An MFC is almost similar to traditional fuel cells (FCs). MFCs use microorganisms

as catalysts, while FCs use metal or oxide catalysts. MFCs use microbial metabo-

lism to convert organic chemical energy to electrical energy. MFCs show great

promise for providing small amounts of electrical energy to power systems like

sensor nodes and sensor networks. Chapter 21 has included basic design elements,

power density, prototyping methods and power output determination. In each of

these aspects MFCs face challenges to produce useable electrical power to allow

practical applications. Soil or sediment MFCs have some key comparative
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advantages particularly when deployed in situations such as under a dense tree

canopy where sunlight or wind are not at sufficient levels to generate power via

solar photovoltaic panels or traditional wind turbines (Chap. 21).

1.7.8 Biochemical Production via Microbial Electrosynthesis

Microbial electrosynthesis (MES) is an emerging theme of study involving

microbes that are capable of taking up electrons from cathode surfaces and utilizing

them for a series of electrochemical transformations. Various conventional biolog-

ical processes can be integrated with bioelectrochemical systems (BES) for

improved production, by retrofitting with the existing infrastructures or designing

new and more efficient ones. Novel concepts in application as well as continuing

research on developing efficient and state-of-the-art infrastructure designs, mate-

rials for electrodes, separators and catalysts along with genetically modified micro-

organisms have made BES a very promising technology. However, several factors

need to be optimized for better performance. In Chap. 22, a general description

about microbial electrosynthesis is provided along with information about the

factors that influence the performance of BES. Few case studies where MES are

used for improved production, the major challenges encountered in this research

theme and some applied solutions for tackling these challenges have been also

highlighted in Chap. 22.

1.8 Scaling Up of MFC

The development of MFC technology needs selection of suitable and cost effective

electrode materials, membrane and bioreactor to find out its feasibility for the

wastewater treatment under optimum operating conditions. The challenges for

bringing MFC technologies out of the lab i.e. for practical applications, is to take

into account the number of factors influencing performance of the MFC. The main

challenge of MFC is to scale up the energy output with respect to volume of

wastewater being treated. Total power from MFC can be improved either by

increasing the capacity (volume) of MFC or by connecting number of MFCs in

electrically stacked arrangement (series or parallel). Till date, only few pilot scale

studies have been performed considering these factors as described in Table 1.3.

Further details on the recent progress made towards scaling up of MFCs, the

limitations and challenges associated with the scale up processes and the case

studies have been discussed in Chaps. 23 and 24.
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1.9 Challenges in MFC and Future Scope

Significant advances have been made in MFC architecture design, understanding

the microbial exoelectrogenic consortia, and in describing electrochemical reac-

tions kinetics. Economic feasibility is also becoming important consideration when

assessing microbial electrochemical systems. However, there are many challenges

that need to be addressed in order for MFCs to be utilized for various applications.

Power output, shape and size of the reactors, electrodes and suitable microorgan-

isms or a consortium of microorganisms pose serious questions on the ability of

MFCs for various applications. Techno-economic analysis of MFC has been

discussed by Jhadhav et al. in Chap. 23 of this book. An understanding of the

microbiology of the current producing process for limiting growth of

non-electrogenic microbes is required before further advances in power output

are possible. Mixed culture when used as inoculum make the system cost effective

but decreases the power output when methanogens grow over a period of time. The

major bottleneck of MFC is low power generation. Series connection of MFC

causes voltage reversal; therefore, parallel MFC with proper power management

system is required to harvest worth amount of electricity. This also suggests that the

cost of unit MFC cell should be minimized. Development of proper bacterial

culture in the anode chamber of MFC requires optimization of operating condition

in the anodic microenvironment. In addition, major challenges in MFC and future

scope of this technology have been reviewed in Chap. 25 with perspective.

1.10 Conclusion

MFC technology is a promising field of research, which can solve the energy crisis to

some extent, and reduce the amount of emission gases released into the atmosphere.

The major breakthrough in MFC research are the development of air cathode MFC,

sediment MFC, scaling up issues and bacterial ecology. In last few decades, power

output from MFC boost in order of several magnitudes. However, it is important to

increase it further for useful applications from scalable level with innovative design

and cost effective materials. The combination of wastewater treatment along with

electricity production helps in compensating the cost of wastewater treatment, mak-

ing it sustainable. MFC is coming up as a promising technology to treat wastewater;

still several challenges remain which need to overcome to commercialize this

technology. Therefore, operating conditions such as influent COD concentration,

HRT, feed pH and specific organic loading rate should be properly decided for the

operation in order to obtain optimum COD removal efficiency and power production.

This issue remains unsolved till date. Full-scale implementation of such

bio-electrochemical wastewater treatment system is not straight forward because

certain microbiological, technological and economic challenges need to be resolved

that have not previously been encountered in any other wastewater treatment system

which makes life cycle assessment complicated.
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Chapter 2

Principles of Microbial Fuel Cell for the Power

Generation

Soumya Pandit and Debabrata Das

2.1 Introduction

Ever increasing energy demand has induced fossil fuel consumption, consequently

pollution and global warming driving the world towards an unprecedented high and

potentially devastating energy crisis. Therefore, water and energy securities are

considered as major concerns in present scenario. Organic waste/wastewater sig-

nifies as a potential renewable feedstock to generate various forms of bioenergy

aside from the remediation process by regulating the biological process. Bioenergy

has gained significant attention as a sustainable and futuristic alternative to fossil

fuels. Using waste for bioenergy through its remediation has instigated considerable

interest and has further opened a new avenue for the use of renewable and

inexhaustible energy sources. Therefore, the field of wastewater management and

alternative energy are the most unexplored fields of Biotechnology and Science

(Massoud et al. 2009). Microbial fuel cell (MFC) is gaining popularity as a

promising tool for simultaneous waste treatment and current generation without

polluting environment. The complete breakdown of a wide range of organic sub-

strates to carbon dioxide and water is usually only possible with several enzymatic

reaction steps which is easily achieved in MFCs. Though research on MFCs was

initiated in the 1960s during NASA’s space explorations, rapid gain in MFC

research was observed during the last two decades.
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2.1.1 Fuel Cell and Brief Development of MFC

A fuel cell can convert the energy trapped in a fuel into electricity directly in a

single step. A fuel cell can generate power constantly as long as it has the source of

fuels. This makes it a better choice for electricity generation as compared to a

battery which needs to be recharged. Hydrogen is mostly used as substrate utilized

for oxidation at anode side where it encounters a catalyst. H2 converts to electron

and proton. The electron and proton are transported via the external circuit and an

ion exchange membrane to the cathode chamber, respectively. The oxygen mole-

cules combine with proton to form water via reduction on cathode. Water is the final

product in this electrochemical reaction where current can be generated in single

step. Due to its eco-friendly nature, high thermodynamic efficiency and sustain-

ability fuel cell research gained popularity soon. Researchers paid significant

attention on fuel cell research owing to an increase of oil price during 1960–1970.

The fuel cells are categorized in two families: abiotic and biotic fuel cell. Abiotic

fuel cells are conventional one which is comprised of inorganic catalyst – for

example solid oxide fuel cell, molten carbonate fuel cell, proton exchange mem-

brane fuel cell etc. These usually contain precious catalyst for hydrogen oxidation

and oxygen reduction at cathode. Abiotic fuel cell generates very high magnitude of

power as compared to the biotic one. The biotic fuel cells are comprised of living

organisms or enzymes or their derivatives as major catalyst. Contrary to abiotic fuel

cell, the biological fuel cell (BFC) uses cheap substrate and inexpensive catalyst.

These can be categorized into two main areas: (1) Microbial fuel cells (MFC) and

(2) Enzymatic fuel cells (EFC). In an enzymatic fuel cell, enzymes are placed or

adsorbed on anode materials and the oxidation occurs in presence of organic

substrate. Alternatively, when the catalyst is a microbe, the cell is called an MFC.

The idea of using microbes to produce electricity was first noticed in the

beginning of twentieth century. However, before that biologist Luigi Galvani

(1780) already demonstrated relationship between electricity and biology. Michael

Cresse Potter in 1911 generated current using Escherichia coli. However, it didn’t
come into limelight because work received little coverage. In 1931, Cohen prepared

microbial half fuel cells and connected in series which produced around 35 V with

2 mA current. In the late 1970s, Allen and Bennetto explained the working principle

of microbial fuel cells using bacteria that need supplemented electron mediator

externally. In early 1990s, the fuel cells became far more appealing devices;

consequently MFCs were considered as promising technology. However, the

major breakthrough came in late nineties when MFC was run using bacteria

which can directly transfer electron during oxidation of waste to anode without

using mediator. MFC has few advantages over conventional fuel cells. It can utilize

cheap renewable sources like wastewater and biomass to convert current unlike fuel

cell where costly hydrogen/methanol is oxidized to generate current. In fuel cell

chemical expensive substance like platinum is used as catalyst. In MFC, different

microbes can be utilized for oxidation in anode which makes the process cost
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effective. Further, it can be operated at ambient temperature and atmospheric

pressure unlike some fuel cells.

2.2 Basic Principle of MFC

Being a fuel cell, an MFC comprises an anode, a cathode and electrolyte(s). The

anodic and cathodic chambers may or may not be separated by an ion exchange

membrane (IEM). Live microbes in planktonic state or by forming biofilm in the

anodic chamber oxidize substrates and as a result produce electrons, protons and

other metabolites as end products. The electrons released by the microbes are

collected by the anode and pass into the cathode through an external load. On the

other hand, the protons percolate via the IEM or simply diffuse to the cathode to get

reduced by the arriving electrons, thus completing the circuit. The flow of electrons

through the external load generates electric current. As the protons get reduced in

presence of oxygen at the anode, water is formed as a by-product which makes the

process environment-friendly. MFCs can be either large (litre-scale) or small

(microlitre-scale or millilitre-scale).

The major components of MFCs are anode, cathode and membrane or separa-

tors. Different carbon materials like graphite plates, rods, carbon paper, carbon

cloth, carbon foam, glassy carbon, stainless steel mesh, carbon felt, Pt, Pt black and,

reticulated vitreous carbon have been applied as anode materials. The anode

material should allow bacteria to form biofilm and should be conductive and

noncorrosive. On the other hand, the cathode usually contains catalyst materials

like Pt, Pt black, MnO2, and polyaniline for better oxygen reduction reaction (ORR)

(Varanasi et al. 2016). Graphite, carbon felt, carbon paper, carbon cloth, carbon

foam, glassy carbon, stainless steel, and titanium mesh are among the materials

used as cathode. In dual chambered MFC, ion exchange membrane or separator is

used. In single chambered MFC, IEM was hot-pressed or chemically fixed to

cathode to prepare cathode membrane assembly for passive aeration to provide

oxygen directly for ORR. Initially research started with salt-bridge as separator

between anode and cathode chambers (Khilari et al. 2013). Gradually it was

replaced by IEMs. Both CEM (Nafion, Ultrex) and anion exchange membrane

(Ralex AEM, Ultrex) were reported to utilize as membrane. However, AEM was

found effective in terms of power generation owing to its ability to generate stable

voltage and reduced salt deposition.

2.2.1 Advantages of MFC over Other Bioenergy Processes

MFCs received much attention in recent years due to its advantages over the current

technologies applied in biological wastewater treatment like anaerobic digester

(AD), activated sludge process (ASP) etc. (Logan 2008). MFC is capable of direct
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conversion of waste to energy in terms of electricity in a single step and this ensures

high conversion efficiency. Rabaey et al. (2007) showed that the conversion

efficiency of bioethanol, biogas and biohydrogen is around 10–25%; 25–38% and

15–30%, respectively. In comparison to this conversion efficiency, MFC has the

conversion efficiency as high as 80%. In anaerobic digestion, methane or hydrogen

gas is produced along with carbon dioxide and little amount of hydrogen sulfide.

Unlike these technologies, an MFC does not require gas treatment. The energy

input is required for aeration in ASP where MFCs do not need the aeration as

cathode is passively aerated. Compared to ASP and AD, MFC produces less amount

of sludge. In addition, MFCs stack can be applied as decentralized source of power.

2.3 Power Generation and Evaluation of MFC

Performance

In the respiratory metabolism, terminal electron acceptor is the electrode inside the

anode chamber of the MFC. Anaerobic environment is required at the electro active

biofilm containing anode chamber to convert biodegradable matter to electricity.

The metals like Fe3+ or Mn4+ oxides, insoluble sulfate and nitrate are considered as

nearest parallel substance to anodes in natural environments for anaerobic respira-

tion (Qiao et al. 2010). The resemblance lies in the fact that all are basically

insoluble exocellular electron acceptors (Fig. 2.1). The principle of microbial

assisted current generation diverge from conventional biogeochemical processes,

Fig. 2.1 Electroactive bacteria in nature utilizes metal ions, sulfate and nitrate as terminal

electron acceptors (TEA) for anaerobic respiration while in MFC the anode acts as TEA
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such as Mn4+ reduction, is that the electrons released during microbial respiration

reduce anode instead of a natural electron acceptor (Erable et al. 2010). The EAB

can reduce anode via substrate oxidation in absence of their natural electron

acceptors like O2 and SO4
� in the anode chamber. These anodophilic bacteria

generate electricity through this metabolism and generate ATP and thus grow.

However, anodic potential limits the energy gain; hence the growth yields are

very small as compared to those observed during aerobic metabolism. Smaller

growth yield means less waste sludge and larger coulombic efficiency; this is the

reason why it is attractive as wastewater treatment technology.

Electricity generation process in MFC is spontaneous since the overall reaction

is thermodynamically favourable (Eqs. 2.1, 2.2, 2.3, 2.4 and 2.5). Considering the

Nernst equation, when NADH acts as electron provider and oxygen acts as terminal

electron receiver, the theoretical voltage generation is 1.1 V.

Adode reaction : NADþ þ Hþ þ 2e� ! NADH ð2:1Þ

E01
and ¼ E0 � RT

2F
ln

NADH½ �
NADþ½ � Hþ½ �2

¼ �0:32V ð2:2Þ

Cathode reaction : O2 þ 4Hþ þ 4e� ! 2H2O ð2:3Þ

E01
cat ¼ E0 � RT

nF
ln

1

O2½ �0:5 Hþ½ �2
¼ �0:84V ð2:4Þ

E01
tot ¼ E01

cat � E01
and ¼ 0:84� �0:32ð ÞV ¼ 1:16V ð2:5Þ

MFC utilizes acetate as fuel substrate in anode chamber. With a given concen-

tration of carbonate (HCO3
�) of 5 mM, acetate (CH3COO

�) of 5 mM and an

oxygen reducing cathode at pH 7 has a cell EMF of [0.805 – (�0.296)] of

1.101 V. Variation in electric potential (V) is created between anode and cathode

chambers due to dissimilar liquid solutions and current (A) is generated due to flow

of electron resulting in generation of electrical power (Watt). The electrode poten-

tial generated using glucose as anodic feed is given as follows:

Anode reaction:

C6H12O6 þ 6H2O ¼ 6CO2 þ 24Hþ þ 24e� E0 ¼ 0:014 V ð2:6Þ

Cathode reaction:

24Hþ þ 24e� þ 6O2 � 2H2O E0 ¼ 1:23 V ð2:7Þ

Overall reaction:

C6H12O6 þ 6O2 ¼ 6CO2 þ 6H2Oþ electrical energy ð2:8Þ

(Theoretically approaching 2840 kJ mol�1)
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The energy output can be evaluated which depends on power generation and

time required for bioelectrochemical reaction:

V ¼ I � R ð2:9Þ
E ¼ P� T ð2:10Þ
P ¼ V � I ð2:11Þ

where P, R and T denote the power (Watts), resistance (Ohm) and time

(s) respectively. The output operating voltage (V ) and corresponding current (I)
influence power generation. The operating or actual voltage due to internal resis-

tance of the cell can be calculated by Eq. 2.12:

V ¼ Eo � ηa � ηb � I � R ð2:12Þ

where Eo is theoretical cell voltage which can be calculated using Nernst equation.

The ηa and ηb, indicate overpotential or voltage losses at the both anode and

cathode. The I � R signifies Ohmic loss due to both anolyte and catholyte resis-

tances. Owing to these losses the actual voltage output is always lower than

theoretical voltage. The measured open circuit voltage is around 750–800 mV,

which is lower than theoretical one of 1.1 V. Under close circuit condition, the

operating voltage will reduce significantly.

2.3.1 Classifications of MFCs

MFC can be classified into two types based on the electron transfer mechanism of

microbes to the anode. Two types of MFCs are available, namely, mediator MFC

and mediator-less MFC depending on the requirement of external mediator

(Fig. 2.2).

In mediator MFC, supplementation of synthetic mediators facilitates continuous

electron transport to the anode via redox coupling. In both cases of direct and

indirect mediator driven MFCs, soluble mediators are recycled in a process through

simultaneous reduction (receiving electrons from cell) and oxidation (donating

electrons to anode) (Fig. 2.2a, b). In indirect mediator MFC, microbes are unable

to donate electrons directly to anode due to its non-conductive cell surface struc-

tures and incapability of producing self-mediators. Externally added suitable elec-

tron mediators can improve the electron transfer efficiencies in such MFCs. The

value of oxidation reduction potential of electrochemical mediators is in between

anode and NADH inside bacterial cell. Therefore, these have the ability to squeeze

electrons from microbial cell and transfer it to anode. In this process, it can

simultaneously reduce and oxidize itself and also regenerate itself. Various organ-

ometallic compounds were applied for this purpose which include phenothiazines
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(alizarine brilliant blue, N, Ndimethyl-disulfonated thionine, methylene blue, phe-

nothiazine, toluidine blue) and phenoxazines (brilliant cresyl blue, gallocyanine,

resorufin).

The mediator-less MFCs are further categorized based on the ability of the

microbes to transfer electron either directly (Fig. 2.2c) or through self-synthesized

electron shuttles from the cell to the electrode (direct mediator MFC; Fig. 2.2b).

Direct transfer of electrons in mediator-less MFCs is done by organisms called as

‘exoelectrogens’ or electro active bacteria (EAB) whereas any other microorganism

can be used in a mediator MFC. In mediatorless MFC, the anode half cell potential

is developed as microorganism can directly reduce anode through the oxidation of

substrate. Different ranges of bacteria like acidobacteria, firmicutes and α, β, γ and
δ classes of proteobacteria were found effective as electron generator on anode to

produce current. Further, it was reported that yeast strains Saccharomyces
cerevisiae and Hansenula anomala were capable of producing electricity under

anaerobic conditions. Different types of isolated pure cultures able to generate

electricity in MFC are shown in Table 2.1. The dissimilatory metal reducing

bacteria (DMRBs) and sulphate reducing bacteria (SRB) are major players contrib-

uting significantly on bioanode. In natural condition in absence of conductive anode

they will utilize oxidized metal ions [Fe(III) or Mn(IV)] as terminal electron

acceptor to continue respiration process. Probably, this is the reason why the

mechanism of extracellular electron transfer (EET) activity for metal reduction

and anode reduction is considered to be identical.

Fig. 2.2 (a) A mediator microbial fuel cell – usually non-electrogenic microorganisms were

utilized which are incapable of directly donating electron to anode; these were used as catalyst and

can be used along with external redox mediators in indirect mediator microbial fuel cell; (b)
Microbes are capable of producing mediators for donating electron to anode directly in a direct
mediator microbial fuel cell; and (c) Mediator-less MFC where bacteria form conductive biofilm
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2.3.2 Potential Losses in MFC

MFC usually generates less operating voltage (Vop) with respect to the

electromotive force (Ethermo). These potential losses or overpotentials are respon-

sible for the lowering of performance of MFC. Overpotentials are of three different

types and these are irreversible in nature. Activation overpotentials occur due to

loss of electrons/energy utilized to initiate extracellular electron transfer to the

anode and oxygen reduction by proton in cathode. A second type of voltage loss is

found in the form of ohmic losses which is majorly owing to proton diffusion

resistance and charge transfer resistance. The concentration overpotential is prom-

inent at high current densities regime; cell operating voltage falls sharply with

increase in current (Du et al. 2007). Unavailability of substrate to the biofilm or

sluggish rate of substrate oxidation and reduction of terminal electron acceptor in

cathode is due to proton and oxygen transfer limitation and is responsible for

concentration overpotential (Qiao et al. 2010).

The operating voltage of MFC can be deduced by subtracting irreversible

losses from theoretical maximum potential in MFC using Eq. 2.13 (Rismani-

Yazdi et al. 2008):

Vop ¼ Eo � ηact þ ηohmic þ ηconcð Þcathode þ ηact þ ηohmic þ ηconcð Þanode
� � ð2:13Þ

where ηact, ηohmic and ηconc are the activation loss, ohmic loss and concentration loss

respectively. These voltage losses occur due to slow electrochemical reaction

kinetics, development of ionic and electronic resistances, and mass transport

limitations. A typical polarization curve represents the current dependent voltage

loss or overpotential of the electrodes at various phases (Fig. 2.3).

Table 2.1 Pure cultures used as inoculum in the anode of MFC

Reactor

type Biocatalysts Fuel used

Power density

(mW m�2)

Power

generated

(W m�3) References

Single

chamber

Escherichia
coli acclimated

Complex

medium

600 Erable et al.

(2010)

Miniature Shewanella
oneidensis

Lactate 3000 500 Ringeisen et al.

(2006)

H-type Geobactersul
furreducens

Acetate 13 0.356 Bond and

Lovley (2003)

H-type Rhodoferax
ferrireducens

Glucose 33.4 Chaudhuri and

Lovley (2003)

Two-

chamber

Clostridial
isolate

Complex

medium

5.62 Prasad et al.

(2006)
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2.3.3 Factors Affecting the Performance of MFC

The upper level of power generation that can be achieved in MFC is still unknown

as the power output is limited by the high internal resistance of the MFC. The power

generation in MFC is several order magnitude less than that obtained in chemical

fuel cells. This is due to the various constraints associated with the MFC such as

reactor configuration, electrode and separator materials, anode and cathode cata-

lysts, electron acceptor, substrate type, substrate concentration, feed pH, HRT and

temperature that increase the internal resistance of the MFC.

2.3.4 Performance Evaluation for MFC

The performance of MFC is generally assess based on power density (both volu-

metric and normalized to anode surface area, current density, electric potential

difference, cell internal resistance) and biological treatment efficiency (COD

removal) (Logan 2012). A polarization curve generator is a powerful experiment

to analyze and characterize quality of fuel cells in terms of power generation. It is

basically a voltage-current curve that helps to determine maximum power genera-

tion and internal resistance of the MFC (Zhao et al. 2009). Polarization study can be

carried out by varying external resistances to obtain a voltage-current curve. The

volumetric current and power density were calculated using Eqs. 2.14 and 2.15.

Fig. 2.3 Typical polarization curve of a fuel cell
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id ¼ V

Rvand
ð2:14Þ

Pd ¼ V2

Rvand
ð2:15Þ

where volumetric current (id) and power density (Pd) were evaluated by normaliz-

ing to anolyte volume (vand). Similarly, many researchers provided output of MFC

in the form of the current density. Power density can be calculated by normalizing

to electrode (mostly, anode surface area).

2.3.5 Coulombic Efficiency and Energy Efficiency

The Coulombic efficiency (CE) is basically the ratio of the total charge (in terms of

coulombs) transported to the anode after bioelectro-oxidation of the substrate to

maximum charge available or stored if complete substrate can be converted to

current theoretically i.e. the total electron charge stored in the substrate (Logan

et al. 2006). One major useful index to evaluate the performance of an MFC is to

find out coulombic as well as energy efficiency. CE can be evaluated as per

Eq. 2.16.

CE ¼ MO2

ð
idt

� �
= neFVandΔCODð Þ ð2:16Þ

where Vand is the volume of the anode chamber; ΔCOD is change in chemical

oxygen demand of the wastewater during MFC operation by the subtraction of the

final to initial COD (g/L); MO2 is the molecular mass of O2 and ne is the required
number of electrons to reduce oxygen to water. The CE thus indicates what fraction

of the substrate was utilised by the bacteria for current production.

2.4 Microbes as Catalyst in MFC and Their Various Mode

of Exo-cellular Electron Transfer to Electrode

Microbial biofilms present at electrodes are of a fundamental importance in the

processes of biodegradation and current generation in MFC. These current produc-

ing bacteria are called electroactive bacteria (EAB) or exoelectrogens because of

their ability of direct or indirect extracellular electron transfer (EET) to electrodes.

Bacterial growth is supplemented by coupling of energy conservation with transfer

of electrons from exoelectrogens leading to cathode/anode respiration (Mustakeem

2015). Due to the growing fame of MFC technology, the concepts of both electrode

respiration and electromicrobiology have come in the limelight.
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The microorganisms capable of carrying out extracellular electron transfer to

electrodes in an MFC are either biofilm forming or planktonic ones (Logan 2009).

A majority of these utilize exogenous or endogenous mediator molecules

e.g. E. coli and Pseudomonas sp. (Pandit et al. 2015). The mediators are primarily

responsible for EET in planktonic microorganisms. Biofilm-forming microorgan-

isms can transfer the electron either directly using membrane bound cytochrome

proteins in cell envelope to the anode or via nanowires, conductive matrices etc.

Shewanella and Geobacter sp. can work by direct electron transfer from the cell

membrane or with the help of nanowire appendages (Pham et al. 2009). Kinetic

rates would be higher in case of electron transfer through the latter than the former.

Hence the primary attribute in magnifying MFC power density lies on the capability

of a EAB to adhere to anode and develop efficient monolayered or preferably

multilayered electroactive biofilm (Yang et al. 2012).

Form of microbial growth i.e. either as planktonic cells or as biofilms depends on

the metabolic status and environmental factors. For example, Shewanella
oneidensis can form a biofilm on the anode electrode in lactate-fed MFCs. How-

ever, both planktonic cells and biofilms are able to exist together simultaneously

and synergistically produce power. Contrary to it, Geobacter sulfurreducens
sp. requires direct electrical contact with the electrode for electron transfer (Bond

and Lovley 2003). These organisms can build an electroactive layered biofilm. The

capability of Shewanella sp. of biosynthesis of redox active mediator molecules

which enables planktonic cells to perform EET gives rise to the reported differences

between the two most focused EABs. Shewanella are Gram negative, facultative

bacteria for which aquatic and sedimentary environments provide optimum growth

conditions (Kim et al. 2002). Geobacters are Gram-negative obligatory anaerobic

bacteria, which thrive under aquatic and sedimentary environments. In the respira-

tory metabolism, terminal electron acceptor is the electrode, bacteria generate

electricity through this metabolism and EABs can generate ATP and thus grow.

Anodic potential limits the energy gain; hence the growth yields are very small as

compared to those observed during aerobic metabolism. Smaller growth yields

means less waste sludge and larger CE; this is the reason why it is attractive as

wastewater treatment technology.

2.4.1 Electron Transfer by C-type Cytochromes

The C-type cytochromes (CTCs) play most useful role in electron transfer tech-

nique for electricity harvesting by EABs. C-type cytochrome is basically wide-

spread heme-containing proteins available in most of archaea and eubacteria.

S. oneidensis MR-1 contains 42 putative CTCs where 80% of these are located

in the outer membrane and occupy 8–34% of the total cell surface (Fig. 2.4).

CymA is an example of tetraheme-CTC with the N-terminal bound in the inner

membrane and the C-terminal exposed to the periplasm. CymA is of a great

importance because it participates in many Shewanella anaerobic respiration
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processes. The deletion of a cymA gene caused >80% reduction in current

generation in electrode reduction. CymA has an ability to directly interact with

many terminal reductases located in periplasm, such as fumarate reductase

(FR) and nitrate reductase.

CymA is the major electron channel to periplasmic space. Bacterial two-hybrid

displayed pairwise interactions among CymA, MtrA and some other periplasmic

redox proteins. CymA can also directly interact with periplasmic redox proteins by

forming a transient protein complex. This hypothesis is further supported by an

analysis in which electrode was used as an electron donor for fumarate reduction by

S. oneidensis. MR-1 showed that 85% electrons were transferred to FR via CymA

and 15% via MtrA. This indicates the presence of a CymA–FR–MtrA complex in

Fig. 2.4 Schematic image of the proposed exoelectron transfer of Shewanella oneidensis and

its interactions with an anode. Mtr-pathway and terminal reductases of Shewanella oneidensis
play major role in EET. (Quinones (Q) in the inner membrane liberate electrons which

eventually transported to terminal reductases or an MtrCAB complex via CymA or TorC. Flavin

molecules (FL) act as shuttle for transferring electron from MtrCAB complex to anode (Kracke

et al. 2015)
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periplasm. The MtrABC conduit can be understood as an extended branch of the

periplasmic complex. An alternative electron transfer conduit can be made by

replacement of IS-insertion activated SirCD expression partially by CymA.

MtrABC complex is a tunnel type which facilitate in connecting intracellular

electron flux to anode. The electron transfer rate of anode reduction by

S. oneidensis MR-1 is more prominent than insoluble haematite reduction, but

much slower as compared to the reductions of soluble electron acceptors in

anaerobic environment. It was found that current generation could be still carried

out if the primary gene is undergone single or multiple deletions. It suggested the

presence of alternative electron transfer conduits. A serial of mtrABC homologues

encoding MtrDEF has been identified by genome analysis in the same operon.

MtrF, which is the homologue of MtrC and OmcA, displayed higher reducing

tendency of flavins and soluble electron acceptors than OmcA and MtrC. In

S. oneidensis, MtrB could be functionally replaced by MtrE. The complementation

of mtrF/mtrA gene pair displayed a similar Fe(III)-reducing tendency as the

complementation of mtrC/mtrA (Coursolle et al. 2010).

According to comparative genomic analysis, six Geobacter species displayed an
average of 79 putative CTCs in each Geobacter genome. Only 14% of these are

found to be conserved in all genomes. The MacA transported electrons from inner

membrane to PpcA in periplasm, and PpcA further transfer electrons to the OMCs

(Fig. 2.5).

The type of OMCs actively involved in Geobacter electrode reduction differs

from those in dissimilatory metal reduction. For example, OmcB and OmcS are

primarily responsible for Fe(III) reduction while the deletion of omcB or omcS

gene did not stop producing current generation process where mutant lacking omcB

or omcS were used. For G. sulfurreducens, OmcZ is the only OMC vital for current

generation. However, omcZ is not conserved in allGeobacter species. A deletion of

omcZ resulted in more than 90% of current reduction. However, no impact was

observed on the reductions of other electron acceptors. The OmcZ were found

predominant in biofilm-anode interface in MFC when OmcZ were tagged with

immunogold labelling (Richter et al. 2012). The spatial orientation and the elec-

trostatic reaction might be the reason for OmcZ to play pivotal role electron transfer

in biofilms. In addition to it, there are greater significant impacts on the electron

transfer in thick G. sulfurreducens biofilms than in the thinner biofilm when omcZ

gene was removed. Thus, OmcZ is particularly essential for long-distance electron

transfer in electrode biofilms.

Exoelectrogens are mostly the Gram-negative (G�) bacteria since the Gram-

positive (G+) cell wall is unfavourable for EET. However, G+ bacteria behave as the

dominant DMRB in some environments. A few of Gram positive species such as

Thermincola potens are capable of performing direct electron transfer mechanism.

T. potens has 32 putative CTC genes in its genome and many CTCs may be

anchored and have a close arrangement on outer membrane, thus establishing an

electron passage for anode reduction.
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2.4.2 Microbial Nanowire

Microbial or bacterial nanowire technique is considered as new way of transferring

electron to electrode. Bacterial nanowire is an electrically conductive pili which

was discovered while reducing Fe(III) oxide by G. sulfurreducens. These were also
found in S. oneidensis MR-1 and some other bacteria, and many other species

signifying a wide environmental distribution of these bacterial appendages. The

S. oneidensisMR-1 has bunches of pilus-like individual conductive outgrowth with

a radius of 1.5–2.5 nm in the electron acceptor limiting regime and/or diffusion

limiting or low agitating regime. The membrane pores divided nanowires. These

nanowires helped in electron transfer due to its extended projection which can

easily find contact with insoluble electron receivers or other bacteria partners

(Steidl et al. 2016). The nanowire resistivity of S. oneidensis MR-1 is in the

range of semiconductor. The ko of S. oneidensis MR-1 nanowire and the entire

cell is 1 � 109 s�1 and 2.6 � 106 s�1; both the values are several fold higher as

compared to the ko of OMCs. This indicates that nanowires are potentially most

Fig. 2.5 Schematic picture

of the exocellular electron

transfer of Geobacter
sulferreducens and its

interactions with an anode

(Kracke et al. 2015)
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efficient part in EET (El-Naggar et al. 2010). The S. oneidensis MR-1 sp. produces

various kinds of filamentous outgrowth or projections such as type IV pili, Msh-pili

and flagella. The gene deletion analysis revealed that Msh-pili plays most important

role in electron transport and, therefore, is primarily responsible for optimal

electricity production. The deletions of other genes from the domain of type IV

pili or flagella generation were responsible for loss of power production partially.

G. sulfurreducens nanowires are expressed when it utilizes metal oxides as

electron receiver or while reducing fumarate at low temperatures. Two PilA

isoforms with distinctive features were observed in G. sulfurreducens nanowires
(Steidl et al. 2016). The electronic conductivity of G. sulfurreducens nanowires is
6 mS cm�1, which is close to the synthetic metallic nanostructures. The electronic

conductivity of G. sulfurreducens nanowires is significantly large compared to its

proposed threshold value of 10�3 mS cm�1, which might be the reason of high

volumetric power generation. Contrary to the OMC-dependent conductivity of

Shewanella nanowires, Geobacter nanowires possess typical metallic electronic

property. The nanowires play significant roles in uranium reduction and develop-

ment of electroactive biofilm for G. sulfurreducens.

2.4.3 Electron Shuttles or Mediators

The mediators or electron shuttles in MFC are secreted by mostly Gram negative (G�)
bacteria. The expected properties of these mediators or electron shuttle are:

(1) dissolvability, (2) stability, (3) reusability, (4) environment-friendliness and

(5) redox potential range between bacterial membrane protein and anode material.

Power production in MFCs is stimulated via mediator secretion (Rabaey et al. 2007).

Themost documented electron shuttles inMFCs are endogenously produced flavins by

Shewanella species, whichmajorly includes riboflavin (RF) and flavinmononucleotide

(FMN). FMN has the ability to percolate through the outer membrane and then be

transformed to RF in extracellular space while RF cannot be returned to Shewanella
periplasm. In absence of mediator, the electron transfer rate of pure S. oneidensisMR-1

OMCs to insoluble iron ion (Fe+3) is 100–1000 times lower than the whole cell. The

addition of flavin can increase the reduction capacity to a state comparable with the

entire cell. The electron transfer efficiency can be enhanced by secretion of microgram

level flavin by S. oneidensis MR-1 by over 3.7-folds (Canstein et al. 2008). The ATP

cost on flavin secretion was negligible when compared with the obtained energy

benefit. The assumed ko of flavin absorbed on an electrode is nearly two orders of

magnitude lesser than that of the OMCs. ShewanellaMtr complex plays a vital part in

flavin reduction. MtrC is responsible for 50% of the flavin reduction activity. Recent

investigations suggest the possibility of flavin to be the by-products of cell lysis.

Although flavin secretion is common in many microbes, the function of flavin may

be limited in field-appliedMFC since they are light-degradable compounds and can be

utilized by the organism as carbon resource (Marsili et al. 2008).

Phenazines are intrinsic electron shuttles in MFCs generated by a diverse

bacterial species, mainly Pseudomonas. The power producing ability of a
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non-electroactive Gram positive bacterium Brevibacillus sp. is optimized due to

phenazines. This indicates that presence of soluble mediators in MFCs confers a

synergic effect for other non-EABs to electricity harvesting. Apart from the

bio-generated organic compounds, H2 evolved during fermentation or other chem-

ical response can also behave as electron shuttles or donors for Shewanella and

Geobacter sp. in MFC (Stams et al. 2006). Apart from these humics, manganese

species, polysulfide and other redox chemicals distributed in environments play role

in electron transport. Nevertheless, the bacterial self-generated mediator shuttling

has few bottlenecks as compared to electroactive biofilm based direct electron

transport to anode. MFC experiences higher voltage loss owing to low diffusion

of mediator. A part of bacterial energy is used to consume during mediator

synthesis to continue anaerobic respiration. Further, these mediators are used to

wash out in continuous system which causes serious power drop in continuous

mode MFC operation. Some reports suggest that these mediators or shuttles are

biodegraded or utilized by other types of bacteria.

2.5 MFC for Wastewater Treatment

As far as power generation is concerned, MFC cannot compete with conventional fuel

cell which produces 103–105 fold higher current as compared toMFC.Henceforth,more

attention was paid on MFC with wastewater treatment using different kind of organic

waste materials. These involve wide range of electroactive bacteria which can enzy-

matically degrade a variety of wastewater from different sources like domestic, indus-

trial, agricultural etc. Efforts have been made to utilize MFC stack as a decentralized

source for power generation from waste resources. When the organic substrates to be

treated are fermented, bacteria often play a crucial role in carbon conversion in anodic

communities (Varanasi et al. 2015). A large number of recalcitrant wastes which

includes dyes, pesticides, heavy metals, polyalcohols and heterocyclic compounds are

produced by industry. These pollutants pose threat to environment and natural habitat

when discharged without treatment. These substances are detrimental and known as

potential recalcitrant and mutagenic. Therefore, these create serious trouble as far as

health issue is concerned.MFCprovides a solution to this problem since it can oxidize or

reduce these materials bioelectrochemically in anode or cathode respectively to convert

it into a harmless product.

2.6 Other Applications of MFC

MFCs have been largely used in wastewater treatment. Recently a number of MFC

adapted technologies are drawing attraction, namely microbial solar cells (MSC),

microbial desalination cells (MDCs), microbial electrolysis cell (MEC), microbial

electrochemical snorkel (MES) etc.
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MEC is a novel technology used for simultaneous biohydrogen generation and

wastewater treatment. Like MFC, MEC has components like anode containing

electroactive bacteria and cathode with catalysts facilitate in driving the reaction

of proton and electron to form hydrogen in oxygen-free environment (Logan et al.

2008). The hydrogen production on cathode in this electrohydrogenesis is not a

spontaneous reaction (Pierozynski 2011). Theoretically, the additional voltage

required to get hydrogen from a MEC is [Ecathode – Eanode]. But practically more

voltage (�0.114 V) is required due to overpotential at cathode to overcome the

voltage loss or overpotentials associated with MEC reactors and its components.

Nevertheless, this applied voltage is still lower as compared to the voltage required

for water electrolysis (1.2 V). A traditional power supply or alternative source like

solar or dye sensitized cell is required to provide 0.3 V or higher applied across the

two electrodes. Sometimes CO2 is getting reduced to hydrogen in cathode to

produce methane gas. Incorporation of ion exchange membrane or separator is a

big issue as it poses high internal resistance (Fig. 2.6). As a promising technology,

lot of research is going on MECs in the last 10 years, with increasing numbers of

reactor designs reported (Liu et al. 2005).

2.6.1 MFC as Toxic Sensor and BOD Biosensor

The biochemical oxygen demand (BOD) is an index of organic content and gives an

indication on how much oxygen would be required for microbial degradation. High

BOD of a sample indicates the extent of polluted substance present in it. It usually

takes five days to get a result of the BOD of a biodegradable sample according to the

American Public Health Association Standard Methods, which is time consuming

and tedious. In MFC, wastewater could be used as fuel. Bacteria in anode of MFC

can utilize biodegradable substrate easily and convert it in to electricity (DC) in a

single step process named electrogenesis. The current produced in MFC is directly

Fig. 2.6 Schematic

representation of the

microbial electrolysis cell

(MEC)
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proportional to the concentration of substrate oxidized. So, MFCs can be used as a

BOD sensor (Chang et al. 2004). Usually micro sized MFC of microlitre was used

for that. The micro-sized MFCs possess a large surface area-to-volume ratio, short

inter-electrode separation (hence low internal resistance), low response time and

low Reynolds number. Their fabrication and assembly is precise and less expensive

if done using micro-fabrication processes. The laminar flow model to reduce

internal resistance is also applicable to micro-sized MFCs only (Elmekawy et al.

2013).

2.6.2 Preparation of Metal Nanoparticles

Metal nanoparticles such as gold nanoparticles (AuNPs), silver nanoparticles and

cysteine capped silver nanoparticles (cys-AgNPs) were synthesized using the

reducing ability of EABs in presence of organic substrate as electron provider

(Khan et al. 2013). EAB used oxides of metal as electron acceptor for different

metal nanoparticle synthesis where oxides were used as precursor. Sodium acetate

was bioelectrochemically oxidized on a support (stainless steel) which generates

electron to reduce precursor of nanoparticles to form different metal nanoparticles.

Presence of conductive support like stainless steel provides electron-rich environ-

ment to convert metal ions to metal nanomaterial having zero valency. Further,

these synthesized nanoparticles were utilized for different applications like

biohydrogen production and antimicrobial activity (Kalathil et al. 2013).

2.6.3 Other Bioelectrochemical System Adapted from MFC

In microbial desalination cell (MDC), microbial electron harvesting ability is used

to desalinate saline water. EABs on anode created a negative electric potential

gradient which allows cation and anion from a concentrated saline chamber to

migrate through ion-exchange membranes (IEMs) to balance the electro-neutrality.

Thus water can be desalinated in MDC without any power consumption. Kim et al.

demonstrated stackable MDCs with parallel dilute and concentrate chambers sep-

arated by IEMs (Kim and Logan 2013). In a plant microbial fuel cell (PMFC),

MFCs are associated with living higher plants (Strik et al. 2011). In PMFCs,

electrochemically active bacteria on anode utilize excreted rhizo-deposits from

plant roots to directly generate electricity. Therefore, it is possible to convert

solar energy to electrical energy directly in PMFC. Rhizo deposits are rich in

carbon sources like arabinose, ribose, fructose etc. Rhizo deposits consist of a

different array of substances that generate from pilled off root cells, and soluble

lysates and exudates. These substrates can be utilized by a wide array of EABs.

Microbial carbon capture cells (MCC) are different type of PMFCs where

microalgae can be used in cathode of a conventional dual chambered MFC to
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sequester atmospheric CO2 and provide oxygen to cathode via biophotolysis. Wang

et al. demonstrate an MCC where off gas CO2 from the anode chamber is

re-dissolved in catholyte where a photosynthetic algae (Chlorella vulgaris) was
cultivated in presence of light and the CO2 (Pandit et al. 2012). Microalgae biomass

from the cathode chamber can be utilized for downstream processing of different

value-added products like lipid extraction or ethanol production.

2.7 Conclusion

MFC technology is an upcoming popular research area which can be implemented

to meet energy demand and water requirement for irrigation in agricultural sector.

The major breakthroughs in MFC research like development of air cathode MFC,

sediment MFC, scaling up issues and bacterial ecology have been reviewed. In last

few decades, power output from MFC boost in order of several magnitudes.

However, it is important to increase it further for useful applications from scalable

level with innovative design and cost effective materials. MFC is coming up as a

promising technology to treat wastewater, still several challenges remain which

need to be overcome to commercialize this technology. Therefore, operating

conditions such as influent COD concentration, HRT, feed pH and specific organic

loading rate should be properly decided for operation in order to obtain optimum

COD removal efficiency and power production. This issue remains unsolved

till date.
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Chapter 3

Characteristics of Microbes Involved
in Microbial Fuel Cell

Jhansi L. Varanasi and Debabrata Das

3.1 Introduction

The ability of certain microorganisms to transfer electrons outside the cell has given

rise to plethora of applications. These bacteria utilize different electron acceptors –

usually metals like iron, manganese etc. In nature, these bacteria play a pivotal role

in carbon cycle, metal oxidation or reduction, removal of waste organic matter,

decomposition of aromatic compounds etc. Apart from this, certain bacteria known

as exoelectrogens can use solid electrodes as terminal electron acceptors. These

bacteria are utilized in microbial fuel cells (MFC) for bioenergy in the form of

electricity. An MFC is different from the typical fuel cell. In an MFC, bacteria

create electrical power by oxidising the organic matter present in wastewater which

stabilizes the same at the same time.

MFCs are made of two compartments, an anode and a cathode, separated by a

membrane that is usually selective for positively charged ions. In the anode, fuel is

oxidised by microorganisms, generating electrons and protons. The electrons are

transferred into the cathode by an external electronic circuit, while the protons can

pass through the membrane owing their positive charge. The protons are consumed

by combining with oxygen to form water. The reduction step at cathode, known as

ORR (oxidation reduction reaction) usually requires a metal catalyst (e.g. platinum)

for improving the reaction kinetics. Although, theoretically 1.1 V can be produced

from MFCs, it is reported that an average voltage of 0.3–0.6 V is obtained with

glucose or acetic acid as substrates (Logan et al. 2006). The unique organisms that

degrade organics at anode are known by several names such as exoelectrogens,

electroactive bacteria (EAB), anode respiring bacteria (ARB) or electricigens etc.
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These EAB have the ability to direct the electrons obtained from the degradation of

substrates to the solid electrode i.e. anode which acts as terminal electron acceptor.

In MFCs, a wide variety of substrates ranging from simple sugars (e.g. glucose) to

complex organic matter (e.g. agricultural or industrial wastewater etc.) can be

utilized at anode for power generation. This flexibility of EABs for range of sub-

strates makes MFCs ideal process for renewable energy generation.

Although, the knowledge on microbial interactions with solid electron acceptors

exists from past ten decades, the detailed mechanisms of electron transfer have only

been deduced for certain microorganisms like Shewanella sp. or Geobacter sp. This
is due to the complexity of the nature of the EABs which makes it difficult to

decipher the electrogenic route to electrodes in vitro. Earlier experiments suggest

the use of artificial mediators with non-EAB to undergo the electron transfer

process. Later on, electron transfer via self-secreted mediators (mediated electron

transfer, MET) or physical attachment vial cell surface proteins or conductive

nanowires (direct electron transfer, DET) are identified. The discovery of cathodic

grown organisms further complicated the understanding of electron transfer mech-

anisms. These bacteria have a unique feature of accepting electrons from the solid

electrodes, thereby, reversing the electron trajectory from electrode surface to

bacterial cell surface. Detailed investigations are required to understand the prop-

erties of these cathodically grown bacteria.

Apart from diverse pure species of EABs, studies with enriched mixed consor-

tium have been conducted to enhance power generation of MFCs (Jung and Regan

2007). A mixed consortium is advantageous as it can be directly utilized for

wastewater degradation in non-aseptic conditions. To understand the diversity of

microbial community in MFCs, different environmental sources have been

explored such as sludge from anaerobic digester, cow dung, anaerobic sediment,

soil etc. In such systems, species identification from the planktonic and biofilm

community have revealed the occurrence of both DET-MET (direct electron

transfer-mediated electron transfer) based bacteria (Beecroft et al. 2012). Being

isolated from a similar environment, these species are used in MFCs as promising

source for the treatment of wastewater treatment plants, brewery effluents etc.

Although it is supposed that bacteria may belong to the rare biosphere, they may

dominate when electrode are in contact with sample (Chabert et al. 2015).

The present chapter deals with different characteristics of EAB such as their

nature, source, different growth conditions and the electron transfer mechanisms

(Fig. 3.1). Table 3.1 enlists some of the known electrogenic microorganisms used

for MFC applications.

3.2 Electrocigens – Nature and Source

EABs are widely spread in nature and have been isolated from various natural

ecosystems. Majority of these bacteria are found in anaerobic environments. Ini-

tially it was suggested that most of these bacteria were Gram negative in nature
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belonging to the group Proteobacteria (Shewanella sp., Geobacter sp. etc.). How-
ever, recent advances have shown certain Gram positive bacteria which exhibited

electrogenic properties e.g. Thermincola potens strain JR. This is a Gram-positive

isolate obtained from the anode surface of a microbial fuel cell, using insoluble

electron acceptors (Wrighton et al. 2011). EABs are observed in almost all ecosys-

tems (Chabert et al. 2015). Wastewater treatment plants, marine and aquatic

sediments, soil, activated sludge etc. are the rich sources for exoelectrogenic

bacteria. Knowledge of these sources of EAB would help in identifying the suitable

ecosystems to harbour the exoelectrogen of interest. The ability of EABs to

generate electricity depends upon several factors such as alkalinity, temperature,

nutrient availability, type of electron acceptor etc. Most studies conducted on MFCs

use different environmental conditions for different bacteria which make it difficult

to compare the power generating capability of these organisms. Since power

generation in MFC is cathode limiting, it becomes unclear whether the poor

performance observed in MFC is due to lower bacterial activity or other electro-

chemical losses. Thus it becomes essential to understand the EABs outside MFC

environment to understand their actual electrogenic capabilities. The present sec-

tion deals with the natural and man-made sources of EAB. A comprehensive

description of the ecology of electrode specific EABs and their selection and

interactions are provided in Chap. 4.

Fig. 3.1 Characteristics of exoelectrogens
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3.2.1 Natural Sources for EAB

Both terrestrial and aquatic habitats have been extensively exploited for the isola-

tion of EABs. However, since most of these organisms are anaerobic in nature,

aerial habitats rarely host them. A wide variety of organic and inorganic matter is

present in the terrestrial environment which permits the growth of diverse group of

bacteria. Organic soil is rich in nutrients like carbohydrates, vitamins, minerals,

amino acid etc. which makes it suitable for growth of EAB. Many reports suggest

compost as an ideal source for the isolation of electrogenic bacteria (Chabert et al.

2015). MFCs fed with soil is rich in bacterial communities belonging to the class

Proteobacteria, Firmicutes and Actinobacteria, while MFCs fed with composted

Table 3.1 Electroactive bacteria used in MFCs

Biocatalysts

Electron

donor MFC type

Power

density

(mW m�2) References

Pure cultures

Escherichia coli Complex

medium

Single chamber 600 Zhang et al.

(2006)

Shewanella oneidensis Lactate Miniature 3000 Ringeisen et al.

(2006)

Geobacter
sulfurreducens

Acetate H-type 13 Bond and

Lovley (2003)

Rhodoferax ferrireducens Glucose H-type 33.4 Chaudhuri and

Lovley (2003)

Clostridial isolate Complex

medium

Two-chamber n.a. Prasad et al.

(2006)

Mixed cultures

Activated sludge Landfill

leachate

H-type n.a. You et al. (2006b)

-do- Glucose H-type 115.6 You et al. (2006a)

Biofilm from domestic

wastewater

Glucose Single chamber 766 Cheng et al.

(2006a)

-do- Glucose Single chamber 1540 Cheng et al.

(2006b)

-do- Domestic

wastewater

Single chamber 464 -do-

Thermophilic effluent

from anaerobic digestion

of brewery wastewater

Acetate Two-chamber 1030 Jong et al. (2006)

Activated sludge glucose,

glutamate

Two-chamber 560 Moon et al. (2006)

Granular anaerobic

sludge

Sucrose Up-flow n.a. He et al. (2006)

Fly ash leachate Fermentation

effluent

Two-chamber 85.07 Varanasi et al.

(2015)
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organic matter is majorly dominated by species belonging to γ-Proteobacteria
(Mocali et al. 2013). These studies suggest that employing MFCs in soil-based

environment could utilize their inherent EABs and can be further used as a tool for

the mineralization and humification of the soil organic matter.

Aquatic habitats are observed as abundant of EABs. Most of the known

electrogens have been isolated from marine or coastal environments (Chabert

et al. 2015). The bacteria isolated from river or beach sediments show highest

electrogenic activity. These environments provide proper anaerobic conditions that

enhance EAB growth. Due to the abundance of these organisms in sediments,

benthic or sediment MFCs have been developed which make use of EABs on site

and provide low power applications like autonomous oceanographic or environ-

mental sensors at marine or coastal regions. In fact, due to its success, the first

practical application of MFC as a viable power supply was based on the principle of

sediment MFC. In their study, they reported the development of a meteorological

buoy which measures air temperature, pressure, relative humidity, and water

temperature (Tender et al. 2008). These systems proved to be cost effective and

durable allowing the average consumption of 100 mW power. Another major

application of benthic MFCs is wasteland management which is described in details

in Chap. 17. In principle, a benthic or sediment MFC comprises two electrodes that

are placed in situ such that anode is kept below the sediment while the cathode is

kept floating on the water (upper side serving as air cathode). The EABs present in

the sediment create reducing power either via direct oxidation of organic com-

pounds or through indirect redox reactions including inorganic compounds. Several

researchers have investigated the typical EABs involved in different aquatic sedi-

ments like marine or freshwater and have found the dominance of bacteria belong-

ing to class δ-Proteobacteria. The most often species among this class of bacteria

are the ones belonging to the family Geobacteraceae of which Geobacter
sulfurreducens is the most studied organism (De Schamphelaire et al. 2008).

3.2.2 Artificial Sources for EAB

The industrial or domestic effluents are rich in organic matter which makes them

suitable sources for EAB. Many reports have suggested the isolation of EABs from

effluents of wastewater treatment plants which include starchy wastewater, munic-

ipal wastewater, domestic wastewater etc. (Chabert et al. 2015). In fact majority of

these studies utilize these sources directly as inoculum in MFCs. Apart from

wastewaters and sewage treatment plants, EABs have also been isolated from

other hazardous wastes such as petroleum-hydrocarbon contaminated soils (Zhou

et al. 2016), landfill leachate (Iskander et al. 2016), fly ash from thermal power plant

(Varanasi et al. 2015) etc. These studies suggest that MFCs have potential appli-

cations in bioremediation and recalcitrant waste treatment as described in Chap. 15.

The type of microbial community dominating a mixed EAB depends upon the

source. β-Proteobacteria and δ-Proteobacteria (17%). They are observed to be
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dominant species when anaerobic sludge is used as inoculum in MFC. Firmicutes is
the major class dominating fermentable sources while using starch processing

wastewater (Oh et al. 2010). Apart from the source of inoculum, the different

operating conditions of MFC also influence the bacterial community of the anode

(Sect. 3.3). The wide range of diverse microbial communities in anode suggests the

possibility of interplay of coexisting bacteria to facilitate electron transfer to the

anode via different mechanisms. It is a known fact that in MFCs, mixed culture

shows higher performance in terms of power outputs as compared to a single

isolated specie (Rabaey et al. 2003). In addition, mixed cultures have the flexibility

of adapting to robust environments making them suitable for recalcitrant waste

treatment. Another strategy of utilizing EABs for the applications of MFCs in

wastewater treatment is the development of synthetic mixed cultures (Curtis and

Sloan 2005). These synthetic cultures have specific composition of EAB commu-

nities and thus can be used to deduce the electron transfer mechanisms occurring at

the anode.

3.3 Growth Conditions of EAB

With the knowledge of diverse group of EAB communities and their ecology it is

clear that the dominance of particular species over the other depend upon its

surrounding environment, operating conditions, system architectures, electron

donors and electron acceptors (at the cathode). Practical application of MFC either

in lab-scale or in situ requires the need of maintaining stringent environmental

conditions for the growth of particular EAB of interest. For the growth of mixed

electroactive communities at laboratory conditions, the first fundamental process is

to inoculate, acclimatize and enrich at MFC-suited conditions (Logan and Regan

2006). Nevertheless, most of the studies conducted on MFCs make use of different

MFC configurations and operating conditions. In such cases which particular

species or mixed EAB is capable of producing high power densities cannot be

established. Thus, a thorough knowledge of different growth conditions and their

effect on microbial community structure would help in determining which operat-

ing conditions could be used for maximizing MFCs performance.

3.3.1 pH

The pH in the microenvironment of the anode is the most crucial parameter which

influences the growth and substrate metabolism of the EABs. This has a direct role

in electron and proton generation from the substrate. Initially it is suggested that

high MFC performance can be obtained at pH 6 (Raghavulu et al. 2009). However,

later it is observed that influence of pH on performance of MFC is dependent on the

type of microbial community (mixed or pure) and the feedstock used (Kaushik and
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Chetal 2013). Thus, based on the type of organism, the pH microenvironment is

varied in MFC systems. Several bacteria grow best at neutral or near-neutral pH

environments i.e. in the range of 6.5–7.5. Most of the EABs fall under this category

and thus several studies have been conducted in this optimum range (Patil et al.

2011). Bacterial metabolism usually leads to the production of weak acid com-

pounds to maintain their intracellular pH (He et al. 2008). So, a slightly higher pH is

usually recommended while operating MFCs to balance out the biological and

electrochemical reactions. However, any slight change in pH can influence the

microbial community. A favourable range of anodic pH in MFC is found to vary

from 7 to 9 (Kaushik and Chetal 2013). It is a known fact that increased pH levels in

the anolyte causes the anode potential to be more negative which in turn improves

the MFC performance (Puig et al. 2010).

At extreme pH conditions (>8 or<5), the active sites of the enzymes involved in

the biochemical reactions might get damaged that could severely affect the elec-

trogenic activity of microbes. Nevertheless, there are certain exceptions. Many

studies suggest the exploitation of acidophiles (pH < 5) for power generation in

MFCs (Borole et al. 2008). These studies suggest that low pH conditions has certain

advantage of reducing the diffusional limitations as compared to the neutral pH

conditions. This indicates that the current generation at the acidic conditions is

possible and more favourable. However, chances of electron diverting to alternate

electron acceptors apart from anode is higher and it is the major drawbacks of these

systems.

Acidophiles and alkaliphiles (pH range of 8.5–11) have also been exploited in

MFCs. Operating the bioanode of MFCs at alkaline conditions has several advan-

tages for electricity production such as reduced competition for substrate by

methanogens (as methanogens cannot grow above pH 9), lower anode potentials

etc. (Dopson et al. 2016). Nevertheless, sustaining such high pH levels in practical

application of MFCs would require addition of high-price chemicals which would

not be economical. Thus it is essential to obtain a suitable alternative to maintain

alkalinity of the anolyte for the improvement in performance of MFCs. Yong et al.

(2013) investigated the molecular mechanism behind the increased MFC perfor-

mance by S. oneidensis MR-1 at alkaline pH and reported that in this particular

organism the extracellular electron transfer is mediated by riboflavin. The ribofla-

vin concentration increases with time which in turn increases the pH from 6 to 9 and

thus leads to higher current generation. Similarly, most of the alkaliphiles used in

MFCs are reported to produce exogenous mediators or utilize the mediators

released by other coexisting bacteria to facilitate electron transfer to anode (Dopson

et al. 2016). Nevertheless, though the alkaliphiles increase the pH of the medium,

the anodic oxidation reaction which is strongly acidifying suggests that many of

these systems actually operate under near-neutral pH conditions.

Other extremophiles that are reported to be used in MFCs are halophiles or

haloalkaliphiles that are capable of growing in high salt conditions. As in alkaline

conditions, a high salt concentration also has a positive effect on the performance of

MFCs due to increased conductivity of the electrolyte. However, it is debatable
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whether the bacterial activity or the reduced internal resistance (due to increased

conductivity of high salt medium) causes the improvement in MFC performance.

3.3.2 Temperature

Temperature is an important parameter affecting the power generation of MFCs as

it impacts the activity of microorganisms and the undergoing electrochemical

reactions. Most of these systems are operated in the ambient temperature range

i.e. at mesophilic temperatures (20–45 �C) (Venkata Mohan et al. 2008). Any

change in temperature of MFC affects its kinetic and thermodynamic properties

as well as nature of the microbial communities (Larrosa-Guerrero et al. 2010). The

enzymes involved in the biochemical reactions usually perform best at their opti-

mum pH while the rate of electrochemical reactions is directly proportional with

temperature. Nevertheless, it is observed that EABs are less sensitive to change in

temperature as compared to other bacteria and can adapt themselves to psychro-

philic (<20 �C) as well as thermophilic temperatures (>50 �C) (Michie et al. 2011).

Psychrophilic temperatures have an added advantage of utilizing

low-temperature wastewaters directly as substrates (Dopson et al. 2016). Another

major application is in the development of biosensors for low power consuming

applications. Most of the psychrophiles used in MFCs have been isolated from

marine sediments and belong to the group Geobacteraceae which are reported to

achieve columbic efficiencies as high as 90% (Holmes et al. 2004). However, a

major drawback of these systems is the decreasing current over time probably due

to inactivation of certain electron transfer mediating enzymes at extreme low

temperatures. A possible solution to this problem is the addition of trehalose, a

compatible solute to the medium that can protect microorganisms against low

temperatures (Dopson et al. 2016). However, such a system would not be econom-

ically favourable.

MFCs operated at thermophilic conditions have several benefits such as higher

electrogenic activity, increased solubility of feed, lower mass transfer limitations

and lowered risk of contamination (Dopson et al. 2016). However, one of the

drawbacks is the higher operational and maintenance costs. A community anal-

ysis of the thermophilic MFC showed 80% of the population from the Firmicutes
that were responsible for electricity generation (Wrighton et al. 2008). Further

studies suggest the utilization of high-temperature anaerobic sludge as sources of

thermophilic inocula in MFCs (Dopson et al. 2016). Potential applications of

thermophilic MFCs include the treatment of high-temperature industrial waste-

waters including distillery effluent, petroleum refineries, pulp and paper mills,

chemical plants etc.
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3.3.3 Substrate

In MFC, the type of substrate used as electron donor influences the predominant

species of EAB as well as its performance in terms of power density and columbic

efficiency (Chae et al. 2009). Different substrates have been explored as feed in

MFC from simple carbohydrates (glucose, sucrose etc.) to complex organic com-

pounds found in wastewaters and lignocellulosic biomass (Pant et al. 2010).

However, as in case of other parameters like pH and temperature, most of the

studies dealing with different substrates are conducted under different operating

conditions making it difficult to compare which substrate would provide maximum

performance. It is observed that lower molecular compounds like acetate provide

much higher columbic efficiencies as compared to simple sugars like glucose

probably because acetate cannot be diverted to alternative microbial conversions

like fermentation at room temperature. Being the end product of several other

metabolic pathways, utilizing acetate in MFCs has an added advantage of enhanced

energy recovery by combining with fermentation process of simple sugars.

To achieve higher performance fromMFCs, knowledge of the prevailingmicrobial

community and the dominant species that contribute for electricity generation

becomes necessary. The microbial community in the anode biofilms is found to vary

widely with the type of substrate used. When MFCs are operated with five different

substrates (acetic acid, formic acid, lactic acid, succinic acid or ethanol), a consider-

able phylogenetic diversity in the communities of the anode biofilms are observed that

belonged to the groups Proteobacteria and Firmicutes (Chae et al. 2009). However,
whenMFCs are operated with three different substrates (glucose, acetate and lactate),

not much difference is observed in the microbial composition and most of the

community is dominated Geobacter species (Jung and Regan 2007). Nevertheless,

both the studies are conducted in different operating conditions at different period of

time. These results suggest that the community dynamics depends upon several other

factors and long-term MFC operation should be considered for understanding the

development of microbial communities that develop with different substrates.

3.3.4 Electrode Material and Membranes

Although electrode material and membrane majorly affect the electrochemical prop-

erties of MFCs, yet few studies are reported on the change in microbial community

dynamics with the change in the electrode material or membrane used. Various

carbon-based electrodematerials have been used inMFCs such as graphite rod, carbon

paper, carbon felt, carbon cloth etc. due to their biocompatible nature (Mashkour and

Rahimnejad 2015). These electrodematerials have different porosity and conductivity

that can affect the bacterial adhesion on the surface (Baranitharan et al. 2015). The

bacterial attachment to the anode surface is essential for biofilm formation which in

turn leads to electron transfer from bacteria to anode. During biofilm formation, an
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extracellular polymeric substance (EPS) is released which forms a matrix on the

electrode surface. The higher the electrode surface area, higher will be the possibility

of uniform biofilm formation. Furthermore, the bacterial colonization increases with

the increase in surface roughness. Similar to the anode material, cathode material

plays significant role in deciding the type of microbial species dominating the

biocathode (Sun et al. 2012). When granular activated carbon, carbon felt cube and

granular semicoke are used as electrode materials, most of the dominant species are

observed belonging to Comamonas of β-Proteobacteria while Acidovorax is domi-

nant in granular graphite packed MFCs (Sun et al. 2012). Since similar bacteria are

found in anodes of MFCs, it can be concluded that the type of electrode can influence

both electron donating and electron consuming EABs.

With the introduction of nanoparticle coated electrodes for improving the con-

ductivity in MFCs, new interactions between the nanoparticle-bacteria have emerged

that can lead to distinct dominance of one species over the other (Varanasi et al.

2016). As compared to the conventional electrode, nano-modified electrodes have

reduced internal resistances that enhance the electron transfer from bacteria to the

electrode substratum. However, so far the effect of nanoparticle on the microbial

community has not been discussed in details. Different densities of Au particles are

decorated on to the carbon paper substratum and the change in microbial community

is examined (Alatraktchi et al. 2014). It has been observed that the microbial

community of the biofilm differs with the different density of Au nanoparticle loaded.

This suggests that any change in electrocatalytic activity of the electrodes can also

affect the microbial community structure inMFCs. Thus, these possibilities should be

taken into consideration while modifying the electrodes with nano-catalysts.

Apart from electrodes, ion exchange membranes (IEM) have also shown to

affect both the growth and community structure of EABs. Ion exchange membranes

(like cation exchange membrane or proton exchange membrane) are typically used

in MFCs as separators. They are placed in-between anode and cathode for the

selective transport of protons from anode (low potential) to cathode (high poten-

tial). Three different kinds of membrane (Nafion N-117, Ultrex CMI-7000 and

UltrexAMI-7000) are reported and examined on the microbial community of

Eubacteria and Archaea (Sotres et al. 2015). Their experimental results indicate

no effect of membranes on Eubacterial community but Archaeal community is

observed to be highly dependent on type of membrane. However, the inter-relation

of IEMs with the electrogenic microbial community is not yet clear and further

exploration is needed to understand this behaviour.

3.4 Bioelectrogenesis and Mechanisms of Exocellular
Electron Transfer (EET)

As explained in the previous sections, the bacteria that are able to transfer electrons

outside the cell are exploited in MFCs for electricity generation from organic

wastes. Numerous studies have been proposed on the electrons produced from the
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oxidation of substrates in a bioanode which are transferred to the electrode by

means of several mechanisms. These are similar to those in extracellular anaerobic

respiration. There are three possible reasons for microorganisms to perform EET

(Logan 2009):

(a) for carrying out cell respiration using extracellular electron acceptors, usually

metal oxides like iron or sulphate etc.

(b) for interspecies interactions through cellular appendages to fulfil mutual nutri-

ent and energy requirements and

(c) for cell-cell communications which require exogeneous mediators to generate

quorum sensing.

In MFCs, the EABs are exploited in such a way that the electrons are diverted

from their natural electron acceptors to the solid electrode i.e. anode. In general, the

EET mechanisms from EAB to anode have been broadly classified into two major

types i.e. indirect or mediated electron transfer and direct electron transfer

(Fig. 3.2).

Fig. 3.2 Mechanisms of exocellular electron transfer: (1) Indirect/mediated EET in the presence

of exogeneous mediator; (2) EET mediated by microbialy produced endogeneous mediator; (3)
Direct EET through cell surface proteins; and (4) Bacterial attachment and EET through nanowires
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3.4.1 Mediated Electron Transfer (MET)

MET mechanisms represent effective means by which any bacteria can be utilized

for electricity generation in MFCs. Mediators or redox shuttles are essential for

microorganisms that cannot transfer electrons because they enable electron shuttle

from cell membrane to electrode even at larger distance (Logan 2009). On the basis

of the type of organism and the redox shuttle utilized for EET, the MET mecha-

nisms can be further classified into artificial MET or MET via endogeneous

mediators. Artificial mediators are generally used for specific cases i.e. when

non-EABs (like fermentative bacteria) are used in MFC for power generation

e.g. introduction of inorganic or organic substances of the type potassium ferricy-

anide or benzoquinone can facilitate electron transfer from bacteria to the immersed

electrodes (Schroder 2007). Other examples of artificial mediators include methyl

viologen, anthraquinone 2–6-disulfonate (AQDS), phenazines etc. However, the

major disadvantage of using artificial mediators is that it is not economically viable

and the fate of the mediator is environmentally questionable. In the absence of

soluble electron acceptors and externally available redox mediators, microorgan-

isms evolve themselves to produce low-molecular endogeneous mediators during

the secondary metabolic pathway. These secondary metabolites can be replaced

with the artificial mediators and make the process more cost effective. Examples of

endogeneous mediators include pyocyanine and phenazine-1-carboxamide, pro-

duced by Pseudomonas aeruginosa, quinone-type redox shuttles in Shewanella
oneidensis etc.

3.4.2 Direct Electron Transfer (DET)

The DET mechanism occurs via direct physical attachment of bacterial cells to the

electrode surface. The major requirement for DET by EAB is to possess membrane

bound electron transport proteins or bacterial appendages that can relay electrons

from the inside to the outside of the bacterial cell. Example of the cell surface

proteins used for EET is c-type cytochromes that are found in Geobacter sp. and
Shewanella sp. These cytochromes majorly comprise multi-heme proteins that are

used to shuttle electrons to their natural electron acceptor (iron-oxides). In MFC

conditions, anode takes the role of the solid electron acceptor. However, it is argued

that only the first layer of organisms that are attached to the electrode surface are

electrochemically active while the other bacteria (planktonic) do not play any role

in EET (Schroder 2007). Thus further investigations are required to elucidate the

electron transfer mechanisms occurring at anode.

Another form of EET by direct physical attachment is through bacterial append-

ages (pili) or nanowires that electrically conduct electrons to and from the electrode

surface. The bacteria possessing nanowires are identified in someGeobacter sp. and
Shewanella sp. These conducting pili offers microorganism to reach and utilize
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distant solid electron acceptors. It is observed that the bacterial attachment through

nanowires leads to the formation of thick electroactive biofilms and thus can

produce higher current densities. Nevertheless, though many reports suggest bac-

terial EET through nanowires, certain contradictory reports suggest that the c-type
cytochromes indirectly transfer electrons through pili. Thus EET mechanisms of

the biofilms have to be further elucidated.

3.5 Factors Affecting EAB Performance in MFC

The EAB performance in MFCs is usually evaluated in terms of bioanode potential

and substrate utilization. Several factors contribute in decreasing the EAB perfor-

mance in MFCs such as mass transfer limitations, bacterial metabolism losses,

activation losses etc. which increase the overall overpotential at bioanode (Pham

et al. 2009).

3.5.1 Mass Transfer Limitations

The mass transfer limitations at bioanode imply an insufficient supply of substrates

to the EAB. During biofilm formation, various products such as intermediates or

protons get accumulated which needs to be prevented as these intermediates disturb

the activity of EABs. In addition, limitations in proton transfer can lead to pH

gradients at anode that can severely affect the growth of bacteria. Limited mass

transfer leads to concentration losses in MFC which limit the discharge of redox

species from or to the electrode surface. This in turn increases the ratio between the

oxidized and the reduced species at the electrode surface which can further lead to

an increase in the electrode potential.

3.5.2 Bacterial Metabolism Losses

With the help of electron transport chain, bacteria gains energy by transporting

electrons from a substrate of low potential to an electron acceptor at high potential

(e.g. oxygen). In MFCs, the anode acts as the terminal electron acceptor and its

potential directly relates to the energy gain by bacteria. The higher the difference

between the redox potential of the substrate and the anode potential, the higher will

be the metabolic energy gain for the bacteria. Thus, for attaining high performance

from MFCs, the anode potentials must be as low as possible. However, if the anode

potential is too low, the electron transfer gets inhibited by fermentative pathways

due to the possibility of higher energy gain through fermentation route.
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3.5.3 Activation Losses

To undergo a redox reaction, bacteria need to overcome an energy barrier which

leads to activation losses in MFCs. These losses are due to the kinetic limitations in

electron transfer from bacteria to the electrode surface. EABs play a vital role in

reducing the activation losses. EABs optimize their electron-transferring strategies

so as to increase their metabolic energy gain. This in turn would help in improving

the electrode catalysis. The electron transfer from the bacteria to the anode can be

further enhanced by improving the bacterial-electrode interactions with the help of

biocompatible electrode surfaces.

3.5.4 Electron-Quenching Reactions

In mixed microbial communities, several bacteria are present apart from EABs that

would compete for substrate in MFCs. These competing microbes can divert the

electrons to non electrogenic pathways such as fermentation or methanogens. Thus

this would lead to loss of electrons reaching the electrode surface lowering the

substrate conversion efficiency to electrical current. Thus, the types of microbes,

community composition, interactions between microbes etc. should be considered

while operating MFCs for achieving high performances.

3.6 Strategies for Studying EAB

With the discovery of different species of EABs and other communities over the

past decade, a proper understanding of the electricity generation capability of these

organisms becomes prerequisite so as to obtain high power densities in MFCs.

Several microbiological and electrochemical tools have been developed that help to

choose the appropriate conditions for a particular species or a group of bacteria (Zhi

et al. 2014). Knowledge of these tools would help in identifying the most appro-

priate method for studying EABs in MFCs.

3.6.1 Microbiological Methods

Microbiological techniques are the most primitive methods used for the character-

ization of bacterial communities. Isolation of pure cultures helps to understand the

morphological, physiological and biochemical characteristics of particular EAB

specie of interest. The most common strategy used for isolating pure EAB cultures

is dilution-to-extinction method. Single colonies can be isolated using different

56 J.L. Varanasi and D. Das



plating techniques such as streaking, spreading or pour plating. However, as

described in previous sections, interplay of mixed EAB communities play a

major role in improving performance of MFCs reaching power densities much

higher than single isolated specie. To study the population dynamics of a mixed

microbial community, most probable number (MPN) method is usually employed

for enumeration of viable bacteria of interest. The cultures are first incubated and

then assessed by colony counting or microscopic counts.

3.6.2 Molecular Methods

The 16S rRNA-gene sequencing is the most widely used method for identification

of pure bacterial species as well as for understanding the mixed community

dynamics. Other methods used for analysing the community structures include

fingerprinting methods like DGGE (denaturing gradient gel electrophoresis). In

DGGE, DNA fragments are separated on the basis of their mobilites under increas-

ingly denaturing conditions. Thus DGGE helps in rapid analysis of multiple

samples making it a useful technique for studying EAB community dynamics in

MFC. Other methods used for studying the microbial community dynamics in

MFCs include formation of clone libraries, fluorescence in situ hybridization

(FISH), pyrosequencing and DNA microarray. The details of these techniques

can be found elsewhere.

3.6.3 Electrochemical Methods

Several electrochemical methods that are used for chemical fuel cells have been

modified for application in MFCs like polarization techniques, cyclic voltammetry

(CV), electrochemical impedance spectroscopy (EIS) etc. (Zhi et al. 2014). These

methods are usually employed to study the kinetics of single electrode reactions.

While studying MFCs using these techniques, many microbial reactions including

the undergoing electron transfer mechanisms can be elucidated. Polarization tech-

niques help in understanding the different overpotentials incurred by the MFC

system. EIS analysis provides the detailed information on most influential resis-

tance prevailing in the MFC system by the analysis of Nyquists and Bode plots. CV

is a basic tool that has been regularly exploited to study the redox processes,

electron discharge patterns with respect to time, the metabolic changes, and the

carriers involved during electron transfer in MFC. These principles and methodol-

ogy of these techniques are discussed in detail in Chap. 13.
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3.7 Microbial Composition of Biocathode

Like exoelectrogens, there are other EABs known as exoelectrotrophs that have the

ability to accept electrons from the electrode (Lovley 2011). These organisms are

exploited in biocathode serving as an economic alternative to chemical or oxygen-

based electron acceptors in cathodes. Moreover, by using biocathode a plethora of

naturally available electron acceptors can be utilized in MFCs which can further be

used for the generation of value-added products (Huang et al. 2011). Furthermore,

cathode biofilm communities help in degradation of environmental contaminants

like nitrates, radioactive waste, toxic heavy metals etc.

Biocathodes are of two major types: aerobic (which use oxygen as final electron

acceptor) and anaerobic (which use inorganic compounds like nitrates, sulfates etc.

as final electron acceptors). The electrotrophic properties are first identified in

Geobacter sp. with nitrate and fumarate as electron acceptors and cathode poised

at �500 mV (vs. Ag/AgCl) (Gregory et al. 2004). Other anaerobic electrotrophs

identified thus far include some Pseudomonas sp. and Desulfovibrio sp. (Huang

et al. 2011). In case of aerobic electrotrophs, several species have been identified

which include P. aeruginosa, Shewanella putrefaciens, Escherichia coli,
Enterobacter cloacae, Bacillus subtilis etc. (Rosenbaum et al. 2011). However,

with the emergence of mixed microbial communities in biocathodes, several other

electrotrophs and their electron transfer pathways remain undiscovered. Also, as in

case of electron transfer to anode, the cathodic electron transfer mechanisms are

poorly understood. However, possibilities of both indirect (through redox shuttles)

and direct electron transfer (via cytochromes) have been observed in few species

(Rosenbaum et al. 2011). These mediators/cytochromes function at different redox

potentials than those of anode-based shuttles/cytochromes.

3.8 Challenges and Future Prospects

Though many EABs have been discovered over the past decade, the EET mecha-

nisms have been elucidated only for few model organisms like Shewanella sp. and
Geobacter sp. By analysing the different microbial diversity in the EAB biofilms

under different environmental conditions, revelation of many new electrogenic

species and the EET mechanisms can be expected. Apart from this, the secondary

metabolites and the conductive pili (nanowires) from the EABs can be harvested in

view of their electrochemical properties and possible economic value. The biofilms

grown on the electrode surfaces are of special interest due to their role in biocat-

alytic applications. A deeper knowledge of the biofilm conductivity and growth

kinetics is required to understand their role in natural systems. Based on this

understanding, mutagenic strains can be developed that could decipher similar

roles with enhanced activity. With the advancements in molecular techniques, the

community dynamics could be coupled with metagenomic and transcriptomic
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analysis. Several efforts have been made to improve the EET to anode by improving

the conductivity of the electrode material with the help of nanoparticles. However,

the role of these particles and their interactions with the bacteria are still unknown

and require further investigations. Since the power output of MFCs is far below

than that of fuel cells, utilizing MFCs for integrated energy recovery as a polishing

step in the wastewater treatment process could be the best possible near-future

application. Moreover, with the recent advances in biocathode applications,

cathodic EET mechanisms need to be further elucidated while the possibilities of

generating wide range of value added products should be explored.

3.9 Conclusion

The electroactive bacteria are the heart of the MFC technology and a deeper

understanding of their physiological and molecular characteristics as well as the

electron transfer mechanisms would help in exploiting these organisms for plethora

of applications. Understanding the optimum conditions for maximum bacterial

activity would help in extracting maximum current densities in MFC systems.

Since wide range of feedstock can be degraded by EABs, they have an important

role in reducing environmental pollution and treating recalcitrant wastes. Novel and

integrative strategies to enhance the microbial activity are warranted to further

improve the performance of bioanodes. Feasible applications of EABs in the near

future could be in wastewater treatment, biosensor applications and production of

valuable products.
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Chapter 4

Microbial Ecology of Anodic Biofilms: From

Species Selection to Microbial Interactions

Jean-Clément Flayac, Eric Trably, and Nicolas Bernet

4.1 Introduction to Electroactive Biofilms

Microorganisms have two main lifestyles: planktonic or sessile. In the planktonic

mode, bacteria live in a bulk phase with erratic movements according to hydrody-

namics. Advantages of this way of life are the ability to reach new ecological niches

and easy access to dissolved substrates. When a planktonic cell attaches to a

surface, it becomes sessile. If the bacterial cell multiplies and secretes a polysac-

charide matrix on the surface, it forms a structure called a biofilm. Biofilms have

many advantages including increase of resistance to antimicrobial agents and the

ability of microbes to cooperate for nutrients and/or substrates (Simões et al. 2010).
According to the type of interactions existing between microbial biofilms and the

surface, the support can be classified as inert (silica), nutritious (hydrocarbons) or

artificial (electrode). Biofilms that develop on conductive materials and exchange

electrons with them are called “electroactive biofilms”. In the case of anode

respiring biofilms, i.e. biofilms transferring electrons to the conductive material,

the terminal electron acceptor is not chemical (O2, NO3
�, Fe(III), Mn(III)) but

physical and the bacteria are called electroactive bacteria (EABs).

Three main electron transfer modes between microorganisms and electrodes

have been identified: (1) Electroactive bacteria can transfer electrons to an elec-

trode by direct contact due to the presence of redox-active proteins such as c-type
cytochromes on the outer cell surface; (2) Some microorganisms have the ability to

produce electronic shuttles to promote electron transfer to an electrode. The known

electronic shuttles are flavins, riboflavins or polysaccharides. They can be reduced

by redox-active proteins of the outer membrane, such as c-type cytochromes. This
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is an indirect transfer; and (3) Finally, the third mode is achieved via conductive pili

also called nanowires. This is a direct transfer to long range. These nanowires allow

electron transfer to the electrode. Furthermore, they can also rearrange and create

electrical networks to make the whole biofilm connected, facilitating inter-species

electron transfers (Lovley 2012).

4.2 Breakdown of Fermentation Mix End Products

Commonly, simple organic molecules are generated by fermentative biodegrada-

tion of more complex molecules. These by-products can be further oxidized in

BioElectrochemical Systems (BESs) to produce either electricity (MFCs), hydro-

gen (MECs), or high value molecules formed at the cathode by an electrochemical

reduction process or electro-fermentation (Moscoviz et al. 2016a).

Performances of BESs mainly depend on the type of microbial communities

involved in the degradation process. A better understanding of the microbial

selection and the ecological interactions existing between microorganisms is pri-

mordial prior to the development of BESs at larger scales. In this part, the commu-

nity structure of exoelectrogenic microbial consortia fed with different

fermentation end products is described as well as syntrophic processes that improve

the biodegradation kinetics.

4.2.1 Acetate

Acetate is a fermentation end product from acetic acid fermentation. This reaction

is carried out by acetic bacteria from carbohydrates, primary alcohols, polyhydric

alcohols or aldehydes. In BESs, acetate is widely used as a model substrate in most

lab-scale studies with pure or mixed cultures. The highest recorded power density

obtained with this substrate is 4.3 Wm�2, with a novel cloth-electrode assembly

(CEA) MFC design (Fan et al. 2012). There are two main ways to convert acetate in

current, either directly by EABs or through hydrogen production (Fig. 4.1).

The direct way is performed by EABs. Indeed, the acetate oxidation is thermo-

dynamically favourable under standard conditions (Table 4.1). In pure culture, the

model bacterium in microbial electrochemistry is Geobacter sulfurreducens PCA.
G. sulfurreducens PCA uses acetate as an electron donor and an electrode as

electron acceptor (Caccavo et al. 1994; Bond and Lovley 2003).

In mixed culture, it is important to determine the carbon flow from substrate in

the ecosystem to understand the trophic chain. This was achieved by using Stable

Isotopic Probing and DGGE in MFC. As expected, Geobacter sp. was the most

abundant bacteria in the communities (28.3 � 7.3%) and was also dominant in

heavy fractions indicating that this is a key genus in acetate uptake (Song et al.

2015). Other EABs able to use acetate have been described in the literature. Most of
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Fig. 4.1 Possible theoretical pathways of electron flow in the anode compartment of BESs from

different fermentation end products

Table 4.1 Summary of biochemical reactions during mix end products degradation into BESs

Substrates Products

ΔG�0

(kJ mol�1) References

Acetate +4 H2O 2 HCO3
� + 9 H+ + 8 e� �35.5 Hari et al. (2016)

Acetate + H+ + H2O 2 CO2 + 4 H2 +104.6 Thauer et al. (1977)

Formate + H2O HCO3
� + 2 H+ + 2 e� �49.6 Hari et al. (2016)

Formate + H2O HCO3
� + H2 +1.3 Sun et al. (2012)

Lactate + H2O Acetate + CO2 + 2 H2 �8.8 Pankhania et al. (1988)

4 Formate + H+ Acetate +2 HCO3 �99.1 Hari et al. (2016)

3 Lactate 2 Propionate + Acetate +

HCO3
� + H+

�164.8 Schink (1997)

Propionate + 5 H2O 2 CO2 + HCO3
� + 14 H+ +

14 e�
�72.95 Hari et al. (2016)

Propionate + 3 H2O Acetate + H+ + HCO3
� +

3 H2

+76.1 Oh and Logan (2005)

H2 2 H+ + 2 e� �34.9 Hari et al. (2016)

Propionate + 2 HCO3
� Acetate +3 Formate + H+ +72.2 Hari et al. (2016)

Butyrate +2 H2O 2 Acetate + H+ + 2 H2 +48.1 Thauer et al. (1977)

Ethanol + H2O Acetate + H+ + 2 H2O +9.6 Thauer et al. (1977)
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them are from the Geobacteraceae family, including Geobacter metallireducens
and G. anodireducens (Logan 2009).

The second method for converting acetate to current is through hydrogen

production (Table 4.1). Hydrogen scavengers appear to play a key role in the

electron flow from acetate towards anode because access to acetate is limited as

compared to dissolved chemical electron acceptors which are present in the solution

and easily accessible to all microorganisms. Therefore, close to the anode, acetate

oxidation is thermodynamically favourable. When the biofilm becomes thicker,

electrode becomes unavailable and hydrogen tends to accumulate, increasing its

partial pressure. In this case, G. sulfurreducens cannot ferment acetate to H2

because the reaction becomes endergonic (Table 4.1). This reaction can occur if

the hydrogen partial pressure is low enough, i.e. in the presence of hydrogen

scavengers. Hydrogen scavengers include three different metabolic groups:

homo-acetogenic bacteria, hydrogenotrophic methanogens and EABs consuming

H2. Their syntrophic interactions are based on interspecies H2 transfer (Nath and

Das 2004). When methanogenesis was allowed, hydrogenotrophic methanogens

(Methanobacteriales) were the H2 scavengers. On the contrary, when this metabolic

group was inhibited (with BES), homo-acetogens (Acetoanaerobium sp.) became

the main channel for electron flow to convert H2 to current (Parameswaran et al.

2009). Concerning EABs, when hydrogen-consuming partner as Hydrogenophaga
sp. AR20 is added, acetate can be oxidized by G. sulfurreducens since

Hydrogenophaga sp. AR20 uses hydrogen via NADH and FADH2 and transfers

its electrons to the anode by long-range electronic shuttle. This example shows the

syntrophic cooperation between EABs and hydrogen-consuming partners which

appears to be important in these ecosystems where the electron acceptor is solid

(Kimura and Okabe 2013).

In bioelectrochemical systems with mixed microbial cultures, methanogenesis is

a strong competitor to current production. Methanogens can indeed metabolize

acetate and hydrogen to produce methane, resulting in a trophic competition with

EABs towards these two substrates and a strong decrease of coulombic efficiency.

In general case, trophic competitions in anaerobic mixed cultures (e.g. dark fer-

mentation) can be controlled by parameters such as pH or hydraulic retention time

(HRT). Regarding BESs, the ability to vary resistance is an additional way to

control competition pathways. To better understand the resistance effects on anodic

microbial communities, Jung and Regan (2011)) varied this parameter and mea-

sured methane production. In lower external resistance systems, the substrate

consumption rate was higher due to increased rates of electrogenesis (327 μeq/
day), low methane production (13 μmol) and high coulombic efficiency (67%). In

contrast, high external resistance induces low rates of electrogenesis (43 μeq/day),
increase in methanogenic activity (28 μmol of CH4) and decrease coulombic

efficiency (CE 25%). Bacterial 16S rDNA genes were analysed by DGGE. The

methanogenic community was dominated by Methanosaetaceae (acetoclastic

methanogenesis) and Methanomicrobiales (hydrogenotrophic methanogenesis),

two methanogens families which could interact with EABs to recover electrons

(instead of hydrogen) to form methane (Jung and Regan 2011).
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4.2.2 Formate

Formic acid is a short chain organic acid resulting from glucose fermentation. In

practice, the maximum power density reported with formic acid was 924 mWm�2

(Sun et al. 2012). Microbial community profiles in MFC powered with formate

suggest three different mechanisms to convert this substrate in current: direct

conversion by EABs, indirect conversion through homoacetogenesis or hydrogen

(Fig. 4.1).

The direct oxidation of formate by EABs is exergonic under standard condition

(Table 4.1). It was observed after addition of an electron-carrying mediator such as

humic acids or the humate analogue anthraquinone-2,6-disulfonate (AQDS), by the

Gram-positive, spore-forming bacterium Desulfitobacterium hafniense DCB2. The
current generated was up to 400 mWm�2 of cathodic surface in a single-chamber

MFC, with a platinum-containing air-fed cathode (Milliken and May 2007). This

conversion is also possible without addition of electronic shuttles by Paracoccus
denitrificans found at 39% abundance in an anodic biofilm of a formate-fed MFC.

This bacterium is capable of producing hydrogen from formate and also transfer

electrons via flavin shuttle to anode (Kiely et al. 2010).

The second probable way to convert formate to electrical current is a first

conversion of formic acid to acetic acid by homoacetogens, an exergonic reaction

under standard conditions (Table 4.1). Acetobacterium sp. was found at ~25%

abundance in anodic communities able to use formate and produce acetate (Balch

et al. 1977). Therefore, it is an energetically interesting way for microorganisms.

Acetate can be further converted to current by EABs such as Geobacter
sulfurreducens which represents ~50% of the anodic communities (Sun et al. 2012).

The third method is the conversion of formate to hydrogen, an endergonic

reaction which implies an obligatory syntrophy between microorganisms to keep

the hydrogen partial pressure low (Table 4.1). In a formic acid-fed MFC,

Paracoccus denitrificans dominated the biofilm (26–36%) by using a formate

dehydrogenase to oxidize formate to carbon dioxide and hydrogen. As hydrogen

scavenger, Geobacter sulfurreducens converted hydrogen to current and kept the

partial pressure of hydrogen very low (Sun et al. 2012).

4.2.3 Lactate

Lactate is a major product of glucose fermentation. Power density from lactate of

474 mW m�2 was obtained in MFC, approximately 15% less than using acetate

(Kiely et al. 2011b). In BESs, lactate can be converted to electrical current by two

main pathways. The first one is the direct conversion by EABs and in the second,

lactate is fermented to acetate and propionate that are further used by EABs

(Fig. 4.1).
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Pure culture experiments showed the direct oxidation of lactate by EABs without

electronic shuttle. The first reaction is the intracellular conversion of lactate to

acetate, followed by acetate and hydrogen oxidation (Table 4.1). The overall

reaction is highly exergonic. More particularly, Geobacter sulfurreducens PCA

oxidizes lactate to pyruvate, further converted to acetate that can be oxidized at the

anode (Call and Logan 2011).

The use of mixed culture helped to highlight the second conversion mode of

lactate to current through fermentation process. A 1-year experiment showed the

significant presence of lactic acid fermenters. Pelobacter propionicus has been

found at 39% in an anodic biofilm with lactate as sole fuel. P. propionicus oxidizes
lactate in propionate and acetate in a 2:1 molar ratio (Table 4.1). Geobacter
sulfurreducens was present at 7%, suggesting a fermentation pathway to acetate

and consequently a possible syntrophy with P. propionicus (Kiely et al. 2011a, b).

4.2.4 Propionate

Propionate is a common product in anaerobic ecosystems such as methanogenic

systems. Power density produced from propionate is not very high (~115 mWm�2)

in MFC as compared to acetate (De Cárcer et al. 2011). Its oxidation involves

complex microbial interactions that are currently little known. Based on analysis of

microbial communities, three oxidation pathways of propionate were characterized.

The electron flow can be direct to anode by EABs or through fermentation

depending on the microbial communities present in the electroactive biofilm

(Fig. 4.1).

The first degradation pathway is the direct exergonic oxidation of propionate by

EABs (Table 4.1). Tests in pure culture revealed that Geothrix fermentans is able to
oxidize propionate with two electron transfer modes: with or without electronic

shuttles. This EAB can oxidize other substrates of interest such as acetate, lactate,

malate and succinate (Bond and Lovley 2005).

In mixed culture, DGGE analysis revealed the presence of Geovibrio
ferrireducens in microbial fuel cell fed with propionate as sole electron donor.

This bacterium has c-type cytochromes for a direct flow of electrons to the anode

(Freguia et al. 2010).

The second pathway is through a first fermentation step to acetate and hydrogen.

However, this reaction is endergonic in standard conditions and a syntrophy

between fermenters and hydrogen scavengers is necessary. A bacterial strain with

96% similarity with Propionibacteriaceae has been identified in a propionate-fed

MFC. These bacteria can ferment propionate to acetate (Yu et al. 2012). In MEC

reactors fed with different propionate concentrations (4.5 and 36 mM),

Rhodocyclaceae, Clostridiales and Bacteroidetes were the probable propionate

fermenters (Hari et al. 2016). They were reported to oxidize propionate and were

dominant in propionate- and acetate-fed MECs (Chauhan et al. 2004; Kragelund

et al. 2008; Hesselsoe et al. 2009; Ruiz et al. 2014).
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Hydrogen can be used by three metabolic groups (Fig. 4.1). Concerning EABs,

OTUs close to Geobacter sulfurreducens PCA and G. sulfurreducens subsp.
ethanolicus were observed in propionate-fed MFC and are both capable of using

hydrogen to produce current. In addition, some methane was detected (1.2–2.3%),

suggesting that EABs or homo-acetogens were effective as compared to

methanogens. In this study, the major electron sink was the anode (60–80% of

total electrons) (Hari et al. 2016). The second co-product, acetate, was used more

effectively by EABs as compared to methanogens. G. sulfurreducens can

outcompete acetoclastic methanogens because of kinetic benefits with Ks 0.64 mg

COD/L and 177–427 mg COD/L respectively (Gao et al. 2014). G. sulfurreducens
subsp. ethanolicus seems capable of converting hydrogen into electricity (Hari et al.

2016). Contrary to the preceding genus, Pseudomonas sp. uses electronic shuttles

(pyocyanines) for electron transfer and was found at 99% similarity with band

sequence in DGGE analysis of propionate-MFC (Yu et al. 2012).

The third pathway is through a first fermentation step in acetate and

formate. Propionate oxidation to acetate and formate is endergonic with

ΔG�0 ¼ +72.2 kJmol�1 (Table 4.1). Microorganisms able to achieve this step are

identical to those of the second pathway acetate/H2 (Propionibacteriaceae,
Rhodocyclaceae, Clostridiales and Bacteroidetes). Likewise, formate oxidation is

carried out by the same EABs oxidizing hydrogen (G. sulfurreducens PCA,

G. sulfurreducens subsp. ethanolicus) (Hari et al. 2016).
It is not established which is the preferred fermentation pathway (acetate/H2 or

acetate/formate). In anaerobic digestion of propionate, it was shown that interspecies

electron transfer through formate was the main mechanism and another study

suggested that hydrogen transfer is the preferable way in propionate degrading

consortia (Boone et al. 1989; Schmidt and Ahring 1995). Another hypothesis is

that hydrogen transfer is efficient at short distance as compared to formate which is

dominant way to inter-species electron transfer over a long distance (Bok et al. 2004).

More recently, biochemical and genome analysis of pure culture of syntrophic

volatile acid showed that degraders use electron transfer via hydrogen and formate

simultaneously (Müller et al. 2010). An important parameter which influences the

production of hydrogen or formate is pH. The shift from formate to hydrogen during

glucose fermentation is due to a pH decrease (Temudo et al. 2007). Formate

conversion to hydrogen is endergonic (Δ G�0 ¼ +1.3 kJmol�1) but very close to

the thermodynamic equilibrium (Table 4.1). This reaction is catalyzed by the formate

hydrogen lyase complex that is reversible. At 25 �C, the pKa of carbonate is 6.37, so it

is stable above this value and inhibit formate splitting into carbonate and hydrogen

(Moscoviz et al. 2016a, b). It is possible that pH has also an influence on the choice of

propionate degradation pathway with the way acetate/H2 when pH medium is below

6.37 and acetate/formate when pH is above. Therefore, pH changes influence the

fermentation products from propionate and may also influence certain EABs

(hydrogenotrophic or formate oxidizers) and finally on the reactor performances.

Thus, electron transfer mechanisms in propionate fermentation are poorly under-

stood. A better knowledge of propionate fermenters and their interactions with EABs

could help to understand the laws governing the electron flow from propionate

in BESs.
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4.2.5 Butyrate

Butyrate is one of the main compounds generated during the fermentation of

organic matter in anoxic environments (Hatamoto et al. 2008). In such environ-

ment, further butyrate degradation is performed by syntrophic interactions of

butyrate-oxidizing bacteria and hydrogen-scavengers because of thermodynamic

constrains in standard conditions (Schink 1997). In BESs, the power produced by

butyrate (1000 mg L�1, 305 mWm�2) was 66% lower than that fed with acetate

(800 mg L�1, 506 mW m�2) (Liu et al. 2005). The microbial ecology studies in

butyrate-fed BESs with mixed cultures reveal only one major pathway for complete

oxidation to current with a first fermentation step and a second one to convert

products into current (Fig. 4.1).

The first step is butyrate oxidation to acetate and hydrogen. This reaction is

endergonic with Δ G�0 ¼ +48.1 kJmol�1 and must involve syntrophic interactions

to decrease the hydrogen partial pressure and make the reaction possible

(Table 4.1). The most abundant fermenter is Pelomonas saccharophila, found as

a major band in DGGE analysis from MFC. This bacteria has a high metabolic

versatility and may use more than 40 carbon sources and, therefore, appears to be

involved in butyrate oxidation (Xie and Yokota 2005; Freguia et al. 2010).

The second step is the oxidation of acetate and hydrogen to current. These two

reactions are thermodynamically favourable and can be performed by Geobacter
sulfurreducens PCA present at 13.6% in anodic biofilm of butyrate-fed MFC.

Organisms from Geobacteraceae family were also found in MEC (9.1%). It

seems that these EABs can grow in syntrophy with butyrate oxidizers. Their

relative low abundance could be due to the presence of methanogenic competitors

(54%), explaining the low coulombic efficiencies of BESs powered with butyrate

(Chae et al. 2009; Popov et al. 2016).

As observed in different studies, the conversion of butyrate into current is poorly

efficient with only ~10% of electrons collected as electricity. Methanogenesis

seems to be the main explanation for this loss of efficiency. Strategies should be

found to inhibit this electron flux towards methane and increase the syntrophy

between butyrate-oxidizers and exoelectrogenic hydrogen-scavengers, which

should result in redirecting the electron flow to current.

4.2.6 Ethanol

Ethanol is a common product of glucose fermentation at neutral pH and is a key

breakdown product of cellulose fermentation (Temudo et al. 2007; Lalaurette et al.

2009). Power density produced from ethanol is ~800 mW m�2 in MFC, about five

time less compared to acetate (Kiely et al. 2011a, b). Mixed culture experiments

reveal that ethanol is first fermented to acetate in BESs (Fig. 4.1). This reaction is

not thermodynamically favourable with G�0 ¼ +9.6 kJmol�1 which implies again
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syntrophy with hydrogen scavengers (Table 4.1). Pelobacter species could be

involved in this reaction. According to community profiles, Pelobacter was present
at 85–98% in solution and 35–43% in electroactive biofilm of microbial electrolysis

cells fed with ethanol (Parameswaran et al. 2010).

Current was produced in an MFC using a coculture of P. carbinolicus and

G. sulfurreducens with ethanol as the fuel. P. carbinolicus can oxidize ethanol but

is unable to produce current. G. sulfurreducens alone cannot metabolize ethanol but

oxidizes acetate and hydrogen from ethanol oxidation by P. carbinolicus, utilizing
the anode as an electron acceptor. In this syntrophy up to 83% of the electrons

available in ethanol were collected as electricity and acetate (Richter et al. 2007).

Acetate is then converted to current. Among the Geobacteraceae family,
G. metallireducenswas found in marine sediments fuel cell and can directly oxidize

ethanol to current via c-type cytochromes but are unable to oxide hydrogen (Bond

et al. 2002; Lovley et al. 1993). EABs other than Geobacter sp. can interact with

Pelobacter propionicus to convert acetate to current as Rhodopseudomonas
palustris found at 27% on anode biofilm (with 38% of Geobacter sp.) (Kiely

et al. 2011a, b). This purple non-sulphur photosynthetic bacterium could generate

high current densities (2.2 W.m�2) without light and transfer electron through

anode via c-type cytochromes (Cheng and Regan 2008).

Hydrogen produced from ethanol fermentation can be used by three metabolic

groups as described in Fig. 4.1. Therefore, when ethanol is the only electron donor in

BES, they are a three-way syntrophy among ethanol fermenters, acetate-oxidizing

anode-respiring bacteria and H2 scavengers. With this information, it would be

interesting to find solution in order to promote homo-acetogenic bacteria against

methanogenic archaea to increase the coulombic efficiency (Parameswaran et al.

2010). For example, it is possible to oxidize ethanol with co-culture without hydrogen

production in micro-electrolysis cell. Acetobacter aceti oxidizes ethanol to acetate

and uses electronic shuttles (Ferrocyanide) to regenerate NADH in NAD+ instead of

producing hydrogen. Acetate is then oxidized in carbon dioxide by Escherichia coli
salting-out its electrons by the same electronic shuttle than A. aceti. This method

enables high coulombic efficiency 87% (10.4 electrons out of 12 from ethanol

molecule converted in current) but requires artificial electronic shuttles. This cascade

reaction through two bacteria can be an effective ethanol-converting path in current

without H2 production, thus avoiding competition with H2-oxidizing methanogens

but with addition of artificial electronic shuttle (Matsumoto et al. 2015).

4.3 Breakdown of Glucose

Conversion of glucose to current is an inefficient process regarding coulombic

efficiency as compared to the substrates with lower molecular weight. It is probably

due to fermentable nature of this substrate (Rabaey et al. 2003). For example, in

mixed culture, the coulombic efficiency is ~4.8 times lower with glucose as

compared to acetate in MFC (Chae et al. 2009). Indeed, glucose may be oxidized
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to many different molecules, which engages competitive processes between micro-

organisms for obtaining these products (Table 4.2). EABs producing high current

densities have limited metabolic versatility, which could prevent them from

converting all the fermentation products from glucose to current and allow the

possibility of producing methane, the main concurrent route by diverting the

electrons flow (Call and Logan 2008). Microbial ecology studies provide insight

into different possible ways of transferring glucose electrons to the anode. All

mentioned microorganisms were observed in glucose-fed BESs. This conversion

seems to take place in two major steps: fermentation of glucose to pyruvate

(glycolysis) then mix of end product and conversion of these compounds in current

with EABs through syntrophic interactions (Selembo et al. 2009).

4.3.1 Direct Conversion of Glucose to Current

Most direct path is the conversion of glucose into current (Table 4.2). This reaction

releases a large amount of energy with ΔG�0 ¼ �1438 kJmol�1 with anodic

potential of +200 mV vs SHE (Freguia et al. 2008).

Electron transfer from glucose to anode can be achieved through membrane

proteins. Rhodoferax ferrireducens carries out this transfer and does not need an

electron-shuttling mediator to get energy from oxidation process itself during long-

term production (Chaudhuri and Lovley 2003). This direct transfer is also made by

Aeromonas sp. Strongly dominant in the anodic biofilm (~51.6%), this genus is an

electroactive bacterium. In the same condition but with open-circuit MFC, the

abundance of this bacterium decreases to 10 times, suggesting that the extracellular

electron transfer is the main metabolism employed and gives to Aeromonas sp. an
ecological advantage to dominate all other species in this ecosystem. The isolated

strain ISO2–3 from this study could ferment glucose and likely transfer electron to

the anode through membrane-associated compounds (most likely c-type cyto-

chromes) which require intimate contact with the anode surface. ISO2–3 can also

Table 4.2 Summary of biochemical reactions during glucose degradation into BESs

Substrates Products

ΔG�0

(kJ.mol�1) References

Glucose +6 H2O 6 CO2 + 24 H+ + 24 e� �1438 Freguia et al. (2008)

Glucose +2 H2O 2 Acetate +2 CO2 + 4 H2 + 3 H+ �216 Freguia et al. (2008)

Glucose 2 Pyruvate +2 H2 + 2 H+ �112.1 Thauer et al. (1977)

Glucose 2 Lactate +2 H+ �197 Freguia et al. (2008)

Pyruvate + H2 Lactate �43.2 Pankhania et al. (1988)

Pyruvate + H2 Propionate + H2O �123 Thauer et al. (1977)

Glucose + HCO3
� Succinate + Acetate + Formate �144 Thiele (1991)

Glucose 2 Ethanol +2 CO2 �235 Freguia et al. (2008)
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produce anchor-like filamentous appendages (probably pili) allowing a long-range

electron transfer across the thick biofilm (Chung and Okabe 2009).

Unlike previous EABs, other bacteria are using electronic shuttles to utilize

anode as terminal electron acceptor. Electronic shuttles of Klebsiella genus have

been well characterized in glucose-fed MFC. Among this genus two species and

one strain are able to oxidize glucose to current: K. pneumoniae, K. oxytoca and

Klebsiella sp. ME17. The first one was characterized in MFC where the anode was

coated with microfiltration membrane (0.22 μm) to eliminate biofilm influence

mechanisms in order to better understand electron transfer. The maximum voltage

outputs achieved were 316.2 and 427.2 mV after 270 and 120 h, respectively.

Cyclic voltammetry measurements demonstrated the presence of an electronic

shuttle produced by K. pneumoniae L17 identified to be 2,6-di-tert-butyl-p-

benzoquinon (2,6-DTBBQ), as a recyclable mediator able to transfer electrons

between K. pneumoniae L17 and the electrode (Lifang et al. 2010). This bacterium

has been observed in BESs operated with mixed culture at ~6.45% and 0.02%,

suggesting that it may have an interesting role for efficient conversion of glucose

(Lu et al. 2012; Chung and Okabe 2009). The second, K. oxytoca, was found in

glucose-fed MFC at ~7.52 whereas it was only at ~3.15% in open-circuit MFC

(without electron flux). This result suggests that K. oxytoca is favoured by the

extracellular electron transfer mechanism. Klebsiella sp. ME17 was used in an

H-type MFC with glucose as electron donor. The maximum power density pro-

duced by this strain was 1.209 mW m�2 with 340 and 1.47 mA of maximum

current. The polarization curves illustrated that the strain produced electronic

shuttles to promote extracellular electron transfer. Based on cyclic voltammogram,

the supernatant was very likely to contain quinone-like substances. However, even

after replacing the medium, current was always produced, suggesting that Klebsi-
ella sp. ME17 could also transfer electrons through direct contact with electrode

(Xia et al. 2010).

Some EABs use exogenous chemical mediators to convert glucose to current

such as Shewanella genus. Thus, S. algae was observed in MFC exposed to light

and can use glucose, ribose and fructose as carbon and energy sources (Xing et al.

2009). It is a facultative anaerobe able to produce hydrogen sulfide and reduce Fe

(III), making it very corrosive on metal surface (Holt et al. 2005). The iron

reduction feature and membership in the Shewanella genus known to be

exoelectrogen, suggests that S. algae could be an exoelectrogen whose function is

the conversion of glucose to current (Xing et al. 2009). Similarly, Lactococcus
lactis uses exogenous mediators but does not convert all glucose electrons into

current, but also in acetate. This Gram positive bacterium is normally homolactic

fermenter able to produce several kinds of membrane associated quinones and to

mediate electron transfer with extracellular electron acceptors such as Fe(III), Cu2+

and hexacyanoferrate. L. lactis can also perform extracellular electron transfer to

anode with two soluble redox mediators suggested to be 2-amino-3-dicarboxy-1,4-

naphthoquinone (ACNQ). In classic fermentation, L. lactis performs the homolactic

metabolism while during electro-fermentation acetate and pyruvate are excreted in
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stoichiometric amounts with respect to the electrical current. This is the first

Gram positive bacteria described capable of extracellular electron transfer (Freguia

et al. 2009).

4.3.2 Glucose Fermentation to Mixed End Products

4.3.2.1 Glucose to Acetate and Hydrogen

In BES, glucose can be first fermented into acetate and hydrogen. This reaction is

thermodynamically favourable with ΔG�0 ¼ �216 kJ mol�1 and is the main route

of fermentation (Table 4.2). A clone close to Acetobacterium paludosum (90% of

similarity) was found as dominant in glucose-fed MFC (Choo et al. 2006). This

acetogenic bacteria can ferment different sugars to acetate (Kotsyurbenko et al.

1995). Found in minority as compared to the previous genus, DGGE analysis shows

a band corresponding to Clostridium (9% in abundance). Among these genus,

C. chromiireducens found at ~10% in MFC against ~3% in MFC with open circuit

suggest that these bacteria are in interaction with EABs for acetate production. This

bacterium is able to ferment over fifteen carbohydrates to acetate but also butyrate,

formate and lactate. In the same MFC, Enterobacter asburiae was present at ~7.5%
against 4% in open circuit. E. asburiae can ferment glucose and several other

compounds (Brenner et al. 1986).

4.3.2.2 Glucose to Lactate

Lactic acid fermentation is a biochemical process by which glucose is converted in

two steps to cellular energy and lactate (Luedekingt and Piret 1959). The first step is

pyruvate production (ΔG�0 ¼ �112.1 kJmol�1) and is able to ferment glucose to

lactate but also two α-galactosides, raffinose and melibiose as well as lactose

(β-galactosides) and galactose, making it a fermenter of interest in the case of

fermentation of complex substrates (e.g. dairy industry) (Boucher et al. 2003). In

the same study, Dysgonomonas sp. was found at 15.6%. This genus is able to

oxidize approximately fifteen carbohydrates including glucose with production of

acid but no gas (Hofstad et al. 2000). However, it was isolated from human clinical

specimens with a maximum growth temperature from 25 to 37 �C. Its presence in a
biofilm at 4 �C could be attributed to complex syntrophic interactions in this biofilm

which could accelerate the metabolic rate of Dysgonomonas to oxidize substrates in
psychrophilic conditions (Lu et al. 2012). So, there is a difference between con-

ventional lactic acid bacteria (Lactobacillus, Streptococcus and Leuconostoc) and
those present with EABs.
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4.3.2.3 Glucose to Propionate

Glucose can be fermented to propionate through the intermediate pyruvate. Pyru-

vate conversion to propionate is thermodynamically favourable with

ΔG�0 ¼ �123 kJ mol�1 (Table 4.2). The overall energy balance of propionate

oxidation from glucose is ΔG�0 ¼ �358.1 kJ mol�1. The fermenter Paludibacter
propionicigenes produces propionate and acetate from glucose at a ratio of 2:1 in

MFC at ~6% in abundance (Lu et al. 2012). This bacterium produces two different

metabolites and should be in interaction with EABs able to convert them in current.

4.3.2.4 Glucose to Succinate, Acetate and Formate

Glucose may be fermented to succinate, acetate and formate concomitantly. Suc-

cinate is an intermediate metabolite before propionate. The overall energy balance

is exergonic with ΔG�0 ¼ �144.0 kJ mol�1 (Table 4.2). Therefore, bacteria are

common with the path of acetate and hydrogen fermentation. Enterobacter
asburiae can produce many molecules from glucose including succinate, acetate

and formate which could be in syntrophic relationship with electroactive bacteria

because its abundance is affected by the anodic availability (Chung and Okabe

2009).

4.3.2.5 Glucose to Butyrate

Butyrate can be produced from glucose. After producing pyruvate, it is converted to

butyrate by classical routes of acetyl-S coenzyme A condensation (Miller and

Wolin 1996). The reaction is exergonic with ΔG�0 ¼ �264.8 kJ mol�1

(Table 4.2). Two microorganisms found in MFC are able to perform this reaction:

Clostridium chromiireducens and Enterobacter asburiae, present at ~10% and

~7.5% respectively in an anodic biofilm (Chung and Okabe 2009). The abundance

of the bacteria is 50% less in the case of an open circuit (no electron transfer

through anode) which shows a possible interaction with EABs. These two bacteria

can also produce acetate which would thus preferentially choose this metabolite for

direct syntrophy with EABs to have greater energy efficiency. No EAB is able to

convert directly butyrate to current, suggesting that this pathway is not present in

the reactor.

4.3.2.6 Glucose to Ethanol

Glucose can be also converted to ethanol through alcoholic fermentation. In this

pathway, one glucose molecule produces two pyruvates. The two molecules pro-

duced are then broken down into two acetaldehydes. Then, the two acetaldehydes
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are converted to two ethanol utilizing protons from NADH regenerating in NAD+.

Glucose into ethanol is thermodynamically favourable with ΔG�0 ¼ �235 kJ mol�1

(Table 4.2). Escherichia coli was detected in an MFC at ~1% in electroactive

biofilm. Its low abundance appears due to the presence of other glucose fermenting

organisms such as Clostridium (~18% in abundance) (Xing et al. 2009). E. coli can
generate ethanol with the key enzyme: alcohol dehydrogenase. However, this

bacterium can also produce other molecules from glucose such as acetate. Its low

abundance and production of many other products appears to minimize ethanol

production. No known EAB able to produce electricity from ethanol was found in

the biofilm. The possible way to metabolize ethanol is through formate and hydro-

gen which are easily converted into electricity, even though competitors such as

methanogens may emerge.

At this stage, glucose is converted into various fermentation products. These

products can then be converted into current by EABs or fermented again to give for

example acetate and hydrogen, which may be converted to current. The next

sections will describe microorganisms in glucose-fed BESs able to use products

from the glucose breakdown to better understand the electroactive ecosystem

functioning.

4.3.2.7 Pyruvate to Mixed End Products

Pyruvate is a platform metabolite produced at the end of glycolysis and its fermen-

tation results in the production of mixed end products. Thus, Sedimentibacter
hydroxybenzoicus was found in microbial fuel cell in minority (~1%) (Xing et al.

2009). This bacterium can live in strict anaerobic condition and growth is supported

by the fermentation of pyruvate with acetate, butyrate, isovalerate and isobutyrate

produced without hydrogen production (Breitenstein et al. 2002). DGGE analysis

showed Desulfovibrio alcoholovorans in MFC (Choo et al. 2006). This strict

anaerobic and sulphate-reducing organism can use pyruvate as electron donor.

However, D. alcoholovorans can also use other fermentation end products (H2,

formate, lactate, ethanol) (Qatibi et al. 1991). In view of its metabolic versatility,

this bacterium could have different roles in the glucose breakdown. Finally, pyru-

vate fermentation to propionate and acetate can be carried out by Pelobacter
propionicus. This bacterium was detected on DGGE band in a glucose-fed MFC

(Jung and Regan 2011). In this study, the main exoelectrogen was Geobacter
sulfurreducens which cannot oxidize propionate. Therefore it seems that for a

syntrophic interaction acetate is the major metabolite produce.

4.3.2.8 Lactate to Mixed End Products

Lactate products from lactic acid fermentation may then be converted into simpler

molecular product such as acetate or hydrogen. This reaction is exergonic with

ΔG�0 ¼ �4.2 kJ mol�1 (Table 4.2). As free energy is close to zero, the acidity and
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hydrogen partial pressure are two major parameters on the reaction balance. Two

microorganisms capable of such reaction have been characterized in

bioelectrochemical systems. One is Petrimonas sulfuriphila able to ferment glu-

cose, but also lactate and more than a dozen other carbohydrate substrates

(Grabowski et al. 2005). The second, Acetobacterium paludosum, can use lactate

as electron donor (Kotsyurbenko et al. 1995). It is interesting to note that these two

strains may be present from the beginning to the end of glucose oxidation. Indeed,

they can convert glucose to acetate and hydrogen but are in competition with other

glucose fermenters. Secondly, when glucose is completely consumed and interme-

diates are formed as lactate, they may use it as carbon and energy source. Since both

products of this strain can be easily metabolized by exoelectrogens such as

Geobacter, they can be continually in syntrophic mode in order to decrease

feedback inhibition and get better metabolic performance than other fermenters.

This trophic mode gives them a strong ecological advantage in electroactive

biofilms.

Propionate, butyrate and ethanol fermenters in BESs have not been characterized

in literature. Further studies including high-throughput sequen-cing should be

performed for better detection of these. Then, fermentation end products formed

can then be converted into current as described in the next section.

4.3.3 Mixed End Products to Current

As mentioned before, the fermentation end products can be converted to current by

EABs. It is interesting to compare microbial communities when single substrate is

available against those presents in glucose-fed BESs. Among EABs in direct

contact with anode, Geobacter is present in glucose-fed reactors (~15% of abun-

dance). It is represented by these different species (G. sulfurreducens PCA,

G. metallireducens, and G. pickeringii) (Lu et al. 2012; Jung and Regan 2007).

Geobacter pickeringii, which was not found in BESs powered with single sub-

strates, has been found in MFC in presence of light. It is probably exoelectrogen and

can oxidize many fermentation end products such as ethanol, lactate, or butyrate

with Fe(III), S� and may be electrode as electrons acceptors (Shelobolina et al.

2007). Its metabolic capabilities could make it an interesting exoelectrogen when

several end products are simultaneously present. Like the previous genus,

Aeromonas can directly convert glucose to current via c-type cytochromes and

hydrogen to generate power which can give a strong advantage to establish

syntrophies with fermenters (Chung and Okabe 2009). c-type cytochromes are

also used by Rhodopseudomonas palustris found at 27% on anode biofilm of

ethanol-fed MFC and present at 32% with glucose, suggesting that it could have

an important role as EAB such as converting acetate to electricity (Cheng and

Regan 2008; Chae et al. 2009). Electron transfer via c-type cytochromes can also be

performed by minority EABs as Desulfovibrio desulfuricans. This bacterium was

observed in two glucose-fed BESs at 1% (Lu et al. 2012; Jung and Regan 2011). Its
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low abundance suggests that this bacterium has no significance influence on biofilm

metabolism. However, this EAB is able to use lactate as electron donor (Logan

2009). This microbe was also observed in lactate-fed MFC and is interesting in the

electroactive biofilms in the case of lactic acid fermentation (Zhao et al. 2008).

Therefore, many EABs found in single substrate systems are also present in

glucose-fed MFC. Ability to use several electron donors may explain that some

EABs are present only with glucose.

Although the direct contact with anode (nanowires, c-type cytochromes) for

electron transfer is present in glucose-fed BESs, EABs with lesser-known transfer

mode were observed in majority in the electroactive ecosystem as Arcobacter
sp. This bacterium was found at 80% in DGGE band in formate-fed MFC.

A. butzleri, present in 3.2% in the anodic community of glucose-fed MFC, can

convert acetate and lactate to current. Concerning electron transfer, this bacterium

have lateral appendages which could be used like nanowires (Fedorovich et al.

2009). Even less known, Desulfuromonas chlorethnica was not found in BESs

powered with single substrate but with glucose. D. chloroethnica can use acetate as
electron donor and Fe(III) as electron acceptor and could, therefore, be an

exoelectrogen (Jung and Regan 2011).

4.4 Microbial Communities for Wastewater Substrates

Degradation

BESs can be used in wastewater treatment to remove dissolved organic matter with

low energy requirement as compared to conventional aerobic treatment. MFCs

yield 50–90% less solids to be disposed of, reducing restatements cost (Du et al.

2007). BESs are more appropriate than anaerobic digestion to treat low-strength

wastewater such as municipal wastewater. In addition, BESs allow direct

harvesting of electricity in contrast to anaerobic digestion which requires a

two-step process: methane generation followed by burning in an internal combus-

tion engine (Tremouli et al. 2016). The multitude of organic compounds present in

wastewater can fuel BESs. Hydrogen (MEC) or electricity (MFC) can be produced

from fermentation of wastewater substrates. COD removal can reach 95% with

double cell MFC which is competitive process as compared to activated sludge

(Oh and Logan 2005). The wastewater compositions are very different, depending

on their origins (industry or domestic). For example, wastewater from grain indus-

try has a high content of ethanol (221 mg L�1) as compared to that of lagoon

(33.6 mg L�1) while the latter has high propionate content (245 mg L�1) as

compared to the grain industry (10.6 mg L�1) (Oh and Logan 2005). Microbial

ecosystems in wastewater-fed BESs are very complex. Two main steps to convert

wastewater substrates into energy are fermentation that will produce low molecular

weight compounds (volatile fatty acids, alcohols) and their conversion into current

by EABs.
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Microorganisms that ferment wastewater substrates are very diverse in view of

the diversity of compounds to be oxidized. Parabacteroides has been found in 4.7%
in wastewater-fed MEC. A strain isolated from human faeces, can oxidize many

carbohydrates (L-arabinose, L-rhamnose, glucose, lactose, maltose, D-mannose,

D-raffinose, sucrose, D-trehalose and D-xylose) to form acetate or lactate

(Sakamoto et al. 2007). This wide range of carbohydrate substrates is an ecological

benefit in this ecosystem. In the same biofilm Pelobacter sp. was detected at 4.7%

of abundance. As described above, this microorganism can ferment alcohols to

propionate and acetate. So, the electroactive ecosystem fed with many substrates

has two main fermenters, each specialized in a range of molecules. This distribution

could decrease the inter-species competition, thus reducing energy lost in the

competitive process (synthesis of inhibitor molecules) and stabilizing the ecosys-

tem in long term. The common point between these two microorganisms is the

molecules production like acetate or propionate. Concerning EABs, this biofilm is

composed of 67% of Geobacter with G. metallireducens (23%), G. uraniireducens
(16%), G. sulfurreducens (14%) and G. lovleyi (14%). The only known

exoelectrogen that does not belong to the Geobacter genus found in this biofilm

at 4.7% in abundance, Alkaliphilus, uses the long range transfer mode with flavins

and can use acetate and lactate as electron donor (Kumar et al. 2016). The

exoelectrogens represent more than two thirds of the biofilm, which prevents

fermenters against feedback inhibition by reloading NAD+, essential for the fer-

mentation process and high COD removal (Cusick et al. 2010; Kiely et al. 2011a,

b). It is interesting to note that EABs present in BESs fuelled with single substrates,

such as Geobacter sp., are also present and dominant with wastewater. This could

be due to two reasons: (1) There is a strong selection pressure by anodic material.

Microorganisms are able to do extracellular electron transfer to the anode as final

electron acceptor. EABs will have a great energetic advantage against other bacte-

ria. (2) Fermentation end products from wastewaters are mainly acetate and propi-

onate, which also restricts the number of EABs able to convert it into current; this

favours specific EABs genus and could decrease the bacterial diversity.

4.5 Conclusion

Electroactive biofilms are complex structures capable of converting organic matter

into electric current. This is possible through the establishment of syntrophic

interactions among the microorganisms that oxidize organic matter to various

end-products, and EABs that convert these simple molecules in current. The

microbe-electrode exchange is the result of an evolutionary process developed

over billions of years, resulting in the development of different electron transfer

modes. Among the many EABs, Geobacter is the most studied. It is also often the

most abundant in the anodic community and has the ability to develop nanowires

allowing direct-interspecies electron transfer, a new mode of interaction. Degrada-

tions pathways of fermentation end products are specific to each substrate, with a
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common final point, acetate and hydrogen; both products enable a rapid transfer

through EABs. The main concurrent organisms are methanogens, able to use

efficiently hydrogen as compared to electroactive bacteria, causing a decrease of

the coulombic efficiency. Glucose fermentation produces many compounds, each

with its own oxidation pathway. Many microorganisms are commonly present with

glucose, including specific EABs developing syntrophy with fermentative organ-

isms. Finally, wastewaters which have a wide range of organic substrates can be

effectively used in BESs. The omnipresence of Geobacter shows how this genus is

important at both small and large scale. However, there is still a large unexplained

part with regard to the role of microorganisms in the electroactive biofilm.

To improve stability, performance and coulombic efficiency, it is necessary to

better understand the ecology of electroactive biofilms, the different interaction

modes (direct, indirect) according to the substrate and use this knowledge to

promote the EAB-fermenter interaction to prevent methanogenesis and enable

this technology to emerge in the future.
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Chapter 5

Anodic Electron Transfer Mechanism
in Bioelectrochemical Systems

Sanath Kumar Kondaveeti, Jai Sankar Seelam, and G. Mohanakrishna

5.1 Introduction

The applicability of bacteria in transporting electron beyond their cell wall and

ability to electrically interact with electrode has been nearly over a century (Potter

1911). This concept was developed into bioelectrochemical systems with active

localization of electron transfer and transport through solid surfaces under con-

trolled operating conditions. Microbial fuel cells are growing bioelectrochemical

systems that use bacteria as a catalyst and generate bioelectricity using organic

matter. The bacteria act as powerhouse at the anode of MFC and oxidize organic

matter to CO2 by generating electrons and protons (Kondaveeti et al. 2014). These

electrons move from anode to cathode and get reduced as water by using oxygen

as an electron acceptor. Scientific reports suggested that the generated electrons

move from the bacteria/biofilm to an anodic surface occurs through two key

mechanisms. These mechanisms are broadly classified as follows: (1) direct

electron transfer (DET), (2) indirect/mediated electron transfer using mediators

(MET) and (3) inter-special electron transfer (Fultz and Durst 1982; Kondaveeti
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and Min 2015). The natural mediators such as flavins which are secreted by

bacteria or other active complexes such as c-type chromosomes present on outer

cell membranes can shuttle electrons. Up to date the metal reducing bacterial

species such as Geobacter and Shewanella have been widely noticed in MFC

technology, due to their external electron transfer mechanism and for synthesis of

natural mediators (riboflavins), which can be a rival for other exoelectrogens

(Logan 2008). The external insoluble shuttles such as neutral red, and methyl

viologen etc. were used in microbial fuel cells for electron transfer from the

bacterial cell wall to electrodes. The initial studies in addition of exogenous

mediators to MFC were pursued (Cohen 1931; Schroder 2007). In this study

low current generation in MFC might be due to lack of electromotive oxidation

and reductive force. These were resurfaced in 1980 by Bennetto and coworkers

and it was further investigated by many other researchers. In the present chapter,

the electron transfer mechanisms such as direct electron transfer, mediated elec-

tron transfer and interspecies electron transfer mechanisms with electroactive

anode bacteria are discussed.
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5.2 Electron Transfer Mechanisms

The process occurs through collaborative microbiological and electrochemical

interactions in an electro-redox environment (Fig. 5.1). An overview of each of

these electron transfer mechanism has been included.

5.2.1 Direct Electron Transfer

The DET mechanism predominantly occurs through direct physical contact

between the bacterial microorganism cell wall and solid electrode without the aid

of any redox mediators. These electroactive bacterial species transport the electrons

with the help of membrane bound electron transport proteins (cytochromes) and/or

electrically conductive cellular appendages (pili or nanowires). These components

assist in transferring the electrons from intracellular complex to an external solid

acceptor (anode). In general, c-type outer-membrane cytochromes and multi heme-

proteins which are especially evolved in bacterial species such as Geobacter,
Shewanella, and Rhodoferax. The synthesis of these proteins often depend on the

nature of solid electron acceptors (for example iron oxides) in their natural envi-

ronment (Choi et al. 2003). Anodic electrode also functions as a viable alternative

for a solid electron acceptor (Huang et al. 2008). As DET requires physical contact

between the anode material and bacterial cell, cytochromes trigger the first mono-

layer of bacterial cells at the anode to be electrochemically active which consumes

energy. Thus limiting the maximum obtainable current densities to 0.6 μA cm�2,

3 μA cm�2 and 6.5 μA cm�2 by using Shewanella putrefaciens, Rhodeoferax
ferrireducens and Geobacter sulfurreducens, respectively (Chaudhuri and Lovley

2003; Kim et al. 2002).

Bacterial species such as Geobacter sp. and Shweanella sp. can produce elec-

trically conductive molecular pili or nanowires which facilitate the transfer of

electrons from cell wall to a solid electron acceptor (anode). These nanowires are

connected to the membrane bound cytochromes and microbial proteins (type IV

pili). This provides an interface for the transfer of external electron transfer from

the cell (Ross et al. 2011). A scientific study presented the pivotal role of outer

membrane c-cyts and expression of conductive pili in G. sulfurreducens. These
actively aid in formation of multilayered electroactive (thicker) biofilm thereby

leading to enhanced anodic performance (Malvankar and Lovley 2012). Reguera

et al. (2006) reported a tenfold increase in current generation by using Geobacter
sulfurreducens with nanowires. On the other hand, Geobacter sp. without omcZ

(gene encoding c-type cytochromeZ) and PilA (gene encoding type IV pili) had

inhibited biofilm formation and consequently lead to drop in output current. Type

IV pili primarily constitutes PilA monomers with two types of isoforms such as

long and short PilA (Reguera et al. 2006). A study performed by Sandler and Weis

using strains exhibiting short PilA noticed disrupted biofilm formation on graphite
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electrode surface indicating the importance of long PilA during biofilm formation.

However, they observed that the presence of short PilA plays a crucial role in

biofilm conductivity as it mediates the c-type cytochrome, OmcZ towards outer

membrane of bacterial cell (Richter et al. 2012). Some pilA mutant studies had

pointed that the pili had no important role in electron transport in the cell respiring

near the electrode. However, they assist in cell-cell aggregations and optimum

biofilm formation (Cologgi et al. 2014).

Electrochemical and energy analysis of DET can provide informative insights on

their extended application. Diverse studies observed the relaying of DET mecha-

nism on electrode but they have not evaluated the redox potentials of involved

species. Bond and Lovley (2003)) operated MFC and noted open circuit anode

potential (�0.17 V) as the redox potential by using the G. sulfurreducens colonized
electrode growing on acetate. However, in open circuit, the redox potentials of

anaerobic electroactive biofilms will shift considerably towards negative potentials

due to variation in the concentration terms in the Nernst equation towards reduced

species (Logan 2008). Thus the reported redox potentials and open circuit potentials

of the G. sulfurreducens may not be equal to the potential of cytochromes based

electron transfer (Logan et al. 2006). Furthermore, very few microorganisms are

capable of performing DET fed upon complex substrates such as glucose.

Rhodeoferax ferrireducens has the capability to utilize glucose whereas other

electroactive species such as Shewanella and Geobacter strains cannot use complex

substrates. They are pertained to simple substrates such as lower molecular weight

organic acids and alcohols. This often leads to substantial decline in overall energy

conversion efficiency. The assessment of this energy efficiency in DET is compli-

cated and scarce information is available in this respect.

5.2.2 Mediated Electron Transfer

Most researchers primarily preferred the application of DET mechanism for effi-

cient current generation and enhanced electrical performance of an MFC. However,

the magnitude of current and power densities obtained using only DET principle

were drastically lower in comparison to the use/presence of mediator electron

transfer (MET) (Choi et al. 2003). The MET mechanism represents an effective

means of electron transfer from the bacterial cell wall to an MFC anode. This

mechanism of electron transfer has further been sub-classified based on the

use/presence of supplementing redox species/mediators (Fultz and Durst 1982;

Park and Zeikus 2000; Rahimnejad et al. 2011). Table 5.1 enlists the performance

under application of several mediating agents promoting MET.
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5.2.2.1 MET via Exogenous Mediators

The usage of exogenous and artificial mediators with anaerobic bacterial culture was

first noticed by Cohen. He initially observed that anaerobic growth of bacteria could

generate strong negative redox potentials. However, the amount of extractable

current for practical purposes was small. His report attributed the smaller current

produced might be due to the absence of “electromotively active oxidation-reduction

products” (Cohen 1931). In further extension of this research to amplify the current

generation, other research teams proposed the utility of potassium ferricyanide or

benzoquinone. These supplementary chemicals enhance the electron flow from the

bacterial cell wall to solid electron acceptor (anode electrode) (Little et al. 2008; Wei

et al. 2012). Later in the early 1980, diverse scientific studies were aimed at

investigating alternative compounds were for their suitability and viability in MFC

operation as mediators. Chemical agents such as neutral red, methylene blue, safra-

nine, toludine blue, thionine, resorufin and anthraquinone-2, 6-disulfonate were

tested as viable options for increasing the electrical output (Kim and Lee 2015;

Logan 2008). The major drawback of redox mediator application was that only a

fractional increase of current densities was observed. Regular addition of these

Table 5.1 An overview of MFC investigations employing different types of mediators

Type of mediator

Operational

mode Substrate Power/Current References

Neutral Red Double chamber Glucose 4.5 mA Park and Zeikus

(2000)

Safranine Double chamber Glucose 0.09 mA Choi et al. (2003)

Methylene Blue Double chamber Glucose 12.3 μW Rahimnejad et al.

(2011)

Methyl Viologen Double chamber Glucose 400 mV Mohan et al.

(2008)

Thionine Double chamber Glucose 0.6 mA Choi et al. (2003)

Resorufin Double chamber Glucose 12 μW cm�2 Ganguli and

Dunn (2009)

Pyocyanine Double chamber Glucose 3977 μW m�2 Rabaey et al.

(2005)

Ferric chelate complex Double chamber Glucose 0.22 mW Vega and

Fernández (1987)

2-Hydroyl-1,4

napthoquinone

Double chamber Glucose 0.35 mA Lee et al. (2002)

Humic acid Double chamber Glucose 0.248 mW Thygesen et al.

(2009)Acetate 0.510 mW

Anthraquinone-2,6-

disulfonate (AQDS)

Miniature MFC Lactate 0.8 mW Ringeisen et al.

(2006)

Natural mediator Single chamber Waste

water

240 μW cm�2 Logan et al.

(2006)

Mn (IV) and Mn (II) Single chamber Acetate 200 A m�3 Clauwaert et al.

(2007)
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exogenous compounds was necessary which further escalates the costs. This external

influx of chemicals proved to be technologically unfeasible and environmentally

unfriendly. This opened up an eco-friendly avenue for wastewater treatment besides

conventional bioelectricity generation in an MFC (Jang et al. 2004).

5.2.2.2 MET via Endogenous Mediators

In off time, bacterial species proliferate under conditions where neither a solid

electron acceptor nor soluble electron acceptor are readily available for direct reach

(DET). For an instance, the electroactive-microbial complex with thick biofilm is

limited by the oxygen transport across the film thickness. This oxygen in-depth

diffusion is limited primarily due to higher propagation distance (biofilm thickness)

and the cell on the outer rim of the film are not in direct contact with (solid/soluble)

electron acceptors. In such cases, electroactive microbial communities employs

alternative electron transfer pathways by using external (exogenous) electron

mediator compounds like humic acids or metal chelates such as Fe (Song et al.

2016). It was noticed in few studies that the self-synthesis of low molecular weight

electron mediators/shuttles by secondary electron metabolite pathways was possi-

ble. The frequently found self-secreted electron mediators include quinines

(2-amino-3-carbox-1, 4-napthoquinone), pycocyanin (pycocyanine/phenazine)

and flavin (Schroder 2007). The secreted mediators interact synchronically with

the solid electron acceptor (anode) or soluble electron acceptor and bacterial

cytochromes for effective electron exchange. Bacterial species also tend to

approach different strategies and metabolic pathways for the generation of helpful

endogenous mediator compounds (Park and Zeikus 2000). For instance,

G. sulfurreducens secrete riboflavin-like compounds from its monolayers. Also,

in the case of S. oneidensis, MR-1 interacts with outer membrane–Cyts and plays a

crucial role in electron transfer mechanism (Bond and Lovley 2005; Kim et al.

2002).

The secretion of endogenous mediators has garnered greater interest in MFC

applicability. The presence/synthesis of these compounds drives the electron trans-

fer independent of the exogenous (externally supplied) redox mediators. The

electron shuttles serve as a reversible electron acceptor in carrying the electrons

from bacterial cell wall to either solid electron acceptor or aerobic layer (top layers)

of the biofilm and becomes re-oxidized. This to and fro movement enables their

availability for further redox process (Kondaveeti and Min 2015). One molecule of

endogenous mediator can trigger thousands of redox cycles, so the presence of these

compounds in smaller quantities ably assists the bacteria in disposing of electron at

sufficiently higher rates (Choi et al. 2012; Rahimnejad et al. 2011). Exclusively, the

synthesis of endogenous mediators in batch cultures facilitates higher electron

transfer by alternative pathways and subsequently increases the efficiency of

current generation. But, the identification of these extracellular secreted mediators

is found to be challenging. Pyocyanine and phenazine-1-carboxamide were present

in MFC operation with Pseudomonas aeruginosa (Rabaey et al. 2005). In other
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studies, it has been discussed that S. oneidensis MR-1 secreted quinonine type of

mediators which supports long range electron transfer. However, this mechanism

conflicts and overlaps with electron transfer mechanisms of DET using c-type
cytochromes and/or electrically conductive pili (Newman and Kolter 2000).

The redox potentials of the secreted electron shuttles were more negative than

most of outer membrane cytochromes exhibiting higher amount of obtainable

current/power densities in comparison to operation with DET (Schroder 2007).

The major drawback in use of mediators is that the high efficiency and energy

output was confined to batch mode of MFC operation. Because in continuous mode,

the system is prone to loss of mediators/shuttles and which can decrease the

columbic and energy efficiency (Chaudhuri and Lovley 2003).

5.3 Interspecies Electron Transfer Through Conductive
Minerals

Across aerobic and anaerobic biota, the synergistic exchange of electrons between

two bacterial species directed at establishing a direct transfer can also be considered

for a DET (Kato et al. 2012; Rotaru et al. 2012; Zhao et al. 2015). These reactions

are prominently noticed in anaerobic digesters and sediment MFCs (SMFCs)

catalyzed by mixed electroactive consortia and fed on complex substrates (Zhao

et al. 2015). This process of inter-special extra cellular electron exchange via direct

contact can also be referred as IET (direct interspecies electron transfer). IET can

also occur with the assistance of natural conductive minerals (Kato et al. 2012). In

natural environment, the presence of conductive minerals such as pyrite can

facilitate the IET (Cheng and Call 2016). Recent advances on biocathode applica-

tion revealed that electroactive bacteria can perform the roles of both electron

donors and acceptors with subsequent half-cell reactions. For example, Shwenella
sp. andGeobacter sp. can oxidize the substrate in MFC anode and reduce the nitrate

at cathode of microbial fuel cells. Based on this principle, a study suggested

spatially separated electrodes in SMFC, with anodic sulphide oxidation and

cathodic oxygen reduction, generated electric currents in the absence of cross-

membrane diffusion species (Nielsen et al. 2010). Though they did not identify

the actual electron conduits, discussion on the possibility of electron transfer using

nanowires, c-type cytochromes and natural conductive mineral such as pyrite was

presented (Nielsen et al. 2010). Other types of naturally available conductive

minerals such as magnetite and hematite can help SMFC operation and enhance

inter-special electron flow (Cheng and Call 2016). Another research group analyzed

the participation of conductive minerals using soil bacteria like Geobacter
sulfurreducens and Thiobacillus denitrificans in the presence and absence of iron-

oxide minerals for acetate oxidation and nitrate reduction (Kato et al. 2012). They

reported maximum current densities in a range of 100 μW cm�2 using iron oxide
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minerals whereas the values were lower (20 μW cm�2) in the absence of the

conductive minerals.

5.4 Factors Influencing Electron Transfer Mechanism

The anodic electron transfer to solid electron accepting surfaces are principally

driven by different microbiological (electroactive microbes) and electrochemical

(carbon or metal-based electrodes) factors (Schroder 2007). Specific understanding

of these governing factors has always been of keen interest for several research

groups to predict and optimize the performance of an MFC. These factors predom-

inantly dictate the reaction kinetics of electron propagation, characteristic bio

(electro)chemical and metabolic reactions involved during the electron-transfer.

A short introduction on biological and design parameters affecting the electron

transfer mechanism is presented below.

5.4.1 Biofilm Integrity

The heterogeneous pathway of electron transfer (DET and MET) depends on the

position of electroactive cells within the biofilm and their mono/multi layered

arrangement (Torres et al. 2010). The arrangement and integrity of these microbes

also define the diffusion of substrate molecules which further modulates the bio-

logical activity both temporally and spatially (Marcus et al. 2007; Logan et al.

2006). DET mechanism is predominant in microbes resting on electrode surface

whereas indirect transfer requires electron transport across the film thickness,

subsequently affecting the kinetics. The kinetics of these transfer mechanisms are

limited and influenced by several factors. Electroactive species promoting DET are

often prone to physical and chemical stress due to diffusion limited transport of

waste and nutrients. This substrate feed is readily available for cells present on the

outer rim of the biofilm which would prefer indirect exchange. But, indirect

electron transfer is limited by the integrity of the biofilm. Biofilm can ably provide

a conductive matrix of variable composition for effective transport of soluble and

mobile carriers (Torres et al. 2010).

The integrity of biofilm is based on the distribution of electrochemically active

(anaerobic respiration microbes) and inactive microbial communities (fermentative

organisms and non-electroactive microbes) (Fig. 5.2). Electroactive species in the

film facilitate electron exchange and enhance the energy output whereas

non-electroactive counterparts degrade and consume complex organics and other

electron donors/acceptors. Elimination of these non-electroactive microbes includ-

ing methanogens, aerobic organisms, hydrogen scavengers and nitrate reducers can

effectively improve the facility for electron transfer (Seelam et al. 2015).

Bioaugmented MFC systems also support effective electron transfer due to active
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inter-special and synergistic interactions. Species like Pseudomonas sp. and

Shewanella sp. functioned as augmented agents to deliver redox mediators neces-

sary for electron exchange (Pham et al. 2008; Veer Raghavulu et al. 2012).

Furthermore, the electrocatalytic performance of an electroactive biofilm depends

on the source, nature (mixed or consortia) and type (Gram positive or negative) of

inoculum, conditions of enrichment, mode of operation (pH and temperature) and

system architecture (electrodes).

5.4.2 Electrodes Structure

Diverse array of materials in different configurations has been actively applied for

application as electrodes in MFCs. Noble metals, metal-based and carbonaceous

electrodes functioned as anodic electrode component. The anodic structure and

built plays a crucial role in biofilm stability and electron transport across electrode

and electroactive microbes. These solid, porous or granular entities provide phys-

ical support for biofilm attachment, substrate oxidation, electron transfer and

provide active sites for electron exchange. Based on configuration, the electrodes

Fig. 5.2 The schematic

representation of the biofilm

integrity of microbial

consortia on anode surface

(electroactive and

non-electroactive microbes)

and electron transfer to the

electrode
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are classed into flat, packed, stuffed and brush models with variable surface

properties. Properties like surface roughness or microbially accessible surface

area affect the true surface area for electron propagation (Dumas et al. 2008).

Specially, the flow-over or flow-through electrodes are preferred for MFC applica-

tion due to facilitation of pH gradients and high substrate concentration. These

electrodes also aid in washout of suspended and non-electroactive microbes. Other

electrode complexes like graphite fibre and carbon nanostructures display excellent

electron exchange characteristics due to high surface area to volume ratio and

viably support bacterial biofilm proliferation (Kumar et al. 2013; Sharma et al.

2008). Graphite fiber built consists of fibrils which are formed by winding fine

slices of carbon fibres in the form of brush to improve the accessible surface area.

Alternatively, nano-modifications and increase of pore properties of electrodes

were applied to improve biofilm formation, substrate diffusion and subsequent

maximization of interface for swift electron transfer.

5.4.3 Catalyzed Electrodes

The nature of the electrode materials, their composition and properties also govern

the biofilm formation during MFC operation. These properties consequently affect

the electron transfer occurring at anode but the transfer kinetics are limited by

electrode properties. In the recent years, the electrodes are often catalyzed by

modifications which have still better properties like improved biocompatible sur-

face, high conductivity, long-term chemical stability, non-oxidative and non-self-

destructive activity (Srikanth et al. 2011; Rosenbaum et al. 2007; Guo et al. 2014).

Methods like pulse electro-deposition, impregnation, coating and immobilization

were primarily applied to modify anodes for effective electron transfer (Wei et al.

2011; Hubenova and Mitov 2015). These modified electrode materials attain

properties to enhance extracellular electron exchange and also function as current

collectors (Hubenova and Mitov 2015). Additionally, the impact of electrode on

electron discharge varies with the operational conditions. A report suggested that

biofilm formation and electron exchange were affected by the electrode character-

istic only under open circuit but no changes were presented when operated under

closed conditions.

5.4.4 Electrolyte and Electron Carriers

The composition and concentration of substrate, availability and presence of elec-

tron carriers in the electrolyte impacts the electrons transport post-substrate oxida-

tive degradation (Schroder 2007). Super-saturated substrates promote shift of

metabolic pathway towards non-electroactive reactions (acetogenesis or

methanogenesis) which declines the electrocatalytic performance. This shift is
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also triggered when low-resistance path to an electron sink is absent. On the other

hand, electron transfer promoting carriers or mediators in the electrolyte present an

enhancing effect on the MFC performance. These mediators/carriers are either

metabolically produced (Cheng et al. 2009; Clauwaert and Verstraete 2009) or

externally added (Biffinger et al. 2007; Lee and Rittman 2010). They promote

electrogenic activity and can accelerate the process of electron exchange. But,

excess addition of mediators displayed cytotoxic effect and further influenced the

economics of operation due to additional chemical costs (Hubenova and Mitov

2015). Moreover, synthetic carriers often tend to have an impending effect due to

toxicity and instability.

5.5 Conclusions

The anodic electron transfer pathway and mechanism offer to be the most critical

and decisive players in predicating the overall efficiency and electrical performance

of an MFC. This chapter summarized the fundamentals and principle aspects of

anodic electron transfer into direct electron transfer, mediated electron transfer and

inter-special electron transfer. The factors influencing electron transfer mechanisms

presented here highlights the domains of MFC research which needs further

improvements. The magnitude of bioelectricity produced by MFC technology is

still a major point of concern. To realize large scale and long-term applicability of

MFCs, the utility of biofilm-forming electroactive species which can ably facilitate

DET is necessary. Further investigations should be focused at developing systems

which form and sustain effective conductive biofilm matrix to facilitate high

electron rates between electrode and microorganisms. This strategy can actively

assist in realizing MFC as a competitive and commercial technology.
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Chapter 6

Development of Suitable Anode Materials

for Microbial Fuel Cells

Thi Hiep Han, Sandesh Y. Sawant, and Moo Hwan Cho

6.1 Introduction

Microbial fuel cells (MFCs) and related bioelectrochemical systems (BESs) have

shown impressive developments for many purposes over the past decade (Kalathil

et al. 2012; Han et al. 2013, 2014, 2016). Even with the noticeable improvements in

power density, the large-scale application of MFCs is still limited due to the low

power generation and high cost (Wei et al. 2011). To take this technology from

laboratory-scale research to commercial applications, the cost and the performance

of these systems need to be optimized further. The anode electrode plays an

important role in the performance and cost of MFCs. The electrode materials in

MFCs have some general and individual characteristics. In general, electrode

materials must have good conduction, excellent biocompatibility, good chemical

stability, high mechanical strength and low cost. The anode material design has

attracted an enormous number of studies over the past decade.

The present chapter summarizes and discusses the recent advances in anode

materials and their configurations.

6.2 Essential Requirements of Anode Materials

6.2.1 Surface Area and Porosity

The surface texture and morphology of an anode are important parameters in

MFCs. Normally, a rough anode surface facilitates the adhesion of bacteria;
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hence, the power density of a rough anode is significantly higher than that of a

smooth anode (Michaelidou et al. 2011). The microorganisms in an MFC anode are

a few micrometres in size. The porosity and surface area ensures the accessibility of

microorganisms to the electrode. In general, extended porosity results in a high

surface area of the electrode materials. A high surface area provides more space for

the microorganisms to immobilize effectively on the anodes. An increase in the

surface area of electrodes can minimize the ohmic losses and internal resistance of

the MFC system (Kumar et al. 2013), hence increase the performance of MFCs.

Therefore, recent studies have focused on the development of a three-dimensional

open-porous scaffold anode structure, such as carbon foam (Han et al. 2016) or

nickel foam (Wang et al. 2013a), which provides remarkable porosity and surface

area for biofilm development.

6.2.2 Fouling and Poisoning

Fouling or clogging is actually the buildup of microorganisms on the electrode

surface. After the MFCs operate for a certain time, the microorganism population

increases within the confined region of the electrodes which leads to poisoning and

fouling. During the development of a biofilm on an electrode surface, microorgan-

isms excrete extra polymer substances. Fouling occurs due to the prolonged use of

the electrodes, i.e., the buildup of a thick biofilm layer and extra polymer substances

that can foul the electrode surface. To control fouling and poisoning, a high void

volume of the electrode and large surface area per volume are needed (Liu et al.

2005).

6.2.3 Electronic Conductivity

The electronic conductivity of anode materials is an important factor that deter-

mines the overall MFC performance. Microorganisms oxidize the substrate and

release electrons that are required to be transferred effectively to the external circuit

via the anode. The excellent conductivity of the anode ensures that the MFCs

operate continuously and efficiently. The low conductivity results in large ohmic

losses. Only a few ohms of added internal resistance can greatly reduce the level of

power generation (Logan 2008). Therefore, the anodes should be excellent con-

ductors to allow the free flow of electrical current. Compared to the carbon-based

anode, the metal-based anode is a better conductor with a lower resistance (copper,

0.1 Ω/Cm vs. carbon paper, 0.8 Ω/Cm). On the other hand, their performance is not

as good as the carbon based anode. Even good conductivity may not be enough, the

material should match many other requirements, such as non-corrosive, high

surface area, high porosity, and biocompatibility.
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6.2.4 Biocompatibility

Because microorganisms are inoculated directly on the surface of the anodes, the

biocompatibility of the anode electrode with a biocatalyst is a critical factor that

determines the MFC power generation. The biocompatibility of an electrode allows

the microorganisms to adhere and spread over the electrode surface and form an

electroactive biofilm. The coarsened surface of the fabricated anodes assists in the

inoculation of biomass, which in turn, increases the operation cycle of MFCs. A few

electrode materials are cytotoxic to the inoculated microorganisms and might

inhibit the growth of microorganisms. The significant potential and power losses

that occur in the anodes are due to the non-compatibility of microorganisms with

the electrodes and certain fabrication strategies to increase the compatibility are in

progress, such as the development of a rougher, porous surface, replacement of the

cytotoxic material, and increasing the hydrophobicity of the high surface area.

6.2.5 Stability and Long Durability

For the real applications of MFCs, the durability of electrodes needs to be satisfied

so that the replacements can be tailored to the minimum. The electrode materials

should be fulfilled by the high chemical and physical stability under an aqueous

environment. The anodes employed in the MFCs always make contact with the

aqueous environment, which usually lead to the swelling and decomposition of the

material. Therefore, hydrophobic electrode materials are preferred as electrode

components. The stability of the electrodes is hindered by the molecules present

in the pores of the electrode materials, reducing the thriving space for the micro-

organisms. The electrode surface is preferred to be rough to allow the detachment of

the water molecules and provide more space for the sustainability of microorgan-

isms. On the other hand, high surface roughness may result in an increase in fouling,

which may decrease the long-term performance of MFCs. Therefore, an optimized

roughness is needed to increase the power performance of MFCs.

6.2.6 Electrode Cost and Availability

Reducing the cost of cathode materials is critical for the practical applications of

MFCs. Although MFCs are not as expensive as hydrogen-based fuel cells due to the

sustainable fuels, the cost of the electrode materials account for a major part of the

capital cost of MFCs. The availability of electrode materials for anodes is an

essential requirement for improving the commercialization of MFC. Precious

metal electrodes are very expensive because of their limited availability, which

impedes their utilization in MFCs. Low cost materials with non-precious metals as
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well as new binders that are less expensive than Nafion, are currently in strong

demand. Recent research has focused on carbonaceous or stainless steel mesh

electrodes applicable for MFCs. The productions of carbonaceous materials derived

from natural resources are on the top of the scales and have opened up the

possibility for use as anode materials in MFCs. This effectively replaces the

precious metal anodes due to their abundant sources, cost efficiency, prompt

conductivity, and chemical inertness (Rozendal et al. 2008).

6.3 Anode Materials Employed in MFCs

6.3.1 Carbonaceous Electrodes

The overall output of MFCs is strongly dependent on its electrode performance,

especially the anode. Therefore, considerable effort has been made to develop anode

materials with enhanced performance (Pham et al. 2009). The mass transfer, ohmic

losses, activation losses, biofilm growth and electron-quenching reactions are the key

factors that determine the performance of the anode in MFCs (Pham et al. 2009).

Ohmic loss, which depends on the internal resistance of the electrode, and biofilm

growth are related directly to the anode material and its structural properties. The

surface functionality, reflecting the hydrophilic and hydrophobic nature of the anode,

are also very important to the growth of biofilms (Guo et al. 2013). Therefore, several

studies have reported the development of the anode material in regard to the higher

conductivity and active surface area. Among the different anode materials, carbona-

ceous anode materials have been explored extensively in MFCs owing to their good

electrical conductivity, chemical and thermal stability, high mechanical strength, and

most importantly, their comparatively low cost. The high surface area to volume ratio

along with the rough surface property of carbonaceous anodes provides more space

and more favourable conditions for bacteria growth, which results in better anode

performance in MFCs. An increase in the biofilm, i.e., active biomass formation, was

reported to increase the anodic current (Reguera et al. 2006). The non-corrosive and

biocompatible nature of carbonaceous anode was also found to be advantageous over

metal/metal oxide electrodes (Kumar et al. 2013). A large number of carbonaceous

anodes have been reported, including graphite rods, graphite plates, carbon cloth,

carbon paper, graphite brush, graphite felt, etc. Since the last one and half decades,

there has been considerable research in carbon-based anode materials used in MFCs

(Fig. 6.1). This part of the chapter focuses mainly on the different types of carbona-

ceous anodes and their performances based on their structural and chemical properties.

6.3.1.1 Types of Carbonaceous Anode

The geometrical properties of the anode were reported to have a drastic effect on its

performance (Chaudhuri and Lovley 2003; Logan et al. 2007). Carbonaceous
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electrodes can be classified into two categories based on the physical architecture:

plane or two (2D) and three dimensional (3D) carbonaceous anodes. A pictorial

view of various 2D and 3D carbonaceous anodes used in MFCs are presented in

Table 6.1.

6.3.1.2 Plane or 2D Carbonaceous Anodes

2D carbon materials including carbon paper, carbon cloth, graphite foil or sheets

have been the most commonly explored anode materials in MFCs. Carbon paper

was popular as an anode material in the early stages of the research in MFCs due to

the easy connection and precise quantitative analysis of biofilm growth. Owing to

the brittle structure of carbon paper, the graphite sheets or plates were found to be

favourable owing to their higher strength. The low surface area and comparatively

smooth surface of both materials are major disadvantages associated with biofilm

formation, which resulted in the low current density and power generation. Forming

a rough surface on a graphite plate is an alternative way of enhancing the current

density under similar conditions and it can perform better than the metal anode. The

favourable bacterial attachment along with low charge transfer resistance are the

key points for the better current density generation of a rough graphite plate as

compared to a flat graphite plate (ter Heijne et al. 2008). Rabaey et al. (2003)

reported a power density of 3.6 W m�2 using a glucose-mediated MFC with plain

graphite as the anode material. Compared to carbon paper, carbon cloth provides

considerable flexibility and a higher surface area but its comparatively high cost

makes it a poor candidate as an anode in MFCs (Zhang et al. 2010). Wang et al.

(2008) reported a power density of 376 mW m�2 using a carbon cloth anode with a

surface area of 7 cm2 from beer brewery wastewater. Activated carbon cloth is an

alternative 2D carbonaceous anode material with a higher surface area. Zhao et al.

(2008) reported the higher performance of activated carbon cloth as an anode in

sulfate-based MFCs as compared to graphite foil and carbon fibre veil owing to its
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Fig. 6.1 Research trends in the field of carbonaceous anodes in MFC applications (2001 to April

2016)

6 Development of Suitable Anode Materials for Microbial Fuel Cells 105



high surface area and sulfide oxidation property. Carbon cloth has been demon-

strated as an anode material in yeast fuel cells and achieved a maximum power

density of 1.03 W/m2 (Haslett et al. 2011). The sheet-like structure obtained by the

winding of carbon fibre on two carbon rods was reported to be an anode in MFCs

(Wen et al. 2010). Carbon mesh is also available and has been utilized as a porous

Table 6.1 Photographs, cost of different 2D and 3D carbonaceous anode materials applied to

power production in MFCs

2D electrodes Cost ($)/size (cm) 3D electrode Cost ($)/size (cm)

Carbon paper 130/40 � 40a Graphite/Carbon felt 46/40 � 40a

Graphite plate 175/30 � 30 � 0.5a Graphite/Carbon granules 6–8/kgb

Carbon cloth 79/45 � 40a Reticulated vitreous carbon

(RVC)

1.5/1 � 1 � 2.5c

Carbon mesh 6–40/100 � 100b Carbon monolith Not available

Carbon or graphite

rod

1–10/1 � 20b Carbon brush Not available

All photographs reprinted with permission from Ref. (Wei et al. 2011) Copyright 2011 by Elsevier
ahttp://fuelcellstore.com
bhttp://www.alibaba.com
chttp://www.ergaerospace.com/RVC-properties.htm
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2D anode material for power production using MFC and the performance could be

enhanced by a heating and ammonia pre-treatment (Wang et al. 2009). The use of a

carbon rod as an anode in MFCs was restricted owing to its low porosity but it

served as a current collector in many cases (Rhoads et al. 2005; Deng et al. 2010;

Pisciotta et al. 2012). The use of a number of carbon rods as an anode was also

reported in the case of a single chamber MFC with a maximum power density of

26 mW m�2 and 80% of the COD removal (Liu et al. 2004).

6.3.1.3 3D Carbonaceous Anodes

Owing to the low porosity/surface area and sometimes fragile structure of 2D

carbonaceous anodes, researchers have focused on the development of 3D archi-

tecture of carbon-based anodes for MFC applications. The surface area enhance-

ment of the anode provides a substantial boost in power generation. A porous anode

provides a more accessible surface area to microbes, without altering the geomet-

rical area of the electrode. The application of a 3D anode in MFCs is a more

practical way of scaling-up and developing real world applications of this technol-

ogy (Jiang et al. 2011). Chaudhuri and Lovley (2003) reported ~2.4 times higher

current production in glucose and Rhodoferax ferrireducens-mediated MFCs using

porous graphite foam (74 mA m�2) instead of a graphite rod (31 mA m�2) under

similar conditions. The idea of the utilization of a 3D electrode system was first

reported in 1989 and then by Sell et al. (1989) using a packed bed of granular

graphite. Therefore, 3D carbonaceous anode materials can be classified further into

two sub-categories: packed anode (sometimes also called as stuffed or filled) and

3D configured. In the packed type of electrode, powdered or granules of electrode

materials (activated carbon or graphite) are filled tightly in the anodic chamber and

a current collector is inserted externally. The graphite or carbon granule-packed 3D

anodes are used either on a laboratory scale (Kalathil et al. 2011) or on a relatively

large scale in continuously operated MFCs (You et al. 2007). In contrast, the 3D

configured electrode possesses their own 3D geometry, such as carbon felt and

reticulated vitreous carbon (RVC) foam. Graphite/carbon felt is used extensively as

a traditional 3D–based anode in MFCs. Deng et al. (2010) reported a power

production of 784 mW m�2 using activated carbon felt as the electrode during a

study of activated carbon felt as an anode in variation with different cathode

materials in an up-flow type MFC. Han et al. (2016) reported a maximum power

generation of 96 W m�3 using a 3D nitrogen-doped carbon foam as an anode

material with an enhanced surface area, less internal resistivity, and excellent

microorganism attachment.

The 3D porous carbon materials derived from natural renewable and abundant

sources showed excellent performance as an anode material in MFCs. A simple

direct carbonization, low cost and environmentally friendly technique is normally

used to obtain such materials. The reticulated carbon foam obtained from Pomelo

peel (Fig. 6.2a, b) produced a projected current density ( jp) of 4.02 mA cm�2,

which is five times higher than that of commercial RVC and 2.5 times higher than
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that of graphite felt with a similar electrode size (Fig. 6.2c) and can be increased

further by increasing the electrode size (Fig. 6.2d) (Chen et al. 2012). Yuan et al.

(2013) reported the fabrication and modification of a three-dimensional carbon

anode using a natural loofah sponge. The enhanced bacterial loading and extracel-

lular electron transfer due to the macro scale porous structure and carbon coating,

respectively, resulted in a higher power output of 1090 mW m�2 as compared to

similarly sized traditional 3D anodes. The 3D carbon material obtained from Kenaf

(Hibiscus cannabinus) stems has also been reported to be an excellent anode

material for MFCs (Chen et al. 2012).

The need for a large surface area with efficient current collection has resulted in

the development of a special type of anode electrode in MFCs i.e. carbon brush

electrode. The brush electrode was first developed and applied by Garshol and

Hasvold (1995) for galvanic seawater cell. Logan et al. (2007) implemented this

design to fabricate a carbon brush electrode in MFCs. The carbon brush electrode is

Fig. 6.2 SEM images (a) and (b) at different magnification and current generation; (c) reticulated

carbon foam obtained from Pomelo peel (The inset of (a) is a digital image of a peeled Pomelo and

(c) is the current response in sterile PBS solution containing acetate substrate; blank); (d) Effect of

the electrode thickness on the projected ( jp) and volumetric ( jv) current densities (Reprinted with

permission from Chen et al. (2012); Copyright 2012 by the Royal Society of Chemistry)
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very simple and similar to household brushes, which can be fabricated easily by

winding graphite fibres into twisted titanium wires as a non-corrosive current

collector.

The high surface-volume ratio and low resistance, coupled with a good dispersed

distribution of the filaments in the brushes, make them ideal as anodes for small or

large scale MFC applications. The confined arrangement of graphite fibres near the

connection of the current collector wire limits the microbe-electrode interactions

(Xie et al. 2015). The large space required by the carbon brush electrode is one of

the major limiting factors in MFC design. To overcome this limitation, the carbon

brush electrode was applied as a half-circle brush electrode in membrane based

MFCs (Hays et al. 2011; Ahn et al. 2014).

6.3.2 Non-carbonaceous Electrodes

Metal materials are much more conductive than carbon materials; for example,

copper has a specific conductivity of 58 � 106 S m�1, which is approximately

920 times higher than that of polycrystalline graphite (Baudler et al. 2015). On the

other hand, they are not widely applicable as carbon materials in MFCs because the

smooth surface of metals does not facilitate the adhesion of bacteria (Wei et al.

2011). The limits of the electrochemical stability can cause corrosion. The antimi-

crobial property can prevent bacteria colonizing the surface of metals (Baudler et al.

2015). Although many metals have been ruled out because of these reasons, there

are many metals reported to be suitable for anode materials in MFCs and related

bio-electrochemical systems. Basically, there are two groups of metals that can be

used as an anode material in a bioelectrochemical system: electrochemically noble

metals or electrochemically passivated metals or their alloys (stainless steel)

(Baudler et al. 2015).

6.3.2.1 Noble Metal Materials

Noble metals, such as gold, platinum and silver, belong to the first group of metals.

These noble metals are potentially attractive anode materials for MFC applications

because they are highly conductive and highly versatile for electrode manufacture

(Crittenden et al. 2006). Richter et al. (2008) reported that Geobacter
sulfurreducens biofilms could grow on gold anodes up to 40 μm thick, producing

currents almost as effectively as in graphite anodes. Their high cost, however,

prevents them from being used in large technical systems. Interestingly, copper

and silver, which are commonly reported to have antimicrobial properties, were

shown to achieve comparable performance to graphite (Baudler et al. 2015).

Although the tolerance of the electrochemically active bacteria to the antimicrobial

effects of copper and silver metals has not been well explored, copper is a highly
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promising anode material, suitable for applications in high-performance

bioelectrochemical systems.

6.3.2.2 Non-noble Metal Materials

In addition to noble metals, nickel, cobalt, titanium and copper have been studied

systematically for their suitability as anode materials for MFCs and related

bioelectrochemical systems (Baudler et al. 2015). Titanium is a common metal-

based anode used in MFCs. As titanium is a non-corrosive, highly stable and

biocompatible metal, it is used regularly as a current collector and anode electrode

in MFCs. On the other hand, the application of bare titanium in MFCs as an anode

electrode results in a clear limiting current as compared to graphite (ter Heijne et al.

2008). It was concluded that bare titanium was unsuitable as an anode material in

MFCs. The performance of a titanium electrode can be increased to better than

graphite by modifying its surface with Pt (ter Heijne et al. 2008) or platinum-

iridium composites or tantalum-iridium composites (Michaelidou et al. 2011).

As an inexpensive base metal and large industrial availability, stainless steel is

the most common metal electrode used in MFCs. Stainless steel provides a compact

oxide layer (passivation layer) that protects the metal from further oxidation.

Hence, it has good mechanical properties and long-term resistance to corrosion

(Dumas et al. 2008). As a first attempt to use a non-corrosive material in the anode

of MFCs, the stainless steel plate failed to achieve higher power densities as

compared to carbon materials (Dumas et al. 2007). In another study, Dumas et al.

(2008) reported that the stainless steel plate anode was less efficient than the

graphite one at a similar experimental procedure, in which biofilms were grown

with a pure culture of Geobacter sulfurreducens on anodes polarized at +0.20 V

vs. Ag/AgCl. The less obvious successes obtained with the stainless steel plate

anodes in benthic fuel cells were certainly linked to the low surface roughness

(0.29 μm), which affect biofilm growth on the electrode surface. Therefore, the free

evolution of the passive layer may have been a cause of the low current densities

obtained previously. In contrast, when a stainless steel plate was replaced with a

higher specific area electrode, such as a stainless steel grid, the power densities

achieved were much higher than with carbon materials. Erable and Bergel (2009)

proved that a stainless steel grid anode produced a current density of 8.2 A m�2,

which is 2.5 times higher than that of plain graphite under a constant potential of

�100 mV vs. the saturated calomel electrode. This shows that stainless steel is an

efficient support for microbial anodes. It would represent a promising solution to

the scaling-up of industrial MFCs.

6.3.2.3 3D and Composites Metal-Based Electrodes

Many attempts have been made to increase the energy production efficiency of

MFC by the development of a metal-based foam structure of electrodes. Mapelli
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et al. (2013) tested the cast iron open cell foam by a high-precision micro-cutter and

laser welded technique (Fig. 6.3). The output is comparable to the typical outputs of

MFCs systems; however, it is unsuitable for the long time operation of MFCs due to

the corrosion that compromises the electrical conductivity of the sponge electrodes.

Nickel foam has also attracted considerable interest as a base substrate for the MFC

anode because the porous structure can act as a good support for the incorporation

of the composite materials with graphene (Wang et al. 2013a, b), or conductive

polymers (Karthikeyan et al. 2016).

6.4 Surface Treatment

The modification of electrode materials is an effective way of improving the

performance of MFCs because it alters the physical and chemical properties to

allow better microbial attachment and electron transfer (Zhou et al. 2011). A huge

number of modifications of anode materials have been achieved. This section

focuses on some conventional techniques for the modification of anode materials.

Generally, the modification methods include surface treatments by physical (heat

treatment)/chemical methods (ammonia treatment, acid treatment, electrochemical

oxidation), or coating the surface with highly conductive or electroactive

composites.

6.4.1 Heat Treatment

As mentioned above, the surface characteristics of anode materials are one of the

deciding factors that affect bacterial attachment and electrical connections between

the bacteria and electrode surface. The studies that examined the surface treatment

of anode materials covering heat, ammonia, acid treatment and electrochemical

oxidation are described in Table 6.2.

Fig. 6.3 (a) Sponge anode electrical connection and (b) foam porosity filled by bacteria

(Reprinted with permission from Mapelli et al. (2013); Copyright 2013 by Wiley Online Library)
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Table 6.2 Some previous works pertained with the surface modification of anodes

Modification

method

Anode

materials Biocatalyst

MFC

configuration

Improvement in

MFC efficiency References

Heat treatment Carbon

mesh

Domestic

wastewater

Single cham-

ber Air–

cathode

MFC

Power density

increases by 3%

to 922 mW m�2

Wang

et al.

(2009)

Carbon

fibre

brush

Domestic

wastewater

Single cham-

ber Air–

cathode

MFC

Power density

increases by

25.5% to

1280 mW m�2

Feng et al.

(2010)

Ammonia

treatment

Carbon

cloth

Domestic

wastewater

Single cham-

ber

Air-cathode

MFC

Power density

increases by

20.1% to

1970 mW m�2

Cheng and

Logan

(2007)

Reduce acclima-

tion time by

50%

Carbon

mesh

Anaerobic

sludge

Single cham-

ber

Air-cathode

MFC

Power density

increases by 33%

to 736 mW m�2

Zhou et al.

(2012)

Ammonium

peroxydisulphate

treatment

Graphite

felt

Sulphate

reducing

bacteria

H-type MFC Power density

increases by

25.4% to

355 mW m�2

Du et al.

(2016)

Ethylenediamine

treatmnet

Graphite

felt

Sulphate

reducing

bacteria

H-type MFC Power density

increases by

92.6% to

545 mW/m2

Du et al.

(2016)

Methylene blue

treatment

Graphite

felt

Sulphate

reducing

bacteria

H-type MFC Power density

increases by

80.2% to

510 mW m�2

Du et al.

(2016)

Acid treatment Carbon

mesh

Anaerobic

sludge

Single cham-

ber Air–

cathode

MFC

Power density

increases by 43%

to 792 mW m�2

Zhou et al.

(2012)

Carbon

fibre

brush

Domestic

wastewater

Single cham-

ber Air–

cathode

MFC

Power density

increases by

7.8% to

1100 mW m�2

Feng et al.

(2010)

Acid and heat

treatment

Carbon

fibre

brush

Domestic

wastewater

Single cham-

ber Air–

cathode

MFC

Power density

increases by

34.3% to

1370 mW m�2

Feng et al.

(2010)

Graphite

felt

Brewery

wastewater

diluted with

domestic

wastewater

Single cham-

ber Air–

cathode

MFC

Power density

increases twofold

to 28.4 mW m�2

Scott et al.

(2007)

(continued)
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6.4.1.1 Treatment of Anode Materials

Thermal treatment is one of the effective and cost efficient methods to modify

anode materials. During the heat treatment, the cracks were generated and pro-

moted the surface area. It is reported that the heat treatment promoted the actual

surface area by 6.94 times to 49.3 m2 g�1 as compared to untreated fibres (Feng

et al. 2010), which facilitated the adhesion and inoculation of microorganisms over

the electrodes. The thermal treatment of carbon mesh anodes resulted in a 3%

increase in the overall power density of MFCs (Wang et al. 2009). High tempera-

ture treatment of carbon fibre brush anodes in air (450 �C for 30 min) exhibited an

increase in power density up to 15% as compared to its unmodified anodes (Feng

et al. 2010).

6.4.1.2 Chemical Treatment

Ammonia/Acid Treatment

Because the microorganisms are negatively charged, the accumulation of microbes

depends solely on the surface charges of the electrodes. An increase in the adhesion

of microorganisms increases the probability of the facile and direct transfer of

electrons to the electrodes. The basis of an ammonia/acid treatment is to increase

the adhesion of microorganisms onto the anode interface by enhancing the positive

charge of the electrode surface.

The ammonia treatment improvises the positively charged functional groups

over the electrode surfaces, facilitates bacterial adhesion and increases electron

Table 6.2 (continued)

Modification

method

Anode

materials Biocatalyst

MFC

configuration

Improvement in

MFC efficiency References

Electrochemical

oxidation

Carbon

mesh

Anaerobic

sludge

Single cham-

ber Air–

cathode

MFC

Power density

increased by 43%

to 792 mW m�2

Zhou et al.

(2012)

Carbon

cloth

Domestic

wastewater

Single cham-

ber Air–

cathode

MFC

Current density

increased by 41%

(from 4.79 � 10
�4 to 6.76 � 10�4

Am2)

Liu et al.

(2014)

Graphite

felt

Mixed bac-

terial

Culture

Two-cham-

ber MFC

Current density

increased by

39.5% (from

0.81 mA to

1.13 mA)

Tang et al.

(2011)
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transfer to the anode surface. Ammonium treatment of carbon electrodes was

widely applied with different anode materials such as carbon cloth (Cheng and

Logan 2007), graphite brush (Logan et al. 2007), and carbon mesh (Wang et al.

2009). Ammonia gas treatment on carbon cloth was conducted using continuous

flow of ammonia in a thermogravimetric analyzer at 700 �C. The acclimation time

of MFCs was reduced greatly by 50% upon treatment. The ammonia-treated carbon

cloth exhibited a power density of 1970 mW m�2, which was 1.5 times higher than

the untreated anode yielded (Cheng and Logan 2007). Moreover, nitrogenous

compounds such as ethylenediamine and methylene blue were also applied to

modify graphite felt anodes in MFCs and exhibited the great improvement in

MFC performances. The maximum power density of the MFC with modified

anode was 545 and 510 mW/m2, respectively, which was larger than the

un-modified anode (283 mW/m2). The increase of power density was correlated

with increase in nitrogen content, which could make bacterial adhesion more

favourable to the anode, and facilitated the electrons’ transfer from bacteria to

anode (Du et al. 2016).

Oxidation of the anode surface using an acid is another effective way to modify

the surface of electrodes. It has been achieved by impregnating the electrodes in

concentrated acid solutions. This increases the native surface area of the anodes and

facilitates the protonation of functional groups over the anodes, thereby increasing

the positive charge on the electrode surface. Graphite modified with anthraquinone-

1,6-disulphonic acid produce five-times greater power (Lowy et al. 2006). A

method involving HNO3 treatments of Ketjen Black carbon supports and followed

by heat treatment up to 900 �C has been investigated to modify graphite felt anode.

The performance of MFC with that modified graphite felt anode increases about

twofold (Scott et al. 2007). The increase in performance of above modified anodes

was attributed to the increase in surface area and biocompatibility by introducing

the quinone group (Scott et al. 2007). In addition, the combination of acid and

thermal treatments (Feng et al. 2010) or acid treatment and ammonia treatment

(Wang et al. 1999) gives higher electrocatalytic activity and increases MFC power

generation than either treatment alone. Although high power generation was

guaranteed by using heat/acid/ammonia treatment, the special demands for a

sophisticated environment, complicated apparatus, and high temperature, long

treatment time of these strategies can increase the capital cost and limit their

potential scale applications.

Electrochemical Oxidation

Electrochemical oxidation is known as a convenient, effective and practical method

for anode modification to improve the performance of MFCs (Tang et al. 2011;

Zhou et al. 2012; Liu et al. 2014). Electrochemical oxidation changes the electro-

chemical properties of anode, increases the electrochemical active surface area by

2.9 times (from 11.2 to 44.1 cm2), and improves the exchange current density by

41% (Liu et al. 2014). This process results in the generation of new native
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functional groups, such as carboxyl (Tang et al. 2011) or amide groups (Liu et al.

2014) on to the electrode surface, which enhances electron transport from the

microorganisms to the anode surface. The presence of functional groups facilitated

the formation of peptide bonds between the electrode surface and microorganisms,

acting as highways for effective electron transfer. The graphite felt modified by

electrochemical oxidation exhibited a 39.5% increase in the current density com-

pared to the untreated anodes (Tang et al. 2011). In the same manner, power density

of MFCs with carbon mesh modified by electrochemical oxidation method

increased by 43% to 792 mW m�2 (Zhou et al. 2012). Compared with other

electrode modification techniques, this electrochemical approach is much simpler

and quicker, operating at ambient temperature with the cheap apparatus of power

supply.

6.4.2 Advanced Nanostructure Modification of Anodes

6.4.2.1 Modification of Anodes by Carbon Nanotubes (CNT) and Its

Composites

In a recent period, advanced carbon nanostructures, including CNT, graphene,

carbon nanofibres, etc., possessing a high surface area and inherent conductivity

with easily tailored surface functionalities, were introduced as an efficient anode in

MFCs. The carbon nanostructures could improve the extracellular electron transfer

through the surface functional groups (Huang et al. 2011). The most exploited and

easiest way to use the carbon nanostructures as 2D or 3D anode materials is by

coating them on conducting 2D or 3D supports, such as stainless steel mesh, carbon

paper, nickel foam, etc. (Guo et al. 2014; Hou et al. 2014; Qiao et al. 2014). Sun

et al. (2010) have reported that an up to 20% increase in the power density of MFCs

could be achieved with a simple coating of CNTs on carbon paper. Interestingly,

Liang et al. (2011) showed that the total output voltage could be increased with a

shortened MFC startup time by the addition of CNTs in an anodic medium. Mink

and Hussain (2013) developed micron-sized MFC (75 μL) (Fig. 6.4) on silicon

using CMOS-compatible processes, in which they used multiwall carbon nanotubes

(MWCNTs) as the on-chip anode. Surprisingly, the MWCNTs device produced

approximately a 20 times higher initial current (880 mA m�2) than with gold

(29 mA m�2) and nickel (37 mA m�2) anodes. This proves that the bacteria

could grow more rapidly and transfer electrons to the MWCNT anode than the

others due to the increased surface area and exceptional conductivity of MWCNTs.

As per authors understanding, the oxygen intrusion into the device, bacterial

clogging of the anode and non-optimal contact with the MWCNT anode were the

main reasons for the decrease in the performance of micron-sized MFC comprised

of MWCNTs.

The 3D CNT textile anode was also fabricated by a simple dipping-drying

process and compared that with carbon cloth (Xie et al. 2011). The high
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conductivity (50 S/cm) was achieved by a ~ 200 nm thick CNT coating. SEM

showed that the open macroscale porous structure of the CNT-textile provided

sufficient substrate transport inside the CNT-textile anode to maintain internal

colonization (Fig. 6.5a). On the other hand, microbial colonization was restricted

largely to the outer surface of the carbon cloth anode (Fig. 6.5b). The MFCs

operated with the CNT-textile anode produced a 68% higher maximum power

density than those operated with the carbon cloth anode (1098 vs. 655 mW m�2).

Moreover, 141% more energy was produced using the CNT-textile anode than the

carbon cloth anode utilizing the same amount of glucose.

Fig. 6.4 (a) Schematic diagram of the microsized (75 μL) MFC with MWCNTs on a silicon chip

anode and air cathode; (b) Photograph of the MWCNTs on a silicon chip MFC in a plastic encasing

with a titanium wire contact visible as well as the black air cathode compared to a U.S. penny

(Reprinted with permission from Mink and Hussain (2013); Copyright 2013 by the American

Chemical Society)

Fig. 6.5 SEM images of microbial growth on CNT-textile and carbon cloth. (a) Cross section of

the CNT-textile anode illustrating internal colonization. A microbial biofilm wraps around each

CNT-textile fibre, including the exterior and interior fibres; (b) Cross section of the carbon cloth

anode. The biofilm is largely restricted to the outer surface of the carbon cloth anode (area between

two broken lines) with a few microorganisms present on the interior fibres (Reprinted with

permission from Xie et al. (2011); Copyright 2011 by the American Chemical Society)
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6.4.2.2 Modification of Anodes by Graphene and Its Composites

When combined with graphene, the nickel foam electrode enhances the surface

area, chemical stability and electrical conductivity significantly. Therefore, the

performance of a graphene/nickel foam electrode in MFCs is quite impressive.

Wang et al. (2013a, b)) developed a 3D electrode by coating reduced graphene

oxide (rGO) sheets on Ni foam for MFC devices (Fig. 6.6). This MFC device with a

1. Ni foam
refluxing
in GO solution

2. Reduced in
hydrogen

Ni foam

a

d e

b c

rGO-Ni foam

Fig. 6.6 (a) Schematic diagram of the preparation of rGO-Ni anode; (b and c) SEM images and

digital pictures (insets) of plain nickel foam and rGO-Ni foam. Scale bars are 200 @m; (d) Digital

image of a curved rGO-Ni foam. Inset: rGO-Ni foam rolled up into a cylindrical shape; (e) Digital

image of a 25 cm � 20 cm rGO-Ni foam (Reprinted with permission from Wang et al. (2013a, b);

Copyright 2013 by the Royal Society of Chemistry)
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flexible rGO-Ni electrode achieved a noticeable volumetric power density of 27 W

m�3 (based on the volume of the anode chamber), which is 26 times and 16.7 times

larger than the values gained by carbon felt and carbon cloth anodes, respectively.

3D scaffolds of CNTs and graphene possessing a hierarchical and open porous

structure with good electrical conductivity are favourable for microbial coloniza-

tion and have been studied as promising candidates for MFC anodes. 3D carbon

nanostructures can be synthesized either by coating on a 3D support or an aerogel

technique (Dumitru et al. 2008). Carbon nanostructured aerogels are biocompatible

(Gutierrez et al. 2007) and easy to fabricate using a range of methods, such as a

template (Antonietti et al. 2014), 3D printing (Zhu et al. 2015), and sol-gel using

polysaccharides (e.g. chitosan, chondroitin sulphate) (Katuri et al. 2011), protein-

like polymers (e.g. gelatin) (Nardecchia et al. 2013), organic agents (ethylene

diamine) (Hu et al. 2013) as a chelating agent. Xie et al. (2012a, b)) developed

3D flexible sponges with a repeated coating of CNTs and graphene on polyurethane

sponges as a low cost anode for MFCs and achieved a maximum power density of

182 W m�3 and 394 W m�3, respectively.

6.4.2.3 Modification of Anodes by Conductive Polymer and Its

Composites

Using a conductive polymer composite to improve the conductivity is an efficient

approach to improving the conductivity, specific surface area of the anode, and the

MFC output (Yong Zhao et al. 2010). Long polypyrrole chains could penetrate into

the bacterial cell membrane and bring out the electrons via a metabolic pathway

(Yuan and Kim 2008). The weak compatibility of precious metal anodes with the

microorganisms was attributed to the absence of surface roughness and is improved

by the modification of a conductive polymer (Kumar et al. 2013). The maximum

MFC power density derived for the polyaniline modified titanium anode was

2317 mW m�3 and the observed power was correlated with their enhanced bio-

compatibility and nature of the inoculated bacterial culture (Benetton et al. 2010). A

maximum power density of 18.8 W m�3 (2.3 times higher than nickel foam) was

obtained in the case of the anode modified with a composite of chitosan, polyaniline

and titanium carbide. The backbone of polyaniline with activated carbon forms a

high surface area; TC enhances the coulombic efficiency; and the positive charge of

CT leads to the higher adhesion of bacteria (Karthikeyan et al. 2016).

According to Qiao et al. (2007), a composite of polyaniline with CNTs provides

protection and reduces the cellular toxicity of CNTs as well as enhances the surface

area and contributes to the high power output of 42 mW m�2 with a cell voltage of

450 mV. In the case of MnO2/CNT, however, electron conduction was facilitated

by the enhanced electron transfer between the microorganisms and the anode

material due to Mn4+ (Kalathil et al. 2013). The capacitive property of the com-

posite was also found to be favourable for power production using MFCs. Roh and

Woo (2015) explored the polypyrrole/CNT coated on carbon felt as an anode for the

Shewanella oneidensis catalyzed MFC and reported that polypyrrole/CNT coated
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on carbon felt showed 38% improvement in power production as compared to plain

carbon felt anode. The modification of the graphene-based anode with positively

charged ionic liquids was favourable for the electrostatic interactions between the

microbes and anode (Zhao et al. 2013). The decoration of conducting polymer

through electro-polymerization also provided a larger active surface area and lower

charge-transfer resistance by acting as an electric bridge between graphene and the

support (Wang et al. 2013a, b).

6.5 Challenge and Outlook

At the current state of MFC applications, low efficiency and high cost are major

obstacles. In this chapter, besides the considerable research on MFC design and

application, particularly with the anode electrode, none of the current anode

electrodes fully satisfy the needs of either the performance or cost. Carbonaceous

materials can provide a great platform to develop an anode owing to their excellent

conductivity, bio-compatibility and large surface area. As noted in this chapter,

carbonaceous materials possess a robust surface, which can be modified easily by

surface functionalization and composites with metal oxide or polymers. 3D carbon

anodes are more promising towards large scale applications. Nano sized carbon

materials, such as graphene and CNT, are good alternatives, which can be used

either directly or as additives in anode materials.

On the other hand, despite the considerable progress in the field of carbonaceous

anode in MFCs, the following areas are essential to be developed in prospective

MFC commercialization: (1) As most of the work describes the initial results of the

anode performance, the stability of the anode material is still a large issue in

commercialization and long term applications of MFCs; (2) most of the synthesis

methods of excellent anode materials are tedious and lengthy; (3) cost-effective

production of anode materials; (4) the development of 3D carbon anodes with a

suitable pore size to provide an enhanced surface area without clogging; and (5) the

in-situ modification of anode materials either by metal/metal oxide doping or

carbon nanomaterials to enhance the conductivity without compromising the

bio-compatibility. Carbonaceous materials are expected to be low cost and durable

anode materials with satisfactory performance in MFCs.

6.6 Conclusion

Electrode designs are the greatest challenge in manufacturing MFCs as a cost-

effective technology. For their superior performance in MFCs, the most significant

properties of anode electrodes include the surface area, morphology, biocompati-

bility, conductivity and stability. A range of carbon and metal materials have been

explored to develop anodes and cathodes, and several electrode modification
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methods have been developed to improve power generation. The electrode config-

uration has evolved from a planar to a 3D structure together with many modification

strategies. To date, a number of modifications are underway, such as surface

treatment, coating with nanomaterials and composites. On the other hand, all

these studies were conducted on a laboratory scale. The power generation and

electrode cost have not reached the level for commercial use. Further studies on

more effective anode materials and optimization of the configuration are expected

to address these challenges.
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Chapter 7

Performances of Separator and Membraneless
Microbial Fuel Cell

Ruchira Rudra, Vikash Kumar, Arpita Nandy, and Patit Paban Kundu

7.1 Introduction

Microbial fuel cell (MFC) is a typical bio-electrochemical system (BES) that

produces green electricity from organic wastes by mimicking bacterial interactions

under anoxic conditions. This bacteria catalysed system cannot only provide a

renewable alternative clean source of energy without the need for fossil fuels, but

also become as a remote power source in the field of domestic wastewater treat-

ment, breweries, hydrogen production, remote sensing, desalination plants, pollu-

tion remediation and so on (Pant et al. 2010). Though MFC technology belongs to

its infancy stage in our modern day, but it has several advantages over other

conventional systems. Firstly, it can eliminate pollution caused by burning fossil

fuels in a mild reaction condition. Maintenance is quite simple and economically

viable. It can also be operated without any noise and has no memory effect while

getting refuelled. It can provide high quality DC power output and the power

densities are very higher than expected. To set up the basis of an MFC, the bacteria

are allowed to grow on the electrode (placed in anode), commonly known as biofilm

in order to bio-catalyse the reaction. The anode is separated from the cathode

compartment through the ion exchange membrane, salt bridge, sediment, etc.

Another electrode without bio-film is placed in the cathode compartment. These
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two electrodes are connected by an external conductive wire. During the conversion

of organic materials by the metabolic activity of bacteria, the generated electrons

are transferred from anode to cathode compartment through the wire. The protons

produced in this process also flow from anode to cathode through separator in order

to maintain the charge difference. At the cathode side an oxidant (generally oxygen)

is reduced. Thus, electrons and protons are consumed with oxygen to form water on

the cathode side (Perez et al. 2012). This has been pictorially represented in

Fig. 7.1.

The biofilm growth on the electrode and the electrons produced by the

exoelectrogens from the organic wastes are governed by the mediators or electron

shuttlers that are externally added to the system (e.g. thionene, methyl viologen,

methylene blue, humic acid, neutral red etc.). These redox metal complexes

are quite expensive as well as toxic in nature which get degraded with the

progression of time (Rabaey et al. 2005; Logan 2007). Pure culture as well as

mixed cultures are used in mediatorless MFC in which electrochemically active

bacteria (EAB) is used to transfer electrons to the electrode. They can directly

transfer the electrons to the electrode through an array of enzymes in the bacterial

respiratory enzymes, like Shewanella putrefaciens, Aeromonas hydrophila etc. The
higher power output is achieved by using mixed bacterial cultures over pure

cultures. It was found that a group of EAB cultures comprising Geobacteraceae,
Desulfuromonas, Alcaligenesfaecalis, Enterococcus faecium, Pseudomonas
aeruginosa, Proteobacteria, Clostridia, Bacteroides and Aeromonas are used in

Fig. 7.1 Simplified diagram of a single chambered microbial fuel cell (Pant et al. 2010)
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separator-less MFC and wastewater treatment plants having the advantages of

higher resistances against the process disturbances, higher substrate consumption

rate, smaller substrate specificity, and overall higher power generation. Table 7.1

summarizes the maximum power output delivered by the mediatorless MFC.

Anode : C6H12O6 þ 6H2O ! 6CO2 þ 24Hþ þ 24e� ð7:1Þ
Cathode : 6O2 þ 24Hþ þ 24e� ! 12H2O ð7:2Þ

7.2 Parameters Used in MFC Performance

MFCs are utilized for current generation through the biodegradation of organic

matter. Now there are some parameters which can determine the performances of

MFC. These are summerized in Table 7.2.

Table 7.1 Performances of mediatorless MFC

Micro-organism Substrate Anode

Current

density

(mA)

Power

density

(mW m�2) References

Shewanellaputrefaciens Lactate Woven

graphite

0.031 0.19 Kim et al.

(2002)

Geobacter
sulfurreducens

Acetate Graphite 0.40 13 Bond and

Lovley (2003)

Rhodoferax
ferrireducens

Glucose Graphite 0.2 8 Chaudhuri and

Lovley (2003)Glucose Woven

graphite

0.57 17.4

Glucose Porous

graphite

74 33

Mixed seawater culture Acetate Graphite 0.23 10 Bond et al.

(2002)

Sulphide/

acetate

60 32 Tender et al.

(2002)

Mixed active sludge

culture

Acetate Graphite 5 – Lee et al.

(2003)

Glucose Graphite 30 3600 Rabaey et al.

(2003)

Sewage Woven

graphite

0.2 8 Kim et al.

(2004)

Mixed culture

containing

P. aeruginosa

Glucose Graphite 30.9 4310 Rabaey et al.

(2004)

Rabaey et al. (2005)
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Table 7.2 Parameters used in determining MFC performance

Parameters Unit Description

Loading rate kg m�3d�1 An amount of organic wastes loaded to MFC

normalized with respect to net anode volume

and time.

Effluent quality kg m�3 Concentration of organic waste in an effluent

discharged from the anode compartment.

Chemical oxygen demand (COD) mg L�1 Final concentration of organic compound

Treatment efficiency % COD removal efficiency obtained by divid-

ing the COD concentration in the effluent

with respect to that of effluent.

Power density (per volume or per

area)

W m�3 or

W m�2
A power output is normalized to an anode

volume (or area) or a sum of anode and

cathode volume (area) as obtained from the

maximum peak of a polarization curve.

Current density A m�2 A current generated is normalized to an

anode area. This may be an index related to

the total metabolic activity of bacteria in the

anode chamber.

Open circuit voltage (OCV) V A voltage between the anode and cathode

measured in the absence of current.

A difference between the total electromotive

force (emf; the potential difference between

the cathode and anode) and OCV is regarded

as the total potential loss.

Internal resistance (Rint) Ω This is obtained from the slope of the

polarization curve and is helpful to evaluate

the total internal loss in an MFC process.

Coulombic efficiency (CE) % This is defined as the ratio of Coulombs

measured as the current to the total Cou-

lombs contained in substrates (estimated

from the total COD value). If there are

alternative electron acceptors present in an

anode chamber, this value diminishes.

Energy efficiency (EE) % This is calculated as the ratio of power pro-

duced by MFC to the heat energy obtained

by combustion of substrates added, and is

considered to be the most important to eval-

uate an MFC process as an energy-recovery

process.

Voltammetry studies (e.g. cyclic

voltammetry, linear sweep

voltammetry)

mV S�1 This is useful in calculating the standard

electrode potential, electrochemical behav-

iour of microbial strains, extent of mediator

production during biofilm growth, and test

the performances of novel cathode material.

Oxygen diffusivity or oxygen

crossover or oxygen permeability

cm S�1 This is a mass transfer coefficient as char-

acterized by the oxygen permeability from

cathode to anode chamber with respect

to time.

Watanabe (2008)
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7.2.1 Proton Transport Mechanism in a PEM

Protons (H+) are transported via the Grotthuss mechanism through the ion exchange

membrane during fully hydrated condition. In this mechanism proton can hop from

one water molecule to another, forcing the excess hydrogen atom at the next water

molecule to hop to another molecule thereby restarting the chain of events

(Fig. 7.2).

7.3 Advantages and Disadvantages of Separator
and Separatorless MFC

The overall features of MFC depend not only on the microbial activity, but also the

hardware and configuration of the fuel cell. Thus the electricity generation is guided

by: (a) catalytic activity of microbes; (b) anode performance developed with the

electron transfer from microbes to the electrodes; (c) cathode performance that is a

reduction of electron acceptors at the cathode; and (d) proton transfer from anode to

cathode (Li et al. 2011). In separatorless MFC, higher proton transfer rate as well as

higher power density (264–494 W m�2) was reported earlier (Liu and Logan 2004;

Yang et al. 2009). Moreover, a simpler configuration was achieved in a cost

effective way with the drawbacks of increased oxygen and substrate permeability

which would be rather responsible for deteriorated MFC performances caused by

biofouling and, therefore, decreasing the columbic efficiency (CE) as well as

decreasing bioelectrocatalytic activity of microbes (Liu et al. 2005). To minimize

the difficulties of the separatorless MFC, certain electrode spacing would be

recommended, which will result in higher internal resistance. Thus, to optimize

the critical situation, a separator is required to make sustainable power generation.

Separator plays a very important role in the MFC design as it greatly enhances the

power production and CE. An ideal separator material should have high proton

transfer coefficient to ensure that the substrate does not hinder proton transfer from

anode to cathode and lower oxygen diffusivity improves CE and it must be

non-biodegradable.

H H

H H

H HOOO
+

............

H
Fig. 7.2 The Grotthuss

mechanism with the

consecutive proton transfer

indicated by the arrows
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7.4 Type of Separators and Their Performance in MFC

7.4.1 Ion-Exchange Membranes

Cation exchange membranes (CEM) such as Nafion, Ultrex CMI 7000 (Mem-

branes Inc., USA), Hyflon (Solvay-Solexis, Italy), Zirfon etc. are used to facilitate

the proton conduction. Nafion has good proton conductivity due to the presence of

negatively charged hydrophilic sulphonate group in the hydrophobic polymeric

chain. It was reported that the MFC using thinner Nafion 112 membrane has a

higher power density of 31.32 mW m�2 (maximum voltage 670 mV and current

density 150.6 mA m�2) than thicker Nafion 117 membrane which would produce

9.95 mWm�2 (maximum voltage 668 mV and current density 60.28 mAm�2) due

to the lower ohmic resistance of the former (Leong et al. 2013). But they can

transport other cations like Na+, K+, Ca2+, Mg2+ and NH4
+ at the concentration

rate of 105 higher than protons leading to a severe problem called pH splitting,

higher ohmic resistances etc. This could hamper the biocatalytic activity of

microorganism as well as biofouling. Greater oxygen permeability limits the

practical application of the high cost CEMs in MFCs. Zirfon, an ultrafiltration

composite membrane where an inorganic filler ZrO2 is incorporated into the

asymmetric polysulphone structure, have lower ionic resistance (2727 Ω cm)

than Nafion 117 (17,000 Ω cm) but it has higher oxygen diffusivity (1.9 � 10�3

cm s�1) than the later (2.8 � 10�4 cm s�1).

The deficiency of CEM can be overcome to some extent by using anion

exchange membrane (AEM). AEM can transfer protons by the carriers like phos-

phate, carbonate and pH buffer. MFC with an AEM, AMI-7001 have been reported

to generate 25% higher power density (610 mWm�2) than that of a CEM (480 mW

m�2). Such improvement was also found in case of membrane electrode assembly

(MEA) based on AEM (13.1 W m�3) than that of CEM based MEA (8.3 W m�3).

Another type of AEM is AFN, which shows lower resistance and higher current

density (0.38mA cm�2) followed by AM-1 (0.28mA cm�2) and ACS (0.21mA cm�2)

membrane (Ji et al. 2011). However, AEM has higher substrate diffusivity and

susceptible to deform readily than that of CEM and thus leading to higher internal

resistance when used in a single chambered MFC. All of the disputes of both CEM

and AEM can be rectified when both of the two ion exchange membranes are

mounted together, called a bipolar membrane (Harnisch and Schroder 2009). The

ion selective nature of the membrane efficiently migrates and transports protons,

generated by water splitting at the interface between CEM and AEM (Fig. 7.3).

However, this type of membrane was unable to solve the problem of pH splitting and

the ions would deposit at the interface of the membranes generating an ion flux for

charge balance. Such type of membrane can be applicable in microbial desalination

cell and high salt containing water treatment.
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Drawbacks of ion exchange membranes:

• Resistivity of membranes lowers the power density.

• Leakage of other cations lowers the energy efficiency.

• Membranes need to be cleaned and replaced due to biofouling.

7.4.2 Salt Bridge

A salt bridge is basically made of glass tubes filled with electrolytes such as

saturated KCl solution and phosphate buffer solution for ion conduction

(Fig. 7.4). Agar is added in order to separate the two liquids. Thus the oxygen

diffusion is almost unpredictable in an agar salt bridge while used in MFC (Min

et al. 2005). But it can develop lower power density and higher internal resistance

(19,920 Ω) at a much lower peak voltage (0.1 V) as compared with an ion exchange

membrane (0.2 V) (Liu and Li 2007). It was also reported that the salt bridge using

MFC can develop a maximum power density of 1.5 Wm�2 as compared to a

CEM-MFC (0.94 Wm�2) in a chocolate industry wastewater. The internal resis-

tance can be lowered by decreasing the electrode spacing between the electrodes

and the power density can be improved by increasing the surface area of the salt

bridge in contact with the cathode and anode chamber.

Fig. 7.3 Schematic ions and mass transport across: (a) cation exchange membrane (CEM);

(b) anion exchange membrane (AEM); and (c) Bipolar membranes
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7.4.3 Porous Membrane

The concept of porous membranes or size selective separators was introduced in

order to minimize the pH splitting and the ion selectivity nature for transferring

protons. Based on their filtration performance, the porous membranes can be

divided into two categories, namely microporous membrane such as microfiltration

membrane (MFM) and ultra-filtration membrane (UFM) and coarse pore filters. In

the first type of membrane, proton can be transferred very efficiently by passing

through the ions into the pores of the membranes. It was reported that the

conducting and catalytic layer coated UFM can generate 17.7 Wm�3 of power

density than that of a CEM (6.6 Wm�3) (Zuo et al. 2007). They are much more

durable and cost effective than any other membrane and thus can be used as sludge

separators for wastewater treatment. However, their oxygen and substrate diffusiv-

ity is very high. Moreover, increasing mass transport, ohmic resistance and internal

resistance can pose a bigger issue while using in MFC.

Coarse pore filters such as fabrics, glass fibre, non-woven cloths, nylon mesh,

and cellulose fibres, etc. are reported as separators in an MFC application. Glass

fibre mats, J-cloth produce a current density of 790 mW m�2 as compared with a

membrane of an identical thickness of CEM (Zhang et al. 2009). The columbic

efficiencies of non-biodegradable glass fibre mats is 81% higher than that of

J-cloths. It was also reported that the increasing mesh size of nylon fibres increases

the power density significantly, but similar phenomenon is not found in case of

glass fibres due to the narrower pore size of glass fibres (Zhang et al. 2010). Porous

Fig. 7.4 A dual chambered MFC with a salt bridge
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ceramic and biodegradable bag (biobag), and biodegradable natural rubber were

also used as porous separator and comparable with CEM (Winfield et al. 2013b).

Virgin natural rubber is impermeable to proton transfer, but it can develop voltage

during degradation with respect to time. Though its MFC performance is generally

lower than any CEM material, it can be applied to improve the circuit potential

when both CEM and AEM performance deteriorate after 11 months and aid to

generate steady power with time. Another cheap and porous separator is a

non-woven fabric filter (NWF) which can produce 97 mW m�2 power density at

lower internal resistance, higher voltage operation. Thus NWF can give a stable MFC

performance over 300 days operation, but the water permeability of this material is

quite high, whereas its oxygen crossover is almost comparable to Nafion117 or any

other PEM material. The higher proton conductivity and lower ohmic losses of NWF

makes it as a suitable candidate in MFC performance. It is reported that by applying a

proton transfer conductor such as poly [2,5-benzimidazole] (ABPBI) on the NWF can

effectively enhance its ion conductivity and power density (twice than that of PEM)

during MFC application (Choi et al. 2013).

Another kind of cheapest separator is earthen pot. Terracotta separator can be

used extensively as porous separator. An MFC utilizing this along with a stainless

steel mesh cathode and KMnO4 as the oxidant generates fourfold higher maximum

power of 70.48 W m�3 at twofolds higher CE of 64.5% than another MFC having

an earthen pot separator but with a graphite plate cathode (Behera et al. 2010). An

MFC using an earthen pot separator treating rice mill wastewater generates fourfold

higher power density of 2.3 W m�3 at 4–6% higher removal efficiencies of 96.5%

for chemical oxygen demand (COD) as compared to an MFC using a Nafion117

separator (Behera et al. 2010). Tubular-type up-flow MFC using earthen pot

separator generates 46% higher power density of 14.59 W m�3 than that produced

in an identical tubular MFC with a Nafion117 membrane (Jana et al. 2010).

Similarly, MFCs using cylindrical earthen pot produce 75% higher current and

33% more power than MFCs with terracotta separator (Winfield et al. 2013a). The

higher power density is probably due to the lower internal resistance of the MFC

with cylindrical earthen pot separator compared with the MFC having Nafion and

terracotta separators (Jana et al. 2010; Winfield et al. 2013a). The thickness of the

earthen separator also affects MFC performance (Behera and Ghangrekar 2011).

The reactor with the thinnest separator performed excellent to obtain 60% higher

power density of 24.32 mWm�2, volumetric power of 1.04Wm�3 and CE of 7.7%.

Although the volumetric power density is greater, but the CE is much lower due to

substrate consumption by anaerobic bacteria such as methanogenic microorganisms

or sulphate-reducing bacteria as reported earlier (He et al. 2005).

7.4.4 Polymer Electrolyte Membrane and Composite
Membranes

In recent years MFC separators based on polymeric materials have been studied and

utilized as novel proton exchange membrane in MFC performances. The major
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disputes of Nafion117 like high cost, oxygen diffusivity, difficulty in processing

and bio-fouling can limit its MFC application. To replace it, sulphonated polymers

like poly ether ether ketone (SPEEK) and polystyrene-ethylene-butylene-

polystyrene (SPSEBS) membranes were developed as cost effective material

(Lim et al. 2012; Ayyaru et al. 2012). Moreover, the presence of aromatic backbone

in the macromolecules makes it durable for longer period of time and the presence

of sulphonating group can ease proton conduction. Sometimes addition of some

inorganic nano-silica into the polymer can effectively enhance the power density.

Ayyaru and Dharmalingam (2015a) reported that with the addition of sulphonated

nano silica into SPEEK, the maximum power density was found to be 1008mWm�2

as compared to the SiO2-SPEEK (802 mWm�2) and SPEEK (680 mWm�2). MFC

using SPSEBS membrane also generates 600 mW m�2 which is much higher than

Nafion membrane. But with the addition of 7.5% sulphonated silica, sulphonated

TiO2 into SPSEBS produces a maximum of 1209� 17 mWm�2, 1345� 17 mWm�2

power density having a very much low oxygen diffusivity (Ayyaru and

Dharmalingam 2015b; Ayyaru et al. 2016). Organic conductive nano-filler like

graphene oxide shows a little bit of reduced power density (902 mW m�2) when

intercalated with SPEEKmembrane (Leong et al. 2015). Low conducting polymeric

membrane such as PES when blended with high conducting 5 wt% SPEEK,

170 mW m�2 power density was obtained.

On incorporation of iron oxide nano-particle into PES polymer, a maximum

power density of 20 mW m�2 was achieved. This value is much lower than the

above studies (Rahimnejad et al. 2012). BPSH membranes having higher degree of

sulphonation become susceptible to proton transfer due to its hydrophilic nature and

can reduce biofouling problem (power density 126 mWm�2). It is also reported that

utilizing conducting polymer such as polyaniline, polypyrrole, or polythiophene

can drastically enhance the performance of MFC (Dutta and Kundu 2014). It has

been observed that the Nafion 112/polyaniline composite membrane can drastically

enhance power density (124.03 mWm�2) than pristine Nafion112 (13.98 mWm�2).

In addition, activated carbon nano fibre (CNF)/Nafion composite membrane was

also reviewed, showing a maximum of 57.64 mW m�2 power density due to higher

porosity of the membrane. Chitosan-carbon nano tube (CNT) membranes were also

used as a polymer electrolyte separator in MFC (Venkatesan and Dhamalingam

2013). The oxygen crossover was reduced and the mechanical as well as chemical

stability were improved by using CNT. Recent advances on the various polymeric

separators based single chambered MFC are discussed in terms of power generation

in Table 7.3.

Nowadays, a new and novel approach of ionic liquid membrane supported PEM

is utilized in the field of wastewater treatment (Hernández-Fernández et al. 2015,

2016). Ionic liquid primarily is composed of an organic salt like 1-octyl-3-

methylimidazolium tetrafluoroborate, [omim+][BF4
�], 1-butyl-3-methylimidazolium

hexafluorophosphate, [bmim+] [PF6
�], 1-octyl-3-methylimidazolium hexafluoro-

phosphate, [omim+][PF6
�], 1-butyl-3-methylimidazolium bis{(trifluoromethyl)sulfo-

nyl}imide, [bmim+][NTf2
�], 1-octyl-3-methylimidazolium bis-{(trifluoromethyl)

134 R. Rudra et al.



sulfonyl}imide, [omim+][NTf2
�], in which one part is organic cation and another is

polyatomic inorganic anion.

7.5 Separatorless MFC

The major drawbacks associated with membranes are bio-fouling, lower proton

transfer rate, higher internal resistance, membrane and MFC operational cost etc. In

case of separatorless MFC, the electrode spacing is minimized, thus internal resis-

tance is lowered. But, the high proton transfer rate combines with higher oxygen

diffusivity towards the anode and also associated with the columbic efficiency which

would deteriorate the overall performance of MFC as compared with the separator

containing MFC; even high power density is achieved in the former case. The

tendency of forming biofilm on the cathode is much easier as no hindrance is found

to occur in case of separatorless MFC. The biofilm retards oxygen diffusion to the

cathode and hence performance of fuel cell is hampered. Thus it is not suitable for

long term operation. One example of separatorless MFC is sediment MFC (Fig. 7.5)

where anode is placed in anaerobic sediment and cathode is immersed into overlying

water containing dissolved oxygen (Zabihallahpoor et al. 2015). The high salinity of

sea water develops ionic potential between the electrodes and the sediment is full

Table 7.3 A comparative study of MFCs in terms of power generation using different polymer

electrolyte membrane

Separator used

Maximum

power density

(mW m�2)

Maximum

current density

(mA m�2)

Open

circuit

potential

(mV) References

Partially sulphonated

PVDF-co-HFP

290.176 � 15 1390.866 � 70 621 � 30 Kumar

et al. (2015a)

Crosslinked IPN of

sulphonated styrene and

sulphonated PVDF-co-HFP

447.42 � 22 1729.63 � 87 722 � 20 Kumar et al.

(2015b)

Nano-alumina filled

sulphonated PVDF-co-

HFP/Nafion blend

541.52 � 27 1900 � 95 741 � 20 Kumar et al.

(2016a)

PBI/PVP blend membrane 231.38 � 12 1242 � 62 607 � 30 Kumar et al.

(2016b)

PVA separator crosslinked by

acid catalysed gluteraldehyde

119.13 � 6 447.81 � 18 501 � 18 Rudra et al.

(2015)

Graphene oxide impregnated

PVA-STA composite

membrane

86.7 425 773 Khilari et al.

(2013)

Sulphonated

polybenzimidazole

86.8 318 460 Singha et al.

(2016)
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of organic matter from which bacteria produces electricity (maximum power output

of 50 mW m�2). Chen et al. (2013) reported that activated carbon cathode MFC

lacking a separator produces 860 � 10 mW m�2 power density (CE 20%–55%)

than that of inexpensive PVA separator containing MFC (840 � 42 mW m�2, CE

43%–89%) having similar activated carbon cathode. A new approach for

separatorless MFC design avoids oxygen permeability by forcing electrolytes to

flow simultaneously from the anode chamber to the cathode chamber, which accel-

erates proton transfer but limits oxygen diffusion in the opposite direction. The COD

removal efficiency in this MFC could reach as high as 90.5%, but in most cases

cathode chamber is occupied by aerobic bacteria (Du et al. 2011).

7.6 Current Status

MFC deals with several technical limitations, where bacterial role with employed

membranes have been given enormous attention in terms of energy recovery as a

whole. One of the biggest associated problem is applied separating material

between the two terminals. Earlier, commercially available PEM/CEMs were

commonly used as they were relatively better proton conductors. But, their high

cost and relatively higher mass transport served as a major limiting factor in overall

systemic performance. Alternatively, several other materials e.g., polystyrene,

polyether ether ketone (PEEK), poly (arylene ether sulphone), phenylated

polysulphone, polyphosphazenes, polyimides, polybenzimidazole (PBI) and poly-

propylene (PP) have been tested and optimized as low cost separators in MFC

application. Relatively, other porous materials (e.g., glass wool, earthen pot and

Fig. 7.5 Sediment

microbial fuel cell
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ceramics) are widely studied, including different inorganic and organic materials.

The main challenge resides in maintaining uniform porosity for higher efficiency.

For storage, MFCs are usually stacked to enhance the respective voltages and

currents, where voltage reversal becomes the major problem due to uneven perfor-

mance of the individual stacks. Nevertheless, its effect can be minimized with

efficient circuit design using capacitors in parallel. Different authors (Oh and Logan

2007; Winfield et al. 2013b) reported that the more porous and less iron-rich

earthenware is the better material for power production. It would be interesting to

study such low cost separators with elementary modifications that can be controlled

to enhance the overall transversal of ionic conductivity in the system (Choi and

Chae 2013).

7.7 Conclusion

MFC being a green technology, needs profound investigation in such diverse areas

of possible low cost seperators, microbes and reactor fabrication that would make it

practically more feasible. Despite of various materials employed, its commercial-

ization still has many limitations and that needs to be reduced. Factors like ionic

conductivity, uniform porosity and lower mass transfer are three major areas,

signifying the role of employed separators in MFC. Further, unit design and used

microbes are the other possible areas to explore in total systemic behaviour. In

advance, with long term stability, feasible constraints associated with the separator

development also calls for such challenges to be addressed equally, prior to

commercialization.
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Chapter 8

Role of Cathode Catalyst inMicrobial Fuel Cell

Santimoy Khilari and Debabrata Pradhan

8.1 Introduction

Electrodes (cathode and anode) are the primary components of fuel cells. Oxidation

of fuel at anode surface produces electrons and oxidized by-products. Subse-

quently, the electrons travel to cathode through an external circuit (Lu and Li

2012). At the cathode surface, appropriate terminal electron acceptors (TEA) are

reduced by the incoming electrons and complete the cathodic half-cell reaction. The

performance of a microbial fuel cell (MFC) strongly depends on the efficiency of

the cathode. Generally, the efficacy of a cathode is determined from the reduction

kinetics of the TEA (Rismani-Yazdi et al. 2008). The cathodic reduction is a surface

electrochemical phenomenon. Thus, the surface of cathode plays a crucial role on

the reduction kinetics of TEA. However, the widely used carbon-based cathodes

show very poor reduction kinetics and limit the fuel cell performance (Rismani-

Yazdi et al. 2008). This obstacle prompts the researchers to develop electrocatalysts

for the enhanced cathodic reduction. The main purpose of the present chapter is to

discuss different types of cathode catalysts and their influence on the bioelectricity

generation in MFC. An effective cathode catalyst has to qualify several crucial

requirements for practical applicability. First, it must be capable to deliver high

intrinsic catalytic activity. Second, catalyst should show long term durability.

Moreover, the electrocatalyst should have good electrical conductivity to minimize

the resistive losses. In addition, the catalyst must be inexpensive, abundant and can

easily be synthesized in large scale. In past, efforts have been made to find

appropriate cathode catalysts. The findings are reviewed by several authors

(Lu and Li 2012; Rismani-Yazdi et al. 2008; Kannan 2016; Liew et al. 2014).
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Among the different configurations of MFC reported in past decades, dual-

chambered MFC (dMFC) and single chambered MFC (sMFC) are the most com-

mon. A dMFC consists of two chambers i.e. anode and cathode separated by an ion

exchange membrane (Fig. 8.1a). On the other hand, sMFC has one chamber in

which anode is placed and the cathode is fixed to one wall of the chamber

(Fig. 8.1b) attached through a membrane called membrane cathode assembly.

The dMFC with separate cathode chamber allows different types of TEAs to be

used (Pandit et al. 2011). On the other hand, sMFC always utilizes atmospheric

oxygen (O2) as TEA (Khilari et al. 2014). The open circuit potential (OCP) of a fuel

cell is determined from the redox potential of anodic and cathodic half-cell reac-

tions. The TEA redox potential mainly governs the cathode half-cell potential.

Beside O2, several other organic or inorganic TEAs such as ferricyanide, perman-

ganate, dichromate, metal ion and nitrate have been studied in dMFC (Wei et al.

2012; Pandit et al. 2011; Lu and Li 2012). A high theoretical reduction potential of

TEA offers better cathodic half-cell potential and thus improves the overall OCP.

The cathodic reduction of various TEAs and their corresponding theoretical poten-

tials are listed in Table 8.1. These TEAs also have several shortcomings that make

them ineffective for practical application in MFC. Regeneration of non-O2 TEAs is

usually difficult in MFC. So, replacement of permanganate and other non-O2 TEA

is required at frequent intervals that add extra cost to MFC operation. In addition,

some of the TEAs generate insoluble end product (KMnO4 reduce to MnO2) that

can hinder cathodic reduction process and hamper the sustainability of MFC. In this

context, being abundant and cost-free TEA, O2 is desirable. Moreover, water being

the end product of O2, reduction is sustainable to the environment. However, the

reduction of O2 is an uphill electrochemical process with high activation energy.

Fig. 8.1 Schematic of (a) double chamber MFC; and (b) single chamber MFC
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To reduce the activation energy, suitable catalysts are generally employed

(Nørskov et al. 2004). The use of an effective catalyst can induce a low energy

intermediate and improve the cathodic O2 reduction reaction (ORR) kinetics.

Efforts have been made to elaborate the fundamentals of ORR mechanism and

catalyst design in the present chapter. Further, the application of various developed

cathode catalysts in MFC is discussed.

8.2 Non-oxygen Terminal Electron Acceptors

Several studies have been devoted to find suitable electron acceptor for dMFC. A

number of studies used potassium ferricyanide-based catholyte as electron accep-

tor. Wei et al. (2012) found higher power generation with potassium ferricyanide

(426 mV, 181.48 mW m�3) than dissolved oxygen (DO) catholyte (150 mV,

22.5 mW m�3). Although ferricyanide is cheaper and good electron acceptor, it

undergoes major side reaction at low pH generating toxic and hazardous HCN

(Forrestal et al. 2014). The inefficiency of DO-based system is realized due to the

limited solubility of molecular O2 as compared to other TEAs. In a different study,

Table 8.1 Different terminal electron acceptors and their half-cell reactions

Electron

acceptor Cathodic reduction reaction E0 E Reaction conditions

Fe(CN)6
3� Fe(CN)6

3� + e� ! Fe(CN)6
4� 0.36 0.36 [Fe(CN)6

3�] ¼ [Fe

(CN)6
4�]

MnO4� MnO4� + 3e� + 2H+ ! MnO2 + 2H2O 1.7 1.1 [MnO4�] ¼ 5 mM,

pH ¼ 7

O2 O2 + 4e� + 4H+ ! 2H2O 1.23 0.8 pO2 ¼ 0.2, pH ¼ 7

O2 O2 + 2e� + 2H+ ! 2H2O2 0.69 0.33 pO2 ¼ 0.2, [H2O2]

¼ 5 mM, pH ¼ 7

NO3� 2NO3� + 10e� + 12H+ ! N2 + 6H2O 1.25 0.73 [NO3�]¼ 5 mM, pN2

¼ 0.2, pH ¼ 0.7

NO3� 2NO3� + 2e� + 2H+ ! NO2� + H2O 0.83 0.42 [NO3�] ¼ [NO2�],
pH ¼ 0.7

S2O8
2� S2O8

2� + 2e� ! 2SO4
2� 1.96 1.96 [S2O8

2�] ¼ [SO4
2�]

¼ 5 mM

ClO4� ClO4� + 8e� + 8H+ ! Cl� + 4H2O 1.29 0.87 [ClO4�] ¼ [Cl�], pH
¼ 7

Cr2O7
2� Cr2O7

2� + 6e� + 14H+! 2Cr3+ + 7H2O 1.36 0.42 [Cr2O7
2�] ¼ [Cr3+]

¼ 5 mM, pH ¼ 7

Cu2+ Cu2+ + 2e� ! Cu(s) 0.34 0.27 [Cu2+] ¼ 5 mM

VO2
2+ VO2

2+ + 2e� + 2H+ ! VO2+ + H2O 1.00 0.17 [VO2
2+] ¼ [VO2+],

pH ¼ 7

CO2 CO�2 + 12e� + 12H+ ! C6H12O6 (bio-

mass) + 3O2

N.A. N.A. N.A.

E0 standard reduction potential of the TEA, E half-cell potential under operational condition
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very high OCP (1.04 V) and improved power density (7.29 mW m�2) was reported

with KMnO4 based catholyte as compared to both potassium ferricyanide (0.71 V,

0.92 mW m�2) and potassium dichromate (0.56 V, 0.79 mW m�2) containing

catholyte (Guerrero-Rangel et al. 2010). Pandit et al. reported slight lower perfor-

mance with potassium persulphate (1.1 V, 101.7 mW m�2) than that of KMnO4

(1.11 V, 116.2 mW m�2) based catholyte. However, the OCP for persulfate-based

cathode was stable for longer duration as compared to KMnO4. Additionally, an

external ariation on the catholyte improves the performance which arises from the

synergetic electron uptake by both O2 and non-O2 TEA (Pandit et al. 2011). A

separate study conducted on persulphate and fericyanide reports that persulphate is

capable to produce high power after a few cycles (Li et al. 2009). Very recently

hypochloride and sodium bromate were tested as TEA in dMFC (Jadhav et al. 2014;

Dai et al. 2016a). The studies on TEA in dMFC cathode signify that the OCP is

primarily governed by the standard reduction potential of the TEA, concentration of

TEA, and pH of the catholyte.

8.3 Oxygen Reduction Reaction (ORR) at Cathode:
Fundamentals

The catalytic reduction of one O2 molecule requires four electrons (4e�) and four

protons to produce water as represented in the following equation

O2 þ 4e� þ 4Hþ ! 2H2O,E
0 ¼ 1:23 V vs: RHEð Þ ð8:1Þ

In real experiment, ORR needs extra bias to the equilibrium potential (E0 ¼
1.23 V). The extra bias voltage is called overpotential (Gewirth and Thorum 2010).

Thus, the overpotential of ORR determines the activity of the catalyst. Lowering of

overpotential by introducing more active material is the prime requirement for ORR

catalyst development. The overall ORR process is an integration of several discrete

electrons coupled or decoupled proton transfer steps (Katsounaros et al. 2014). The

well-established ORR mechanism is schematically represented in Fig. 8.2. Initia-

tion of reduction process involves the diffusion of DO molecule to the electrode

surface and form an adsorbed O2 molecule (O2*, where * signifies the active site on

the catalyst surface). The adsorbed O2 undergoes sequential bond cleavage and

reduction. Depending on the mode of bond cleavage to form O*, three different

pathways can be considered. The first pathway is termed as dissociative pathway in

which an adsorbed O2 molecule directly dissociates to produce O*. The O* is then

reduced by the electron and proton to OH* and H2O successively. The second

pathway is known as associative pathway where OOH* is first generated from O2*.

Subsequently, the O�O bond of the intermediate OOH* is cleaved to produce OH*

and O* intermediates.
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The third pathway is known as peroxo pathway (also known as second associa-

tive pathway) where O2* is reduced to OOH* and form HOOH* before O�O bond

breaking. The selection of reduction pathway on a catalyst depends on the physi-

cochemical characteristics of catalyst surface as well as surrounding environment.

It is always preferable to avoid the third pathway for fruitful catalysis as it liberates

corrosive peroxide (H2O2) intermediate. H2O2 formation not only hampers the

catalytic process but also degrades the polymeric membrane by generating reactive

radicals (Khilari et al. 2013). For the design of an efficient catalyst, the free energy

change on the catalyst surface during catalysis is another important factor. Gener-

ally, density functional theory (DFT) is used to calculate the free energy change on

a catalyst surface suggesting the ORR pathway. The DFT study reveals that

dissociative mechanism is predominate at low O2 coverage whereas high O2

coverage prefers associative pathway (Nørskov et al. 2004). However, the selec-

tivity towards feasible pathway significantly depends on the characteristics of the

electrode material.

The ORR kinetics at an electrode surface is strongly correlated with the adsorp-

tion of intermediates (O*, OH* and OOH*) on the catalyst surface. Thus, it is

essential to experimentally probe these intermediates to identify the exact reaction

mechanism. However, monitoring of the intermediates is difficult (Shao et al.

2006). The progress of computational studies helps to estimate the surface interac-

tion energies with sufficient accuracy. A DFT study suggests that the adsorption of

O2 on the electrode is responsible for the origin of overpotential (Nørskov et al.

2004). Generally, O2 is strongly adsorbed on the electrode surface at high potential.

Thus, proton and electron can’t be transferred to the highly stable adsorbed O2

molecule. Further, upon switching the potential to a lower value weakens the

stability of adsorbed O2 and reaction becomes feasible. Additionally, the binding

Fig. 8.2 Schematic representation of proposed ORR catalysis mechanism on a catalyst surface.

Black, red and white/grey balls represent catalytic surface, oxygen and hydrogen, respectively

(Adapted from Xia et al. 2016 with permission from Wiley publisher)
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affinity toward oxygenated species determines the catalytic activity of the catalyst.

Thus, an efficient catalyst should have an optimum binding strength to the inter-

mediates. A very weak binding of adsorbed O2 or oxygenated species on catalyst

surface limits the electron and proton transfer, thereby ORR kinetics. On the other

hand, too strong binding of O* and OH* restricts desorption of H2O and blocks the

active sites for further O2 adsorption. The binding energy of intermediates varies

from catalyst to catalyst. Generally, the intrinsic binding characteristic of a catalyst

depends on its electronic structure (Stamenkovic et al. 2006). A high energy metal

d-state relative to Fermi energy offers stronger interaction of the electrode surface

to the intermediates (Nørskov et al. 2009). Thus, the catalyst with optimal elec-

tronic structure can offer appropriate intermediates binding energy and boost ORR

catalysis significantly.

8.3.1 Evaluation of ORR Catalysts: Figure of Merits

The ORR catalytic activity is generally evaluated by employing a catalyst on the

cathode and comparing with benchmark Pt under identical condition. The ORR

mechanism is studied from the half-cell reaction in a standard electrochemical cell.

The standard half-cell characterization of an ORR catalyst is carried out with a thin-

film catalyst on a rotating disk electrode (RDE) or rotating ring disk electrode

(RRDE). The cathodic polarization plot is recorded by employing linear sweep

voltammetric technique at steady state or with a known rotation of RDE or RRDE.

A typical ORR polarization plot of a catalyst consists of three characteristic regions

as shown in Fig. 8.3. The first zone (Zone I) is termed as kinetic-control zone where

the ORR rate is quite slow and cathodic current density increases very slowly. The

second region (Zone II) corresponds to mixed kinetics and diffusion-controlled

Fig. 8.3 Characteristic

regions of a representative

ORR polarization plot
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zone where a significant increase of current density with potential drop is noticed.

The third zone (Zone III) refers to diffusion controlled region (Khilari et al. 2014).

In this region the electrode’s current density is governed by the diffusion rate of

reactants reaching to the rotating electrode surface. In addition to these three

characteristic zones, other two most important parameters often used to evaluate

a catalyst performance are (i) onset potential (Eonset) and (ii) half-wave potential

(E1/2). The more positive value of these two potentials infers better catalytic activity

of the catalyst. However, the definition of Eonset differs from article to article.

Some literature considers Eonset as the potential required to achieve 5% of the

diffusion-limited current density (JL) (Zhou et al. 2014). Another definition states

that Eonset is the potential where the current density exceeds the threshold value of

0.1 mA cm�2 (Daems et al. 2014). Thus, it is important to mention the definition

of Eonset used in the ORR study of a catalyst and should be compared to Pt with

Eonset evaluated at similar conditions.

The mechanistic pathway of ORR can be extracted from the kinetic limiting

current density (JK). In this connection, mass-transport corrected polarization plot

is employed to find kinetics parameters using Koutechky-Levich equation (Khilari

et al. 2014).

1=J ¼ 1=JL þ 1=JK ð8:2Þ

where J is the measured current density, JK and JL represent the kinetic limiting and

Levich current, respectively. The measured current density must be the catalytic

current density which generally interferes with capacitive current density. This type

of interference is remarkable in porous earth-abundant oxides and carbon materials

due to the electrical double layer formation by adsorption of ions on the catalyst

surface. Generally, the capacitive interference is minimized by employing very

slow scan rate during polarization study of the electrode and background correction.

The background current of the electrode can be eliminated by subtracting the

current density recorded in a N2 saturated electrolyte experiment from the O2

saturated measurement.

The average number of electron transfer (n) to each O2 molecule and amount of

H2O2 intermediate generation during ORR are the key points to figure out an

efficient ORR catalyst. These two critical factors can be evaluated from RDE and

RRDE polarization study. Following equations are used to estimate the ‘n’ value of
a catalyst:

B ¼ 0:2nFC0 D0ð Þ2=3υ�1=6 ð8:3Þ
4Id ¼ n Id þ Ir=Nð Þ ð8:4Þ

where n, F, C0, D0 and υ are assigned as the number of electron involved in the

reaction, Faraday constant (96,485 C mol�1), bulk O2 concentration, diffusion

coefficient of O2 in the electrolyte, and kinematic viscosity of the electrolyte,

respectively. Further, Id, Ir, and N represent the disk current, ring current and current

8 Role of Cathode Catalyst in Microbial Fuel Cell 147



collection efficiency of the Pt ring, respectively (Su et al. 2013). The efficiency of

an ORR catalyst can be estimated from the H2O2 generation. The H2O2 generated at

the catalyst surface coated on a disk electrode diffused to the Pt ring and succes-

sively reduced. Thus, the ring current measurement can provide the quantitative

estimation of H2O2 generation during ORR. Following equation is used to estimate

H2O2 intermediate generation on a disk electrode (Liu et al. 2013):

%H2O2 ¼ 200� Ir=Nð Þ= Id þ Ir=Nð Þ ð8:5Þ

The efficient ORR catalysis needs to follow 4e� pathway whereas 2e� pathway

leads to formation of H2O2 which reduces the performance as well as the stability of

the cathode. Apart from the ‘n’ value and % H2O2 production, the electron transfer

coefficient is another important parameter that affects the catalyst efficiency. The

electron transfer coefficient of ORR catalyst can be estimated from the Tafel slope

in a linear portion of Tafel plot. Tafel plot of a catalyst is plotted by using Tafel

equation as given below (Liew et al. 2014).

η ¼ RT=2:303nαFð Þ log i=i0ð Þ ð8:6Þ

where η, R, T and α represent overpotential, universal gas constant, temperature in

absolute scale and electron transfer coefficient, respectively. Further, i and i0 refer
to measured ORR current density and exchange current density, respectively. The

electron transfer coefficient can be extracted from Tafel slope (RT/2.303nαF).
Thus, the smaller value of Tafel slope reflects higher transfer coefficient indicating

the increment of current density resulted with a slower increase of overpotential. To

obtain Tafel plot from RDE study the mass transport correction is essential on the

recorded polarization current. Equation (8.7) has been used to find out the mass

transport corrected current of a polarization study (Singh et al. 2014a).

Jk ¼ J � JL= JL � Jð Þ ð8:7Þ

8.4 Cathode Catalysts

Electrochemical reduction of molecular O2 at the cathode surface is an important

reaction for the power generation in different types of fuel cells including MFC

(Khilari et al. 2014). However, ORR is sluggish with graphite or other extensively

used carbon electrodes (Kannan 2016; Xia et al. 2016). Thus, electrocatalysts are

introduced to improve the cathode performance. The noble metals and especially Pt

are extensively used as cathode catalyst in MFC (Wang et al. 2015). However, the

high cost and catalyst poisoning are the major issues associated with Pt for its

practical application (Xia et al. 2016). Numerous efforts have been devoted to

develop non-Pt catalysts as alternate. Different approaches have thus been
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considered to overcome this problem by developing more efficient catalysts. The

typical approaches made on this purpose are:

(i) Tuning of size, shape, exposed facets and structure of Pt nanostructures.

(ii) Designing Pt-based multimetallic (PtM or PtM1M2) nanostructures.

(iii) Building superior ORR catalysts with earth abundant elements.

In last few decades, Pt and Pt-based complex systems are well studied for ORR

catalysis—both experimentally and theoretically (Stamenkovic et al. 2006; Bing

et al. 2010; Stephens et al. 2012). The critical factors such as surface structure,

electronic property, geometry, and lattice strain affect the ORR activity of Pt-based

materials. In recent time, paramount research interests involve rational designing of

durable non-Pt nanomaterials with high ORR activity. Combination of different

earth-abundant active elements in a single molecule or nanostructure with high

surface area, more active sites, and special structure has been considered to enhance

ORR activity (Nie et al. 2015; Chen et al. 2011). However, the intrinsic catalytic

activity of non-Pt catalysts remains lower than that of Pt (Xia et al. 2016; Nie et al.

2015). The ORR activity of Pt-free cathode can be partially improved by higher

catalyst loading. However, higher loading reduces the mass transport onto the

electrode and makes the device heavier. Thus it is essential to increase the intrinsic

catalytic sites by other suitable methods such as doping and/or forming micropore/

mesopore to facilitate the mass transport. Significant progress in material science

and nanotechnology has strengthened the research in designing and fabricating

highly efficient non-precious metals and related compounds (oxides, sulphides,

metal complexes etc.) with functional nanostructures and precise composition for

ORR catalysts. In next section, the role of several Pt- and non-Pt based ORR

catalysts in the cathode of MFC is discussed.

8.4.1 Pt and Pt-based ORR Catalysts

The ORR is an irreversible electrochemical phenomenon which results in signifi-

cant amount of energy loss. Moreover, the high standard reduction potential (1.23 V

vs. SHE) is the major limiting factor of ORR for most of the catalysts. Except a few

noble metals, most of the materials are unstable at high potential that restricts the

applicability of non-noble metal-based ORR catalysts (Singh et al. 2014b). The

electrocatalytic study executed with different noble metals (Hg, Au, Ag, Cu, Pd, Pt

etc.) revealed that Pt follows a quasi 4e� ORR pathway with less H2O2 generation

as compared to other metals (Sánchez-Sánchez and Bard 2009). This signifies the

importance of Pt as a state-of-the-art ORR catalyst. In acidic environment, metal

catalysts catalyze ORR via two most favourable pathways: (i) peroxide pathway

and (ii) metal oxide (MO) pathway. The former pathway is initiated by generation

of a superoxide ion (O2
�) which successively combines with proton and electron to

produce H2O2. Further, the H2O2 can either be disproportionate or reduced to form
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H2O as end product. The proposed mechanism can be presented by following set of

reactions (Eqs. 8.8, 8.9 and 8.10)

O2 þ 2e- þ 2Hþ ! H2O2,E
0 ¼ 0:67 V vs: RHEð Þ ð8:8Þ

H2O2 þ 2e- þ 2Hþ ! 2H2O,E
0 ¼ 1:77 V vs: RHEð Þ ð8:9Þ

H2O2 ! 2H2Oþ ½ O2 ð8:10Þ

The MO pathway originates from the formation of corresponding MO by

reaction with molecular O2 and subsequently MO is reduced to initial metal (M).

Here, MO serves as an active intermediate for ORR. Equations 8.11 and 8.12 can be

used to represent the MO-based ORR pathway.

2 Mþ O2 ! 2MO ð8:11Þ
MOþ 2e� þ 2Hþ ! Mþ 2H2O ð8:12Þ

The proposed pathways simultaneously proceed on the catalyst surface and thus

termed as mixed ORR pathway. The ways of combination (series or parallel) of

different elementary reactions lead to different amount of H2O2 production as well

as different ‘n’ values for overall ORR. Further, combination of above two ele-

mentary reactions (Eqs. 8.8, 8.9, 8.10, 8.11, and 8.12) can give rise to an overall 4e�

reduction pathway. Thus, MO-based ORR pathway proceeds via efficient 4e�

reduction of O2 and exclude formation of corrosive H2O2. Moreover, the probabil-

ity of MO pathway depends on (i) MO formation trend and (ii) effective reduction

of MO to M. The tendency to form MO depends on the O2 adsorption ability on the

metal surface and subsequent reaction. Moreover, the reduction of MO to M solely

depends on the thermodynamics of reduction process. The optimal O2 adsorption

energy and high reduction potential of Pt2+ contributes to its superior ORR catalytic

activity. Nørskov et al. showed that the activity of metallic ORR catalysts mainly

depends on the adsorption energies of O2 and different intermediates. On the basis

of DFT calculation they reported excellent ORR activity of Pt than other metals

(Nørskov et al. 2004). Figure 8.4a shows the ORR activity of different metals as a

function of their oxygen binding energy, which clearly states the superiority of Pt

among the metals. Liu and Logan (2004) developed a Pt catalyst (0.5 mg cm�2)

coated carbon cloth for air cathodic ORR. Recently, Peng et al. (2013) utilized Pt in

a membraneless MFC that delivered power density of 693�20 mW m�2 with a

FeOOH modified bioanode.

Commercially available Pt supported on activated carbon (AC) is the most

commonly used standard cathode catalyst in MFC as well as several other type

fuel cells. However, high cost and scarcity of Pt limits its large scale application. In

addition, Pt suffers from its poor stability (dissolution, agglomeration and sintering)

during long term uses (Xia et al. 2016). Alloying of Pt with earth-abundant metals

not only lowers the cost by reducing Pt content but also significantly improves the

catalytic activity as compared to virgin Pt. Alloying of metals also can lead to

change in the atomic and electronic structure of material along with creation of
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more active sites. Moreover, binding affinity to the adsorbed species can be easily

tuned with proper composition design of alloy catalysts. Figure 8.4b represents a

volcano plot of different Pt-based alloys as a function of O2 adsorption energies

(Xia et al. 2016). Several bimetallic catalysts were tested in MFC with higher or

comparable catalytic activity to Pt/C. A high mass activity is achieved with Pt2-Ni/

C catalyst (1724 mWm�2) among different compositions of Pt and Ni metals while

outperforming the Pt/C (1413 mW m�2) (Wang et al. 2015). The Pt-Co/graphene

composite with much low Pt content (15%) delivers comparable power density of

1378 mWm�2 to Pt(20%)/C (1406 mWm�2) (Yan et al. 2013). The Fe-Pt catalysts

exhibit high ORR catalytic activities in neutral as well as in acid medium. The best

performance was recorded with Pt3-Fe/C catalyst (1680�15 mW m�2) which

delivered 18% high power than Pt/C (1422�18 mW m�2) (Yan et al. 2014).

These studies demonstrate that the efficiency of bimetallic catalysts is strongly

correlated to the chemical composition of the alloys.

8.4.2 Pt-free ORR Catalysts in MFC

8.4.2.1 Metals and Multimetallics

The high cost, poor earth-abundance and surface poisoning are the demerits asso-

ciated with Pt, which drive scientific community to explore Pt-free alternate

catalysts. Many scientific and engineering strategies have been made to lower

the cost-to-performance ratio of MFC which include design of an appropriate

electrode structure with more accessible O2 adsorption sites and easy mass transfer

(Rismani-Yazdi et al. 2008). In this concern, electrode with three dimensional
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(3D) architecture and well-defined porosity has been introduced to promote the

mass transport. The 3D structured foam composed nano Pd-Cu and activated

carbon-Ni foam (1240 mW m�2) have shown good ORR catalytic activity (Xiong

et al. 2013; Cheng and Wu 2013). Very recently, Hou et al. (2016) reported a CoNi

alloy nanoparticle encapsulated bamboo-like CNT with several graphene

(GR) layers on its inner cavity that catalyzes ORR with ‘n’ value of 3.63, compa-

rable to Pt/C (3.9) and generates maximum power density (Pd,max) of 2.0�0.1W/m2

close to the benchmark Pt/C (2.6�0.2 W/m2). The improvement of electrocatalytic

activity is believed to be originated from the synergetic contribution of

nitrogeneous functional groups of support material and bimetallic catalyst.

8.4.2.2 Metal Oxide-Based ORR Catalysts

Towards the development of noble metal-free ORR catalysts, the low cost metal

oxides (MO) have generated considerable attention as alternate to Pt/C in MFC.

Different types of transition MOs were studied including simple MOs, spinel type

MOs, and hybrids. The simple synthesis protocol, low cost, excellent ORR catalytic

activity, and environmental benignity are the important factors that attract scientific

community to use MO-based catalysts. Owing to the low cost, high abundance and

multiple oxidation states, manganese oxides (MnOx) have been studied extensively

as cathode catalysts in MFC. The theoretical and experimental studies revealed that

MnIII metal centre serves as active species for ORR on MnOx surface. Thus the

concentration of MnIII species on the catalyst surface determines the efficiency of

the MnOx. A proposed ORR mechanism on MnO2 surface can be represented by

following set of reactions (Khilari et al. 2013):

MnIVO2 þ H2Oþ e� ! MnIIIOOHþ OH� ð8:13Þ
2MnIIIOOHþ O2 ! 2MnIVOOHO� ð8:14Þ

MnIVOOHO� þ e� ! MnIVO2 þ OH� ð8:15Þ

Morphology, crystal structure and specific surface area play important role in

controlling the activity of MO-based electrocatalysts. The catalytic activity of

different polymorphs of MnO2 is reported to be in the order β-<λ-<γ-<α- MnO2

(Khilari et al. 2013). Additionally, the chemical composition of catalyst affects the

catalytic activity. Among different MnOx, the ORR activity follow the order of

Mn5O8<Mn3O4<Mn2O3<MnOOH~MnO2 (Khilari et al. 2013). The α-MnO2

nanotubes modified MFC delivered a Pd,max of 2100 mW m�2 which is higher

than α-MnO2 nanorods (1850 mW m�2) confirming the role of morphology

(Gnanakumar et al. 2014). Very recently Liu et al. (2015) reported the

morphology-dependent catalytic performance of electrodeposited CuxO (with

tuneable porosity) cathode catalyst in sMFC. The improved ORR catalytic activity

was owing to high surface area and well defined microporosity that provides large

number of active sites. Several other transition MOs such as Fe2O3 and NiO have
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also been tested in MFC (Martin et al. 2011; Huang et al. 2015). The power

generation follow the order of carbon black (8 W m�3)<Fe2O3 (15 W m�3)<
Mn2O3 (32 W m�3)<Pt/C (90 W m�3) (Martin et al. 2011). Impurity doping is

another way to boost the ORR activity of MOs. The cryptomelane-type octahedral

molecular sieve MnO2 has been doped with Co, Cu and Ce, which shows significant

improvement in performance to the parent MnO2 (Li et al. 2010). The doping of

lower valent cation on to Mn4+ sites in MnO2 generates O2 vacancies to maintain

the charge neutrality. This disordered structure is mainly responsible for the

improved catalytic activity.

Spinel type MOs are a special class of materials with chemical formula AB2O4

where A and B are either same or different transition metals (Khilari et al. 2014).

Several studies have been carried out with spinel type catalysts such as MnCo2O4,

Fe3O4, MnFe2O4, Co3O4 and NiCo2O4 (Khilari et al. 2014, 2015; Ma et al. 2014;

Ge et al. 2015; 2016). The multiple valent metal centres in spinel play major role in

improving the ORR activity by offering more active sites. Further, the tailoring of

chemical composition ‘x’ in A1+xB2�xO4 resulted in many intriguing

electrocatalysts with varied performance (Cheng et al. 2011) due to change in

their properties. The tailoring of chemical composition is adopted to create disorder

for enhancing the catalytic activity by minimizing the activation barrier at the

defect sites.

Low electronic conductivity is a demerit of most of the MO-based catalysts that

increases the internal resistance of fuel cell. To improve the electronic conductivity

of MO-based cathode, electrically conductive supports such as AC, graphitized

carbon, CNTs, graphene (GR) and conducting polymer are generally employed.

MnO2/CNT and NiO/CNT were evaluated as ORR catalyst in MFC (Liew et al.

2014; Huang et al. 2015). Similarly, graphene and heteroatom doped GR supported

MOs (MnO2 NTs/GR, MnO2/GO, Co3O4/N-doped GR) were tested (Kannan 2016).

Among different compositions, 77% NiO/CNT was reported to be the best ORR

catalyst with n ¼ 3.5 which is almost two times higher to virgin NiO (n ¼ 1.9) in

neutral PBS medium. In addition, 77% NiO/CNT modified sMFC offers Pd,max of

670 mW m�2 and an OCV of 0.772 V (Huang et al. 2015, Fig. 8.5). Moreover,

Gnanakumar et al. reported a significant increment of power generation by inte-

grating α-MnO2 nanotubes with graphene oxide (GO). A composite catalyst with

2:1 ratio of MnO2:GO generated Pd,max of 3359 mW m�2 which is quite close to

Pt/C (Gnanakumar et al. 2014). A number of recent review articles discussed

the role of graphene/MO hybrid catalysts with detail insight (Kannan 2016; Liew

et al. 2014).

8.4.2.3 Metal Macrocycles-Based ORR Catalysts

Metal complexes are known to be the efficient electrocatalysts for many electro-

chemical processes. The macrocyclic ligand bounded metal complex such as metal-

phthalocyanines and tetramethoxyphenylporphyrins were paid much attention as

low cost ORR catalyst in recent years (HaoYu et al. 2007). Figure 8.6 shows a metal
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Fig. 8.5 (a) TEM image of 44% NiO/CNT composite; (b) power density and cell voltage as a

function of current density obtained with different NiO catalysts; and (c) schematic of ORR

pathway in NiO/CNT composite (Adapted from Huang et al. 2015 with permission from Elsevier

publisher)
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pthalocyanine (MPc) complex with a central metal ion (M) coordinated to four

nitrogen (N) atoms of cyclic ligand such as phthalocyanine. Although metal

phthalocyanines can be used in neutral, alkaline and acidic environment, they

show limited stability below pH 3 due to demetalation of the macrocyclic ring.

Thus, metal macrocycles are supported on AC by pyrolysis and this has been found

to be effective to improve the stability and catalytic activity in acidic medium

(HaoYu et al. 2007; Zhao et al. 2005). Moreover, the pyrolysis process introduces

metal and chelating N onto graphitic planes and form different covalently bonded

MNx sites (e.g. FeN2C2
�, FeN3C2

�) (Lalande et al. 1996). Furthermore, the heat

treatment and pyrolysis of metal macrocycles with catalyst support was reported to

improve the catalytic activity by controlling the particle size, surface morphology

and dispersibility. In such metal macrocycles, ligand acts as a bridge for the

electron transfer from metal centre to the catalyst support and simultaneously

protect the central metal ion (Kim et al. 2011). However, a few reports demonstrate

that the unpyrolized macrocycles are more active in neutral medium as compared to

pyrolized analogue (Yuan et al. 2011a, b). Thus further work is needed in this

direction. Apart from metal macrocycles, studies have been conducted on different

metal chelated complexes as ORR catalyst in MFC including pyrolized iron-

ethylenediamine tetraacetic acid complex/activated carbon (FeEDTA/AC) (Liew

et al. 2014). Another study with FeEDTA/AC suggests that the ORR catalytic

performance depends on the amount of AC (Xia et al. 2013).

8.4.2.4 Carbon-Based ORR Catalysts

The carbon-based materials have been found to be crucial to many applications.

The introduction of nanostructured carbon materials such as AC, CNT, GR,

nanohorn, nanofibre, and nanoonion add extra dimension to carbon material’s
applicability. The excellent electrical conductivity, chemical stability, mechanical

strength and high surface area made the nanocarbons a superior choice for variety

of electrochemical applications. Moreover, the carbon materials have been found as

active catalyst for ORR. AC with a PTFE gas diffusion layer cold pressed to a

nickel current collector (1220 mW/m2) delivers higher power than a Pt modified

carbon cloth cathode (1060 mW m�2) (Zhang et al. 2009). The performance of AC

cathode was reported to be improved by addition of carbon black (CB) and the best

ORR performance achieved with 10% of AC:CB composition. This enhancement

was attributed to the reduction of charge transfer resistance upon CB blending

(Zhang et al. 2014). Pristine GR and CNTs lack positive charge density and defects

for facile adsorption and cleavage of molecular O2. Thus, the ORR occurs at very

high overpotential on GR and CNTs. Surface functionalization of pristine catalysts

with hetero atoms (e.g. N, B and S) creates asymmetric spin densities, atomic

charge densities and defects that improve the adsorption and effective cleavage of

O¼O bond (Kannan 2016). Recently, attention has been given on the development

of N doped CNT (N-CNT), carbon fibres, and GR (N-GR) as metal-free ORR

catalysts. The bamboo-shaped N-CNT grown (Fig. 8.7) via a chemical vapour
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deposition was found to be a superior ORR catalyst (4e� pathway in neutral pH,

lower internal resistance and higher cathode potential) in MFC than that of Pt/C

(Feng et al. 2011b). The DFT calculation reveals that the high electron affinity of N

and substantial positive charge density on the adjacent carbon atoms favour easy O2

adsorption. Moreover, the parallel diatomic adsorption of O2 on N-CNT weakens

the O�O bond which results in a direct reduction to OH� via a 4e� reduction

pathway (Gong et al. 2009).

A number of studies have been conducted on N-GR as ORR catalyst for

MFC cathode. The metal-free N-GR modified air cathode sMFC produced Pd,max

of 1350�15 mW m�2 which is comparable to Pt/C (1420�25 mW m�2) (Feng

et al. 2011a). Considering the catalytic activity and electronic conductivity of

heteroatom doped carbon, several hybrid catalysts were developed for ORR catal-

ysis in MFC. The reported hybrid includes Co/Co9S8/NPGC (1156�18 mW m�2)

(Pt/C-1023�13 mW m�2) (Li et al. 2016) and Co3O4/N-GR (1340�10 mW m�2)

(Pt/C-1470�10 mW m�2) (Su et al. 2013). In recent past, Ag/Fe/N/C composite

(1791 mW m�2) derived from carbonization of Ag and Fe chelated melamine

complex is found to be a superior cathode catalyst than benchmark Pt/C

(1192 mW m�2) in sMFC (Dai et al. 2016a, b). The authors claimed that Fe-N

sites and different nitrogeneous functionalities were responsible for high ORR

activity. More detail study on N-GR and hybrid ORR catalysts is reported in

recently published review articles (Kannan 2016; Liew et al. 2014).

8.4.2.5 Metal Carbides as ORR Catalysts

Metal carbides (MCs) are emerging as a promising class of material for fuel cell

application due to their high chemical and mechanical stability, and resistance to

corrosion during the electrochemical reactions. The MCs have several advantages
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over the parent metal in terms of catalytic activity, selectivity and resistance to

poisoning (Ham and Lee 2009). However, the MCs can form different chemical

composition of MxCy with different reactivity towards electrocatalysis. Thus,

selection of appropriate composition is important to enhance the ORR activity

(Ham and Lee 2009). Since, the discovery of metal-like behaviour of tungsten

carbide (WC) by Levy and Boundart in 1973, it has been widely used for fuel cell

applications (Levy and Boudart 1973). Gong et al. (2013) reported Ag-WC/C

hybrid ORR catalyst for cathode modification in a dMFC. The polarization study

and K-L plot analysis suggested a quasi-4e� (n¼ 3.86) ORR pathway on Ag-WC/C

whereas parent WC and WC/C offers the n value of 2.23 and 2.8, respectively. The
synergy between Ag and WC is responsible for improved ORR activity of Ag-WC/

C (Pd,max of 20.62 W m�3) in comparison to Pt/C (21.4 W m�3). The thermody-

namically favourable O2 adsorption followed by O�O cleavage on WC surface

reduces the activation barrier and high positive reduction potential of Ag�O

facilitates the reduction process. Wen et al. (2012) reported N-Fe/Fe3C@C catalyst

with ‘n’ value of 3.98 in a neutral electrolyte which is comparable to Pt/C (n¼ 4.0).

The performance with N-Fe/Fe3C@C (4.2 W/m3) as cathode catalyst in dMFC

outperforms the state-of-the-art Pt/C (3.98 W/m3).

8.4.2.6 Electronically Conductive Polymer Catalysts

In recent time, electronically conducting polymers (ECPs) are investigated for

diverse applications. The high electronic conductivity and environmental stability

make this class of materials unique over many others. Flexibility and large scale

electrode fabrication with conducting polymer offer huge opportunity to build prac-

tically applicable devices. Among different ECPs, PANI, polypyrrole (PPy), poly

(3-methyl)thiophene (PMeT) and poly(3,4-ethylenedioxythiophene) (PEDOT) were

found to be more active ORR catalyst. However, the transformation of PANI from

emeralidine to leucoemeraldine form during ORR reduces its catalytic activity.

Additionally, the long-term electrochemical stability of ECPs is poor. So, these

polymers were generally used as ORR catalysts along with another material such

as AC, CNTs, GR, metal complexes and MOs. The ECPs weaken the molecular

O�O bond of chemiadsorbed O2 at polymer surface which lowers the activation

barrier for ORR. Figure 8.8 displays the bridge model of O2 adsorption on PANI and

PPy (Khomenko et al. 2005). Considering this unique adsorption profile of PPy and

PANI, CB was integrated to them forming hybrids for enhanced performance than

AC. Similarly, GR and CNT-based ECPs hybrids were also tested as ORR catalyst in

MFC. The pthalocyanine, anthraquinone and prussian blue based EPC hybrid ORR

catalysts were reviewed (Yuan et al. 2011a; Li et al. 2014). Recently, many

MO/PANI or PPy composite catalysts were also used as cathode catalyst in MFC.

The reported MOs-based composites are MnCo2O4/PPy (6.11 W m�3) (Khilari et al.

2014), V2O5/PANI (79.26 mWm�2) (Ghoreishi et al. 2014), MnO2/PANI (37.6 mW

m�2) (Ansari et al. 2016), and MnFe2O4/PANI (6.49 W m�3) (Khilari et al. 2015). In

these cases, enhancement in ORR activity is recorded by incorporating ECP.
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8.4.2.7 Biocatalysts for Cathodic Reduction

The abiotic cathode catalysts have several limitations for practical applicability of

MFC which includes high cost, complex fabrication protocol, and most of the

catalysts are environmentally unfriendly. Thus significant efforts have been made

to develop biotic cathode to overcome the limitations of abiotic counterpart.

Biocathode consists of a biofilm that can be used to catalyze the cathodic reduction

making the MFC a totally bioelectrochemical system. The advantages of

biocathode include environmental benignity, self-sustainable catalyst regeneration,

and low operational cost. Generally, two types of biocathodes are reported in

literature. One type catalyzes the ORR in aerobic medium. Moreover, the ORR

process at biocathode is mediated by both Mn and Fe (He and Angenent 2006).

Another type of biocathodes catalyzes cathodic reduction of sulphate and nitrate in

an anaerobic environment. The performance of biocathode primarily depends on

the electrochemical activity of bacteria anchored to the cathode (Zhang et al. 2012).

Pure culture such as Sphingobacterium sp., Acinetobacter sp. and Letothrix
discophora sp., were utilized in the biocathode as cathode catalyst (Liew et al.

2014; He and Angenent 2006).

Previous reports suggest that the Pd,max achieved with an isolated

Sphingobacterium sp. (49 mW m�2) is two times higher than that of isolated

Acinetobacter sp. (24 mW m�2) and thrice of bare cathode (15 mW m�2) (Rabaey

et al. 2008). In addition to pure culture, reports are available on mixed culture-based

biocathodes (Liew et al. 2014; Rabaey et al. 2008). The efficacy of a biocathode

depends on the number of active sites which is directly related to the bacterial

population on the cathode surface. Thus, an efficient cathode surface must possess a

populated biofilm for dense active sites. In this regard, different strategies have

been adopted to create suitable cathode structure and modification of cathode

surface with functional materials such as GR, CNT etc. (Zhang et al. 2013). The

progress of biocathode application in MFC is reviewed in literature (Liew et al.

2014; He and Angenent 2006).
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8.5 Conclusions

Last few years witnessed significant progress and several breakthrough advance-

ments in the MFC application. In particular, efforts have been made to overcome

the challenges for cost-effective bioelectricity generation using non-noble metal

catalysts in the MFC. Although, till date efficiency of a few cathode catalysts

approaches close to Pt/C in MFC, their commercial uses remain to be seen. We

have discussed here on the improvement of MFC performance while focusing the

development on different types of cathode catalysts. Further improvement on

catalytic activity is required and theoretical investigations such as DFT study and

molecular dynamics can assist to design superior functional cathode catalyst. The

hybrid catalysts show promising ORR catalytic activity and have potential to

compete the state-of-the-art Pt/C. In order to increase the efficiency of waste to

bioelectricity generation using MFC, low-cost functional supports for suitable ORR

catalyst such as metal oxides and metal complex or metal is also important. In

addition, most of the existing catalysts were studied in a lab scale. Thus, the

necessity of cost-effective cathode catalysts for MFC scale up is to be resolved.

Scale up of MFC from lab scale to industrial scale can be attained with proper

synchronization of engineering, scientific skill and development of effective cata-

lyst materials.
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Chapter 9

Role of Biocathodes in Bioelectrochemical
Systems

V. Prakasam, S.G.F. Bagh, S. Ray, B. Fifield, L.A. Porter, and J.A. Lalman

9.1 Introduction

Environmental damage, depleting fossil fuels and energy security are major factors

driving intensive research efforts to develop carbon neutral or carbon negative

technologies which can be used to produce electricity and chemicals. Technologies

under development to achieve this goal include those based on bioelectrochemical,

biological, thermal and chemical processes. Evolving technologies employing

biological as well as electrochemical principles are grouped in the

bioelectrochemical systems (BESs) category. The main focus of this chapter is on

biocathodes used in BESs.

A BES such as a microbial fuel cell (MFC) is a two-chamber system consisting

of anode and cathode chambers separated by a proton exchange membrane (PEM).

This system is configured with an anode chamber containing electrochemically-

active microorganisms, while the cathode is abiotic. Microorganisms attached to

the anode oxidize electron donors such as glucose to produce electrons which travel

to the cathode. Protons are transported through the solution or across a membrane

separator. Depending on the application, BESs are configured with abiotic and

biotic cathodes (biocathode).
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Biocathodes can operate under aerobic, anoxic and anaerobic conditions. The

standard reduction potential for O2 to H2O is 0.818 V (Thauer et al. 1977). The O2/

H2O couple is more positive than the standard reduction potentials for sulphate/

bisulphide (�0.217 V), nitrate/ammonia (0.360 V) and nitrate/nitrite (0.430 V). In

comparison, only nitrate/nitrogen reduction couple (0.760 V) is close to the O2/H2O

couple. Electrons at the cathode reduce O2 to H2O or H2O2 in MFCs, or water to H2

in microbial electrochemical cells (MECs).

Although the anodic oxidation reactions are similar, the different cathode reac-

tions result in MFCs producing electrical energy while in MECs, additional energy

is required to drive the overall reaction (Sasaki et al. 2011; Tartakovsky et al. 2009).

MFC technology can be classified into a wide array of technologies designated as

MXCs, where x is desalination, electrolysis and solar. Microbial desalination

cells (MDCs) are used in desalinating brackish water (Kim and Logan 2013)

while MECs are used for production of hydrogen (Tartakovsky et al. 2009) and

microbial solar cells (MSCs) are used for carbon dioxide sequestration (Pisciotta

et al. 2012).

9.2 BES Technology Utilizing Biocathodes

Abiotic cathodes constructed from platinum (Jeremiasse et al. 2010; Rozendal et al.

2008) are commonly used in MECs. However, limiting factors due to cost and

reduced catalytic efficiency caused by sulphide poisoning sulphide have forced

researchers to seek alternative options. BESs configured with biocathodes catalyze

electron transfer from cathodes to electro-positive terminal electron acceptors such

as oxygen or nitrate (Clauwaert et al. 2007a, b). Clauwaert et al. (2007a, b)

successfully employed BESs designed with bioanodes and biocathodes utilizing

inexpensive materials such as carbon or graphite rather than expensive metals such

as palladium. Additionally, biocathodes have also been configured into photosyn-

thetic MSCs to reduce carbon dioxide (Cao et al. 2009).

MDCs configured with biocathodes have been reported in several studies (Meng

et al. 2014; Wen et al. 2012). According to Meng et al. (2014), a biocathode

constructed from a graphite brush embedded with graphite granules was developed

for synergistic desalination, electricity generation and biosolids stabilization in an

MDC. These researchers reported a maximum power output reaching 3.2 W m�3

and an open circuit voltage (OCV) of 1.12 V. Wen et al. (2012) employed a

biocathode configured MDC and reported a maximum voltage of approximately

610 mV.
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9.3 Electron Acceptors and Microorganisms

Microorganisms accepting electrons directly or indirectly from a cathode are

referred to as electrotrophs (Lovley 2011; Logan 2009). BESs are operable using

a variety of electron acceptors such as oxygen, nitrate, sulphate, iron, manganese,

arsenate, fumarate, or carbon dioxide (Virdis et al. 2010; Freguia et al. 2010;

Rabaey et al. 2008; Clauwaert et al. 2007a).

Aerobic biocathodes variable performance and wide range of bacteria involved

with electron transfer are major issues under investigation by many researchers.

Mixed-community aerobic biocathode biofilms are a suitable substitute for chem-

ical catalysts at the cathode because of cost, robustness and sustainability. A wide

range of bacterial species belonging to the Alphaproteobacteria (Du et al. 2014;

Wang et al. 2013a; Zhang et al. 2011a; Clauwaert et al. 2007b), Betaproteobacteria
(Du et al. 2014; Wang et al. 2013b; Sun et al. 2012; Zhang et al. 2011b, 2012a;

Chen et al. 2008; Rabaey et al. 2008), Gammproteobacteria (Wang et al. 2013b,

2015; Du et al. 2014; Strycharz-Glaven et al. 2013; Chung et al. 2011; Zhang et al.

2011a; Chen et al. 2010; Schamphelaire et al. 2010; Rabaey et al. 2008; Clauwaert

et al. 2007b; Reimers et al. 2006), Bacteroidetes (Wang et al. 2013a; Sun et al.

2012; Xia et al. 2012; Chen et al. 2008, 2010) and other less well-known microor-

ganisms (Rimboud et al. 2015; Blanchet et al. 2014; Du et al. 2014; Wang et al.

2013a) have been identified as dominant in mixed community aerobic biocathodes.

Carbajosa et al. (2010) reported acidophilic Acidithiobacillus ferrooxidans is

involved with oxygen reduction in biocathodes. Other microorganisms such as

Chlorella vulgaris have been utilized under aerobic conditions (Campo et al.

2013; Wu et al. 2013).

Under anoxic conditions, nitrate and sulphate have been employed as electron

acceptors (Nguyen et al. 2015; Clauwaert et al. 2009). Denitrification and sulphate

reduction in BESs have been reported in many studies. Cai et al. (2014) reported

sulphate-reducing bacteria and homoacetogens were detected in MEC biocathodes.

Autotrophic hydrogen and sulphate consumer Desulfovibrio and planktonic micro-

bial consortia was detected on a biocathode configured BES (Pozo et al. 2015).

Nguyen et al. (2015) and Clauwaert et al. (2009) reported denitrification using

microorganisms attached to a cathode. Nitrifying bacteria detected on anoxic

biocathodes include Nitrosomonas sp., Nitrospira sp. and Nitrobacter
sp. (Du et al. 2014). Chen et al. (2010) reported using nitrate as electron acceptor

and the major microbial population detected included Alphaproteobacteria,
Betaproteobacteria, Gammaproteo-bacteria and Flavobacteria.

Jeremiasse et al. (2010) reported operating an MEC with the anode and cathode

catalyzing reactions mediated by microorganisms. These authors described the

formation of calcium phosphate and production of hydrogen plus methane. In an

MEC configured with a biocathode, microorganisms utilize the electrode as an

electron source to catalyze combining electrons and protons to produce hydrogen.

In other systems, microorganisms were able to produce methane from CO2 plus an

electron donor (Marshall et al. 2012, 2013; Pisciotta et al. 2012). Hydrogen and
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formate have been detected in mixed microbial communities autotrophic

biocathode configured MES reactors (Marshall et al. 2012, 2013; Zaybak et al.

2013; Pisciotta et al. 2012). Zaybak et al. (2013) used a BES configured with a

biocathode containing mixed microbial autotrophic community to produce butanol,

ethanol, hydrogen, acetate, propionate and butyrate.

Sulphate-reducing bacteria (SRB) as well as homoacetogens have been identi-

fied in MEC biocathodes (Kim et al. 2015). Sulphate reduction has been reported

using biocathodes with hydrogen as the electron donor (Coma et al. 2013; Yu

et al. 2008).

Photo-biocathodes are a promising option for combining photosynthesis into

BES systems (Xiao et al. 2015; Xiao and He 2014). BES configured with photo-

biocathodes has the potential of attaining the concept of a carbon neutral system.

Photo-biocathodes are useful for chemical production, carbon fixation (El-Mekawy

et al. 2014) and biomass production. Adding photosynthetic organisms is a means

for electron acceptors cathode as well as dissolved oxygen for the oxygen reducing

reaction (Campo et al. 2013; Gajda et al. 2013; Berk and Canfield 1964). Using

phototrophic biocatalysts in the cathode half-cell reaction is expected to permit

meeting the oxygen level requirements for the oxygen reducing reaction (Berk and

Canfield 1964) as well as producing biomass which utilized as a fuel for the MFC

anode. McCormick et al. (2011) and Xiao et al. (2015) reported cyanobacteria

Leptolyngbya and the green alga Acutodesmus as dominant photoautotrophs in

cathode suspension and biofilms.

9.4 Biocathode Materials

Electrode material properties are critical elements for the efficient and economical

feasibility for operating MFCs. Suitable materials properties should consider high

conductivity, low corrodibility, high specific surface area, suitable for microbial

growth and low cost (Wei et al. 2011a). Various materials utilized include graphite

felt (Zhang et al. 2012b), graphite granules (Zhang et al. 2011a), polyaniline (Ren

et al. 2013; Li et al. 2012), graphite fibre brush (Li et al. 2012; Zhang et al. 2011a,

b), poly(aniline-co-o-aminophenol) (Li et al. 2012), graphite plate (Behera et al.

2010; You et al. 2009), poly(aniline-co-2, 4-diaminophenol) (Li et al. 2012), poly

(aniline-1,8-diaminonaphthalene (Li et al. 2012), carbon felt (Li et al. 2012;

Schamphelaire et al. 2010), carbon paper (Zhang et al. 2012b), carbon fibre brush

(Tursun et al. 2016), granular carbon (semi coke) (Wei et al. 2011b) granular

activated carbon (Tursun et al. 2016; Sun et al. 2012; Wei et al. 2011b), carbon

felt cubes (Wei et al. 2011b), carbon nano tubes (Zhang et al. 2013), graphene nano

sheets (Ren et al. 2013) and stainless steel mesh (Zhang et al. 2012b; Zhang et al.

2013).

Tursun et al. (2016) compared graphite granules, activated carbon granules and

activated carbon powder and concluded that activated carbon granules show

improved power generation, higher chemical oxygen demand removal and
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coulombic efficiency. Zhang et al. (2012b) evaluated current density, power density

and polarization and reported graphite felt was the most effective biocathode when

compared to carbon paper and stainless steel mesh. In other studies, Zhang et al.

(2011b) compared the performance of graphite brushes, graphite granules and

graphite brushes plus graphite granules and concluded the startup time was less

for the graphite brushes plus graphite granules cathode configuration when com-

pared to graphite brushes. They also reported a maximum power density achieved

with a higher coulombic efficiency for the graphite brushes plus graphite granules

cathode.

9.4.1 General Material Characteristics

Electrode characteristics such as surface roughness, surface area, porosity, conduc-

tivity, and hydrophobicity are major factors affecting biofilm formation and, hence,

the performance of biocathodes.

9.4.1.1 Biocompatibility and Surface Roughness

Surface roughness can significantly impact the heterogeneity nature of biofilms on

surfaces. The ability to form and sustain biofilms on biocathode surfaces directly

impacts the electron transfer process. The structural heterogeneity and microbial

characteristics can influence the biofilm activities as well as the substrate and

product mass transfer (Yang et al. 2000). According to Dumas et al. (2008), surface

roughness enhances biofilm formation on graphite rather than on stainless steel and

the current density was much larger for the stainless steel electrode. Pons et al.

(2011) reported the biofilm structure significantly affecting current production with

isolated cells and small local colonies providing higher current density than dense

colonies.

9.4.1.2 Surface Area and Porosity

High surface area electrodes are affiliated with increasing power production (Logan

2009). Increasing porosity increases the surface area available for biofilm growth

(Santoro et al. 2014). Higher porosity reduces the diffusional resistance to the mass

transfer of oxygen, in case of aerobic biocathodes (Tursun et al. 2016).

9.4.1.3 Conductivity

Highly conductive materials reduce the resistance to the flow of electrons and

increases electron transfer. Higher resistance leads to a loss of energy in the form
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of heat. Highly conductive materials increase the electron transfer to micro-

organisms (Jourdin et al. 2014).

9.4.1.4 Hydrophobicity

The hydrophobic nature of the material can affect the type of microorganisms

attached to the surface (Mieke et al. 2013). Many microorganisms are capable of

changing their cell surface characteristics (charge and hydrophobicity) depending

on the environmental conditions (Marshall et al. 1971; Busscher and Weerkamp

1987). Bacterial adhesion can be enhanced by changing cathode properties such as

hydrophobicity as well as changing the pH and conductivity of the catholyte

(Rijnaarts et al. 1995; Van Loosdrecht et al. 1989).

9.5 Biofilm Formation

Biofilms are structured microbial communities encased and glued in a matrix of

complex extracellular biopolymers. A micro-colony, a basic unit of the biofilm, is

enclosed in a dense biopolymer attached to a surface (Costerton et al. 1995).

Biopolymer composition and the microbial populations in biofilms are major

factors affecting the electron transfer efficiency. A gradual decrease in the power

generation was observed with increasing cathode biofilm thickness on graphite

plate and stainless steel mesh (Behera et al. 2010). Biofilm formation is affected

by numerous factors such as reactor operational conditions, inoculum source,

environmental conditions, substrate and surface characteristics.

9.5.1 Biofilm Architecture

Biofilms architecture is also not always a uniform distribution of cells constructed

layer upon layer. Homogenous distribution of microorganisms on an electrode is

reported in many studies (Huang et al. 2011; Nevin et al. 2010). The availability of

nutrients plays an important role in biofilm formation as microorganism position

themselves according to the presence of nutrient gradients (Jain et al. 2007;

Costerton et al. 1995). Biopolymers can also enhance biofilm formation. Other

factors, including physicochemical properties (e.g. pH, temperature, viscosity and

flow rate) and the presence of other microorganisms can also affect biofilm devel-

opment (Patil et al. 2011; Costerton et al. 1995). Convective flow and turbulence,

caused by the roughness of the surface, allows for circulation within the biofilm.

Establishing biofilm growth on bioanodes and biocathodes by acclimatization of

electroactive bacteria (EAB) is a mechanism to increase establishment of micro-

colonies on surfaces (Xu et al. 2016; Wang et al. 2009; Kim et al. 2005).
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Acclimatization is useful in increasing the electrode performance by enhancing

biofilm attachment and growth and/or allowing the biofilm to attain a steady-state

open circuit potential (OCP) (Renslow et al. 2011; Larrosa-Guerrero et al. 2010).

9.6 Electron Transfer

Many microorganisms exchange electrons with solid surfaces or mediators. Elec-

trons are transferred between microorganisms, between microorganisms and sur-

faces and surface to microorganism. Electron acceptors reduction is achieved either

by bacteria or direct reduction on a biocathode.

9.6.1 Aerobic and Anaerobic Bacterial Electron Transport
Chains

Electron transport is mediated by a series of electron carriers which cascade

electrons from an electron donor with a relatively lower redox potential to an

electron acceptor with higher redox potential. The carrier system, localized in

bacterial plasma membranes, consists of linked electron carriers such as proteins,

flavins, cytochromes, non-heme iron components, other smaller non-protein car-

riers as well as multiple cytochrome oxidases (Kracke et al. 2015).

A generalized electron transport chain is initiated by the oxidation of NADH

(+H+) proceeds from flavoprotein dehydrogenase. Electrons are transported into a

non-heme iron centre and subsequently to ubiquinone to produce ubiquinol. The

non-heme iron centre receive electrons from ubiquinone, in case of aerobes, then to

cytochrome b1 and subsequently channelled to multiple cytochrome oxidases such

as cytochromes a, c4, c5 or d (Jurtshuk 1996). Configuration of these subsequent

carriers depends on the oxygen tension (Kurosu and Begari 2010).

In anaerobes, electrons from ubiquinone are transferred to cytochrome b1, to c1

and to c type cytochromes. Electrons from b1 may transfer to non-heme iron centre

or from c type cytochrome to cytochrome d and to the electron acceptor (Jurtshuk

1996).

Geobacter sulfurreducens and Shewanella oneidensis have been used as model

organisms to examine direct and indirect electron transfer mechanisms between

electrode surfaces (Ross et al. 2011; Rosenbaum et al. 2011; Thrash and Coates

2008; Bond and Lovley 2003). Outer-membrane cytochromes have been identified

as enabling compounds promoting electron transfer (Breuer et al. 2015; Shi et al.

2007, 2009). However, studies have shown significant differences in the different

electron transport chains in microorganisms. For example, soluble electron carriers

detected in Shewanella sp. are not present in Geobacter sp. (Marsili et al. 2008;

Holmes et al. 2006).
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9.6.2 Electrode-Microbe Electron Transfer Mechanisms

Microbe-anode and cathode-microbe electron transfer are similar but electron flows

in the opposite direction (Semenec and Franks 2015; Strycharz et al. 2011).

Electrons transfer from electrode to bacteria can be categorized into the following

(Choi and Sang 2016):

1. Direct electron transfer (DET)

2. Indirect electron transfer (IDET)

Microorganisms utilize several electron transfer modes such as: direct— involve

physical contact or attachment with nanowires, and indirect—use small organic

secreted by cells or added exogenously molecules as redox mediators or primary

metabolites or other intermediates (Patil et al. 2012).

9.6.2.1 Direct Electron Transfer (DET)

Direct Electron Transfer Through Surface Proteins

Outer bound, inner bound and trans-membrane proteins associated with electron

transport chains are involved with a series of redox reactions. Electron transfer

systems are not the same in microorganisms; however, these systems essentially

perform the same function. Although electron transfer systems in Geobacter
sulfurreducens can function on both anodes and cathodes (Geelhoed and Stams

2011; Strycharz et al. 2011; Nevin et al. 2009), it is unclear if the same proteins are

involved.

Carriers mediating electron transfer reactions include an extracellular site on the

outer membrane designated as MtrC, MrtA, a periplasmic c-type cytochrome,

CymA, positioned on a site between the inner membrane and the periplasm and

OmcA, a protein located on the inner membrane (Choi and Sang 2016). OmcS and

OmcF, two of the most abundant proteins from the outer surfaces of intact c-type

cytochrome cells, are affiliated with the electron transfer process.

Direct electron transfer from cathode to hydrogenases via cytochromes has been

proposed by Rosenbaum et al. (2011). Genomic sequence of Desulfovibrio vulgaris
has shown to possess genes coded for various c-type cytochromes (Heidelberg et al.

2004). These cytochromes may create a network of heme centres in electron

transport chains. Dinh et al. (2004) observed a Desulfobacterium isolate and a

Methanobacterium which can accept electrons from metallic iron. Various types of

cytochromes have been detected in the outer membrane of Desulfovibrio sp. and

their role as redox partners of hydrogenase was confirmed by many researchers

(Barton et al. 2007; Guiral-Brugna et al. 2001; Pereira et al. 1996). These findings

form the basis for a mechanism of cytochromes accepting electrons from cathode

and coupling to hydrogenases producing hydrogen in electron transport chains.
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Direct Electron Transfer Through Conducting Pili

This direct electron transfer mechanism relies on conductive pili (nanowires) for

electron transfer. Nanowires may function by enhancing the formation of thicker

electroactive biofilms which assist with charge transfer. Nanowires have been

reported in Geobacter and Shewanella strains (El-Naggar et al. 2010). In brief,

DET occurs when active sites on the membrane/extracellular proteins are bound or

close to the electrode surface.

9.6.2.2 Indirect Electron Transfer (IDET)

In microbial systems, electron transfer is mediated through chemical addition

(artificially), by-products as well as extracellular polymeric substances (EPS)

(Park and Zeikus 1999; Park et al. 1999; Pequin et al. 1994; Kim and Zeikus

1992; White et al. 1987).

Mediator Shuttled Electron Transfer

Indirect electron transfer (IDET) is associated with the electron transport via shuttle

chemicals. These mediating chemicals adsorb and facilitate the transfer of electrons

from carbon and metal surfaces to microorganisms. Many redox dyes, such as

methyl viologen (MV) (Pequin et al. 1994; White et al. 1987), benzyl viologen

(White et al. 1987), and neutral red (Kim and Zeikus 1992) with redox potential

lower values than NAD can affect biological redox reactions in bacterial systems.

For example, methyl viologen, an artificial mediator, was shown to increase ethanol

production from acetate at a cathode (Steinbusch et al. 2010).

EPS Mediated Electron Transfer

Extracellular polymeric substances (EPS) have been shown to function as a means

for electron transport from cathode surfaces to micro-organisms. This property has

become basis for many studies in improving cathode material for maximum power

production. Cathode surfaces modified with oligosaccharides or polysaccharides

and other polymeric materials have been reported to increase the specific surface

area, alter the charge of cathode material and improve efficient electron transfer

(Ren et al. 2013; Li et al. 2012).

9.6.2.3 Proteins Affiliated with Extracellular Electron Transfer

In addition to membrane bound cytochromes, other proteins such as ferrodoxin

oxidoreductases, hydrogenases coupled with ferrodoxins, methyl transferases,

rubredoxin, fumarate reductase, and formate dehydrogenase participate in electron

transfer (Choi and Sang 2016).
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9.7 Microbial Characterization Methods

Genomic/metagenomic, transcriptomic/metatranscriptomic, proteomic/meta-

proteomic, metabolomics/meta-metabomoics, microscopic coupled with flow

cytometry are employed to understand microbial interactions as well as metabolism

in microorganisms. Combined metagenomic and metaproteomic analyses can be

particularly useful for generating information related to the functions of biofilm

constituents. Metaproteomics is useful because the data can provide functional

information from electrode-grown cells in order to understand biofilm electron

transfer pathways.

9.7.1 Biofilm Characterization

A variety of techniques, including biological, microscopic and chemical, are

available for characterizing and for community analysis of biofilm on electrode

surfaces. Each method has different level of taxonomical resolution and, therefore,

a specific application purpose. Each technique is classified into the following three

levels of detection: microbial detection, assessing and characterizing the commu-

nity composition and characterization based on functional genes and microbial

activity.

9.7.2 Microorganism Detection

Microbial communities can be analyzed using both culture-dependent and inde-

pendent approaches. Isolation of specific populations is accomplished using a

variety of methods. Cultures are serially diluted and plated on solid medium

where single colonies are subsequently cultured further as a pure culture. Further,

culture independent techniques are needed for complete detection of populations of

microbes.

Another powerful tool used to detect and quantify microbes in a biofilm makes

use of fluorescent markers is fluorescence in situ hybridization (FISH) (Moter and

G€obel 2000). In this technique, fluorescent oligonucleotide probes are designed

against specific known sequences such as genus specific sequences. Many varia-

tions of FISH have been developed to enhance the signal generated from the

sample, which is especially useful if a low microbial population is predicted

(Pernthaler et al. 2002). Quantitative real time polymerase chain reaction

(q-PCR) is used to rapidly determine and detect specific microbes within a biofilm

(White et al. 2009).
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9.7.3 Composition and Characterization of Microbial
Communities

Detection and determination of the relative abundance of microbes within a com-

munity is not sufficient for complete characterization of the population. The gold

standard in identifying cultures is 16S rRNA sequencing (Rosselló-Mora and

Amann 2001; Amann et al. 1995; Woese et al. 1985). The highly conserved regions

of 16S rRNA allows for reliable universal primers, while variable regions can be

used for comparative taxonomy (Prakash et al. 2007). Identification of the isolates

is examined by comparing the 16S rRNA gene sequence to international public

sequence databases (e.g. GenBank). Genetic fingerprinting techniques are com-

monly employed to characterize the composition of a microbial community. Gel

electrophoresis techniques are used to separate the amplicons based on their

sequence. Denaturing gradient gel electrophoresis (DGGE) relies on an increasing

gradient of denaturants (formamide and urea) to separate amplicons; alternatively

non-denaturing electrophoresis is used to separate these fragments while

maintaining their secondary structure. Temperature gradient gel electrophoresis

(TGGE) uses a temperature gradient for amplicon separation.

An alternative genetic approach includes terminal restriction fragment length

polymorphism (T-RFLP). T-RFLP is based on the amplification of target genes,

typically the hyper-variable region of 16S rRNA genes from the bulk population

(Liu et al. 1997). Another version of RFLP is amplified ribosomal DNA restriction

analysis (ARDRA). This technique is another extension of RFLP where conserved

regions at the end of the 16S gene are amplified and digested with restriction

enzymes (Vaneechoutte et al. 1992; Vaneechoutte et al. 1993).

Single-strand conformation polymorphism (SSCP) analysis is a simple and

sensitive technique for examining genetic variations within microbial communities

(Widjojoatmodjo et al. 1995; Orita et al. 1989). The SSCP method is based on

analyzing an altered conformation in comparison to a defined conformation. A

single base substitution leads to altered mobility of the single-stranded DNA under

non-denaturing electrophoresis. The differential intra-molecular folding results in

the banding pattern obtained from single-strand conformation analysis.

Genomic methods dedicated towards extraction of nucleic acid and its subse-

quent analysis have been used to characterize microbial community. Metagenomics

is used to analyze the collective genome from microorganisms in an ecosystem.

An indirect method to delineate differences between bacterial species is using

the percent similarity via DNA-DNA hybridization. With increasing number of

sequenced microbial genomes the direct determination of the similarity between

entire genome sequences may replace DNA-DNA hybridization (Goris et al. 2007;

Vandamme et al. 1996).

Genetic approaches can yield a great deal of information regarding the charac-

terization of biofilms. However, further classification based on phenotypic or
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chemotaxonomic characterization is required. An example of chemotaxonomy is

cellular fatty acid methyl ester (FAME) analysis. FAME analysis is performed

using gas chromatography (GC) or liquid chromatography (LC) coupled with mass

spectrometry (MS) (Vandamme et al. 1996).

9.7.4 Analysis of Functional Genes and Activity of Microbes

When assessing and characterizing a biofilm, not only is the structure and compo-

sition important, the functions these microbes perform and their activity are also

crucial to fully understand these populations. To achieve this, techniques based on

metatranscriptome and metaproteome are used. Metatranscriptomics can be used to

quantify levels of gene expression within complex microbial communities in a high

throughput manner. Combining metaproteomic and metagenomic analyses is con-

sidered useful for gathering information of constituents and functions of constitu-

ents in a biofilm (Wang et al. 2015).

For metatranscriptomic techniques, RNA is isolated from the population and

analyzed via real time PCR (RT-PCR) or microarray analysis (Sharkey et al. 2004).

Using RT-PCR, changes in gene expression of functional genes in response to

varying environmental conditions can be assessed (Sharkey et al. 2004). The

microarray based metatranscriptomic analysis allows for a large number of target

sequences to be analyzed at one time, provide a rapid, high throughput method of

analyzing expression of functional genes.

Metaproteomic data is able to produce similar information as

metatranscriptomics. However, metaproteomics can also provide information at

the level of protein expression (Wilmes and Bond 2006). Specific functions and

activities performed by microbes are known to be associated with expression of

particular sets of proteins; thus functional activity of the microbes can be analyzed.

Stable isotope probing (SIP) can be used to identify the active populations within

a microbial community (Dumont and Murrell 2005; Radajewski et al. 2000). Stable

isotopes (13C or 15N) which have successfully metabolized and incorporated the

substrate can be separated by density gradient centrifugation. Isolated populations

can then be analyzed using genetic approaches to determine the strain of microbe

response for metabolizing the substrate.

9.7.5 Polyphasic Taxonomical Approach

Using the polyphasic approach to classify microbes undoubtedly enhances the

accuracy of establishing phylogenetic relationships between microbes, as well as

in characterizing new species. This approach uses many of the techniques described
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in the above sections including complete gene sequencing and comparative analysis

by phylogenetic trees, DNA-DNA hybridization, analyses of molecular markers,

biochemical assays and microscopic characterization to gather collective informa-

tion on microorganisms (Prakash et al. 2007; Vandamme et al. 1996). Polyphasic

taxonomy is strengthened by further integrating genotypic, phenotypic and phylo-

genetic microbial data in a stepwise manner.

9.7.6 Microscopic Methods

Light microscopy techniques have dramatically improved visibility and contrast in

unstained and living material. Adaptions to microscope hardware have made

contrast imaging possible; one example is the Hoffman Modulation Contrast

(HMC) which creates a 3D image by placing an amplitude filter in the objective

of the microscope. The result is a high resolution three-dimensional image capable

of optical sectioning, directionality and control over contrast and coherence (Hoff-

man 1988).

Scanning electron microscopy (SEM) is a powerful technique capable of exam-

ining the surface structure of biological samples and often used for visualization of

microorganisms in a biofilm. Environmental SEM (ESEM) is preferred for exam-

ining biofilms because of issues related to the water of hydration with the vacuum

system. Energy x-ray spectroscopy (EDS) is another useful analytical tool inte-

grated with SEM.

Transmission electron microscopy (TEM) allows quantitative analysis at high

resolution across the sections of the biofilms and, thereby, deriving valuable

information on the spatial arrangement and cellular ultra-structure.

AFM is a type of near-field scanning probe microscope which uses a sharp probe

or tip to map the contours of a sample and is therefore not limited in resolution due

to diffraction effects. The AFM technique is very useful since it allows the precise

measurement of dimensions of individual bacteria (Surman et al. 1996; Nivens et al.

1995).

Confocal scanning laser microscopy (CSLM) has improved the analytical

precision of light microscopy. CSLM is well suited for studying microbial biofilms

in that the in-situ, nondestructive analysis of living, fully hydrated biofilms is

performed without chemical fixation or embedding. Combining confocal micro-

scope capabilities with fluorescence in situ hybridization (FISH), which uses

fluorescently labelled oligonucleotide probes to identify specific microbial com-

munity members, allows for accurate and quantitative analysis of multi-species

biofilms in both natural and artificial environments (Almeida et al. 2011; Yang

et al. 2011).
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9.7.7 Spectroscopic Methods

Fourier transform infrared spectroscopy (FTIR) is used to study the interaction

between IR radiation and the vibrational modes of molecules in condensed phases

(solids and liquids). Commercially available IR instruments are capable of studying

aqueous biofilms. Coupling of attenuated total reflection (ATR) sampling technique

with FT-IR spectrometry allows examination of biofilms in aqueous environments;

however, the water background signal requires subtracting. Surface-enhanced

Raman scattering (SERS) is another technique which is used to gather information

on microorganisms (Ivleva et al. 2008).

9.7.8 Nuclear Magnetic Resonance Imaging

Nuclear magnetic resonance imaging (NMRI) works on the principle of tracing the

water movement within the biofilm. Intra-biofilm flow is known to profoundly

affect mass transport within biofilms. NMRI is useful in understanding molecular

diffusion and biofilm process modelling (Costerton et al. 1995).

9.7.9 Flow Cytometry

Flow cytometry as a method for microbial community characterization is beginning

to gain more attention in recent years. In brief, samples are stained with fluorescent

dyes and then examined using a series of lasers. Detectors are able to determine

intensity of the fluorescent signal, which is subsequently used to quantify either the

relative abundance of microbes in a particular sample (Hammes et al. 2008), or can

also be used to determine the composition of samples (Kerstens et al. 2015;

Ksontini et al. 2013).

To enable identification of specific microbial species within a community,

combining flow cytometry with FISH, known as flow-FISH, can be utilized

(Nettmann et al. 2013; Amann et al. 1990). In this technique, fluorescently labelled

probes with sequences specific to 16S rRNA sequences are used to label a microbial

community. Samples are then analyzed using a flow cytometer where the expres-

sion and quantification of the fluorescent probe can be readily and rapidly evalu-

ated, allowing for quick identification of microbial species in a given community.
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9.8 Conclusions

BESs are an evolving technology which remains in its developmental stages. A

crucial factor affecting developing and implementing the technology is the cathode.

Abiotic cathodes and biocathodes have been evaluated in BESs. Numerous advan-

tages have been attributed to using biocathodes when compared to abiotic cathodes.

Biocathodes are a crucial design element affecting efficient electron transfer and,

hence, electricity production. Advancing the technology requires a thorough under-

standing of how material characteristics as well as microbial factors affect electron

transfer. Investigating electron transfer mechanisms has been evaluated using

numerous biological and chemical tools.
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Chapter 10

Physicochemical Parameters Governing
Microbial Fuel Cell Performance

Sanath Kondaveeti, Ramesh Kakarla, and Booki Min

10.1 Introduction

Microbial fuel cell (MFC) performance has been dramatically improved by opti-

mizing physicochemical parameters, especially in the early period of MFC

research, for MFC practical applications. The enhancement in power output of

MFC can be dependent on several physical and chemical parameters such as

electrode material and morphology, catalyst on electrode, reactor design, mem-

brane/separator, temperature, pH, electrolyte conductivity, and types of oxidants

and substrates (fuels). The optimized conditions of physical and chemical param-

eters can enhance performance of MFC by decreasing internal resistance which is

the sum of over potentials at the anode and cathode chambers and the separator part,

and by increasing Columbic efficiencies. The effects of these parameters on MFC

performance are discussed below in details.

10.2 Anode Electrode for MFC

10.2.1 Plain Anode Materials

In most of MFC operations, carbon materials such as graphite rod, graphite plate,

graphite fibre brush, carbon cloth, carbon paper and reticulated vitreous carbon

(RVC) have been used as an anode electrode. The carbon materials are implemented
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in MFC due to its excellent electrical conductivity, lower resistance and chemical

stability. High-conductivity electrode can lead to decrease in few ohms of internal

resistance, which can increase MFC power. Logan (2008) reported the electrical

conductivity of graphite fibre, carbon paper and carbon cloth as 1.6, 0.8 and 2.2Ω cm
�1, respectively. Carbon paper is often used as the anode electrode inMFC operation,

but it is relatively thin and brittle in comparison with other electrodes. It can be easily

connected to electrical collector (wire) and sealed with non-conductive resin. The

carbon cloth appears to be highly flexible and porous allowing higher surface area for

bacterial adhesion and growth. Due to its flexibility and firmness, the carbon cloth

materials are often used in hydrogen fuel cell and flat plate MFC operations with a

minimum spacing between electrodes to reduce ohmic resistance for enhanced MFC

performance. Graphite plates, rods, felt and sheets exhibit high strength and low

porosity, except for graphite felt. These electrodes are also often used as the anode

material or in combination of activated carbon. MFC operation with graphite felt

resulted in 2.4 times amplification in current generation than with graphite rod

(Chaudhuri and Lovley 2003). Ahn and Logan (2012) suggested that increase in

anode thickness from 0.32 to 1.27 cm of graphite felt exhibited a 23% increase in

maximum power density due to its sponge structure. Graphite fibre brushes are made

of graphite fibres that are wound using one or more electrically conductive and

non-corrosive metal wires such as titanium or stainless steel. It is attractive due to

high available surface area in comparison with other 2D conventional electrodes for

bacterial growth and low electrical resistance. The graphite fibre brush anode with

high specific surface area (18,200 m2 m�3) could produce the maximum power

density of 1430 mW m�2, which was about 2.4 times higher power density than

with carbon paper (surface area ¼ 22.5 cm2; 600 mW m�2) (Logan et al. 2007;

Logan 2008). Comparison studies of anode electrode materials in MFC by using

carbon paper and carbon brush clearly point the significant enhancement, in terms

of power generation (Fig 10.1) (Logan et al. 2007).

Reticulated vitreous carbon (RVC) was used in few studies due to its high

conductive nature (200 S cm�1; 5� 10�3Ω cm�1) and porosity. Similar to graphite

fibre brush, RVC exhibits high surface area which helps in filling the anode

chamber, but it is high-cost and brittle material. Few studies have tested

Fig. 10.1 Power density

curves in single chamber

bottle type MFCs with

carbon paper and carbon

brush anodes (Logan et al.

2007)
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non-carbon materials like stainless steel (SS), titanium, ceramic with carbon, and

gold as anode electrode materials (Guerrini et al. 2014; ter Heijne et al. 2008;

Thorne et al. 2011). Dumas et al. (2007) operated sediment MFCs using SS as an

anode and could generate 4 mW m�2 power density. MFCs using gold (7.8 cm2)

could generate current density of 688 mAm�2 and with carbon cloth (6.45 cm2), the

current density was 3147 mA m�2 (Richter et al. 2008). The higher current value

with carbon cloth was possibly due to more biomass on the electrode surface than

with smooth and polished electrodes.

10.2.2 Surface Modifications of Anode Electrode

One of the successful modifications of anode electrode was the treatment of

carbon cloth anode with 5% NH3 gas at 700 �C and helium carrier gas. The

maximum power density with the NH3 surface treatment was increased from 1640

to 1970 mW m�2, and the lag period (startup) was reduced up to 50%. The

increase in maximum power densities was attributed to increase in positive

surface charge from 0.38 to 3.9 meq m�2 (Cheng and Logan 2007). The other

types of surface treatments include the heating of carbon mesh at 450 �C for

30 min (He et al. 2005) and surface oxidation of carbon electrodes using sulphuric

acid or the combination of heat and acid treatment (Feng et al. 2010). The increase

in performance with acid or heat treatment can be due to several factors such as:

(1) increase in specific surface area which helps in bacterial adhesion on to the

anode electrode, (2) high ratio of protonation of N to total N giving more positive

charge on electrode, and (3) lower composition of C–O resulting in lesser forma-

tion of contaminants on electrode (Feng et al. 2010). Electrochemical oxidation of

graphite plate by applying +1.85 V (vs. Ag/AgCl) had gained attention due to its

simple operation process and exhibited a similar increase (39–58%) in power

density to the operation with heat and acid pretreated anodes in comparison to

control (no pretreatment) (Lowy and Tender 2008). The simple pretreatment

process of scrubbing the electrode by sandpaper could also increase the surface

roughness of graphite rod/sheets/plates and enhance the bacterial adhesion for

high power generation (Guo et al. 2015).

Surface coatings of an anode electrode have been tested as the other approach to

increase anode performance. The surface coating materials include carbon

nanotubes (CNT), conductive polymers (ex: poly aniline), immobilized mediators

(neutral red), metals and composites of these materials (polymer/CNTs). CNT or

modified forms of CNT with metals are most frequently used materials for increas-

ing power generations. Electrochemical analysis such as cyclic voltammetry and

electrochemical impedance spectroscopy revealed that the presence of CNT can

increase electron transfer from bacteria to electrode and decrease the internal

resistance of MFC as well (Qiao et al. 2007). The presence of poly aniline or

polypyrole coating on MFC anodes enhanced maximum power densities, which

were presumably due to increase in surface area and bacterial adhesion or due to
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enhanced current collection (Tsai et al. 2009). Neutral red (NR), methylene blue

(MB) and 1,4-napthoquinone (NQ) were used as the mediator to efficiently transfer

the electrons from bacterial cell to electrode (Wang et al. 2011a). However, the

continuous supplementations of these mediators are needed to maintain their

performance and also limited to batch mode of operation due to washout. These

problems can be partially overcome by immobilizing the mediators on electrode

surface, but in the long-term operation, the immobilized mediators can be

deactivated or degraded. The stability of electrodes with immobilized mediators

needs to be confirmed in operational practice.

10.3 Cathode Electrode

10.3.1 Cathode Electrode with Catalysts

The cathode catalyst plays a significant role in achieving enhanced cathode perfor-

mance and decreasing construction costs. The cathode catalyst accounts up to 47%

of capital cost in air cathode MFCs (Rozendal et al. 2008). Platinum (Pt) is the most

commonly used cathode catalyst for oxygen reduction in both air and aqueous

cathode MFCs. However, the Pt catalyst is limited to bench-scale application

because of its expensive nature. Few researchers have tried to decrease the loading

ratio of platinum without losing its catalytic performance. The deposition of Pt on

carbon paper with electron beam evaporation reduced the thickness of Pt layer

(1000 A) and reduced the loading with increase in current density (0.42 A m�2) as

compared to commercially available Pt-black (0.22 A m�2; Vulcan XC-72, E-Tek)

(Park et al. 2007). The combination of the transition metals (Fe, Co, Ni) with Pt can

decrease the oxygen binding energies. The Pt-Co alloy at a ratio of 2:1 on cathode

electrode could obtain higher power densities (1681 mW m�2) than with the

platinum coated carbon paper (1315 mW m�2) (Yan et al. 2014). The MFC with

MnO2 catalysts could produce the maximum power densities ranging 88 to 172 mW

m�2, which were smaller than with Pt (268 mWm�2) (Zhang et al. 2009a). Li et al.

(2010) observed an increase in current generation (180 mW m�2) by doping MnO2

with cobalt (only with MnO2 as control: 86 mW m�2), which was similar to the

value with Pt (198 mW m�2). For coating of catalyst (ex. Pt or CoTMPP) on

electrode substrate, the binders such as perfluorosulphonic acid (Nafion) and poly

tetra fluroethylene (PTFE) are commonly used.

Cheg et al. pursued comparison studies in using of Nafion and PTFE as binders

(catalyst: platinum) in single chamber air cathode MFCs. Air cathode operation

with Nafion and PTFE exhibited maximum power densities of 480 and 331 mWm�2,

respectively. In this study they also suggested that biofilm formation on PTFE

cathodes were thin and low in comparison to Nafion as a binder due to variation in

hydrophobicity on cathode electrode (Cheng et al. 2006b). In the same study, they

have tested CoTMPP coating on cathode with Nafion as a binder and noticed power
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generations of 369 mWm�2. However, it is virtuous to know that Nafion costs up to

500 times more than PTFE. Zhang et al. (2010) used the PDMS (poly dimethyl

siloxane), which were much cheaper than PTFE and could result in high CE of upto

80% and prevent water leakage. As an alternative to expensive catalyst on cathode

and pretreatment process, researchers have developed biocathodes for decreasing

over potentials. Moreover, the biocathodes have several advantages such as low

cost, environmental friendly, regenerative nature, and they are also efficient for

wastewater treatment, biogas generation and bioelectrochemical synthesis of fuels.

Yo et al. operated MFCs with biotic carbon brush and produced 68.4 W m�3 power

density, which was higher than with abiotic carbon brush (31.5 W m�3) (Chae et al.

2009). In their study, the biocathodes with graphite plate and graphite granules could

generate high power density of 51.4 W m�3 and 61.3 W m�3, respectively.

10.3.2 Cathode Electrode Without Catalysts

MFCs using plain carbon paper without catalysts could produce a small power

density of 0.04 W m�3 (cathode working volume) (Oh et al. 2004). Some

researchers have used plain cathode electrodes with high surface area. Freguia

et al. (2007) operated air cathode MFC with granular graphite and achieved a

maximum power density of 50 W m�3 (based on cathode working volume). In

comparison to the usage of graphite rods/plates and other plain limited surface area

carbon materials (carbon cloth, carbon paper), activated carbon (AC) with high

porosity was beneficial in obtaining higher power generation (Freguia et al. 2007).

The pretreatment of AC cathodes with various chemicals such as HNO3, H3PO4,

KOH and H2O2 have been tested for oxygen reduction in comparison with

Pt-coated cathodes (Duteanu et al. 2010). Among all the chemicals tested, MFC

operationwithHNO3 pretreatedAC exhibited a higher power density (170mWcm�2)

than without pretreated AC (51 mW cm�2), but it was relatively smaller than with

Pt coated AC (217 mW cm�2) (Duteanu et al. 2010).

10.4 Membranes/Separators Tested in MFC

10.4.1 Ion Exchange Membrane

Cation exchange membrane (CEM) or proton exchange membrane (PEM) is com-

monly used for protons or cations transfer from anode to cathode chamber in MFC

operations. Most commonly used CEM is Nafion-117, which draws interest in

hydrophobic fluorocarbon backbone (CF2-CF2) and sulphonate (SO3) groups for

diffusion of cations. Other frequently used CEM in MFC is CMI-7000, which is

strong acid polymer membrane with gel polystyrene and divinyl benzene structure.
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CMI-700 exhibits comparable cation conductivity, sustainability and mechanical

durability to Nafion, but it tends to exhibit higher ohmic resistance due to difference

in chemical structural and physical morphologies. Several alternative low cost

CEMs such as SPEEK, Hyflon (sulphonated polyether ether ketone) were tested

and exhibited better power densities, low ohmic resistance and higher conductivity

than conventional CEMs (Nafion, CMI-700) (Ayyaru and Dharmalingam 2011;

Ayyaru and Dharmalingam 2013; Ieropoulos et al. 2010). All CEM endured several

limitations such as biofouling, competition of proton and cation and high cost for

practical MFC operations. Competitive proton transport with other cations can lead

to decrease of pH at anode, which would obviously increase the internal resistance

and varies power densities (Li et al. 2011). AEM allows protons to efficiently

diffuse from the anode to cathode by phosphate or carbonate anions as proton

carrier and pH buffer.

The diffusion of phosphate anions (buffering effect) also contributes in enhanc-

ing performance of MFC. Kim et al. (2007) carried out comparison studies of MFC

with between CEM and AEM and noticed maximum power densities of 0.48 and

0.61 W m�2, respectively. However operation of MFC with AEM can be limited

due to high substrate cross over and deformation in comparison to CEM. The

bipolar membranes (BPM) are composed of two mono polar membranes (AEM

and CEM), which helps in simultaneous transport of positive and negative ions.

However, the competitive transport of electrolyte ions at the membrane can pose a

major flux in charge balance, which can severely affect the performance of MFC by

altering pH balance (Krol and Engineering Krol 1997). Low proton transferability

of BPM limits the MFC application to wastewater treatment, but it still has

interesting nature (two mono layers), which is helpful for desalination (Harnisch

et al. 2008).

10.4.2 Size Selective Separators

The size selective separators can be differentiated into two categories based on their

pore size: microporous separators (ex: UF and MF) and course pore separators (ex:

GF, nylon mesh, fabric materials and cellulose filters). Numerous types of micro-

porous filters were extensively studied in water and wastewater treatments due to

their higher durability and performance. Recently these separators have been used

in MFC for enhancing proton diffusion. Microporous separators can physically

separate the anode and cathode solutions, and are able to diffuse the various charged

and neutral species with their efficient pore size. Zuo et al. (2007) pursued a tubular

MFC studies by coating UF with conductive and catalytic layer and observed the

maximum power density of 17.7 W m�3, which was higher than with CEM alone

(6.6 W m�3). Course pore filters such as fabrics, nylon mesh and glass fibres are

much cheaper and exhibit a higher potential for practical application. Course pore

materials such as NWF and J cloth have been reported to exhibit enhanced power

densities due to their high transport capability of proton ions (Choi et al. 2013).
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Kondaveeti et al. (2014) carried out comparison studies between size-selective

separators and ion exchange membrane. In these studies they have noted increase

in power generations with size selective separators (PP100: 117 mW m�2; PPS:

102 mW m�2, S-PPS:190 mW m�2), in comparison to ion exchange membrane

(Nafion: 24 mW m�2; CMI-7000: 78 mW m�2), which were attributed to abundant

ion transfer, high cathode potentials and low pH at cathode (Moon et al. 2015b). An

MFC with non-woven fabric (NWF) separator produced higher power density of

1027 mW m�2 than with Nafion (609 mW m�2) (Choi et al. 2013). However, size

selective separators are limited with higher diffusions of oxygen and substrate cross

over. The larger pore size of course pore filters (NWF) adversely affects the MFC

performance due to high permeation of oxygen (7.0 � 10�4 cm/s) in comparison

with Nafion (6.7� 10�4 cm s�1) (Choi et al. 2013). Few researchers have overcome

this problem by increasing the distance of electrode. However, with the increase of

electrode spacing internal resistance of MFC would be increased (Moon et al.

2015a). Further studies would be needed in optimizing the performance of MFC

with size-selective separators.

10.5 Reactor Configurations

Reactor configurations can govern the MFC performance with the variations in

reactor volume, electrode spacing, membrane area, oxygen supply and hydraulic

flow pattern. The diverse configurations of MFCs are available, which are ranging

from microlitres to thousands of litres in size. Among various configurations,

double chamber “H” type MFCs have been typically used. The key aspect of this

configuration is ion exchange compartment which helps in diffusion of protons and

limits the substrate and oxygen crossover (Kondaveeti et al. 2014). However, the

relatively longer distance of electrodes can limit high MFC performance due to

increase in internal resistance. In order to decrease internal resistance, researchers

have operated MFCs by clamping electrodes along with membranes or separators

(Choi et al. 2013). By using closer spacing of electrodes in double chamber MFC,

Choi et al. noted a smaller internal resistance of 93 Ω (57 mW m�2), in comparison

to other studies of MFC using larger spacing 672 Ω (103 mW m�2) (Sun et al.

2009). However, placing the electrodes closer to membrane can result in higher

oxygen diffusions from cathode to anode. The difference in internal resistance due

to different configurations of MFCs can affect directly the power density, and the

unknown power density can be calculated based on the internal and external

resistance of the two systems using the following equation (Min et al. 2005;

Kondaveeti et al. 2014).
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Pa ¼
Ph � R2

i, h

Re, h
� Re, a

R2
i, a

ð10:1Þ

Pa is power density (mW m�2) with advanced configuration of MFC, Ph is power

density with an H type MFC, Ri,h is internal resistance of an H type MFC, and Ri,a is

internal resistance of an advanced cell. Assume that external resistance (Re,h, Re,a) of

each cell for maximum power generation is equal to internal resistance. Min et al.

reported that MFC configuration with a relatively advanced design for ion transports

(membrane; system internal resistance: 1286Ω) could produce about 17 times higher

power generation than with a salt bridge compartment (19,920 Ω internal resistance).

They could also estimate the power density value (2.8 mW m�2) using the Eq. 10.1

from the MFC with a salt bridge, which was similar to the measured one (2.2 mWm
�2), based on the information about the system resistances (Min et al. 2005). Cube

type MFCs produced about 13.5 times higher power generation (514 mWm�2; 84 Ω
internal resistance) than using bottle type MFCs (38 mW m�2; 1272 Ω internal

resistance) (Kim et al. 2007). It is not necessary to aerate the cathode when using

oxygen as final electron acceptor, which leads to develop single chamber MFCs with

air cathode assembly. These configurations have gained attention due to several

advantages such as simple nature of operation, decrease in internal resistance,

enhanced oxygen reduction rate on cathode, increased proton diffusion and reduced

electrode spacing. Logan et al. (2007) carried out the comparison study between

single chamber cube and bottle types of MFCs and noted a smaller internal resistance

(8Ω) and higher power density with cubeMFC (2400 mWm�2) than with bottle type

MFCs (50 Ω; 1200 mW m�2). Fan et al. (2007) could produce higher power density

(303 W m�3) with sandwich type MFCs with MEA than with MFC (71 W/m3)

having 1.7 cm spacing between anode and cathode electrodes (Fan et al. 2007).

One of the major limitations in using a single chamber MFC is water leakage,

evaporation and high oxygen diffusion. Cheng et al. (2006a) found that PTFE

diffusion layers on the cathode could decrease oxygen diffusion and water loss,

which results in increase in Columbic efficiency and maximum power densities.

They could increase CE about 1.7 times higher with four PTFE layers (32%) than

without coating (19.1%), and also high power density (766 mW m�2) with PTFE

coating was obtained with a noticeable decrease in water loss (without coating,

538 mW m�2). The other configurations with low internal resistance and high

power density include packed bed upflow MFC, flat plate MFC, and tubular

MFC. He et al. (2005, 2006) operated two different configurations of UMFCs,

and one reactor produced the maximum power density of 170 mW m�2 (Internal

resistance: 84 Ω) and the other one generated 29.2 W m�3 (internal resistance:

17 Ω). Rabaey et al. operated a tubular MFC and obtained the maximum power

density of 48 mW m�2 (internal resistance: 4 Ω). In this study, they have noticed a

COD removal of less than 20% and a higher conversion of sulphate to sulphide

suggesting the alternate electron acceptor. Min and Logan (2004) developed a flat

plate MFC and noticed the maximum power density of 309 mW m�2. Li et al.

(2009) operated a wetted wall MFC (WWMFC) and noticed a maximum power

density of 18.2 W m�3 (420 Ω internal resistance). A submersible MFC with MEA
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assembly was developed and the maximum power density of 631 mWm�2, and the

internal resistance of 82 Ω were observed (Min et al. 2012).

10.6 Effect of Temperature on MFC Performance

Temperature is one of the crucial governing factors in MFC power generation.

Temperature variations in MFC system could affect the kinetics (activation energy,

mass transfer coefficient, solution conductivity), Gibbs free energy, electrode

potential, chemical solubility and distribution and activity of microorganisms on

the electrodes (Larrosa-Guerrero et al. 2010). Min et al. (2008) reported that

operational temperature of 30 �C would be beneficial in decrease of lag period

and increase in power density. Guerrini et al. (2014) found that increase in opera-

tional temperature from 4 to 35 �C resulted in an increase in current density (20 to

100 mA m�2) and COD removal rate (16 to 39 mg L�1 hr.�1) (Larrosa-Guerrero

et al. 2010). In this study, they have also noted an increase of initial pH and solution

conductivity with an increase in temperature. Liu et al. (2011) operated MFC at

different operational temperatures (30, 35, 40 and 45 �C) and observed an increase

in the maximum power densities from 764 to 1065 mW m�2 with temperature

increase from 30 to 45 �C (internal resistance decrease from 177 to 121 Ω).
However, with a further increase to 53 �C, no presence of catalytic activity were

noticed. The anode and cathode potentials were decreased by 36.2% (�392 to

�250 mV) and by 16.6% (246 to 187 mV), respectively, with temperature decrease

from 37 to 10 �C (Li et al. 2013).

10.7 Electrolyte pH in Governing MFC Performances

Electrolyte (anolyte and catholyte) pH in MFC is important parameter in governing

the growth and metabolism of bacteria on anode, transport of proton from anode to

cathode, and oxygen reduction on cathode. The electricity generation in MFC starts

with generation of electron and protons (H+) in the anode which eventually is

transferred to cathode for the reduction process (Kakarla et al. 2015; Kakarla and

Min 2014a). Most of the studies till now make use of buffer to control the pH

changes and prevent potential imbalances in-between anode and cathode (Kakarla

and Min 2014b). Without a buffer system, the pH at anode is always acidic

condition due to H+ production from the oxidation of organic substrates by the

bacteria preset on anode electrode and, in the cathodic chamber, the pH on the

cathode electrode becomes at alkaline condition due to the formation of OH� ions.

The optimum pH conditions, invariably, exhibit a positive effect on MFC current

generations as the generation of electron and metabolism of electrogenic bacteria

present on the anode electrode. The optimum pH conditions vary among the

different bacterial species in an anode chamber (He et al. 2008). Vologni et al.
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(2013) reported that the maximum power densities with primary sludge from a

wastewater treatment plant were observed at neutral pH conditions rather than

acidic conditions. In some other study, a fed batch MFC with anaerobic sewage

sludge generated higher maximum power densities at pH 6 (237 mWm�2) and pH 7

(182 mWm�2) than at pH 4 (95 mWm�2) and pH 5 (116 mWm�2), suggesting that

at lower pH conditions microbes are prone to acidic shock (Zhang et al. 2009b). He

et al. (2008) reported that the anodic polarization resistance was decreased with

increase in pH from 5 to 7, but further increase in pH from 7 to 10 the anodic

polarization resistance was increased. However, some studies had reported that the

maximum MFC performance was observed at more alkaline condition (at pH 10.5)

with use of pure culture Bacillus strain (Akiba et al. 1987). Similarly, the maximum

power densities of 87.2 mW m�2 and 107 mW m�2 were observed from an

air-cathode MFC between pH 8 and pH 10, respectively, whereas this maximum

power density was dropped to 21 mW m�2 at pH 5 (He et al. 2008).

The MFC Coulombic efficiencies were also greatly influenced by operational pH

conditions. It was reported that in a SMFC without pH control the pH of the

medium dropped from 6.2 to 4.9 with Coulombic efficiency of 1.06%. However,

the CE was increased to 16% at a neutral pH with addition of 50 mM PBS buffer

(Vologni et al. 2013). Similar findings were observed with a single chamber air

cathode MFC fed with brewery wastewater, in which CE was increased from 10%

(pH drop from 5.7 to 4.5 without buffer) to 16% with addition of 50 mM PBS (Yang

et al. 2013). Few studies also reported internal resistances of both anode and

cathode electrodes at varied pH conditions. He et al. reported that the anodic

polarization resistance (Rpa) decreased from pH 5 to 7 and then increased after

reaching a minimum pH of 7 indicating that Rpa is related to bacterial activity on

anode electrode. The lowest Rpa occurred at pH 7 showing that a neutral pH is

beneficial to bacterial activity. The pH values higher or lower than 7 had restricted

the bacterial activity on anode electrode. While the cathodic polarization resistance

(Rpc) continuously decreased from pH 5 to 10, indicating that the oxygen reaction

increased at a higher pH (He et al. 2008). The redox potential of oxygen reduction

on cathode at pH 7 was calculated by the Nernst equation shown in Eqs. 10.2, 10.3.

Here, E is half cell reduction potential, E� is standard potential, R is universal gas

constant, T is temperature in Kelvin, n is number of electrons transferred and F is

Faraday’s constant (the number of Coulombs per mole of electrons).

E ¼ Eo � RT

nF
ln

1

O2½ �1=2 Hþ½ �2
ð10:2Þ

E ¼ Eo � 8:31J=mol Kð Þ 298:15 Kð Þ
2ð Þ 96; 500 C=molð Þ ln

1

0:2½ �1=2 10�7
� �2 ¼ 0:805V ð10:3Þ

Logan et al. (2006) previously reported different oxygen redox potentials of

cathode at different pHs, which were 0.805 V (pH 7) and 0.627 V (pH 10),

respectively. You et al. (2006) reported that with decreasing the pH from 7 to 3.5

the open circuit potential (OCP) was increased from 0.90 V to 1.38 V, which could
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be due to high redox potential (1.70 V, Eq. 10.4) of permanganate at acidic

conditions. However, an increase in alkaline conditions had shown a negative

lead to drop in OCP and cathode potentials as shown in Eq. 10.5.

MnO�
4 þ 4Hþ 4e� ! MnO2 þ 2H2O,E

o ¼ 1:70 V ð10:4Þ
MnO�

4 þ 2H2Oþ 3e� ! MnO2 þ 4OH�,Eo ¼ 0:59 V ð10:5Þ

10.8 Electrolyte Conductivity

Electrolyte of MFC can be classified into anolyte (anodic solution) and catholyte

(cathodic solution), and both electrolytes play a crucial role in preventing potential

imbalances for better MFC performance. The electrolyte internal resistance was

increased from 47.3% to 82.2% when the phosphate buffer concentration (conduc-

tivity) was decreased from 200 mM to 50 mM (Fan et al. 2008). In some other

studies (membrane free single chambered MFC) with addition of supplementary

NaCl (100 mM) to 100 mM phosphate buffer had decreased the MFC system

internal resistance from 161 Ω to 91 Ω (200 mM) (Liu et al. 2005a). However,

the further increase of electrolyte conductivity from 200 mM to 400 mM didn’t
drop the system internal resistance significantly. The MFC internal resistance

including anode, cathode and solution were greatly affected by electrolyte conduc-

tivity. Fan et al. (2008) reported that for all MFCs, the electrolyte resistance

contributed around 36–78% of total internal resistance, while the resistance of

anode contribution was measured to be around 2 to 35%. In the MFCs with equally

sized anodes and cathodes (7 cm2) and 200 mM phosphate buffer, the anode only

accounted for 5.4% of the internal resistance, while the cathode and the electrolyte

each contributed 47.3%. Moreover, with increasing the phosphate buffer concen-

tration from 50 to 200 mM, the total internal resistance of MFC is decreased from

208 Ω to 85.9 Ω, whereas the electrolyte internal resistance was decreased from

78.2 to 47.3%. Cheng and Logan (2011) observed the increase of power densities of

MFC from 16 W m�3 to 33 W m�3 (107%) with increasing the electrolyte

conductivity from 1.7 mS cm�1 (10 mM PBS) to 7.8 mS cm�1 (50 mM PBS).

Further increases in conductivity to 20 mS cm�1 (200 mM PBS) increased the

power up to 60 m�3. Similarly, in some other studies the MFC maximum power

density of 2680 mW m�2 were increased to 4000 mW m�2 (49% increases) with

increase in phosphate buffer concentration from 50 mM to 100 mM. Further

increase in buffer concentration to 200 mM resulted in an additional 39% increase

in power density (Fan et al. 2008). In some other study the addition of buffer to a

primary sludge (50 mM PBS) had increased the average power generation of SMFC

from 0.140 mW m�2 to 0.204 mW m�2, which was about 1.5 times higher than the

value without the phosphate buffer addition (Vologni et al. 2013). Liu et al. (2005a)

observed 85% increase of power density when the solution conductivity was
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increased from 100 mM (720 mW m�2) to 400 mM (1330 mW m�2) in a single

chambered air cathode MFC (Fig. 10.2).

Wang et al. (2011b) has tested the effect of NaCl addition (0–250 mM) in air

cathode MFC with Pt (platinium) cathode electrode. He found that with increasing

the NaCl concentration from 0 to 100 mM the power densities of MFC with Pt

cathode were increased by 15% (from 798 mW m�2 to 921 mW m�2). However, a

slight decrease in the power density was observed with further increase of NaCl

from 100 to 250 mM. Vologni et al. (2013) found that addition of 50 mM to a SMFC

with primary sludge could increase the coulombic efficiency from 1.07% to 16%

due to incresed solution conductivity from 0.8 mS cm�1 to 8.4 mS cm�1. Yang et al.

also observed that CE was increased from 10 to 16%with buffer increase from 50 to

200 mM PBS in a single chamber air cathode MFC with brewery wastewater (Yang

et al. 2013).

10.9 Oxidants in an MFC Cathode

The oxidants used in the MFC cathode play a major role in determining half-cell

potential and overall MFC performances. Several oxidants are widely being used in

MFC cathode as an electron acceptor including O2 (dissolved and gaseous), Fe

(CN)6
3�, NO3

�, SO4
2�, Fe3+, fumarate, MnO4

2�, ubiquinone, and various types of
Cytochromes including Cytochrome a, b and c. Some of the common oxidants in

cathode along with reduced forms in MFC cathode are shown in Fig. 10.3.

The most commonly employed oxidant for MFC cathode is oxygen due to its

high reduction potential of 0.82 V and availability (Logan 2008). However, in

practice cathode reduction potential with oxygen is lower than the theoretical value.

General open circuit potential (OCP) of an air cathode is around 0.4 V, with an

approximate short circuit potential of 0.25 V having a Pt coated cathode electrode

Fig. 10.2 Effect of solution

conductivity (100–400 mM)

on MFC power generation

(Liu et al. 2005a)
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as previously reported (Liu and Logan 2004). The reduction of oxygen to form

water needs four electrons (Eq. 10.6). However, this process could be hindered with

formation of hydrogen peroxide with use of two electrons. The reduction potential

of this hydrogen peroxide formation is a bit lower than the water formation reaction,

which is about 0.695 V (Eq. 10.7). The formation of hydrogen peroxide at cathode

could result in degradation of cathode materials and membranes of MFC. However,

the formation of hydrogen peroxide might act as a disinfectant in keeping the

cathode and membrane free from microbial contamination (Logan et al. 2006).

O2 þ 4Hþ þ 4e� ! 2H2O ð10:6Þ
O2 þ 2Hþ þ 2e� ! H2O2 ð10:7Þ

In some other studies, researchers had tried to use regenerative chemical of

ferricyanide [Fe(CN)6
3�] which has higher reduction potentials than oxygen but are

unsustainable. The use of ferricyanide eliminates the necessity to use precious

catalysts like platinum with a high cathode reduction potential compared with use

of oxygen. This could be due to slight polarization of cathode electrode as reported

previously (You et al. 2006).

4Fe CNð Þ3�6 þ 4e� ! 4Fe CNð Þ4�6 ð10:8Þ

Anode

H+ + e- + CO2

Oxidation

Substrate
(acetate,
glucose,
starch,
wastewaters)

Oxidant (O2,
Fe(CN)63-,
NO3-,
SO4

2-,
Fe3+,
Fumarate,
MnO2)

(H2O or H2O2,
Fe(CN)64-,
N2,
SO2,
Fe2+,
Succinate,
Mn2+)

Reduction

Reduced

Cathode

V
e-

e-

e-

e-

e-

e-

H+

H+

H+

Fig. 10.3 Possible electron acceptors (oxidizers) in MFC cathode chamber
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Mohan et al. (2009) observed 11% higher voltage generation (0.651 V) with

ferricyanide catholyte (50 mM PBS) than the MFC (0.578 V) with aeration.

Similarly observations were found by Wei et al. (2012) in which the MFC catholyte

aerated ferricyanide had generated 155% and 111% higher cell voltage than MFCs

catholytes with only aeration and ferricyanide without aeration, respectively. You

et al. (2006) study reported that with use of permanganate (1.7 V, pH 3.5) the OCP

of cathode was found to be higher as compared to oxygen (0.8 V, pH 7). The

maximum observed power densities with use of permanganate (115 mW m�2) was

11.3-fold higher than that produced by using oxygen (10.2 mWm�2). In some other

studies, enzyme (laccase) was implemented alternative to oxygen and ferricyanide

in cathode chamber with an oxygenase, assisted by a redox mediator (Schaetzle

et al. 2009). In their study, the MFC cathode with 2,20-azino-bis (3-ethylbenzo-

thiazoline-6-sulfonic acid) diammonium salt (ABTS)/laccase/O2 system yielded

higher maximum power density of 46 mW m�2 compared to with use of ferricy-

anide (31 mWm�2). This could be due to higher redox potentials (1.1 V) of ABTS/

laccase/O2 system as compared to ferricyanide (0.42 V, pH 5). In some other

studies, nitrate and sulphate was used as a final electron acceptor in the cathode

through microbial interaction (biocathode) with minimal amount of oxygen con-

centration (Song et al. 2015). However, the reported cathode reductions potential of

cathode with use of biocathode and oxygen was smaller as compared to use of

oxygen (Cournet et al. 2010; Freguia et al. 2010). Some of redox couples and

respective reduction potentials for MFC cathode were explained (Logan 2008;

Logan et al. 2006).

The MFC cell and its cathode potentials can be varied according to concentra-

tion of reactant (partial pressures of oxidizers; example use of pure O2 instead of

normal air) in the cathode according to the Nernst’s equation (Eq. 10.3). With

increase in partial pressures of oxygen in cathode there are three possible effects

as reported previously (James Larmine 2003): (1) The increased open circuit

potential due to increase in oxygen partial pressure; (2) The decreased activation

losses at cathode because of better use of maximum catalyst sites on cathode

electrode; and (3). The increase in limiting current with reduced mass transport or

concentration overvoltage losses. This type of observations was reported in

Kakarla et al. (2015) study in which an air cathode MFC performance and its

cathode potentials were evaluated at increased oxygen concentrations, supplied

from an externally connected algae bioreactor. In this study, they have reported

that open circuit cell voltage (OCV) and cathode (OCP) with use of normal air

(20.8% O2) were 0.715 V (vs. Ag/AgCl) and 0.348 V (vs. Ag/AgCl), respectively.

With 39% oxygen supplied by algae bioreactor, the OCV and OCP were increased

by 13% (0.806 V) and 54% (0.536 V) compared with normal air. This measured

OCP of 0.733 V (vs. NHE) at 39% O2 level was very close to the standard cathode

potential of 0.805 V (Logan 2008).
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10.10 Substrates (Fuels) in the MFC Anode Chamber

The substrate is considered as one of the most vital factor in determining the MFC’s
maximum electricity generation (Li et al. 2009). Up to now a great variety of

substrates was successfully used in MFCs for electricity generation, ranging from

simple substrates (pure) to complex substrates (mixed). The sources include domes-

tic wastewaters, agriculture wastes, animal and industrial wastewaters, which are

different in their organic strength, complexity and microbial community. The

complexity, chemical oxygen demand (COD) concentration, pH and bacterial

community of wastewaters determine the overall MFC performance in getting its

maximum electricity generation. It has been reported that complex substrates are

generally difficult to be utilized as a carbon source for electricity generation

compared with simple substrate like acetate (Pant et al. 2010). The complex sub-

strates need more time and energy to be first metabolized to simpler molecules

before being used as a fuel. The MFC with simple substrates like acetate and

glucose could generate higher electricity generation and Coulombic efficiency

(CE) than with complex substrates (starch and cellulose). In Chae et al. (2009)

study, the double chambered MFC fed with acetate had showed the highest CE of

72.3% as compared to butyrate (43.0%), propionate (36.0%) and glucose (15.0%).

This lower CE with glucose was due to non-electrogenic process such as fermen-

tation or methanogenesis. However, the MFC had showed the highest power

density of 156 mW m�2 with use of glucose as a substrate; whereas with use of

acetate, propionate and butyrate substrates the maximum power densities were

64.3 mW m�2, 58.0 mW m�2 and 51.4 mW m�2, respectively.

A similar result was reported from a flat plate air cathode MFC (Min and Logan

2004). However, in their study, the highest power density was observed with acetate

(309 mW m�2) rather than with glucose (220 mW m�2). Various wastes and

wastewaters have been also fed to the anode chamber of several MFCs at the

substrate source. Vologni et al. (2013) operated a sedimental MFC (SMFC) fed

with primary sludge which exhibited a voltage generation of 0.25 V with a fixed

external resistance of 470 Ω. Jiang et al. (2009) operated a double chambered MFC

and noticed 0.687 V as voltage generation from primary sludge (sewage sludge)

with a 1000 Ω resistor and 50 mM K3[Fe(CN)6] catholyte. The voltage generations

from a double chambered MFC operated using swine wastewaters produced a cell

voltage of 0.357 V with fixed external resistance of 1000 Ω (Min et al. 2005). The

substrate concentration has a great effect on power densities and CE of MFCs.

Vologni et al. (2013) studied different initial SCOD concentrations ranging from

0.018 to 0.4 g L�1, where the power density was linearly increased up to 0.1 g L�1

of SCOD, but the slope of power vs. SCOD was decreased with increased SCOD. A

similar observation was reported with increased initial SCOD concentrations (Min

and Angelidaki 2008; Zhang et al. 2011). Min et al. (2005) double chambered MFC

with use of swine wastewaters had produced a maximum power density of 182 mW

m�2 with a CE of 8% and SMFC with use of primary sludge without buffer had

shown a CE of 1.6% (Vologni et al. 2013). Moreover, with increasing the initial
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wastewater TCOD concentration from 500 to 4500 mg L�1, CE was dropped from

26% to 10% (Min et al. 2005). A similar type of observation was found in Liu et al.

(2005b) study, in which increasing acetate concentration from 80 to 800 mg/l

decreased the CE from 28% to 13%.

10.11 Conclusions

The physical and chemical parameters play a major role in governing the MFC

performance by affecting the anode and cathode catalytic abilities, the system

internal resistance and sustainability. The optimization of physical and chemical

factors including MFC architecture, electrode and catalyst materials, membrane/

separator, temperature, pH, conductivity and substrate concentration are very

crucial for efficient, economic and sustainable MFC power generation. Especially

when MFCs are applied to the real field, the main physicochemical parameters

affecting the MFC operations should be thoroughly determined and optimized.
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Guo, K., Prévoteau, A., Patil, S. A., & Rabaey, K. (2015). Engineering electrodes for microbial

electrocatalysis. Current Opinion in Biotechnology, 33, 149–156.
Harnisch, F., Schr€oder, U., & Scholz, F. (2008). The suitability of monopolar and bipolar ion

exchange membranes as separators for biological fuel cells. Environmental Science & Tech-
nology, 42(5), 1740–1746.

He, Z., Minteer, S. D., & Angenent, L. T. (2005). Electricity generation from artificial wastewater

using an upflow MFC. Environmental Science & Technology, 39(14), 5262–5267.
He, Z., Wagner, N., Minteer, S. D., & Angenent, L. T. (2006). An upflow MFC with an interior

cathode: Assessment of the internal resistance by impedance spectroscopy. Environmental
Science & Technology, 40(17), 5212–5217.

He, Z., Huang, Y., Manohar, A. K., & Mansfeld, F. (2008). Effect of electrolyte pH on the rate of

the anodic and cathodic reactions in an air-cathode MFC. Bioelectrochemistry, 74(1), 78–82.
Ieropoulos, I., Greenman, J., & Melhuish, C. (2010). Improved energy output levels from small-

scale MFCs. Bioelectrochemistry, 78(1), 44–50.
James Larmine, A. D. (2003). Fuel cell systems explained. Chichester: John Wiley and Sons Ltd.

Jiang, J., Zhao, Q., Zhang, J., Zhang, G., & Lee, D.-J. (2009). Electricity generation from

bio-treatment of sewage sludge with MFC. Bioresource Technology, 100(23), 5808–5812.
Kakarla, R., & Min, B. (2014a). Evaluation of MFC operation using algae as an oxygen supplier:

Carbon paper cathode vs. carbon brush cathode. Bioprocess and Biosystems Engineering, 37(12),
2453–2461.

Kakarla, R., &Min, B. (2014b). Photoautotrophic microalgae Scenedesmus obliquus attached on a

cathode as oxygen producers for MFC (MFC) operation. International Journal of Hydrogen
Energy, 39(19), 10275–10283.

Kakarla, R., Kim, J. R., Jeon, B.-H., & Min, B. (2015). Enhanced performance of an air-cathode

MFC with oxygen supply from an externally connected algal bioreactor. Bioresource Tech-
nology, 195, 210–216.

10 Physicochemical Parameters Governing Microbial Fuel Cell Performance 205



Kim, J. R., Cheng, S., Oh, S.-E., & Logan, B. E. (2007). Power generation using different cation,

anion, and ultrafiltration membranes in MFCs. Environmental Science & Technology, 41(3),
1004–1009.

Kondaveeti, S., Lee, J., Kakarla, R., Kim, H. S., & Min, B. (2014). Low-cost separators for

enhanced power production and field application of MFCs (MFCs). Electrochimica Acta, 132,
434–440.

Krol, J. J. (1997). Monopolar and bipolar ion exchange membranes: Mass transport limitations.
Enschede: Department of Chemical Engineering/University of Twente. doc.utwente.nl/9372/1/

t0000002.pdf.

Larrosa-Guerrero, A., Scott, K., Head, I. M., Mateo, F., Ginesta, A., & Godinez, C. (2010). Effect

of temperature on the performance of MFCs. Fuel, 89(12), 3985–3994.
Li, Z., Zhang, X., Zeng, Y., & Lei, L. (2009). Electricity production by an overflow-type wetted-

wall MFC. Bioresource Technology, 100(9), 2551–2555.
Li, X., Hu, B., Suib, S., Lei, Y., & Li, B. (2010). Manganese dioxide as a new cathode catalyst in

MFCs. Journal of Power Sources, 195(9), 2586–2591.
Li, W.-W., Sheng, G.-P., Liu, X.-W., & Yu, H.-Q. (2011). Recent advances in the separators for

MFCs. Bioresource Technology, 102(1), 244–252.
Li, L. H., Sun, Y. M., Yuan, Z. H., Kong, X. Y., & Li, Y. (2013). Effect of temperature change on

power generation of MFC. Environmental Technology, 34(13–14), 1929–1934.
Liu, H., & Logan, B. E. (2004). Electricity generation using an air-cathode single chamber MFC in

the presence and absence of a proton exchange membrane. Environmental Science & Tech-
nology, 38(14), 4040–4046.

Liu, H., Cheng, S., & Logan, B. E. (2005a). Power generation in fed-batch MFCs as a Function of

ionic strength, temperature, and reactor configuration. Environmental Science & Technology,
39(14), 5488–5493.

Liu, H., Cheng, S., & Logan, B. E. (2005b). Production of electricity from acetate or butyrate using

a single-chamber MFC. Environmental Science & Technology, 39(2), 658–662.
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Chapter 11

Reactor Design for Bioelectrochemical Systems

G. Mohanakrishna, Shafeer Kalathil, and Deepak Pant

11.1 Introduction

Bioelectrochemical systems (BES) are novel hybrid systems which are designed to

generate renewable energy from the low cost substrate in a sustainable way.

Microbial fuel cells (MFCs) are the well studied application of BES systems that

generate electricity from the wide variety of organic components and wastewaters.

MFC mechanism deals with the microbial oxidation of organic molecules for the

production of electrons and protons. The MFC design helps to build the electro-

chemical gradient on anode and cathode which leads for the bioelectricity gener-

ation. As whole reactions of MFCs happen at mild environmental and operating

conditions and using waste organics as the substrate, it is defined as the sustainable

and alternative option for global energy needs and attracted worldwide researchers

into this research area. Apart from MFC, BES has other applications such as

microbial electrolysis cells (MECs) for biohydrogen production, microbial desali-

nations cells (MDCs) for water desalination, and microbial electrosynthesis cells

(MEC) for value added products formation. All these applications are designed to

perform efficiently under mild operational conditions. Specific strains of bacteria or

specifically enriched microbial consortia are acting as the biocatalyst for the

oxidation and reduction of BES. Detailed function of the biocatalyst has been

discussed in the other chapters of this book.
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Bioelectrochemical systems mechanism involves both microbial/biological and

electrochemical/physical principles. So, the design of BES is quite complex than

conventional fermentation reactors. Towards optimization of the reactor design

various models were tried. Even though the designs are different in various studies,

the design components were found to be almost similar in all the designs. Such

studies were focused to achieve improved energy recovery, high electron transfer

rate, efficient energy conversion, economic reactor design for scaling up, better

treatment efficiency, operational easiness, etc. The present chapter is focused to

bring the knowledge related to design of BES and its components at one place. The

chapter is also aimed to discuss the pros and cons of different factors that are

involved in design.

11.2 Components of BES

In a BES, microbes attach to the anode surface and form a living biofilm to catalyze

oxidation of organic compounds such as acetate. Hence, affinity between the anode

and microbe is critical for the efficiency of the BES system such as MFCs. Also, a

cathode is an integral part of the MFC where the electrons reach from the anode and

are reduced to complete the reaction. Plethora of materials have already been

employed as the anode and cathode materials in the MFC and some of them showed

excellent performances in terms of bioelectricity production and wastewater treat-

ment. In the present chapter we discuss current status and future perspectives of

electrode materials for MFCs.

11.2.1 Anode Materials

In MFCs, anode is unique with the presence of living biofilm. The metabolically

generated electrons from the biofilm are transferred to the attached anode where

interfacial materials dictate the electron transfer rate (Fig. 11.1). To enhance the

electron transfer process and the biofilm formation, the selection of anode material

is critical. The anode material should satisfy certain features to become an ideal

electrode as outlined in Fig. 11.2 (Xie et al. 2015). In addition, synthesis and

fabrication of anodes should be flexible and the materials should be largely avail-

able with low cost.

11.2.1.1 Nanostructured Carbon-Based Electrodes

Carbon based electrodes have received considerable attraction as anode materials in

MFCs due to their outstanding conductivity, high resistance to corrosion, and

excellent biocompatibility (Kalathil and Pant 2016). Traditional carbon-based
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electrodes such as graphite, carbon paper, carbon cloth, carbon felt and granular

carbon are widely reviewed in many literature (Zhou et al. 2011). Here we focus

only on nanostructured carbon materials such as carbon nanotubes, graphene,

conductive polymers and metal nanoparticles.

Fig. 11.1 A schematic

representation for the

metabolically generated

electron flow to the anode in

an MFC

Fig. 11.2 PERT diagram for ideal characteristics of a bioanode in MFCs
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11.2.1.2 Carbon Nanotubes

Carbon nanotube (CNT) is an attractive choice for electrode materials in MFCs due

to its excellent conductivity and mechanical stability (Yazdi et al. 2016). Also,

CNTs are highly biocompatible with microbes which allow biofilm growth on the

CNT surface (Kalathil et al. 2013; Yazdi et al. 2016). Liu et al. (2014a) experi-

mentally and theoretically demonstrated that CNT networks can facilitate direct

extracellular electron transfer (EET) from bacterial outer membrane C-type cyto-

chromes (OM C-Cyts) to solid electron acceptors such as electrodes. A 10-fold

increase in the current production was observed with the CNT electrode as com-

pared to a plain carbon paper with Shewanella oneidensis MR-1. Molecular

dynamic simulation studies revealed that CNTs formed a CNT-OM C-Cyts elec-

tronic conduit to enhance the rate of EET process. The redox functional groups on

the CNTs may be responsible for the formation of the electronic conduit. The study

provided solid evidences on the action of CNTs in the EET process which may be

helpful to fabricate CNT based electrode materials for MFCs. Erbay et al. (2015)

observed that geometry of CNTs critically affects the performance of bioanodes.

The study concluded that longer and loosely packed CNTs are highly suitable for

the efficient EET process. Also, less amount of amorphous carbon in the CNTs

facilitates microbe-electrode interactions. In another report, simple addition of

CNT powders improved the performance of Geobacter sulfurreducens based

MFC by lowering the anodic resistance and facilitating mass transfer inside the

biofilm (Liang et al. 2011).

CNT hydrogel fabricated on a carbon paper improved current generation in an

MFC as compared to the control (Liu et al. 2014b). The fabricated electrode

provided huge surface area for the bacterial attachment and promoted direct EET

due to the functional groups on CNTs. The CNT-hydrogel bioanode exhibited high

stability for long term operation which is considered as one of the crucial factors for

practical applications of MFCs. Many attempts have been reported for the devel-

opment of micro-sized MFCs as they are highly attractive to power ultra-low-power

electronics (Mink et al. 2012). A micro-sized MFC (1.25 μL) equipped with

vertically grown multiwalled CNT (MWCNTs) integrated with nickel silicide

(NiSi) bioanode generated a current density of 197 mA/m2 (Mink et al. 2012).

The MWCNTs provided large specific surface area for the bacterial attachment

while NiSi lowered contact resistance of the modified electrode. A follow up work

with a modified micro-sized MFC (75 μL) using MWCNT bioanode and air cathode

performed much better than the previous work by producing a current density of

880 mA m�2 (Mink and Hussain 2013). However, the air cathode design allowed

oxygen diffusion to the anode which deteriorated the bioanode performance. Also,

the high surface area provided by the MWCNTs caused clogging of the anode with

bacteria. Hence, optimization of the electrode fabrication is necessary for the long

term operation of the device.

Three dimensional (3D) porous CNT bioanode showed its promising candidacy

for the electrode development by producing remarkable current output as compared
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to traditional electrodes such as carbon cloth (Erbay et al. 2015; Xie et al. 2011). 3D

structures allow the bacteria to grow at both interior and exterior of the electrode

which in turn enhance the electrochemical activities of the attached biofilm. Katuri

et al. (2011) fabricated 3DMWCNT/Chitosan hybrid bioanode by ice-segregation

method as a bioanode for an MFC seeded with G. sulfurreducens. The modified

bioanode showed excellent performance with a maximum current density of 24.5 A

m�2 by providing high conductive surface area and better mass transfer for the

biofilm activity. Doping of CNTs with elements is found to be a promising strategy

to improve bioanode performance (Ci et al. 2012). For instance, CNTs doped with

nitrogen showed better performance over bare CNTs and carbon cloth (Ci et al.

2012). The nitrogen doping increased active sites in the bioanode and marginally

lowered the internal resistance caused by the electrode.

Generally, bacterial membranes are considered as negatively charged in neutral

solution (Kalathil and Pant 2016). Owing to this negatively charged membranes,

bacteria prefer to attach on positively charged solid surfaces. This factor inspired

the researchers to create advanced bioanodes with positively charged surfaces. For

example, a positively charged mesoporous-polysulfone supported single walled

CNT (SWCNT) bioanode developed dense biofilm by attracting negatively charged

Shewanella cells (Nguyen et al. 2013). The formation of dense biofilm caused

enhanced current production and wastewater treatment. Also pretreatment of CNTs

with acid can also create positively charged surface to enhance the charge based

attraction between the anode and bacterial cells.

11.2.1.3 Graphene

Graphene is a two dimensional (2D) nanomaterial which possesses high electrical

conductivity, good mechanical stability and excellent biocompatibility (Filip and

Tkac 2014). Graphene also possesses higher specific surface area as compared to

other carbon-based nanostructures. Owing to these properties, graphene has been

largely employed in various energy devices including MFCs as an efficient elec-

trode material (Filip and Tkac 2014). Graphene-based MFCs usually exhibit

enhanced performance over activated carbon and CNT based MFCs (Yuan and

He 2015). The first study of grapheme-based bioanode was reported a few years

before (Zhang et al. 2011) using an E. coli seeded MFC. The graphene was

anchored on a stainless steel mesh and utilized as the bioanode. The modified

anode exhibited an enhanced current generation over the control, stainless steel

mesh anode. The improved performance was mainly because of the high surface

area of the anode that allowed large amount of biofilm formation. A vacuum

stripped graphene scaffold bioanode showed 78 times higher current generation

over the control carbon cloth in an MFC with Pseudomonas aeruginosa as

biocatalysts (He et al. 2012). P. aeruginosa usually secretes exogenous mediators

such as phenazine during its metabolism (Rabaey et al. 2005).

Graphene can stimulate phenazine production to accelerate mediated EET in

P. aeruginosa (Liu et al. 2012). Moreover, the modified vacuum stripped graphene
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electrode showed large surface area and enhanced charge transfer rate. Similarly, a

graphene deposited carbon cloth improved the performance of P. aeruginosa MFC

due to the stimulating effect of graphene on the production of phenazine (Liu et al.

2012). Xie et al. (2012) proposed a graphene sponge decorated on a stainless steel

mesh as a low cost bioanode material for the MFC. The synergic contributions of

both the graphene sponge and the stainless steel in terms of electrical conductivity,

and high specific surface area greatly improved the MFC performance with a

maximum current density of 1.32 A m�2. 3D graphene sponge fabricated bioanode

using ice template method produced a maximum power density of 427 W m�3

which was much higher than that of a carbon felt fabricated MFC (Chen et al.

2014). The modified 3D bioanode allowed efficient mass transport for attached

biofilm. Recently, a miniaturized MFC (50 μL) produced a current density of

15.51 A m�2 with a 3D graphene bioanode which is the highest current generation

from an MFC till date (Ren et al. 2016). This outstanding current generation shows

that 3D graphene can be an effective bioanode material to extend the practical

application of MFCs.

11.2.1.4 Conductive Polymers

Conductive polymers show excellent conductivity, biocompatibility, high chemical

stability and easiness for synthesis and processing which make them widely used

electrode materials in MFCs (Kalathil and Pant 2016). Polypyrrole (PPy) is the

most studied conductive polymer till date (Balint et al. 2014). PPy possesses high

stability in water and reasonably high conductivity. Also, it can be easily synthe-

sized and surface properties such as porosity can be easily tuned for various

applications. Zhao et al. (2015) developed a PPy nanotube membrane bioanode

by a reactive self-degraded template method. The modified bioanode produced six

times higher current as compared to the control in a Shewanella MFC. Electro-

chemical impedance spectroscopy (EIS) analysis confirmed that the PPy-nanotubes

greatly reduced the charge transfer resistance of the electrode that facilitated the

EET process. Also, SEM images depicted coverage of biofilms on the entire PPy

nanotube anode while the control carbon paper anode didn’t show much biofilm

formation on its surface. This indicated that the modified bioanode improved the

bacterial adhesion by providing large active surface area and functional groups. A

bioanode fabricated with PPy hydrogel decorated on CNTs showed enhanced

current production in an MFC seeded with mixed bacterial culture by reducing

internal resistance and facilitating EET (Tang et al. 2015). The porous and hydro-

philic nature of the modified bioanode allowed to develop thick biofilm and

unhindered mass transport for efficient metabolic activities of the attached

microbes. Anthraquinone-2,6-disulphonic (AQDS) is considered as an efficient

mediator in the EET process (Adachi et al. 2008). PPy deposited with AQDS

acted as an excellent bioanode in Shewanella decolorationis S12 MFC by produc-

ing 13-fold higher current density than the control bioanode (Feng et al. 2010). The
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synergetic effects of PPy and AQQDS greatly improved charge transfer rate and

avoided mass transfer limitations.

In addition to PPy, polyaniline (PANI) has also received considerable attention

as bioanode materials in MFCs. PANI is a conducting polymer that has been widely

employed in computer displays, tissue engineering, biosensors and fuel cells due to

its ease of synthesis, pseudo-capacitance, stability, low cost and biocompatibility

(Balint et al. 2014). Ding et al. (2012) proposed an interesting approach to control

EET process by PANI-nanowire array fabricated bioanode. PANI showed multiple

oxidation levels according to different applied potential. It stayed mostly in reduced

state when the applied potential was�0.3 V vs. Ag/AgCl. At this potential, the EET

from cells to the electrode was completely hindered due to thermodynamic barrier.

At the same time, the EET from cells to electrode was enhanced at an applied

potential of �0.2 V (vs. Ag/AgCl) as PANI stayed mostly in the oxidized state at

this applied potential. This finding demonstrated that the EET process is highly

sensitive to the applied potential and the EET can be controlled by altering external

potential. A bioanode fabricated by the deposition of PANI on inorganic networks

such as TiO2 delivered high current output (1495 mWm�2) in an E. coliMFC (Qiao

et al. 2007). The main drawback of this study is that it used E. coli as the biocatalyst
which needs mediator for the EET process and the mediator dependent MFC is not

feasible for practical applications.

11.2.1.5 Metal Nanoparticles

As stated above, carbon-based materials are commonly employed as bioanode

materials in MFCs. However, these materials possess a significant drawback in

terms of electric conductivity which is two to three orders of magnitude below that

of most metals (Baudler et al. 2015). Hence, application of metal-based bioanodes

may be a suitable approach for the improved MFC. Various metal nanoparticles

including noble metals (e.g. Au and Pd) and non-noble metals (e.g. Ni, Cu and Ti)

have been widely employed as bioanode materials in MFCs.

Generally electrogenic bacteria are unable to form dense biofilm on the bare Au

surfaces (Crittenden et al. 2006). However, deposition of Au on the surfaces of

carbon-based electrodes proved to be an effective strategy to improve the perfor-

mance of electrogenic bacteria such as Shewanella oneidensis MR-1 (Sun et al.

2010). A Au-sputtered carbon paper bioanode increased the performance of MFC

inoculated with S. oneidensis MR-1 (Sun et al. 2010). The sputtered electrode

showed improved electrochemical performances as compared to the control carbon

paper which may be attributed to the enhanced MFC performance. Guo et al. (2012)

constructed a bioanode by decorating Au nanoparticles on a carbon paper using

layer-by-layer assembly method. The modified bioanode greatly enhanced MFC

performance over the bare carbon paper. Here, Au layer on the modified electrode

provided large active surface area and high conductivity for the efficient EET

process. Several microbes are capable to produce metal nanoparticles when they

are exposed to metal ions (Kalathil et al. 2011). A sulphate reducing bacterium,
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Desulfovibrio desulfuricans formed membrane bound Pd-nano-assemblies after the

exposure to Pd2+ ions (Wu et al. 2011). The membrane bound Pd networks

facilitated electron transfer between the cells and electrode as a result of their

higher electrical conductivity. Doping of bacteria with nanomaterials has shown

to be an effective approach to accelerate EET processes in MFCs. For instance,

doping of Shewanella with iron oxide/sulphide and nickel nanoparticles stimulated

the EET rate as a result of enhanced bacterial electrical conductivity (Jiang et al.

2014).

It is generally believed that Cu and Ag are not biocompatible with bacteria

(Grass et al. 2011). However, a recent report claimed that the antibacterial nature of

these metals are not valid for electogenic bacteria (Baudler et al. 2015). Cu and Ag

were utilized for the fabrication of bioanodes in MFCs. The bioanode modified with

Cu and Ag produced maximum current density of 1.5 mA cm�2 and 1.1 mA cm�2,

respectively (Baudler et al. 2015). These current densities are comparable with

benchmark, graphite bioanode (1 mA cm�2). The similar performances of these

expensive materials with carbon-based bioanodes raise a critical question that why

expensive materials are employed for bioanodes as their performances are not

better than the low cost carbon materials.

Titanium (Ti) has several advantages over conventional carbon and metal

electrodes such as high biocompatibility, corrosion resistance and good dimen-

sional stability (Zhou et al. 2016). However, Ti is not widely used as bioanodes in

MFCs possibly due to poor electrical connection between bacterial cells and

Ti. Zhou et al. (2016) proposed a possible solution to employ Ti as a bioanode by

creating an oxide layer on the metal surface through heating. The oxide layer

promoted the electron transfer between the cells and electrode by providing good

electrocatalytic activities. Stainless steel is a material of choice for bioanode

materials in MFCs as compared to conventional carbon-based materials. Stainless

steel is a good conductive material with high mechanical strength and very stable at

even severe experimental conditions. Also, the stainless steel is a cost-effective

electrode with high resistance to corrosion that makes it as a first choice for the

long-term operation. A systematic study conducted by Pocaznoi et al. (2012) has

demonstrated that stainless steel can be an effective bioanode for MFCs as com-

pared to carbon-based electrodes. The stainless steel anode produced a current

density of 20.6 A m�2 while a graphite electrode delivered only 9.5 A m�2.

A major disadvantage of the stainless steel is its relatively smaller surface area as

compared to traditional carbonaceous materials such as carbon cloth. To overcome

this issue, a bioanode fabricated with stainless steel foam was employed in MFCs

by producing a maximum current density of 80 A m�2 which was much higher than

that of a plain stainless steel and carbon cloth (Ketep et al. 2014). Here, the foam

structure provided a 3D porous structure for the efficient biofilm formation and

mass transport. Several pretreatment processes have been proposed to improve the

efficiency of stainless steel bioanodes. Heat treatment is a fruitful strategy to

improve surface properties of the stainless steel (Guo et al. 2015).

A preheating of stainless steel at 600 �C for 5 min created an iron oxide layer on

the surface that dramatically increased electrochemical interactions of the biofilm
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and bioanode (Guo et al. 2015). The formation of iron oxide layer protected the

electrode from corrosion. The heat treated stainless electrode produced a high

current density of 1.5 mA cm�2 by showing its promising candidacy for the low

cost and scalable bioanodes for MFCs. Similarly, flame oxidation of stainless steel

produced iron oxide layer on the surface which was confirmed by X-ray diffraction

spectroscopy (Yamashita et al. 2016). The flame oxidized electrode exhibited

enhanced current generation over the controls (untreated stainless steel and carbon

cloth). Bacterial community analysis showed high abundance of Geobacter on the

flame oxidized electrode than the controls. The stimulated Geobacter growth on the
modified electrode could result in high current generation in the MFC. The study

revealed that the bioanode materials dictate the bacterial population in the electrode

attached biofilm.

11.2.2 Cathode Materials

Cathode materials are the integral parts of MFCs and they critically affect the

overall performance of the system. Low durability and high cost of the cathodes

hinder the practical applications of MFCs. Oxygen reduction reaction (ORR) is

usually occurring at the cathode by supplying oxygen from air. ORR follows either

2e� or 4e� reaction pathway by producing H2O2 or H2O. However, H2O (4e�)
pathway is more preferable due to the large consumption of electrons. Major

obstacles that prevent the cathodic performances are high overpotential and catalyst

poisoning that lead to kinetic losses in ORR. Here we discuss ORR based MFC

cathodes by providing their current status and future perspectives. MFC cathodes

are generally categorized as chemical and biological cathodes.

11.2.2.1 Chemical Cathodes

Carbon-based materials are commonly employed as MFC cathodes due to the low

cost, high stability, good biocompatibility and large surface area. However, they

suffer from poor reduction activities and need to be improved greatly to establish

well-performing MFCs. Deposition of Pt catalysts on the carbon materials shows

highest cathodic performance. But, the high cost of Pt catalyst prevents its practical

applications and hence low cost materials should be investigated for the cost-

effective electrodes. Anchoring of metal oxide nanoparticles on carbon supports

is a promising approach for the development of low cost cathodes. For instance,

Mn2O3 and Fe2O3 cathodes exhibited good ORR performances comparable with Pt

cathodes (Martin et al. 2011). Santoro et al. (2015) developed an iron-

aminoantipyrine (Fe-AAPyr) cathode for ORR in a single chamber MFC. The

Fe-AAPyr cathode showed better performance than that of Pt and activated carbon

cathodes. A biofilm formation was detected on the Fe-AAPyr cathode after long-

term operation of the MFC. Usually the biofilm formation deteriorates the
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performance of cathode by blocking catalytic active sites. Interestingly, the

Fe-AAPyr cathode didn’t exhibit any decrease in the performance even after the

biofilm formation due to the long exposure to the wastewater. On the other hand,

biofilm formation on the Pt cathode showed significant decrease in the ORR activity

possibly due to the catalyst inactivation. These observations clearly show that the

Fe-AAPyr is highly stable for long-term operation of MFCs without affecting its

ORR activity under severe conditions of wastewater.

11.2.2.2 Biocathodes

Some aerobic bacteria have ability for ORR which is sometimes higher than that of

conventional abiotic cathode catalysts (Kim et al. 2015). Biocathode represents a

microbially catalyzed cathode which can perform reduction reactions such as ORR

in MFC cathodes. It has several advantages over abiotic catalysts such as low cost,

sustainability, and resistance to sulphide poisoning. Also, the biocathode has higher

affinity for oxygen than Pt and usually aerobic bacteria can respire oxygen at

maximum capacity with a dissolved oxygen concentration as low as 0.12 mg L�1

(Kim et al. 2015). Similar to bioanodes, carbon-based materials such as carbon

cloth, carbon paper and graphite felt are commonly used as biocathode materials.

Stainless steel is also proved to be a good candidate for biocathode formation.

Mixed culture microbial consortia and pure cultures are employed to develop

biocathodes (Butti et al. 2016). Zhang et al. (2012) systematically studied the role

of cathode materials in the formation of MFC biocathodes by employing graphite

felt, carbon paper and stainless steel mesh cathodes. The cathodes were inoculated

using an anaerobic sludge. The graphite felt-biocathode showed maximum ORR

activity over carbon paper and stainless steel mesh biocathodes. Increasing specific

surface area for the microbial attachment is an effective way to accelerate the

performance of biocathodes. Additions of graphite granules, activated carbon

granules and activated carbon powder into cathode chambers enhanced MFC

performance by providing high surface area for the biofilm formation that improved

ORR activities of biocathodes (Tursun et al. 2016). Also, the improved biocathodes

significantly reduced internal resistance of the MFC systems.

11.2.3 Membranes

MFCs usually employ membranes for separating anodes and cathodes. The mem-

brane can prevent oxygen diffusion and substrate crossover between the chambers

of MFC. However, the use of membranes adds huge cost to MFC design and hinders

commercial applications. Also, they increase internal resistance and sometimes

allow oxygen diffusion which adversely affects the MFC performance. Another

major concern is membrane biofouling that diminishes the suitability of membrane-

based MFCs for long-term applications. There are two types of membranes
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available for MFCs namely cation exchange membranes and anion exchange

membranes.

11.2.3.1 Cation Exchange Membranes

Cation exchange membranes (CEMs) such as Nafion, Hyflon, Zirfons and Ultrex

CMI 7000 are generally employed as membrane separator for MFCs due to their

high proton conductivity (Leong et al. 2013). Among them, Nafion is the mostly

used membrane in MFCs as it is highly proton conductive because of the negatively

charged hydrophilic sulphonate group. Thinner Nafion membranes are proved to be

more effective for MFCs than the thicker ones as the former contribute less ohmic

resistance (Jung et al. 1998). But, the thinner membranes suffer from high perme-

ability of oxygen and substrate crossover that lower the Coulombic efficiency of the

MFC system. To avoid this issue, optimization of the membrane thickness should

be achieved for the better performance of MFCs. pH drop in the anode chamber is

another major concern for the Nafion-based MFC (Kim et al. 2007). At the anode,

the oxidation of substrate produces protons which may cause pH drop and this pH

drop is significant with Nafion membranes. It is known that bacterial respiration at

the anode is inhibited by low pH (Kim et al. 2007) that deteriorates the performance

of MFC. Also, the Nafion membrane allows cations transport (e.g. Na+) other than

protons which causes charge imbalance between the anode and cathode.

11.2.3.2 Anion Exchange Membranes

Anion exchange membranes (AEMs) usually produce higher current generation

over CEMs in MFCs. The protons generated at the anode are consumed by OH�

ions transferred from the cathode through the AEM that can largely prevent the

anodic pH drop. Due to this property, the AEM lowers ion transport resistance and

the cathode resistance caused by the precipitation of transported cations (Jingmei

et al. 2013).

11.3 Bioelectrochemical Cell Designs

11.3.1 Dual Chamber

Dual chamber design is the first and most common design for MFCs and MECs.

The design considers an anode chamber and a cathode chamber. Both the chambers

are separated by a cation exchange membrane. Anode from anode chamber and

cathode from cathode chamber connects externally with resistor. Dual chamber

configuration was used for different designs by changing placement of each
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chamber and using different shapes of chambers. Even though biocatalyst and the

electron generation are confined to anode chamber, cathode reaction is also equally

important. So, most of the studies were used with equal volumes of anode and

cathode chambers. A typical H-type MFC is depicted in Fig. 11.3. Proton exchange

membrane or cation exchange membranes were used as the membrane. As the

design is simple and MFC performance is efficient, this design can be considered as

the model for early stage researchers.

ANODE (-) CATHODE (+)

Graphite

Electrode

Microorganism
e-

e- e-

H+

H+ Ion Exchange Membrane

K4|Fe (CN)6|

K3|Fe (CN)6|

Fig. 11.3 Schematic details and photograph of H-type dual chambered MFC (Venkata Mohan

et al. 2008)
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11.3.2 Single Chamber

After dual chamber configuration, single chamber design was studied. It contains

only anode chamber and the cathode electrode is exposed to air. Here, atmospheric

air or oxygen supplied on to the cathode surface acts as the catholyte and involves in

oxygen reduction reaction (ORR). Compared to dual chamber design, this design

was less efficient for electricity generation. However, the design was considered

beneficial to scale up the process, where it requires less space for construction and

set-up. When wastewater treatment is also major aim from the process, this design

can deliver similar performance towards treatment but less bioelectricity genera-

tion. The design is also similar to the conventional anaerobic digesters for methane

generation and it has the potential to convert the existing anaerobic digesters to

MFCs (Fig. 11.4).

11.3.3 Stack Designs

In the course of scaling up the MFC technology stacking up the more number of

MFCs into a single operating system was done. Practically, the maximum potential

of single MFC (irrespective of anolyte volume) unit that can be achieved is

approximately 1.0 V, which is very less and no proper application can be run

with this potential except low power electronic modules and actuators has permitted

the employment of MFCs in real applications as exemplified by Gastrobot (Wil-

kinson 2000) and EcoBots-I and -II (Ieropoulos et al. 2003; Melhuish et al. 2006).

To achieve more potential and power, multiple electrodes need to be stacked to get

the higher potential (Fig. 11.5). Since not much advantage is possible towards

power generation with high volumes of MFCs, multiple MFCs with small volume

were designed and integrated into a single operating system. First study with

stacking of MFCs was reportedly done by Ieropoulos and co-workers (2003) in

which approximately 50 times higher current generation was recorded than the

output produced by the large MFC. The results from this study suggest that MFC

scale-up may be better achieved by connecting multiple small-sized units together

rather than increasing the size of an individual unit. It was also understood that the

electrochemical connection and hydraulic/fluidic connections influence the MFC

scaling up.

11.4 Future Perspectives and Conclusions

Electrode materials are the key components of the MFC systems and they dictate

the performance of the MFC. Currently, many materials are available for the

fabrication of both the anodes and cathodes. The application of improved electrodes
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significantly enhanced the MFC performance in terms of current output and waste-

water treatment. However, many obstacles still need to be addressed for the

practical application of these electrode materials. Even though some materials

such as CNTs and graphene seem to be promising materials for the electrode

development, the high cost and complicated synthesis procedures make them less

attractive for the practical applications. Another major concern is the stability of the

Fig. 11.4 Schematic details and photograph of single chambered MFCs used in different studies

(FT feeding tank, DT decant tank, T pre-programmed timer, P peristaltic pump, A(�) anode, C(+)
cathode, PEM proton exchange membrane, DAS data acquisition system, MFC single chambered

microbial fuel cell, PP peristaltic pump, AM Multimeter, R variable resistor (Raghavulu et al.

2009)
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electrode materials for the long-term applications. Unfortunately, most of the

studies have been done for short duration with only concern on the power output

by neglecting long-term stability of the materials. Hence, cost-effective and durable

electrodes should be investigated to extend the MFC application in practical fields.

3D porous structures are more advisable for the electrode materials as they can

allow dense biofilm formation and efficient mass transport including substrates.

But, sometimes thick biofilm formation may prevent mass transfer that can create

dead zones in the biofilms. Hence, a compromise on the biofilm formation and mass

transport should be achieved to develop well-performing electrodes. The role of

nanomaterials on the bacterial metabolism is currently largely unknown. A recent

report demonstrated that CNTs can even alter bacterial respiration pathway from

intracellular to extracellular (Yan et al. 2014). This observation warrants that a prior

understanding on the action of nanomaterials on the bacterial metabolism is essen-

tial for the fabrication of efficient electrode materials for the MFC. The develop-

ment of biocathode is a sustainable approach for the MFC cathodes. However, the

Fig. 11.5 Schematic representation of the different fluidic and electrical configurations for stacks

of MFCs: (a) Parallel electrical connection with a common feed line; (b) Series electrical

connection with a common feed line; (c) Series electrical connection but with individual feed

lines; and (d) Series–parallel connections with individual feed lines and with an even number of

MFCs (Ieropoulos et al. 2003)
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current knowledge on the biocathode mechanism is very limited and further

investigations may lead to efficient biocathodes.
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Chapter 12

Microfluidic Microbial Fuel Cell: On-chip
Automated and Robust Method to Generate
Energy

Sanket Goel

12.1 Introduction

Microbial fuel cell (MFC) is a bio-electrochemical fuel cell where microorganisms,

such as bacteria and virus, are used to catalyse the redox reaction to generate

energy. Due to their inherent process, MFCs lead to the production of green and

clean renewable energy in a self-sustainable manner. Even though, humongous

work has been carried out in MFC domain leading to the exponentially increasing

scientific output over the years, there has been limitation to harness MFC as a

viable, workable but cost-effective remedy to the current energy and environmental

challenges due to its expensiveness, low performance and challenges to scale-up

(Lee et al. 2015a, b; Wang et al. 2015).

With the ongoing rigorous discussions on harnessing the renewable energy from

diverse systems, it is vital to develop new processes and devices to make the

development of MFCs robust, automated, inexpensive, beyond human intervention

and fast (Sinton 2014). Therefore, harnessing the unique features of micro and

nanoscale in various parts of MFC, such as electrodes size and surface modification,

intermediate chamber, geometry of MFC etc., have been the initial interventions to

develop microscale or miniaturized MFC (Kjeang et al. 2009; Wang et al. 2011;

Lee and Kjeang 2010). Such low-scales helped the MFCs to consume lower energy,

provide high surface area and make them amenable to integrate into a system.

Therefore, it was found to be important to continue to work to miniaturize MFCs

keeping overall cost, capital cost and fabrication cost and device-simplification

in mind.
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Being a flow-driven technology, it is necessary to employ the concepts of flow in

microenvironment, called as Microfluidics and such MFC are named as

Microfluidic MFC (MMFC) which have shown convincing results in terms of

accuracy and cost-effectiveness (Choi 2015; Yang et al. 2016b). Microfluidics,

originated in 1980s, is an interdisciplinary domain where small volumes [from

microlitres (10�6 L) to femtolitres (10�15 L)] are handled and manipulated in a

micro-environment to realize various facets such as automation, robustness and

specificity even in a multiplexed and high-throughput manner.

Harnessing such unique facets of Microfluidic MFC (MMFC) technology has

received substantial consideration as it is able to provide distinctive platform

capable to power mini electronic components, such as implantable pacemakers

(Ren et al. 2012) and wireless network (Shantaram et al. 2005), as biosensor

(Li et al. 2016a, b), fast screening of microorganisms (Mukherjee et al. 2013),

toxicity detection in water (Lee et al. 2015a, b) and monitoring toxicity and

environmental strains (Qian et al. 2011). With a volume of few hundreds of

microlitres, in MMFC, various components, such as electrodes, membranes

(if needed), fluid manipulation sub-system and other components, are integrated

together to develop a fully assembled platform (Choi 2015; Yang et al. 2016b). In

addition, to increase the power-density, the MMFCs can be stacked and can

potentially be used to applications requiring large powers (Choi and Chae 2012).

This chapter begins with the description of the fundamentals of the microfluidic

technology, both in terms of scaling and fluidics and how it is harnessed to develop

MMFC with customized specifications. Subsequently, two types of MMFC, Mem-

brane Microfluidic MFC (M+MMFC) and Membraneless Microfluidic MFC (M�

MMFC), have been described in two separate sections, where each section in turn

narrates various facets for the development of MMFC, such as fabrication, mate-

rials, dimensions, performance and power density. The chapter further describes the

current challenges and future opportunities in MMFC, with the ongoing and

futuristic development in both microfluidics and MFC domains. The chapter con-

cludes while providing the roadmap of MMFCs for diverse technological

applications.

12.2 Microfluidics – Basic Principles Pertaining to MFC

12.2.1 Summary of Principles

Microfluidics, originated in 1980s, is an interdisciplinary domain where small

volumes (less than microlitres to nanolitres) are handled and manipulated in a

micro-environment to realize various facets such as automation, robustness and

specificity in a multiplexed and high-throughput manner. Except these unique

highlights, these devices are prone to consume low energy, and leverage on the
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other ancillary upsides of micro-domain are high surface area, low cost and

amenable to integrate into a system (Gravesen et al. 1993; Kirby 2013).

Microfluidics relies on three diverse physical concepts namely, Laminar flow;

Surface and interfacial tension (fluid-to-surface and fluid-to-fluid); and Capillary

forces (movement through a narrow passage) (Sackmann et al. 2014). A combina-

tion of such concepts has led to make these devices versatile with the aforemen-

tioned advantages. These devices, also called as lab-on-a-chip, micro-total-

analysis-system (micro-TAS) or simply miniaturized-micro-devices, have been

successfully harnessed and implemented in diverse applications, such as

biosensing, DNA sequencing, water monitoring, defense etc. During last more

than three decades, lots of work have been carried out to optimize microfluidic

devices, in the whole value-chain of their development including modelling and

simulation, fabrication, characterization and testing. Presently, there are several

microfluidic devices available commercially after attaining rigorous clinical trials

and approvals (He et al. 2016; Konwarh et al. 2016; Samiei et al. 2016).

As one of the major improvement from macro-to-microscale MFC is the min-

iaturized size, it is prudent to mention that MMFCs are prone to be developed by

harnessing the well-proven microfabrication methods, unique properties at micro-

scale, automated fluid delivery and manipulation and small response time for the

on-chip (Kirby 2013). Some of the established microfabrication methods are

conventional photolithography, soft photolithography, laser writing, paper-based

devices and rapid prototyping (3D printing). Further, their miniaturized size lever-

ages the unique properties at microscale, such as high surface area-to-volume

(SAV) ratio, requirement to low sample, automated fluid delivery and manipulation

and small response time for the on-chip reaction (Gravesen et al. 1993). It is

interesting to note that microfluidic MFCs are used as a benchmarking tool to

develop macroscale MFCs (Kou et al. 2016).

12.2.2 Amenability to Integration

In a conventional MFC, a membrane separates the two chambers through which

hydrogen ions and other cations move freely. In MFC, the generated power is a

direct function of the microbial colonization, which needs to be rigorously studied.

In fact, such optimizations are obviously complicated and time consuming on

macroscale. It became the prime motivation for the researchers to initiate the

development of microscale MFCs by reducing the chamber volume from litres to

few hundred microlitres (Kjeang et al. 2009). During this process, various integral

components, such as electrodes, membrane (if needed), fluid delivery and manip-

ulation system etc. were needed to be developed and made compatible to realize a

fully integrated MMFC.

Based on the unique nature of such devices, the reactions are prone to be

optimized by the flow characteristics and environment, where fluid can be precisely

guided, manipulated and tracked in the range from μL (10�6 L) to fl (10�15 L)

12 Microfluidic Microbial Fuel Cell: On-chip Automated and Robust Method to. . . 231



(Kirby 2013). Such devices can be easily created by using well established and

proven fabrication methods and even other several compatible processes can be

integrated to develop electrode and membrane (if needed). With these devices,

microorganism grown can be observed in real time which leads to the monitoring of

power generation (Fraiwan and Choi 2014).

12.2.3 Principle to Develop Membraneless MMFC

Except the aforementioned advantages (Sects. 12.2.1 and 12.2.2) of an MMFC

device, other major benefit of such devices is the possibility to avoid the membrane

leading to the development of the membraneless MMFC (M-MMFC). This is

carried out by leveraging the unique properties at microscale by which the two

independent laminar flow streams can be separated upto a certain length, which

ensures the formation of a virtual layer separating anode and cathode. As the fluid

flow at microscale is subjected to viscous forces rather than inertial forces, if the

fundamental microfluid property of two laminar microfluids, kinematic viscosity,

which encompasses the dynamic viscosity and density, are similar, due to diffusive

mixing, a functional interface is developed until a certain distance, via controlled

fluid-fluid flow (Dávila et al. 2011; Mu et al. 2006). As can be seen in Fig. 12.1, this

functional interface replaces a membrane M-MMFC leading to the development of

membraneless microfluidic MFC (M-MMFC).

12.3 Membraned Microfluidic MFC (M+MMFC)

12.3.1 Diverse Membraned Microfluidic MFC (M+MMFC)

In line with the evolution of the fabrication methods of microfluidic devices, M+

MMFCs have also leveraged such fabrication methods chosen depending on

Laminar flow Turbulent flow

Water

(a) (b) (c)

Oil

Paper

Liquid

Liquid

Liquid (for example, water)

Fig. 12.1 Fundamental microfluidics concepts: (a) Laminar versus turbulent flow; (b) Surface and
interfacial tension; and (c) Capillary forces (Reproduced from Sackmann et al. 2014 with permis-

sion from the Nature Publishing Group)
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applications and characteristics. We hereby review such methods for M+MMFCs

with salient specifications. Table 12.1 summarizes the main data from some of the

published work in M+MMFC.

12.3.1.1 Conventional Photolithography (Chen et al. 2011; Dávila et al.

2011; Mu et al. 2006)

The bulk silicon micromachining combined with photolithography techniques were

used by Chaio et al. (Mu et al. 2006) to fabricate the electrodes for M+MMFC. The

average open circuit potential (OCP) was measured as 300–500 mV, the maximum

power density was calculated as 2.3 nW cm�2. In their work, Chen et al. (2011)

photolithographically fabricated a 25 μL single-chamber MMFC and achieved a

maximum power density of 2.9 μW cm�2 and a maximum current density of

214.8 μA cm�2. As shown in Fig. 12.2, Dávila et al. (2011) presented a device

where the electrodes were fabricated using standard photolithography and deep

reactive ion etching (DRIE) on silicon wafers. Here, the electrodes have several

arrays of square vertical channels, where the diffusion of the ions released during

Table 12.1 Summary of the published research work in M+MMFC

Sl. No. Fabrication method

Cell

area

Maximum power density

(MPD)/ current density (MCD) References

1 Conventional

photolithography

550 mL MPD: 2.3 nW cm�2 Mu et al. (2006)

2 Bulk silicon

micromachining

25 mL MPD: 2.9 μW cm�2; MCD:

214.8 μA cm�2
Chen et al.

(2011)

3 Conventional

photolithography

144 mL MPD: 6.5 mW cm�2; MCD:

0.014 mA cm�2
Dávila et al.

(2011)

4 Soft lithography 15 μL MPD: 401.2 nW cm�2; MCD:

30.2 μA cm�2
Siu and Chiao

(2008)

5 Soft lithography 1.5 μL MPD: 15 μW cm�3; MCD:

1.3 mA cm�3
Qian et al.

(2009)

6 Soft lithography 5 μL MPD: 62.5 μW cm�3 Qian et al.

(2011)

7 Soft lithography 0.3 μL MCD: 2.52 μA cm�2

(127 μA cm�3)

Li et al. (2011)

8 Soft lithography MPD: 3.2 μW cm�2 per well Hou et al. (2012)

9 Soft lithography 25.4 μL MPD: 95 mW cm�2; MCD:

170 mA cm�2
Choi and Chae

(2013)

11 Paper based NA MPD: 10 μW cm�2; MCD:

80 μA cm�2
Fraiwan and

Choi (2014)

12 Paper based 52.5 μL 25 μW cm�3; 52.25 μA Hashemi et al.

(2016)

13 Laser

micromachining

47 μL MPD: 6.5 mW cm�2 with

gold/poly microfibre (GPM)

Fraiwan et al.

(2014)
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oxidation towards the membrane take place. With this configuration, a maximum

power density of 6.5 W cm�2 and maximum current densities of 0.014 mA cm�2

were produced. Interestingly, taking one step forward, this device was successfully

used as toxicity sensor with sensing up to 0.1% v/v of formaldehyde.

12.3.1.2 Soft Lithography (Choi and Chae 2013; Li et al. 2011;
Qian et al. 2009, 2011; Siu and Chiao 2008)

Polydimethylsiloxane (PDMS) based soft lithography has attained popularity due to

its easy fabrication, being cost effective and flexibility to develop any kind of

microfluidic device with varying properties. The standard process of soft lithogra-

phy consists of realizing a master, which is the reverse replica of the final device to

be developed. Thereafter, PDMS is poured, baked and released to get the final

device as per the standardized protocol.

Lot of work has been carried out to use PDMS based soft lithography approach to

develop membraned microfluidic MFC (M+MMFC). A PDMS M+MMFC with

embedded micropillar structured electrodes with increased electrical output was

presented by Siu and Chiao (2008). As the overall M+MMFC is made of PDMS, the

device was found to be suitable as an implantable device. The device produced a

maximumOCP of 488.1 mV, power density of 401.2 nW cm�2 and current density of

30.2 μA cm�2. In 2009, Qian et al. developed their first soft lithography based dual-

chamber M+MMFC system and performed on-chip bacterial also. With this device

power density of 15 μW cm�3 and maximum current density of 1.3 mA cm�3 were

achieved. The group continued their work and in 2011 presented amodifiedM+MMFC

device with carbon cloth electrodes, with higher power densities up to 62.5 μW cm�3.

In the same year, Li et al. (2011) presented another integrated fabricated M+

MMFC device able to generate the maximum current density of 2.542 μA cm�2

(equivalent to 127 μA cm�3) by smartly controlling the micro-flow. Here, the

(a) (b)

Microfabrication process Description

Double side
polished wafer

Sputter deposition
Ti/Ni/Au

Ti/Ni/Au SputterSilicon Photoresist

DRIE front side

Photolithography
front side

Fig. 12.2 (a) Steps to fabricate the device; and (b) Final device ready to be used as a biosensor

for toxicity measurements (Reproduced from Dávila et al. 2011 with permission from the

Elsevier B.V.)
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microelectrodes were fabricated on a glass wafer using standard lithography tech-

nique while the microchannels were fabricated soft lithographically and later

assembled. As shown in Fig. 12.3, Hou et al. (2012) developed 24-well M+

MMFC array device using soft lithography method where the master was fabricated

by a rapid prototyping machine. The device was able to produce 3.2 μW cm�2 per

well and was shown to last for as long as 2 weeks (307 h). More recently, Choi and

Chae (2013) presented M+MMFC with an optimal biofilm and minimal oxygen

invasion was observed into its anode chamber to generate higher power density of

95 μW cm�2. The creation of the optical biofilm was understood by using different

thicknesses of photo-definable PDMS layers.

12.3.1.3 Paper-Based Devices (Choi et al. 2015; Fraiwan and Choi

2014; Fraiwan et al. 2013; Hashemi et al. 2016)

For last more than a decade, people have started using lab filter paper to create

microfluidic environment. This has been carried out by harnessing the unique

Fig. 12.3 (a) Schematic of 24-well M+MMFC array as a high-throughput platform with various

layers: (1) anode electrode, (2) anode chamber with various inflow and outflow channels, (3) PEM,

(4) cathode chamber, and (5) cathode electrode; (b) Actual picture of the device; and (c) Schematic

of a single functional M+MMFC (Reproduced from Hou et al. 2012 with permission from the

Royal Society of Chemistry)
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ability of such filter papers to show capillary behaviour, therefore, leading to create

a self-realizing and inexpensive microfluidic device with a need to develop a

suitable mechanism to create boundaries for the micro-flow. Such devices have

been used to fabricate M+MMFC as well.

In 2013, Fraiwan et al. presented a microfabricated paper-based M+MMFC with

paper-based membrane with chamber where the hydrophobic walls were made of a

negative photoresist. This device generated a maximum power of 5.5 μW cm�2 and

current of 74 μA. The work has also shown that by stacking 2 M+MMFC devices,

the voltage increased by 1.9 times. Further, the same group optimized M+MMFC

(Fraiwan and Choi 2014) by stacking few such devices to run LED for 30 min. In

2015, Choi et al. (2015) developed a paper-based device with 48 wells, for high

throughput and fast characterization of microbes. For the electrodes layers, PMMA

substrates were patterned by micromachining and a custom-made PCB board was

developed to simplify the electrical connections and measure the power produced

from the 48 M+MMFC units. The device was capable to study selected genes and to

determine the ability of several mutants to generate electricity in a high throughput

manner. Esquivel et al. (2014) leveraged paper-based method to develop M-MMFC

where the Y-shaped paper microchannels were developed and at one end of the

microchannel the membrane was positioned. An Au layer was sputtered to create

the anode electrode while a carbon paper was used as a cathode electrode. With this

configuration, power densities in the range of 1–5 mW cm�2 were measured. Lee

et al. (2016) realized a paper-based, low cost, disposable and solvent-free M�

MMFC. The electrodes were fabricated with few strokes of graphite particles

from a pencil. This device generated a maximum potential of 300 mV, a maximum

current of 11 μA and a power of 2270 nW (0.568 μW cm�2). Recently, Hashemi

et al. (2016) discussed (Fig. 12.4) a self-pumped paper-based M+MMFC which ran

Fig. 12.4 (a) A schematic of the fully integrated paper-based M+MMFC showing flows of two

different samples (represented in yellow and green colours); and (b) A picture of the real M+

MMFC (Reproduced from Hashemi et al. 2016 with permission from the Elsevier B.V.)
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for ~5 days without outside power or human interference. In a 52.5 μL chamber a

power density of approximately 25 μW cm�3 was measured.

12.3.1.4 Laser Micromachining

Fraiwan et al. (2014) used laser micromachining to stack multiple M+MMFC in

order to optimize the performance, where each chamber was fabricated by pat-

terned PMMA and plastic gasket. Here, 6 micro/nano-structured anodes in micro-

sized M+MMFC were compared under uniform environment. It was found that the

power density of the gold/poly microfibre (GPM) and carbon nanotube (CNT) was

the highest (maximum power density of 6.5 μW cm�2 and 4.9 μW cm�2

respectively).

12.3.2 Challenges in Conventional Microfluidic MFCs
(M+MMFC)

12.3.2.1 High Internal Resistance

In M+MMFCs, the high internal resistance is observed due to the fact that the

compatibility of the electrode with microorganisms was not optimized, which leads

to inefficient electron transfer. Overall the high internal resistance leads to

unproductive interaction between microorganism and electrode, which is

detrimental.

12.3.2.2 Low Energy Density Output

The high internal resistance has severe effect on low energy density output, which

may be due to low availability of microbes as well.

12.3.2.3 Oxygen Penetration

Unlike in macroscale MFCs, M+MMFCs are highly susceptible to oxygen in the

anodic chamber, primarily from a low overall availability of microbial communities

in the microscale. This may lead to the extreme drop in anodic potential.
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12.4 Membraneless Microfluidic MFC (M�MMFC)

As can be seen from the discussion about M+MMFC, it is clear that microfluidic

environment dramatically help in not only miniaturizing the device, but also

automating it in a cost-efficient manner. Of course, there are numerous challenges,

such as high internal resistance and efficient scavenging of oxygen leading to low

energy density. Majority of such challenges arise due to the material property,

presence of the membrane and poor electron transfer rate, which are interlinked.

One major way to solve such challenges is to develop membraneless microfluidic

MFC (M�MMFC), which will continue to leverage the unique properties of

microfluidics but eradicate some of the limitation of the M+MMFC. The behaviour

has been explained in Sect. 12.2.3. Table 12.2 summarizes the main data from some

of the published works in M�MMFC.

Table 12.2 Summary of the published research works in M�MMFC

Sl. no. Fabrication method

Cell area/

volume

Maximum power density

(MPD)/current density (MCD) References

1 Soft lithography 0.3 cm2 MPD: 2.5 mW cm�2 Choban et al.

(2004)

2 Soft lithography 0.5 μL MPD: 0.65 mW cm�2; MCD:

2.62 mA cm�2
Sun et al. (2007)

3 Soft lithography 0.3 μL Maximum current:

2.1 � 0.1 μA
Li et al. (2012)

4 Soft lithography 30 μL OCV: 246 mV Wang and Su

(2013)

5 Soft lithography 250 μL OCV: 20 mV Yan et al. (2014)

6 Soft lithography 80 μL MPD: 61.8 � 0.4 μW cm�2 Ye et al. (2013)

7 Soft lithography 60 μL MPD: 244.8 � 3.9 μW cm�2 Yang et al.

(2015)

8 Paper-based 400 μL Maximum power: 0.4 μW;

maximum current: 18 μA
Veerubhotla

et al. (2015)

9 Polymer

micromachining

40 μL MPD: 0.12 nW cm�2; MCD:

1.9 μA cm�2
Rojas et al.

(2015)

10 Multi-layer bonding 3 μL MPD: 1100 mW cm�3 Li et al.

(2016a, b)

11 Polymer molding NA MCD: 3.042 � 2.255 nA cm�2 Ahn and

Schr€oder (2015)

12 Soft lithography NA MCD: 1.5 mA cm�2 Li et al.

(2016a, b)

13 Polymer bonding NA MPD: 3.8 mW cm�2 Rathoure and

Pramanik (2016)MCD: 32.4 mA cm�2

14 Rapid prototyping

(CNC, xy plotter)

100 μL MCD: 380 mA cm�2 Gurrola et al.

(2016)

15 Polymeric 50 μL MPD: 181.4 � 135.6 μW cm�3 Yang et al.

(2016a)
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12.4.1 Key Membraneless Microfluidic MFC (M�MMFC)
and Their Comparison

Even though M�MMFCs have been first reported in 1990 (Dyer 1990) for conven-

tional fuel cells, they were first realized in microfluidic environment in 2004

(Choban et al. 2004; Liu and Logan 2004) only. Choban et al. (2004) proposed a

soft-lithographically fabricated microfluidic device with Y-shaped microchannel

integrated with electrodes attached by sputtering and electrodeposition. The work-

ing principle and device are shown in Fig. 12.5, with which the current densities up

to 8 mA cm�2 and power density of up to 2.5 mW cm�2 were achieved.

Sun et al. (2007) discussed an M�MMFC with 3-inlet microchannels, each for

fuel, oxidant and the electrolyte solution, using the multi-stream laminar. The

device was fabricated by PDMS based soft lithography and Ti-Pt electrodes were

encapsulated by conventional photolithography method. Maximum power density

and current density were found to be 0.65 mW cm�2 and 2.62 mA cm�2 respec-

tively. Li et al. (2012) also presented a 0.3 μL M�MMFC fabricated by PDMS

lithography and gold electrodes, where the current as high as 2.1 � 0.1 μA was

observed. Another M�MMFC, developed by Wang and Su (2013), was consisting

of PDMS microchannels integrated with glass slide with sputter gold electrodes.

The maximum Open Circuit Voltage (OCV) was measured as 246 mV for active

microflora. The group continued their efforts to modify M�MMFC (Yan et al.

2014) using the anode composed of conductive microparticles generated by a

T-junction microchannel. With this configuration, the maximum OCV was mea-

sured as 20 mV which lasts for more than 6 h.

Ye et al. (2013) presented an idea to realize a 80 μL M�MMFC producing the

maximum power density of 61.8 � 0.4 μW cm�2. The device was fabricated by

combining two graphite plates (acting as electrode) and two polymeth-

ylmethacrylate (PMMA) plates (microchannel). The group sustained their work

(a) (b)
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Fig. 12.5 (a) Schematic of the M�MMFC laminar flow-based fuel cell; and (b) Stacked assembly

of M�MMFC (Reproduced from Choban et al. 2004 with permission from Elsevier B.V.)
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(Yang et al. 2015) and compared M�MMFC with three different microchannel

geometries using similar fabrication scheme (Ye et al. 2013). M�MMFC with the

diverging channel produced maximum power density (244.77 � 3.89 μW cm�2)

because of the homogeneous biofilm and lower charge transfer resistance. As

shown in Fig. 12.6, Veerubhotla et al. (2015) realized an inexpensive and dispos-

able M�MMFC fabricated on a paper with simple pencil lids. With this system, the

device was shown to hold bacteria for an hour, producing an OCV of 0.4 V, a

maximum current of 18 μA and maximum power of 0.4 μW.

Rojas et al. (2015) developed M�MMFC by integrating gold anode (standard

microfabrication method), two plexiglass gasket (to form the chamber) and carbon

cloth cathode (polymer-coated on one side). The group had shown that this device

produces maximum power density of 0.12 nW cm�2 and current density of 1.9 μA
cm�2. Li et al. (2016a, b) presented a vanadium M�MMFC where the porous

carbon paper electrodes were stacked in a multilayered fashion. The maximum

power density of 1.1 W cm�3 were produced, which clearly manifests the impor-

tance of multi-layer electrode configuration. Ahn and Schr€oder (2015) discussed an
M�MMFCwith 3-electrode system in a continuous mode and fabricated using glass

and polymer with a customized polymer molding method utilizing soft-lithography.

This device was used as a biosensor to detect toxicity in water as low as 0.02 mM

Sodium azide with corresponding current density of 3.042 � 2.255 nA cm�2. Li

et al. (Li et al. 2016a, b) presented another method to create M�MMFC with

3-electrode system in using PDMS soft lithography method. Here, a gold electrode,

a graphite rod and a commercial Ag/AgCl were taken as working electrode, counter

electrode and as a reference electrode respectively. With this device, current density

of 1.5 mA cm�2 was obtained and the device was used as a biosensor to detect ferric

Fig. 12.6 (a) Schematic of the paper-based M�MMFC (Reproduced from Veerubhotla et al.

(2015) with permission from the Royal Society of Chemistry); and (b) Schematic of the M�

MMFC fabricated using rapid prototyping automated method (CNC, xy plotter) (Reproduced from

Gurrola et al. 2016 with permission from Elsevier B.V.)
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citrate as low as 0.25 mM. A self-powered air breathing M�MMFC was developed

by conventional polymer bonding method integrated with Pt-Ru electrodes by

Rathoure and Pramanik (2016). Methanol electrooxidation was studied and the

maximum power density of 3.8 mW cm�2 and current density of 32.4 mA cm�2

were measured. Gurrola et al. (2016) developed a membraneless nanofluidic device

which was fabricated using rapid prototyping automated method (CNC, xy plotter)

to create the M�MMFC. An in-house developed test station was used to estimate

the M�MMFC performance which came out to be 380 mA cm�2. Yang et al.

(2016b) discussed to develop polymeric M�MMFC with graphene based

bio-cathode and bio-anode producing a maximum power density of

1.18 � 0.14 mW cm�3.

12.4.2 Salient Features of M�MMFC

Based on the description of several important contributions to develop M�MMFC,

we can summarize following key features of M�MMFC:

12.4.2.1 Membraneless

As discussed before, M�MMFCs take advantage of the unique property of

microfluidic environment due to which the mixing of anolyte and catholyte can

be delayed as a virtual wall is formed in the form of liquid-liquid interface. This

dramatically reduces the cost and other challenges occurred due to membrane such

as low-chemical self-life, humidification, incorrect and inefficient fuel movement

and high-ohmic resistance.

12.4.2.2 Higher Output Power Density/Current Density

As the ohmic resistance due to physical membrane is removed, all the contributory

ions are able to move interface easily and contribute to the cathodic reaction. Also,

the bacterial growth is better due to the modified flow conditions, the layer adjacent

to the electrode surface can be quickly re-filled and the by-products can be

efficiently discarded. Except being robust and integrated device, the M�MMFCs

use the gravity or capillary force to manipulate the flow leading to the generation of

higher power density than M+MMFCs.

12.4.2.3 Relatively Shorter Response Time

In general, the rate of microorganisms aggregation on the electrode surface is much

higher in M�MMFCs leading to fast formation of a conductive biofilm in a
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relatively short time. Due to the short response time the M�MMFCs can easily be

used in biosensing applications.

12.4.3 Challenges in M�MMFC

12.4.3.1 Ensuring the Required Flow Environment

With a microfluidic environment, the key for M�MMFC, various issues, such as

microfluid-dynamics, flow-control and transport on various layers, zones and

boundaries need to be properly optimized. This is more important for M�MMFC

as the virtual interface plays a crucial role to ensure proper overflow of reagents

from both the regions.

12.4.3.2 Smart Integration of Various Components of M�MMFC

Various M�MMFC components, such as microchannel, electrodes, fluid-delivery

and manipulation system, micro-pumps, micro-valves etc. need to integrate effec-

tively, considering important parameters, such as power output, form factor, power

input etc. It is critical to have the most suitable coordination between these

independent units for the desirable M�MMFC operation.

12.5 Future Opportunities

12.5.1 Electricity Generation

Being a niche fuel cell, the prime function of MMFC is visualized in terms of power

feeding devices with microorganisms as feedstock. Therefore, the MMFC would

play a unique role where power transmission is limited to run several low powered

devices, especially in hilly and remote areas. These low powered devices include

local wireless sensor network, biosensors, personalized in vitro diagnostic systems,

toxicity and water monitoring system etc. Even though the cost to develop

microfluidic chip is substantially low, the ancillary components, electrodes and

other accessories add to the overall cost to operate MMFCs.

12.5.2 In Vivo Operation

Researchers have started testing MMFCs with bodily substances, such as glucose

and urine, as feedstock. Of course, a lot more work is needed to develop a feasible
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and compatible system with suitable biocompatible electrodes, microfluidic device

etc. Such device can be used to run implantable devices, such as pacemakers and

artificial organs.

12.5.3 Input Power Requirement

Even though MMFCs are power feeding devices, to operate various constituents of

MMFC, such as pumps to deliver fluid in the microchannel is necessary. Therefore,

it is important to explore an MMFC with self-sustaining power requirement. The

paper-based microfluidic devices, where the fluid moves under capillary force,

should be one good option where the need of external pump can be avoided by

various means, such as using microorganism as actuator (Kim and Breuer 2008),

circulating microchannel geometry (Abaci et al. 2015), surface-tension driven flow

(Xing et al. 2016), air breathing electrodes (Rathoure and Pramanik 2016) or

gravity-driven flow (Mäki et al. 2014).

12.5.4 Other Applications

Except employing the MMFC in water monitoring, waste water treatment (Li et al.

2014; Papaharalabos et al. 2015), biosensing (Esquivel et al. 2014; Fraiwan et al.

2014; Li et al. Li et al. 2016a, b), biomedical diagnostics (Esquivel et al. 2014), they

are strong candidates to be harnessed in other applications such as converting waste

to useful products (Merrill and Logan 2009), production of low or non-alcoholic

beer (Szollosi et al. 2016), hydrogen production (Li et al. 2015) etc., where the

macroscale MFC have been demonstrated. Therefore, MMFC have strong potential

to not be limited to their prime role to generate power, but also in a variety of

applications.

12.6 Conclusion

Globally, there have been continuous debates and discussions, on various levels, to

develop devices able to help with the burning issue of climate change, both in terms

of being based on renewable and sustainable energy and possibly help in converting

waste to useful products. Certainly, development of biofuel Fuel Cell, particularly

MFC provides one such technological intervention. Like any other technology

upgradation, MFCs have also been into the phases of development where several

limitations have been recognized and methods and processes are proposed. One

such method was to develop MFCs in microscale, called as microfluidic MFC

(MMFC) where the well proven and commercially available components of
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microfluidic environment, such as user friendly, automated, robust, modular and

cost effective, are harnessed. Another major breakthrough with MMFC is the

possibility to avoid membrane by smartly optimizing the microfluidics design,

which has given a unique pathway for their use in diverse applications, such as

miniature electronic devices, biosensing, medical diagnostics, water monitoring

and treatment, hydrogen production, toxicity detection etc. The chapter summarizes

the development of MMFCs, both membraned and membraneless, where a variety

of fabrication methods have been used in diverse applications. Current challenges

and future opportunities of MMFCs have also been described.
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Chapter 13

Diagnostic Tools for the Assessment of MFC

Jhansi L. Varanasi, Ramya Veerubhotla, and Debabrata Das

13.1 Introduction

Microbial fuel cells (MFCs) are renewable sustainable technologies that can con-

vert biodegradable wastes directly into electricity. This conversion is usually

brought about by electrogenic bacteria that can degrade the organic/inorganic

substrates via their metabolisms and transfer the released electrons to a solid

electron acceptor (the electrodes). A typical MFC comprises different components

such as an anode, a cathode, a separator, electrolyte and electrical circuits. Each of

these components have pivotal role in depicting the overall performance of MFCs.

At present, the power outputs of MFCs are too low which restricts its practical

applicability. To overcome the bottlenecks, a better understanding of all the com-

ponents and their limitations is required.

Over the years, several advances have been made in developing innovative

analytical techniques to evaluate the MFCs’ performance. MFC as a whole is an

integrated technology comprising various interrelated disciplines such as electro-

chemistry, material science, microbiology, molecular biology etc. Hence, an

in-depth knowledge of all the diagnostic techniques and the associated theories is

essential to select the appropriate tool for the diagnosis. Usually, most of the

techniques that are traditionally used for chemical fuel cells such as polarization,

voltammetry etc. are also employed for analysing MFCs. However, since the

operational conditions and the performances vary significantly for both these

systems, it is a prerequisite to take into account these differences while performing

the analysis or interpreting the data.
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In this chapter, emphasis is made on the various diagnostic tools that are used to

analyse performance of MFCs with respect to each component i.e. the microbial

biofilms, electrode configurations, nature of electrolyte, material characteristics etc.

In the following section, a brief background on the different performance indicators

like current, voltage, power density etc. that are used for comparison of MFCs in

literature is provided so that the readers get acquainted with the terminologies and

later each analytical technique is described in details.

13.2 Reporting Data Using Typical Performance
Indicators

13.2.1 Open Circuit Voltage (OCV)

OCV is the emf of the cell that is measured when both anode and the cathode leads

of a fuel cell are not connected to each other (Logan et al. 2006). It is the maximum

voltage that is obtained from a cell at infinite resistance as the OCV value does not

take the voltage losses into account. It is expected that the OCV should ideally be

equal to the emf of the cell. However, in practical, the losses dominate resulting in

lowering its value drastically.

13.2.2 Half-Cell Potential

The half-cell potential is the electrode potentials for individual electrodes in the

system against a known reference electrode. This is an important parameter that is

helpful in understanding the contribution of each electrode to the overall emf of the

cell (Logan et al. 2006). A reference electrode is the electrode whose electrode

potential is stable and constant in a definite known set of potential window at a

particular pH. Typical examples of the reference electrodes used are Ag/AgCl

standard electrodes, Standard Hydrogen Electrode (SHE) and Normal Hydrogen

Electrode (NHE). Understanding the role and the contribution of individual elec-

trodes to the net voltage generation is crucial to improve the associated components

and hence the overall performance.

13.2.3 Current Density

Current generated by anMFC is calculated using the Ohm’s law (V¼ IR, where V is

the operating voltage, I is the current generated and R is the external resistance),
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current density is denoted either as current per surface area of the electrode (A cm�2)

or current per unit volume of the anode chamber (A cm�3).

Id ¼ I

Aele

ð13:1Þ

Id ¼ t

Vol
ð13:2Þ

where Id is the current density, I is the current obtained in amperes, Aele is the

surface area of the electrodes and Vol is the volume of the anode chamber (Sun et al.

2016). Current density not only provides fundamental insights into the electron

transfer rate of the cell but also becomes the preliminary parameter to access the

overall performance.

13.2.4 Power Density

The amount of power generated by the electrochemical reactions that occur in an

MFC is represented as P ¼ V.I, where V is the operating voltage (V) of the cell and

I is the current (A) at a specific resistance. It is desirable to obtain a stable and

consistent power output from an MFC to support practical real-world applications.

However, MFCs experience severe fluctuations in the power output due to the

changes in metabolic activity of the microbes, decrease in the activity of the

catalysts, membrane fouling, accumulation of the cell debris etc. (Sun et al.

2016). Researchers adopt a more reliable parameter called power density (Pd) to

compare various cells with different configurations or volumes. Depending on the

parameter being considered in the cell, power density is obtained by normalizing

the total power obtained either by the surface area of the electrode or the volume of

specific chamber or the cell itself as follows.

Pd
V � I

Aele

ð13:3Þ

Id ¼ V � I

Vol
ð13:4Þ

13.2.5 Columbic Efficiency

It is the total ratio of coulombs that can be recovered in the form of current to the

total coulombs that are inherently contained in the substrate. Depending on the

mode of operation, the net columbic efficiency is expressed.
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13.2.5.1 Batch or Fed-Batch Mode of Operation

The total coulombs recovered are a function of output current integrated over a time

interval t. The energy contained in the substrate is given as F b ΔM, where F is the

Faraday’s constant, b is the number of electrons per mole of substrate andΔM is the

molecular mass of the substrate. Since chemical oxygen demand (COD) is used as

indirect measure of the organic content, and every mole of oxygen requires four

electrons for the oxidation (b ¼ 4), the columbic efficiency is expressed as follows:

CE ¼ M
R t

C
Idt

Fb Volð ÞΔCOD ð13:5Þ

13.2.5.2 Continuous Mode of Operation

For MFCs operated under continuous mode of operation with a steady state current

I, the overall columbic efficiency is estimated as follows:

CE ¼ MI

FbkΔCOD
ð13:6Þ

In the above equation, k corresponds to the influent flow rate of wastewater or

feed, and ΔCOD is the difference between the initial and final COD content. The

primary goal of all the MFCs employing wastewaters is to attain high columbic

efficiency in order to ensure electrogenesis. Certain approaches such as suppression

of methanogenesis in the MFC system, improved catalysis and use of appropriate

current collector in the reactor improve the columbic efficiency.

13.2.6 Energy Efficiency

Analogous to the columbic efficiency, the ratio of the total energy generated from

the system in terms to electric output to the total energy contained in the substrate is

given by its energy efficiency. The total energy recovery is formulated as follows:

EE ¼
R t

0
VIdt

ΔHm
ð13:7Þ

EE corresponds to the energy efficiency, DH is the heat of combustion of the

substrate and m is the mass of substrate added. The amount of the energy recovered

depends upon the nature and biodegradability of the substrate (Logan et al. 2006).

Normalized energy recovery is another important parameter expressed as the EE
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normalized per unit volume of the wastewater or ΔCOD of the wastewater (Sun

et al. 2016). It is expressed as follows:

NER ¼ EE

Vol
ð13:8Þ

NER ¼ EE

ΔCOD
ð13:9Þ

13.3 Performance Evaluation via Electro-chemical Tools

13.3.1 Polarization

The polarization study is crucial for analysis of the cell as well as independent

components as it provides valuable information to characterize fuel cells. Basically,

polarization represents the I-V characteristics of the cell. It can be done either for

the whole cell or independently for anode and cathode employing a reference

electrode. Experimentally, it is performed in two ways: (1) By performing as the

linear-sweep voltammetry technique at low scan rates using a potentiostat; and

(2) Using a resistance box where a different set of external resistances can be varied

at convenience (Logan et al. 2006). The user manually varies the resistances and

records the stable operating voltage using a multimeter or a voltage monitoring

device. Using Ohm’s law, the current density is calculated for different resistances

and is plotted against the current density. For reproducibility, it is recommended to

vary the resistances in both increasing and decreasing order. The choice of the

resistances to be varied primarily depends on the volume of the reactor and the

internal resistance of the cell. A typical polarization curve can be depicted as in

Fig. 13.1.

The polarization graph of a fuel cell can be divided into three zones (Fig. 13.1a):

1. Zone (1) where there is a sharp decline in the operating voltage following OCV.

This is the zone where losses called activation losses are dominant. As the name

suggests, these losses arise due to the activation energy required to initiate the

oxidation and reduction reactions at various components of the fuel cell.

2. Zone (2) corresponds to a steady decline in the voltage with an increase in the

current. These losses can be attributed to ohmic losses which arise mainly due to

the materials involved in the system. Resistance offered by electrodes, mem-

branes, electrolyte used, interconnects, as well as the current collectors contrib-

ute to the total Ohmic losses of the cell.

3. Zone (3) corresponds to the region at high currents where the voltage readings

fall drastically due to losses incurred by concentration polarization. They mainly

constitute the improper mass transfer at various locations leading to drop in the

potential. Possible cases are substrate limitation for the bacteria, lower diffusion
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rates of the reaction species etc. Hence, the polarization losses provide informa-

tion on various losses that dominate in a cell indicating the appropriate improve-

ment needed in the system.

Further, power plot is a derived plot from the polarization graph. The power

graph is a representation of power density against the current density. Typical

power density plots for an MFC are depicted in Fig. 13.1b. The power slowly

increases to reach a maximum point called Maximum Power Point (MPP) and falls

beyond this point to reach short circuit condition or the zero current values. The

point where the maximum attainable power is reached in a cell can be usually

considered as Rint provided the power graph is a perfect semi-circle. Thus the power

graph can indicate the maximum power that a specific system can generate besides

a preliminary estimate of the internal resistance.

13.3.2 Current Interruption (CI)

CI is used to compute the internal resistance of MFCs. In this method, an MFC is

operated at a fixed external resistance (closed circuit conditions) till a stable current

is observed over a period of time. Once a stable current is achieved, the current flow

is rapidly interrupted by disconnecting the circuit (open circuit conditions) and the

voltage transients are observed (Fig. 13.2).

The internal resistance can be calculated as (13.10)

Rint ¼ V2 � V1ð ÞRext½ �=I ð13:10Þ

Fig. 13.1 (a) Polarization plot of an MFC. The zones (1), (2) and (3) in the figure correspond to

the zones where activation, ohmic and concentration polarization losses are dominant respectively;

(b) Power density curve of MFC
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where Rint ¼ internal resistance (Ω), V1 ¼ closed circuit voltage (V), V2 ¼ voltage

after steep increase (V), Rext ¼ external resistance (Ω) and I ¼ closed circuit

current.

The resistance obtained using this technique corresponds only to Ohmic

overpotential as it is an instantaneous process as compared to other potential losses

(activation and concentration overpotentials) which have longer relaxation times

(Zhao et al. 2009). The main advantage of this technique is that a single data point is

generated which could be easily interpreted from the V-I curve. However, the major

disadvantage is that the imposed interruption cause significant perturbations only

for a short duration of time (few milli-seconds) and thus any delay in the data

collection can misinterpret the results.

13.3.3 Voltammetry Techniques

Voltammetry includes basic electroanalytical techniques that are used to analyse

the reactivity of an analyte in an electrochemical half reaction. In this method, the

applied potential (Eapp) of the electrode in contact with the analyte is varied and the

resulting current (I) is monitored. The obtained I-Eapp curve is known as

voltammogram. The principal instrument used for conducting voltammetry exper-

iments is called a potentiostat comprising three electrode systems viz. the working,

the counter and the reference electrodes (Fig. 13.3). The working electrode (which

is in contact with the analyte) is maintained at the constant desired potential to

Fig. 13.2 Voltage waveform during CI technique where V1 is the closed circuit voltage, V2 is the

steep increase in voltage during current interruption and OCV is the open circuit voltage
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facilitate electron transfer to and from the analyte of interest. The reference

electrode has a constant potential and is used to maintain a constant potential at

the working electrode. The most commonly used reference electrodes used in

laboratories include saturated calomel electrode (SCE; +0.25 V vs. SHE) or sil-

ver/silver chloride electrodes (Ag/AgCl; +0.210 V vs. SHE). The counter electrode

is used to complete the circuit by passing the current required to control the

potential at the working electrode. For two-electrode configurations, the reference

and the counter are connected to the same electrode.

For MFC applications, the classical voltammetry techniques can be used to

deduce the electron transfer mechanisms between the electrogenic bacteria and

the electrodes. Over the past few years, several researchers have applied

voltammetry techniques for characterization of biofilms and to evaluate the kinetics

of bioelectrochemical reactions (Marsili et al. 2008). Depending upon the study of

interest, different voltammetry techniques have been employed for analysing MFCs

as described below.

13.3.3.1 Linear Sweep Voltammetry (LSV)

In this technique, the potential of the working electrode is varied linearly as a

function of time and the current response is recorded. The voltage is varied between

an upper and lower limit at a constant scan rate v ¼ dE
dt

� �
(Fig. 13.4). Any peaks

observed during the potential scan correspond to an oxidized or a reduced species.

The characteristics of the LSV depend upon several factors including the rate of

the electron transfer and the reactivity of the intermediate/mediator species. It is

generally used as an alternative polarization technique for MFC applications. It can

Fig. 13.3 (a) Schematic of working principle of a potentiostat comprising three electrodes viz.

working, reference and counter: a control amplifier which maintains the voltage between the

reference and working electrodes close to the input voltage Ei and the resistance Rm across which

the current drop is measured. (b) A working potentiostat with an electrochemical cell used in the

laboratory
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also be used to identify unknown species and to quantify the concentration of

analyte in the solution. LSV is useful for deducing the electron transfer mechanisms

involved in an irreversible electrochemical reaction. For example, Cheng et al.

(2009) used LSV to examine the conversion of electrical current to methane via

electromethanogenesis which is an irreversible reaction. However, this technique

can only be used at very low scan rates (1–5 mV s�1) as at high scan rates the

capacitive currents increase drastically which cannot be compensated

electronically.

13.3.3.2 Cyclic Voltammetry (CV)

CV is a powerful tool devoted for estimating the nature of electron transfer

mechanisms, formal potentials and reversibility of electroactive species, mass

transfer influence and kinetic behaviour of microbe-electrode interactions

(Harnisch and Freguia 2012). It is similar to LSV analysis in which the potential

is scanned between an upper and lower limit. However once the voltage reaches the

upper limit, the scan is ramped reversibly and the voltage is swept back to the lower

limit (Fig. 13.5).

In the plot of a CV curve, both anodic and cathodic peaks are observed for a

reversible redox reaction while only a single peak is observed for an irreversible

redox system. Thus the reaction mechanisms can be elucidated by observing the CV

Fig. 13.4 (a) Voltage vs. time plot during an LSV scan from the lower limit V1 to upper limit V2.

(b) A typical linear sweep voltammogram with Ep (peak potential) and Ip (peak current) for a

single electrode transfer reaction
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plots. The formal potentials for particular redox specie can be estimated via CV

using the following equation:

Ef ¼ Epa þ Epc

2
ð13:11Þ

where Epa is anodic peak potential and Epc is cathodic peak potential.

The obtained formal potentials from CV can be compared to the standard

biological redox potentials (Eo) and thus the redox entity involved in the

bioelectrochemical reaction can be determined. Since the biological reactions

occurring in the MFCs are far more complex than the typical electrochemical

redox reactions, more than one peak can be obtained during CV scan corresponding

to different redox entities (Marsili et al. 2008). There is also a chance that the

bioelectrochemical reaction is followed by a chemical reaction which leads to the

absence of a reversible peak in the CV scan. In such cases it becomes difficult to

elucidate the limiting reaction step in the process. Thus, CVs should be carefully

scrutinized when analysing biological reactions in MFCs. Due to the poor sensitiv-

ity of this technique, CV is seldom used for quantitative analysis of the redox

species (Fricke et al. 2008).

Fig. 13.5 (a) Voltage vs. time plot during a CV scan from the lower limit V1 to upper limit V2 and

again back to the lower limit V1. (b) A typical cyclic voltammogram with Ep
a (anodic peak

potential), Ep
c (cathodic peak potential), Ip

a (anodic peak current) and Ip
a (cathodic peak current)

for a reversible single electrode transfer reaction
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13.3.3.3 Differential Pulse Voltammetry (DPV)

In this technique, the potential is scanned with a series of pulses such that each pulse

is fixed at small amplitude. Current is monitored at the beginning and the end of

each pulse and this differential reading of current generates a peak-shaped

voltammogram (Fig. 13.6). The basis of this technique is the difference in the

rate of the decay of charging and Faradaic current when a potential pulse is applied.

Since the Faradic current is a function of time, its rate of decay is much slower than

the charging current and thus the current monitored after each pulse solely consist

of Faradic current. This technique is very sensitive and can be used for qualitative

and quantitative estimation of redox species.

DPV technique is very sensitive and can be used for qualitative and quantitative

estimation of redox species. This technique is used to compare the concentration of

the redox active molecule (membrane bound FAD molecule) playing active role in

the exocellular electron transfer in MFC at different time intervals (Sharma et al.

2013). By combining this technique with spectrophotometric or chromatographic

techniques can bring about the broader details of the nature of the electroactive

species.

13.3.3.4 Chronoamperometry (CA)

It is a sub class of voltammetry technique in which a step potential is applied and

the resulting current is monitored over a period of time (Fig. 13.7). The most useful

equation in chronoamperometry is the Cottrell equation (Eq. 13.12), which

Fig. 13.6 (a) Voltage vs. time plot. (b) Voltammogram for DPV scan with τ cycle time;ΔEp fixed

pulse potential; ΔEs fixed change in potential per cycle and tp pulse time
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describes the exact form of current-time dependence with respect to the electrode at

a constant potential.

it ¼ nFAC0D
1=2
0

n1=2t1=2
ð13:12Þ

where n ¼ stoichiometric number of electrons involved in the reaction; F ¼ Fara-

day’s constant (96,485 C/equivalent), A¼ electrode area (cm2), C0¼ concentration

of electroactive species (mol/cm3), and D0 ¼ diffusion constant for electroactive

species (cm2/s).

With a known electrode area, measurement of either n or D0 for an electroactive

species is easily accomplished.

In MFC, CA technique has been used for the identification of electrogenic

species in the natural environment (Parot et al. 2008), formation of electroactive

biofilms on electrode surfaces (Cercado-Quezada et al. 2010), to distinguish

between the capacitive and Faradaic currents (Khilari et al. 2015) etc. With the

discovery of current consuming electrotrophs, the scope of CA techniques has

widened in the detection of direct conversion of current to useful products such

as alcohols.

Fig. 13.7 (a) The potential-time profile during chronoamperometry, Ei is initial value and Eapp is

the applied potential. (b) The corresponding response of the current due to change in the potential
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13.3.4 Butler-Volmer Analysis and Tafel Plots

The fundamentals of electron transfer kinetics and the associated overpotentials are

described by the Butler–Volmer equation (Eq. 13.13). It assumes that the electrode

kinetics is only governed by the charge transfer between the analyte and the

electrode while the Ohmic and concentration overpotentials are negligible:

j ¼ Ai0 e
anFη
RT � e

1�að ÞnFη
RT

n o
ð13:13Þ

where j is the current density, A is the electrode active surface area, io is the

exchange current density, a is the charge transfer barrier (symmetry coefficient),

n is number of electrons involved in the electrode reaction, and h is the charge

transfer overpotential.

The exchange current density io is the maximum current that could be extracted

at negligible overpotential at equilibrium (i.e. cathodic current ¼ anodic current).

For an electrochemical system, higher the io, the faster will be the reaction and vice
versa. The Butler–Volmer equation has two limiting conditions viz. high

overpotential condition where the equation simplifies to yield Tafel equation

(Eq. 13.14) and low overpotential region where the equation simplifies to yield

polarization resistance (Eq. 13.15).

ln i ¼ iv � αnFη
RT

ð13:14Þ

i ¼ i0
nF

RT
η� Eð Þ ð13:15Þ

where i represents current (A) and h is overpotential (V) and (anF/RT) is the Tafel
slope and E is the equilibrium potential.

Tafel slopes are important parameters that describe the charge transfer capabil-

ities of electrogenic bacteria. Lower the Tafel slopes, higher will be the electron

transfer to the electrode surface. Estimation of Tafel slopes also helps in deducing

the electron transfer coefficient (α) which is also a crucial parameter that describes

the symmetry between the forward and reverse reactions. Thus, knowledge of these

fundamental parameters can provide valuable insights over the bacterial-electrode

electron transfer mechanisms in MFCs.

13.3.5 Electrochemical Impedance Spectroscopy (EIS)
Analysis

EIS is an important electrochemical tool used by the researchers primarily to

examine the internal resistance of the cells. As mentioned earlier, there are three
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types of major polarization losses that incur in an MFC. Not only can EIS estimate

the value of these losses at various operating conditions but can also provide

information on the individual contribution of each loss (He and Mansfeld 2009).

Owing to its simplicity, non-destructive property, ability to deduce diverse and

valuable insights about the cells, it is being widely employed by various researchers

to study MFC performance. EIS has been employed not only to analyse various

losses that arise from operating the system but also to generate and analyse various

novel electrodes, the biofilm properties and even to compare various components of

the system. The uniqueness of this method relies on the fact that the cell under

consideration is subjected to a known AC (alternating current) current unlike other

techniques which make use of DC (Sekar and Ramasamy 2013).

A potentiostat is the basic instrument required to perform this study. Depending

on what is being analysed, the technique can be performed either in a two-electrode

mode or a three-electrode mode. In the two-electrode mode, the anode/cathode

(basically the reaction centre or the component that needs to be analysed) becomes

the working electrode while the other becomes counter electrode. Similar connec-

tions are made in the three-electrode mode where the reference electrode of the cell

is also connected to the potentiostat which serves as the reference. A small

electrical AC perturbance is given to the system and the resulting impedance as

well as phase shift are monitored with time. The data generated from an EIS plot

basically consists of two major plots namely: (1) Bode plot and (2) Nyquist plot.

Typical Nyquist and Bode plots are represented in Fig. 13.8.

When an EIS scan is performed, a small AC sinusoidal signal is applied on the

system within a definite frequency range, the results of which are represented as

Nyquist plot and Bode plot. Nyquist plot is a simple representation of real part of

impedance on the X-axis and the complex part of the impedance on Y-axis with

each point corresponding to the impedance value at a definite frequency. The graph

mainly comprises a semi-circle and sometimes a straight line following the semi-

circle may also be observed. The diameter of the semi-circle is the charge transfer

resistance (Rp) or the polarization resistance of the cell while the straight line is an

indication of capacitance of the cell. Bode plot provides further information on the

frequency, phase angles and impedance. However, in practical situations, the

impedance plots are a complex combination of capacitances and resistances and

they vary from system to system.

13.4 Material Characterization Methods

13.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful technique capable of examining

the surface structure of the materials samples and is often used in MFCs for

electrode and biofilm characterization. In this the scanning electron microscope
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scans a focussed electron beam over a surface to create an image. The electrons in

the beam interact with the sample, producing various signals that can be used to

obtain information about the surface topography and composition. The energy

X-ray spectroscopy (EDX) is another useful analytical tool integrated with SEM.

EDX is used to determine the elemental composition of surface films. EDS data are

typically collected from an area in the specimen.

13.4.2 Transmission Electron Microscopy (TEM)

TEM forms an image by accelerating a beam of electrons that pass through the

specimen. In TEM, electrons are accelerated to 100 KeV or higher (up to 1 MeV),

projected onto a thin specimen (less than 200 nm) by means of the condenser lens

system, and penetrate the sample thickness either undeflected or deflected. The

greatest advantages that TEM offers are the high magnification ranging from 50 to

106 and its ability to provide both image and diffraction information from a single

sample.

In MFCs, TEM analysis is usually performed to quantitatively measure the size,

distribution, and morphology of the nanoparticles that are used as catalysts on the

electrode surfaces. Apart from material characteristics, TEM also provides valuable

information on the spatial arrangement and cellular ultra-structure of the biofilm.

Thus, internal cross-sectional detail of the individual microorganisms and the

overall biofilm can be visualized using TEM. The main disadvantages of electron

microscopy being the cost and the preparation time required for visualization of the

samples.

Fig. 13.8 (a) Nyquist plot. (b) Bode plot of an MFC system
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13.4.3 X-Ray Diffraction (XRD)

XRD is a rapid analytical technique primarily used for phase identification of a

crystalline material and can provide information on unit cell dimensions. X-ray

diffraction is based on constructive interference of monochromatic X-rays and a

crystalline sample. These X-rays are generated by a cathode ray tube, filtered to

produce monochromatic radiation, collimated to concentrate, and directed toward

the sample. The interaction of the incident rays with the sample produces construc-

tive interference (and a diffracted ray) when conditions satisfy Bragg’s Law

nλ ¼ 2d sin θ ð13:16Þ

where n is a positive integer, λ is the diffracted wavelength, d is the distance

between atomic layers in a crystal and θ is the angle of incidence.

This law relates the wavelength of electromagnetic radiation to the diffraction

angle and the lattice spacing in a crystalline sample. These diffracted X-rays are

then detected, processed and counted. By scanning the sample through a range of 2θ
angles, all possible diffraction directions of the lattice should be attained due to the

random orientation of the powdered material.

13.4.4 BET Surface Area Measurements

Brunauer-Emmett-Teller (BET) surface area analysis provides precise specific

surface area evaluation of materials by nitrogen multilayer adsorption measured

as a function of relative pressure using a fully automated analyser. The technique

encompasses external area and pore area evaluations to determine the total specific

surface area in m2 g�1 yielding important information in studying the effects of

surface porosity and particle size in many applications. For MFCs in particular,

BET analysis is used for determining electrode specific surface area along with the

pore volume and area distributions that characterise porosity.

13.4.5 Other Methods

Apart from the techniques mentioned above, several other methods are employed to

analyse the membrane and electrode properties including atomic force microscopy

(AFM) which facilitates the observation of three-dimensional surface structures of

the nanomaterial under study including the biological structures (tissues, cells,

biomolecules, atomic absorption spectroscopy (AAS) which provides insights on

the elemental composition of the material under study. Fourier transform infrared

spectroscopy (FTIR) is used to identify or quantify the material under study based
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on the absorption and transmittance of infrared radiations, Raman spectroscopy

which provides information about molecular vibrations that can be used for sample

identification and quantitation etc. Depending upon the nature and complexity of

the material under study, any of the aforementioned techniques can be used for the

analysis purpose.

13.5 Techniques for Microbial Community Analysis

13.5.1 DGGE

Denaturing gradient gel electrophoresis (DGGE) is a molecular fingerprinting

method that separates polymerase chain reaction (PCR)-generated DNA products.

The polymerase chain reaction of environmental DNA can generate templates of

differing DNA sequence that represent many of the dominant microbial organisms.

However, since PCR products from a given reaction are of similar size (bp),

conventional separation by agarose gel electrophoresis results only in a single

DNA band that is largely non-descriptive. DGGE can overcome this limitation by

separating PCR products based on sequence differences that results in differential

denaturing characteristics of the DNA. During DGGE, PCR products encounter

increasingly higher concentrations of chemical denaturant as they migrate through a

polyacrylamide gel. Upon reaching a threshold denaturant concentration, the

weaker melting domains of the double-stranded PCR product will begin to denature

at which time migration slows dramatically. Differing sequences of DNA (from

different bacteria) will denature at different denaturant concentrations resulting in a

pattern of bands. Each band theoretically representing a different bacterial popula-

tion present in the community. Once generated, fingerprints can be uploaded into

databases in which fingerprint similarity can be assessed to determine microbial

structural differences between environments or among treatments.

13.5.2 ARDRA

Amplified rDNA (ribosomal DNA) Restriction Analysis (ARDRA) is the extension

of the technique of RFLP (restriction fragment length polymorphism) to the gene

encoding the small (16s) ribosomal subunit of bacteria. The technique involves an

enzymatic amplification using primers directed at the conserved regions at the ends

of the 16s gene, followed by digestion using tetracutter restriction enzymes. The

pattern obtained is said to be representative of the species analysed. Patterns

obtained from several restriction enzymes can be used to phylogenetically charac-

terize cultured isolates and 16s genes obtained through cloning from

community DNA.
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Based on the simple formula for the frequency of random occurrence of a

restriction site, a 4-bp sequence occurs once every 256 bp. At least three restriction

enzymes must be used for the analysis to overcome the probability of certain

restriction enzymes to yield similar patterns for not so unrelated organisms. The

amplicon to be analysed must preferably correspond to a size of greater than

1000 bp, purely for the sake of encountering a greater possibility of the restriction

site. The amplicons must be preferably purified before digestion.

13.5.3 Pyrosequencing

It is a DNA synthesis technique which uses the principle of “synthesis by sequence”

i.e. each of the four nucleosides are fed sequentially to the DNA template by the

DNA polymerase and after the successful incorporation of any base, a pyrophos-

phate is released which is detected in an enzyme cascade that emits light. The

general principle of pyrosequencing can be described as:

Oligonucleotideð Þn þ nucleotide�����!Polymerase
Oligonucleotideð Þnþ1 þ PPi ð13:17Þ

PPiþ APS��������!ATP sulfurylaze
ATPþ Sulfate ð13:18Þ

ATPþ luciferinþ O2 �����!luciferase
AMPþ PPiþ oxyluciferinþ Light ð13:19Þ

In the first step, a polymerase catalyses the incorporation of nucleotides to a

nucleic acid chain, next after each nucleotide is successfully incorporated a pyro-

phosphate (PPi) is released which is incorporated into ATP by ATP sulfurylase.
Once luciferin is added in the presence of luciferase enzyme, the ATP is degraded

to AMP and light is generated. This light is detected by the sensors and a peak is

observed (Pyrogram). The height of each peak corresponds to the number of

nucleotides incorporated.

Pyrosequencing has been used extensively for microbial genotyping applica-

tions. Since, the sequences are synthesized using new copies of DNA template,

unambiguous results are obtained using this technique. Unlike hybridization tech-

niques, pyrosequencing allows the identification of a large number of species using

a single conserved primer. Consequently, DNA extracted from multiple microbe

species can be sequenced in the same pyrosequencing run.

13.5.4 Other Molecular Techniques

Other molecular techniques used for identification and characterization of micro-

bial biofilms and communities include CLSM (confocal laser scanning micros-

copy), flow cytometry, fluorescent in-situ hybridization (FISH), single-strand
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conformation polymorphism (SSCP), restriction fragment length polymorphism

(RFLP), etc. For detailed description of these techniques, readers are advised to

refer Chap. 9.

13.6 Waste and Wastewater Analysis

Standard laboratory analytical methods or test procedures that are prescribed by

APHA (American Public Health Association) for examining waste and wastewater

are used in MFCs to analyse amount of waste degraded by the microbes. These

methods make use of various diagnostic tools which include measurement of

hardness (mg L�1 as CaCO3) by spectrophotometer, volatile residue by Muffle

Furnace, inorganic anions by ion chromatography, alkalinity by colorimetric

method, total Kjeldahl nitrogen, chemical oxygen demand (COD), biochemical

oxygen demand (BOD) etc. The working principle and theories for these techniques

can be found elsewhere.

13.7 Conclusions

This chapter summarizes various techniques utilized in the literature to study and

analyse the performance of the MFC system as a whole as well as individual

components of the same. The fundamentals of the techniques have been presented

in terms of material analysis, microbe community structure, electrochemical anal-

ysis, wastewater analysis and the performance evaluation techniques of the MFCs.

There is a need for the development of novel electrochemical tools to further probe

the fundamental electrochemical processes that occur in MFCs.
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Parot, S., Délia, M.-L., & Bergel, A. (2008). Forming electrochemically active biofilms from

garden compost under chronoamperometry. Bioresource Technology, 99, 4809–4816.
Sekar, N., & Ramasamy, R. P. (2013). Electrochemical impedance spectroscopy for MFC char-

acterization. Journal of Microbial and Biochemical Technology, S6, 1–14.
Sharma, M., Jain, P., Varanasi, J. L., Lal, B., Rodrı́guez, J., Lema, J. M., & Sarma, P. M. (2013).

Enhanced performance of sulfate reducing bacteria based biocathode using stainless steel mesh

on activated carbon fabric electrode. Bioresource Technology, 150, 172–180.
Sun, M., Zhai, L.-F., Li, W.-W., & Yu, H.-Q. (2016). Harvest and utilization of chemical energy in

wastes by MFCs. Chemical Society Reviews, 45, 2847–2870.
Zhao, F., Slade, R. C. T., & Varcoe, J. R. (2009). Techniques for the study and development of

MFCs: An electrochemical perspective. Chemical Society Reviews, 38, 1926–1939.

268 J.L. Varanasi et al.



Chapter 14

Modelling of Reaction and Transport
in Microbial Fuel Cells

Ramya Veerubhotla, Sajal Kanti Dutta, and Saikat Chakraborty

14.1 Introduction

Understanding the fundamental processes underlying the microbial fuel cells

(MFCs) can provide valuable insights in recognizing the key limiting factors, the

scope of improvement of the system which in turn helps in the scaling-up the

process. The science behind an MFC is complex and it involves a subtle interplay of

various fields such as microbiology, physics and electrochemistry (Zhang and

Halme 1995). A comprehensive understanding of various parameters involved in

the process is essential for the improvement of power generation and to explore

further applications. Modelling the system prior to experimentation can provide

various perspectives and alternatives saving time and money. The physics of the

process can be understood using quantitative predictions using modelling. It also

provides valuable information about the dynamics of a process and thus important

in reactor design and scale-up. Consequently, efficient monitoring of the process as

well as precise control may be achieved through modelling (Marcus et al. 2007).

Multi-scale modelling is crucial for a well-defined understanding of the process at

both micro and macro scales.

The present chapter reviews the existing models of MFCs, with an emphasis on

models pertaining to anode and the microbes, which distinguish the process from

chemical fuel cells. Most of the previous reports show models on the specific

components and their associated transport modelling owing to the complexity of
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the process. Hence, we define the individual components of the MFC as illustrated

in Fig. 14.1 to elucidate and identify different reactions that simultaneously occur in

the system. For the sake of convenience, we categorize the existing models on

MFCs based on the physical categorization as well as on the interaction between the

biocatalysts and the electrodes (Fig. 14.2).

14.2 Principle of an MFC

As described earlier, MFC is a diverse system which involves mainly the following

components – anode, anolyte, bacteria, separator, cathode and catholyte. At anode,

the bacteria, acting as a biocatalyst, oxidizes the substrate(s) (Logan et al. 2006)

leading to the formation of degradation products, electrons and protons (Fig. 14.1).

In reality, since wastewater is used in MFCs, it contains a wide variety of substrates

and their mixtures and the products depend on the type of the substrate (Lovley

2006).

A general stoichiometric equation of the oxidation reaction can be written as:

CnHmOp þ 2n� pð ÞH2O ! nCO2 þ mþ 4n� 2pð ÞHþ þ mþ 4n� 2pð Þe�
ð14:1Þ

The bacteria involved in the MFCs, called exoelectrogens, have a capability to

utilize anode as the final electron acceptor in anaerobic conditions. The details of

the electron transfer mechanisms are described elsewhere. Usually, mixed cultures

are used in MFCs as they help in recovering maximum energy from wastewater.

The main purpose of the separator is to physically separate the anode and cathode

chambers, while allowing an efficient and desired ion exchange across them.

Depending on the type of membrane (anion exchange, cation exchange or proton

Fig. 14.1 Physical

categorization showing the

individual parts along with

the reactions involved in the

process
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exchange), ions (anions, cations or protons) typically move across the chambers to

facilitate the cathode reaction. At cathode, reduction occurs resulting in utilization

of electrons that flow through the circuit. Following are the major reactions that

happen at cathode depending on whether oxygen or ferrycyanide is used as

catholyte.

O2 þ Hþ þ e� ! H2O ð14:2Þ
Fe IIIð Þ þ e� ! Fe IIð Þ ð14:3Þ

14.3 Classification of the Models

The modelling approaches of the MFC are diverse. We further segregate the

existing models of the literature into heterogeneous and homogeneous models

depending on the phases being considered by the models (Fig. 14.3). This segre-

gation approach would further help the readers to pick up the model to be applied

depending upon the level of complexity. In reality, MFC involves multi-phase

heterogeneous reactions. However, for the sake of simplicity, several modelling

approaches use a single phase model and represent a heterogeneous system through

pseudo-homogenous models. We show through our phase-based categorization in

this review that while hetero models can capture the physics of the system at a more

detailed level, they are difficult to simulate. Homogenous models, on the other

Physical categorization of an MFC

Models depending on the mode
of electron transfer

Anode and the associated
components

Shuttling mechanism between the suspended cells and anode

Cathode and the associated
components

Conductive bacterial biofilm or adherent cells

Separator (Membranes)

Overall models

Wen et al. 2009
Yan and Fan et al.2012
Vizhemehr et al. 2012
Garg et al. 2014
Tardast et al. 2014

Picioreanu et al. 2007
Picioreanu et al. 2008
Picioreanu et al.
2010

Zhang et al. 1995

Renslaw et al. 2011
Harnisch et al. 2009
chae et al. 2008
Xu et al. 2012
Christgen et al. 2012

Fig. 14.2 Classification of models based on the physical categorization
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hand, lump the multi-phase physics of the system into a single phase thus leading to

a loss of information, but are much easier to compute. Pseudo-homogenous models

are used for engineering purposes and render them amenable to scale-up. They are

particularly useful when large numbers of species are involved.

The following section briefly introduces various models and discusses some of

the important models in details.

14.4 Overall Models

Various researchers attempted to model the entire MFC as a system instead of

individual components and most of their work included prediction of the maximum

current, quantifying the voltage losses and optimizing the power output. Wang et al.

(2008) modelled a continuous MFC system operated on brewery wastewater. The

model quantifies various types of losses in an MFC system including losses due to

reaction kinetics (ηact), ohmic polarization (ηohmic) and mass transport (ηconc) and
introduces a new concept called the ‘parasitic loss due to gross leakage’ ( jleak)
given by the following equations where V corresponds to the real output voltage,

Ethermo is the thermodynamically predicted voltage, and j is the current density.

V ¼ Ethermo � ηact � ηohmic � ηconc ð14:4Þ
jgross ¼ jþ jleak ð14:5Þ

Yan and Fan (2013) extended the application of a PID controller combined with

a fuzzy logic by incorporating it into an MFC system. These techniques enable

operation of the system with a constant voltage output minimizing the disturbances.

Further, predictive model by Stratford et al. interrelates the diversity of the micro-

bial species in the biofilm as well as the bulk liquid of the anode chamber using

Fig. 14.3 Classification of models based on the phase categorization
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Shannon and Simpson index. Their results suggest that a strong correlation exists

between the relative abundance of species in a microbial community and the

diversity of anode bacteria (Shannon index) (Stratford et al. 2014) combined with

the DNA content has a strong impact on the power output of the MFC. Some more

advanced and predictive models include application of Artifical Intelligence

methods (Tardast et al. 2014; Garg et al. 2014). However, the methods discussed

do not give detailed insights into the underlying mechanisms and are only helpful

for quantitative predictions. They are also highly specific and are further limited by

operating conditions, reactor configuration and bacterial community.

14.5 Models Pertaining to Anode-Bacterial Interactions

The following section discusses the models comprising the interaction between

anode and the microbes. These models assume that anode is the limiting factor in

the production of electricity. We classify such models involving the bacterial

species and the anode into two different types based on the mode of the level of

complexity of their representation:

1. Models involving the suspended bacteria and a planar electrode - Shuttling

mechanism

2. Models involving the bacteria adhered to the electrode and biofilms (formation

of conductive matrix) – DET mechanism.

This type of models essentially involves molecules called shuttles or mediators

which are released by the bacteria into the solution. These molecules shuttle the

electrons from cell to the electrode by a series of oxidation and reduction reactions.

This mechanism is well-established and the power output can be potentially

increased by adding certain mediators that extract the electrons produced by the

bacterial metabolism. Zhang and Halme (1995) attempted to model an MFC

involving quinone as the mediator. The model assumes that the proton transport

through the membrane and the oxygen reduction reaction at cathode are fast as

compared to the biochemical reactions. A sequential reaction scheme was adopted

with the following steps which forms the basis of this diffusion-based model. The

first step is the transfer of this molecule to the interior of the cell followed by

reduction and subsequent export to the bulk liquid (Fig. 14.4). The following

equations are defined by Zhang and Halme (1995) through the model. The rate of

substrate [S]/electron donor degradation with time t, is given as Eq. 14.6 in relation
to the bacterial concentration [X] where k1 is the reaction rate constant.

d S½ �
dt

¼ k1
S½ � X½ �
S½ � þ ks

ð14:6Þ

With an assumption that the mediator is neither utilized nor dissociated, the

kinetics involving mediator are given in a similar fashion as enzyme kinetics where
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[HNQ] and [HNQH2] are concentrations of 2-hydroxy-l,4-naphthoquinone and its

reducing ones, respectively. [Mred] and [Moxd] are the reducing and oxidizing

intermediates, kl, k2, m, k3 and k�2 are reaction rate constants in (mmol/g h),

(1/mM h), (mmol/g h), (1/h) and (l/h), while kd and ks are dissociation and substrate
limiting constant in (l/h) and (mM).

d Mred½ �
dt

¼ m
S½ � X½ �
S½ � þ ks

� k2 HNQ½ � Mred½ � � kd Mred½ � þ k�2 HNQH2½ � ð14:7Þ

d HNQ½ �
dt

¼ �k2 HNQ½ � Mred½ � � k3 HNQH2½ � þ k�2 HNQH2½ � ð14:8Þ

The model links up the current generation in an MFC with the mediator and

substrate concentrations by combining the biochemical reactions and the electrical

circuit through the following equation

I ¼ nFk3 HNQH2½ � ¼ nFk3 HNQ∗½ � � HNQ½ �f g ð14:9Þ

where e, n and F are electron, electron number and Faraday’s constant respectively
and I is the current density (mA). Although the net electromotive force E of the

system is a resultant of various factors including oxygen concentration [O2], proton

concentration [H+] on both the anode and cathode chambers as well as the equiv-

alents of the mediator, certain assumptions were made and the final E value was

mathematically represented as follows

E ¼ E∗ þ RT

2F

� �
ln

HNQH2½ �
HNQ½ �

� �
ð14:10Þ

E* is a constant for certain MFC system and T represents the temperature (K).
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The model could successfully predict the effect of the mediator concentration on

the output. An increasing mediator concentration caused an immediate increase in

the current output as compared to the increase in substrate concentration. The

model is also helpful to predict the adequate concentration of mediator that should

be added to a system. This model is one of the most preliminary works related to the

modelling of MFCs before the mechanisms such as conduction through the

nanowires were not discovered. Further, Picioreanu et al. (2010) proposed an

elaborate and extended model for suspended biomass with an added mediator

with an emphasis on mass balances of various chemical substances involved in

the cell. Their design consists of glucose as the substrate and ferro/ferri-cyanide as

the chemical catholyte. The model also accounts for the background current

generated by the cells in the substrate limiting condition owing to their endogenous

substrate storage. Another added advantage of this model was that it could be

applied to other bio-electrochemical systems along with MFCs. The model adopts

a spatial compartment division of anode into bulk liquid and the mass transfer

boundary across anode where homogenous conditions exist in the bulk liquid

(Fig. 14.4). Reaction scheme is as per the model including Stoichiometric coeffi-

cient Ys. It depends on the electron content of that substrate.

YsSþMoxd ! Mred þ products ð14:11Þ
Mred �Moxd þ nHþ þ ne� ð14:12Þ

Unlike the previous model, the biological reaction rate is given by double

Monod equation as follows.

r1 ¼ k1 X½ � s½ �
ks þ S½ �

Moxd½ �
kMoxd

þ Moxd½ � ð14:13Þ

The model suggests that a higher mass transfer rate of the mediator improves the

power output. Furthermore, the increase in the biomass also lead to higher power

outputs as they facilitated a quick and more reduced mediator available for the

oxidation. The model also shows that a better mixing at the anode compartment

lead to a thinner boundary layer and higher current in the system. Monod half-

saturation constant also significantly affected the current generation.

14.5.1 Background Current and Modelling of Endogenous
Metabolism

When MFCs are operated in fed-batch mode, non-zero current readings are usually

observed when the substrate exhausts. This can result due to three different possi-

bilities arising from the endogenous metabolism. Either the part of biomass is

consumed resulting in mediator oxidation or internal reserves of bacteria can
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participate in the metabolism or it might also happen that a slower degradation of

the intermediates obtained from the utilization of a primary substrate can cause

subsequent mediator reduction and thus current generation (Figs. 14.5 and 14.6).

Different models were proposed to understand the inherent mechanisms

(Picioreanu et al. 2010). In the first case, a part of the biomass is consumed to

produce electricity utilizing the mediator as described in Eqs. 14.14 and 14.15.

YendoX þMoxd ! Mred þ products ð14:14Þ

r2 ¼ k2 X½ � Moxd½ �
kMoxd

þ Moxd½ � ð14:15Þ

The simulation results of these equations indicated that a higher rate of this

biomass utilization lead to increase background currents and a gradual decline in

the peak currents on further addition of substrates. The second mechanism which

involves the storage of the substrate in the form of certain polymeric compounds

followed by their degradation are given by Eqs. 14.16 and 14.17, respectively.

YSS ¼ Moxd ! Mred þ productsþ YppolyS ð14:16Þ
YppolyS ¼ Moxd ! Mred þ products ð14:17Þ

Assuming that the oxidation of the polymeric substances also follows a similar

stoichiometry and if the concentration of such substances in a cell is given by

[polyS],

r2 ¼ k2 X½ � polyS½ �
Ks þ polyS½ �

Moxd½ �
kMoxd

þ Moxd½ � ð14:18Þ

It was observed by their group that the complex nature of these substances

results in a slower degradation rates.

This section will cover the models comprising a stationary anode and a conduc-

tive biofilm. Following the electron conduction by the shuttles, researchers also

Diffusion layer

Conductive matrix
containing EPS

Conduction

Biofilm

ne- ne- ne- ne-

e-

Boundary layer

Electrode

Fig. 14.5 Electron

transport via conduction

through bacterial nanowires
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noticed a significant electricity production even in the absence of the shuttles. This

led to the proposal of two more theories for the electron conduction from the cell

surface to the electrode. Notable works describing this mechanism is by Marcus

et al. (2007). They proposed the first dynamic, one-dimensional model using a

Nernst M onod equation. Their model shows the relation key parameters such as

biofilm growth, its conductivity, electron donor (substrate) utilization and subse-

quently electricity generation in the MFCs. Their results demonstrate that a mass

transfer of the substrate becomes dominant in biofilms with higher conductivity.

One of the important hypothesis proposed by them is that high active biomass

responsible for the electricity generation is promoted by an environment with high

shear. The model is based on the assumption that substrate concentration, biomass

per unit area of anode and an increase in the electric potential are directly propor-

tional to the current generated. The governing equations proposed of the model can

be divided into four major parts as described below.

Part 1: Rate of substrate utilization and respiration

d S½ �
dt

¼ k1
S½ �

kS þ S½ �
Sa

KSa þ Sa
ð14:19Þ

Fig. 14.6 Electron transport via shuttling and adherent microbes
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where Sa corresponds to electron acceptor (EA) concentration, KSa ¼ half-max-rate

EA concentration, k1 ¼ qmaxϕa (ϕa ¼ volumetric fraction of active biomass (dimen-

sionless) and qmax being the maximum specific rate of substrate utilization). Since

the electron acceptor in a physical sense is the anode, whose concentration cannot

be defined, the potential of the anodic EA (Eanode) is related to the concentration of

EA using the Nernst Equation as follows:

Eanode ¼ E0
A � RT

nF
ln

S0a
Sa

� �
ð14:20Þ

where Sa
o ¼ standard anodic-EA concentration, EA

o ¼ standard reduction potential

for the anodic EA whereas Eka ¼ E0
A � RT

F
ln

S0a
KSa

� �
EKa

being the anodic acceptor

potential for the half maximum-rate.

Part 2: Steady state electron donor mass balance

0 ¼ DS, f
∂2

∂z2
� Xf:aq ð14:21Þ

Following are the boundary conditions used by their model to solve the above

equation.

(a) There exists no flux at the anode surface

0 ¼ dED, f
∂Sd
∂z

����
z¼0

(b) There exists continuity of flux at the interface of external diffusion layer with

the outer surface of the biofilm.

DED, I
∂Sd
∂z

����
z¼Lf

¼ DED, f
∂Sd
∂z

����
z¼Lf

¼ DED, I

L

� �
Sd,bulk � Sd,Surfaceð Þ ð14:22Þ

Part 3: Steady state electron balance and the application of Ohm’s law
This equation signifies the total electron balance of the biofilm anode in which

the first term corresponds to the change in electron flux, the second term corre-

sponds to conversion factor associated with the substrate to electron conversion and

the third to the endogenous respiration of the microbes where the terms g1 and g2
are assigned to electron equivalence of ED and the active biomass (based on an

empirical formula for microbial cells, CnHaNbOc).
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0 ¼ ∂j
∂z

þ Fγ1
T

f 0eXf, a qþ Fγ2
T

Xf, arres ð14:23Þ

A fixed potential at the anode (η|z¼ 0¼Vanode) and no electron flux condition at

the diffusion layer of the biofilm ∂η
∂z

���
z¼Lf

¼ jjz¼Lf

κbio ¼ 0

� �
are used as boundary

condition to solve the equation.

The parameter T in the equation corresponds to the time conversion factor

(86,400 s day�1) and fe0 fraction of electrons from the ED used for energy

generation to support synthesis (dimensionless). One of the most fundamental

assumption that defines this model is the assumption that biofilm acts as a porous

conductive matrix. Then according to Ohm’s law,

0 ¼ κbio
∂η
∂z

þ j ð14:24Þ

Part 4: Biomass balance

Finally, a mass balance on the biomass is represented as follows which indicates

that the summation of both active (ϕa) and inert mass (ϕi) of the biomass is unity.

The active biomass contributes to electricity generation and the inert biomass

comprises of the extracellular polymeric matrix, nanowires and other conductive

materials.

1 ¼ ϕa þ ϕi ð14:25Þ

This model is the basis of further models developed by Picioreanu et al. (2008)

(that combines the anaerobic digestion and the electrogenesis) and Merkey and

Chopp (2012) (study of the anode geometry on the performance).

14.6 Models Pertaining to Membrane/Separator

Harnisch et al. (2009) modelled the ion transfer across the membrane in

bio-electrochemical systems using a simplified one dimensional model. Their

set-up comprised a double chambered MFC with platinum mesh electrodes sepa-

rated by a proton exchange membrane, Nafion 117. The model assumes anode as

the source and the cathode as the sink with identical rates of reaction at both anode

and cathode. The entire system is divided into three major components: A, A1 –

which represent the anode and cathode chambers, B, B1 – representing the diffusion

layers adhered to the membrane and C – representing the Nafion 117 membrane. If

ci is the concentration of the ion species diffusing across the membrane, charge

transport can be written as follows where S is the source term (both biochemical and
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other external reactions are also considered) and flux density is written as mmol s�1

cm�2 and is given by the continuity equation.

∂ci xð Þ
∂t

¼ � ∂
∂x

f i xð Þ þ S ð14:26Þ

The ion flux density is described by the Nernst Planck equation as follows:

f i xð Þ ¼ �Di,m
∂ci xð Þ
∂x

þ ziF

RT
Di,mci xð ÞΦ xð Þ ð14:27Þ

As the equation indicates, the first term corresponds to diffusion while the

second one is due to the migration of the ion species. Di,m represents the diffusion

coefficient of an ion species i in the cell m. The term Ф(x) is the electric field given

by the equation below:

Φ xð Þ ¼ 1

εmεa

ð
p x0ð Þdx0 ð14:28Þ

ρ xð Þ ¼ FΣzici xð Þ ð14:29Þ

ρ(x) is the charge density, ε0 the dielectric constant of vacuum and εm represents the

relative dielectric coefficient for the different compartments. Different zones were

distinguished in each compartment of the system (Fig. 14.7) and a 1-D finite

volume method was used to model the system. Depending on the zone, grids

were formed in such a way the model depicts reality for accuracy. The equations

are simplified and solved using a central difference scheme for discretization.

The simulation results predict that the concentration of the positively charged

ions is low at the interface of anode-membrane (region B) as compared to the bulk

liquid as well as cathode interface. This unequal distribution of ions results in the

development of a potential drop across the membrane which varies with the

concentration of ions in both the chambers. The model concludes that low concen-

trated electrolyte solutions suffer from problems with high membrane resistance as

compared to highly concentrated electrolyte solutions. However, the problem of pH

splitting is more pronounced in the former.

The effect of membrane fouling on the overall performance of system is

modelled and experimentally validated by Xu et al. (2012). Since microbes can

adhere to the membrane surface as well, a thick biofilm formation on the membrane

combined by the extracellular polymeric matrix secretion can subsequently block

the movement of ions across the surface and reduce the performance. The current

profiles were plotted with time for both raw and fouled membrane systems and

modelled using the following equation.
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i ¼ dQ

dt
¼

P
Naþ, Kþ, NHþ

4 , Ca
þ,Mg2þV2FZcdc2, t

dt
ð14:30Þ

where Q is net positive charge in the form of cation species in MFC which move

through the PEM, V2 is the cathode chamber liquid volume, Zc is the valence of the

cation species, c2,t is the concentration of cations in the cathode chamber and
dc2, t
dt is

found using the diffusion-migration equation proposed by Harnisch et al. (2009).

Other details and know-how of important parameters influencing the membrane

performance such as oxygen transfer coefficient, ion conductivity, membrane

permeability and diffusion coefficients are discussed by several researchers

(Christgen et al. 2015; Chae et al. 2008).

14.7 Models Pertaining to Oxygen Reduction Reaction
(ORR) Kinetics at Cathode

In an MFC, the dissolved oxygen present in the electrolyte gets reduced at the

cathode by combining with the diffused protons from the anode and the electrons

obtained through the closed circuit, to form water.

O2 þ 4Hþ þ 4e� � 2H2O ð14:31Þ

The oxygen reduction may be a rate limiting step of the whole process based on

the reaction activation energy. The kinetics of the oxygen reduction will depend on

cathode size, dissolved oxygen concentration, and temperature. Renslow et al.

(2011) developed a kinetic model for a sediment MFC. For a non-isothermal

system, the equilibrium constant of solubility [ Keq,O2
] for dissolved oxygen

concentration [CO2
] at the cathode chamber is represented by

Fig. 14.7 Transport of ions

across the separator in MFC
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CO2
¼ po2

K0
eq:O2

e
ΔH0

R
1

T0
�1

T

� � ð14:32Þ

where pO2
is the partial pressure of oxygen, K0

eqD2 is the Henry’s constant at

standard conditions, ΔH0 is the standard enthalpy change and, T0 is the reference

temperature.

Further, the reduction potential EORR and the equilibrium constant of the ORR,

KORR, in the cathode chamber are related through the following equation

KORR ¼ e
nFEORR

RT ð14:33Þ

And finally, the electron potential of the ORR is function of temperature which is

as follows:

EORR ¼ E0
ORR

T0
T þ ΔH0

ORR

nFT0
T � T0
� � ð14:34Þ

where kfORR ¼ k0ORR e
�nFα

RT
e�EþElossð Þ ð14:35Þ

Eloss includes both ohmic loss and potential loss, kfORR is the rate constant of the

forward reaction and k0ORR is the standard heterogenous rate constant.

Finally, the total current density in the MFC is given by

j ¼ �nFCO2
kfORR ð14:36Þ

Thus, the temperature and dissolved oxygen concentration in the cathode cham-

ber determine current density and hence the overall efficiency of MFC.

14.8 Conclusion

This chapter presents a complete classification of the existing MFCmodels from the

literature based on the two-tier characterization. At the first level, the models are

characterized based on their spatial location of the component of the MFC. At the

next level, a further characterization based on the phase is performed. The phase

categorization segregates the models based on the level of complexity into homo-

geneous and heterogeneous systems. The homogeneous/pseudo-homogeneous

models are easy to solve, simulate but lumps information of various phases into

one while heterogeneous models are computationally intensive but they preserve

the detailed information about the system. It is for the individual researcher to

decide whether to pick pseudo-homogenous models against heterogeneous ones

based on the level of details one wants to explore.
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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

15 Bioremediation and Power Generation from Organic Wastes 287



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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Stack MFCU-Tube MFCUpflow MFC

Effluent

effluent

E
ffl

ue
nt

In
flu

en
t

Anode

Membrane

Membrane

Membrane

O2

O
2

H2O

H
2O

Double chambered MFC

Cathode

Cathode

Anode
Anode

E
ffl

ue
nt

M
em

br
an

e

O2

ANODE CATHODE AIR
CATHODE

Fig. 15.3 Different configurations of MFCs used for bioremediation, power generation and

wastewater treatment
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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
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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

15 Bioremediation and Power Generation from Organic Wastes 295



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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Chapter 16

Removal and Recovery of Metals by Using
Bio-electrochemical System

A. Evren Tugtaş and Bariş Çalli

16.1 Introduction

One of the potential uses of bio-electrochemical systems (BES) is the removal and

recovery of metals (Nancharaiah et al. 2015). Every day, significant amounts of

metals are released to the environment via anthropogenic activities such as mining,

smelting, metal refining, fossil fuel combustion, waste and sewage sludge inciner-

ation, electroplating discharges, disposal of electronic waste and photographic

supplies as well as manufacturing of printed circuit board, semiconductor, paint,

stainless steel, pigments, photoelectric cells, glass, pesticides etc. Conventionally,

metals are removed by precipitation as insoluble salts, ion exchange, adsorption,

biosorption and microbial reduction from metal contaminated wastewater (Elouear

et al. 2009; Fu and Wang 2011; Choi and Hu 2013; Tao et al. 2011b, 2012; Wang

and Ren 2014; Lim et al. 2015; Zhang et al. 2016). The conventional methods are

usually impractical at low concentrations and cost-inefficient because of high

operational costs, energy consumption and production of excessive amounts of

hazardous wastes (Ntagia et al. 2016). The barriers in removing and recovering of

metals from waste streams may be overcome by using BES.

16.2 Principles of Bioelectrochemical Systems (BESs)

BES reactors generally consist of an anode, a cathode and a separator. Biodegrad-

able materials are oxidized in the anode chamber and the electrons generated as a

result of oxidation are transferred to the cathode. In the cathode compartment these
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electrons can be used for the direct electricity generation, reduction of chemicals or

organic matter (Logan et al. 2006; Lovley 2006; Nancharaiah et al. 2016; Rabaey

and Verstraete 2005; Cavdar et al. 2011; Tugtas et al. 2011, 2013). These systems

have been studied intensively in terms of configuration, electrochemistry, microbi-

ology and potential application areas and as a result microbial fuel cells (MFCs),

microbial electrolysis cells (MECs) and microbial desalination cells (MDCs) have

been identified as the representative of BES systems (Kelly and He 2014). In MFCs,

current produced by BESs are directly harvested and used as electricity (Arends and

Verstraete 2012). In MFCs, electrochemically active bacteria gain electrons by

oxidizing the organic matter and transfer electrons to the surface of the anode

electrode made of an inert and conductive material (e.g. carbon). The electrons are

then transferred through an external resistor to the other electrode used as cathode

(Fig. 16.1a–c). As a result, chemical energy in the organic matter is converted to

electricity. On the surface of the cathode electrode, an oxidizing agent is used as

electron acceptor, the electrons, and the protons that pass through a proton

exchange membrane from anode to cathode compartment combine and form

water molecules; thus the circuit is completed (He and Angenent 2006; Logan

et al. 2006).

MECs (Fig. 16.1d) are the extension of MFCs; in addition to biologically

produced current, some extra energy can be supplied to enhance the chemical
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reactions in the cathode (Logan et al. 2006). If no external electron acceptor is

supplied to the cathode chamber, electrons that arrive at the cathode can combine

with the protons to generate value added products such as hydrogen, ethanol,

methane, hydrogen peroxide etc. (Rozendal et al. 2008). In MECs, the electron

transfer from anode to cathode does not occur spontaneously and thus an extra

external energy is needed in addition to that generated by microorganisms, to drive

the process (Rozendal et al. 2008).

BESs are generally configured as conventional two-chamber MFCs, bio-cathode

MFCs, single chamber air cathode MFCs and two-chamber MECs (Fig. 16.1). The

MFCs are operated in batch, semi-continuous, or continuous mode as other bio-

reactors. The electrochemically active bacteria grow on the bio-cathode makes it a

cheap and efficient alternative to chemical cathodes (Fig. 16.1b). In single chamber

air cathode MFCs, cathode chamber is removed and cathode electrode is exposed

directly to the air (Fig. 16.1c). Instead of producing electricity, MFCs in the form of

MECs may also be used to produce hydrogen (H2) and some valuable chemicals

from soluble organic compounds. In MECs the potential generated at the anode is

augmented with an additional voltage to generate H2 at the cathode (Liu et al. 2005)

(Fig. 16.1d). Figure 16.1 shows the schematics of these four BES configurations.

16.3 Metals in the Environment

Metals are ubiquitous in the biosphere and essential for the industry and infrastruc-

ture; however, industrial revolution resulted in redistribution of metals causing

accumulation in terrestrial and aquatic environments (Gadd 2010). Metals have

been categorized as light, toxic, heavy, semi-metal (metalloids) and trace

depending on several chemical and physical properties (Sparks 2005). Thirteen

metals and metalloids (Ag, As, Be, Cd, Cr, Cu, Hg, Ni, Pb, Sb, Se, Tl and Zn),

which can be derived from both natural and anthropogenic sources, are considered

as priority pollutants (Sparks 2005). Hydrological processes are the main mecha-

nism of metal transport and deposition in natural environments (Foster and

Charlesworth 1996). Atmospheric deposition of metals originating from natural

or anthropogenic sources is the major mechanism for metal input to soils and plants

(Sparks 2005). In terrestrial systems, soils are the sink for metals, whereas in

aquatic systems, sediments are the receiver of the metals (Sparks 2005). Natural

waters are being increasingly polluted with metals worldwide, which possess

adverse effects on biota and human health (Gadd 2010; Nancharaiah et al. 2016).

Metals are non-biodegradable, most of them are toxic or carcinogenic and tend to

accumulate in fats and tissues of living organisms (Fu and Wang 2011). Therefore,

in order to decrease metal pollution, strict regulations along with appropriate

treatment technologies are required worldwide.

Traditional metal removal technologies include: chemical precipitation, ion

exchange, adsorption, membrane filtration, coagulation and flocculation, flotation

and electrochemical treatment (Fu and Wang 2011; Wang and Ren 2014).
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In addition to traditional metal removal methods, bio-electrochemical systems have

been utilized for metal removal and recovery (Lu et al. 2015; Wang and Ren 2014).

In the following sections, the recent developments and progress in metal removal

and recovery by using BES technology are discussed.

16.4 Bio-electrochemical Metal Removal and Recovery

16.4.1 Arsenic

Arsenic is a ubiquitous element ranking 20th in abundance in earth’s crust and it

naturally occurs in over 200 different mineral forms (Mandal and Suzuki 2002).

Arsenic is a silver-grey brittle crystalline with atomic weight of 74.9 g mol�1

(Mohan and Pittman 2007). It is in the form of arsenious acid, arsenic acid,

arsenites, methylarsenic acid, dimethylarsinic acid, arsenates, and arsine in the

environment (Mohan and Pittman 2007). Arsenic can be found in most rocks at

concentrations of 0.5–2.5 mg kg�1 and can be concentrated in some reducing

marine sediments up to 3000 mg kg�1 (Mandal and Suzuki 2002). Arsenic in

natural waters is a worldwide problem and many countries are suffering from

contamination of groundwater resources with arsenic (Mohan and Pittman 2007).

Adverse health effects of arsenic can be listed as pulmonary, cardiovascular,

gastrointestinal, hematological, hepatic, renal, neurological, developmental, repro-

ductive, immunologic, genotoxic, mutagenic and carcinogenic (Mandal and Suzuki

2002). Drinking water standard for arsenic has been adopted as 10 ppb (0.01 mg L�1)

by WHO and US-EPA (Mohan and Pittman 2007). Physical and chemical treatment

technologies have been used to remove arsenic fromwater. In addition, BES has been

employed to remove arsenic.

Arsenite removal was successfully achieved using MFC and zero valent iron

(MFC-ZVI) hybrid system with removal efficiencies greater than 96% within 2 h

(Table 16.1) (Xue et al. 2013). As a result of low voltage produced by MFC, more

oxidants were driven from H2O2 leading effective oxidation of arsenite to arsenate

which further improved the removal (Xue et al. 2013). In another study, where

single stage MFC was used with carbon fibre felt anode and Pt enriched carbon

paper cathode, arsenite was completely converted to arsenate within 7 days of

operation (Table 16.1) (Li et al. 2016b).

16.4.2 Cadmium (Cd)

Cadmium contamination in soils and crops is mainly due to application of cadmium

containing fertilizers and sewage sludge to land, mining activities and atmospheric

deposition of airborne cadmium (Jarup and Akesson 2009). Cadmium is an
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extremely toxic element known to cause kidney damage, bone disease, cancer and

increased mortality. Physical and chemical treatment technologies such as precip-

itation, coagulation and flocculation, ion exchange and electrochemical technolo-

gies have been used to remove cadmium from water. BES has been successfully

applied to remove cadmium from water.

There are several studies in the literature investigating removal and recovery of

cadmium by bioelectrochemical systems (Table 16.2). Choi et al. (2014) investi-

gated a two chambered MEC with carbon brush anode and carbon cloth cathode

electrodes where chromium was oxidized in the anode chamber and cadmium was

reduced in the cathode chamber. Cadmium removal greater than 89% was observed

with 2 W m�2 power applied. In addition, 22.5 W m�2 power was generated via Cr

and Cd removing two chambered MEC configuration, which was approximately

11 times higher than the supplied energy (Table 16.2) (Choi et al. 2014). In another

study, Cd removal was assessed using graphite fibre brush as anode and stainless

steel mesh as cathode electrode and 50–67% Cd(II) removal was observed within

24 h (Table 16.2) (Colantonio and Kim 2016). In another study, 0.5 V voltage in a

MEC using graphite felt was used as an anode electrode and titanium sheet (TSh),

nickel foam (NF) or carbon cloth (CC) was used as cathode materials where

cadmium reduction of 41.9%, 39% and 46.6% were observed, respectively

(Wang et al. 2016a).

16.4.3 Chromium (Cr)

Chromium (VI) is a priority toxic chemical and it is used in industries such

as electroplating, lumber and wood processing, leather tanning, dye/pigment

manufacturing, cement, fungicide production (Huang et al. 2010; Tandukar et al.

2009). Chromium (VI) is a known mutagen, carcinogen and teratogen and its

accumulation in the environment causes serious threat to human and other living

organisms (Tandukar et al. 2009). Chromium (VI) also exerts stress on soil

microbiota and enters the food chain; therefore, contaminated soils need to be

remediated (Wang et al. 2016a). Chromium (VI) is highly water soluble and

mobile; therefore, it needs to be converted to less toxic and less soluble Cr (III)

(Wang et al. 2016b).

Removal or recovery of chromium using MFCs has been extensively studied in

the literature (Table 16.3). In order to remove chromium mainly two chambered

MFCs were utilized. Plain carbon felt, graphite plate, graphite brush, graphite fibre

and stainless steel block were generally used as the anode electrodes, whereas plain

graphite, graphite plate, graphite granules, or graphite blocks were used as the

cathode materials (Table 16.3). Power generation up to 6.4 W m�3 was obtained

and the highest hexavalent chromium efficiency of 100% was reached in the

literature studies via MFCs (Huang et al. 2011; Li et al. 2008a; Tandukar et al.

2009; Wang et al. 2016b). Literature studies revealed that the complete hexavalent

chromium reduction to Cr(III) can be achieved via two chambered MFCs and the
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produced Cr(III) can be removed via settling and removal of biomass from the

cathode. However, the major issue of the process is the separation of adsorbed and

non-adsorbed Cr (III) from the biomass which limits the practical application

(Tandukar et al. 2009).

16.4.4 Cobalt (Co)

Lithium cobalt oxide (LiCoO2) is extensively utilized in lithium-ion batteries

(Huang et al. 2013, 2014a). Annual lithium-ion battery waste is estimated as

200–500 million tons containing 5–15% Co by weight and 2–7% Li by weight

(Xu et al. 2008). Recovery of cobalt is highly desirable as it is a rare, precious and

expensive metal.

Traditional methods such as hydrometallurgical, and bioleaching can be applied

to recover cobalt; however, considering the economic and environmental disadvan-

tages of the traditional methods, MFCs became an interest in cobalt recovery

(Huang et al. 2014a; Jiang et al. 2014; Wang et al. 2015a). In cases where MEC

systems were used to recover cobalt, voltage ranging from 0.2 V to 0.7 V was

applied and greater than 75% recovery was achieved when graphite was used as an

anode material and carbon, graphite, titanium sheet, nickel foam, woven mesh or

carbon cloth were used as a cathode material (Table 16.4) (Huang et al. 2014a, b;

Jiang et al. 2014; Wang et al. 2015b). Cobalt recovery percentages greater than 66%

was achieved via MFC systems resulted in power generation ranging from 258 to

1500 mW m�3 (Table 16.4) (Huang et al. 2013, 2015).

16.4.5 Copper (Cu)

Copper is a crucial element for microorganisms, plants and animals at very low

concentrations. It has a vital role in the synthesis of several enzymes. Nevertheless,

it becomes potentially toxic to living organisms at elevated concentrations (Bilal

et al. 2013). Copper can be found in waste streams generated from mining and

smelting, printed circuit board, semiconductor and paint manufacturing, metallur-

gical, electroplating, wire drawing and copper polishing industries. Conventionally,

it is removed by precipitation as insoluble salt or metallic copper, ion exchange and

adsorption from wastewater (Nacharaiah et al. 2015). Copper removed from waste

streams may be recovered and used in different applications (Ter Heijne et al.

2010).

Wu et al. (2016) reported that a two-chamber MFC which was operated in

multiple batch cycles and had stainless steel woven mesh cathode fed with 50 mg L�1

of Cu (II) exhibited a maximum power density of 6.5 W m�3 (26.9 A m�3) and a

copper removal efficiency of 99.7 � 0.4% (Table 16.5). Their results have shown
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that the initial deposition of Cu on the cathode is critical for efficient and continuous

Cu(II) removal and power generation in the long-run.

Ntagia et al. (2016) showed the microbial hydrogen oxidation on a

non-catalyzed graphite anode coupled with cathodic copper reduction in an MFC

for the first time to simultaneously recover copper and produce power. They

reported a maximum power density of 0.25 W m�2 (0.48 A m�2), but no copper

removal efficiency (Table 16.5). In another study, ter Heijne et al. (2010) obtained a

maximum power density of 0.43 W m�2 (1.7 A m�2) for acetate oxidation in the

anode coupled to cathodic copper reduction with the same MFC configuration used

by Ntagia et al. (2016). Likewise, Tao et al. (2011a) used glucose as organic

electron donor for copper electrodeposition via cathodic reduction in a

two-chamber MFC. They obtained a maximum power density of 339 mW m�3

and achieved Cu(II) removal efficiencies above 99% at 200 mg L�1 initial concen-

trations (Table 16.5).

In another study, a two-chamber membraneless MFC was successfully used for

Cu(II) removal at cathode by using 5 g L�1 glucose as electron donor in the anode

(Tao et al. 2011b). A maximum power density of 47 mW m�3 and 93 � 0.1% Cu

(II) removal efficiency was obtained at 200 mg L�1 initial Cu(II) concentration in

144 h (Table 16.5). Elemental Cu and brownish-red colour Cu2O crystals were

observed on the cathode as an indication of Cu deposition.

16.4.6 Mercury (Hg)

Mercury is one of the rarest elements on earth. It arises naturally through

weathering of rocks, volcanic eruptions and deep-sea vents or from anthropogenic

activities such as burning of fossil fuels, incineration of mercury-containing wastes

(batteries, fluorescent light bulbs, etc.), use of fungicides containing mercury and

catalysts. In water, it exists as soluble salts of chloride, sulphide or organic acids.

Mercury which has already precipitated on the ground may evaporate back to the

atmosphere. It is a neurotoxin and generally enters into the body from the environ-

ment, via the consumption of shellfish and fish from mercury-contaminated water

bodies as well as through exposure to emissions from power plants and incinerators

burning mercury-containing fuels and manufacturing processes. Exposure to mer-

cury may damage the brain and kidneys and particularly children are considered

under risk (Berlin et al. 2007).

There are different chemical and biological methods used to reduce soluble Hg

(II) to insoluble Hg(0). The insoluble Hg(0) may then be adsorbed and removed

from water. A diverse group of microorganisms are capable of reducing the soluble

Hg(II) to insoluble elemental mercury (Nancharaiah et al. 2015). Because of its

high standard potential, Hg(II) is a potential electron acceptor to be used in the

cathode of an MFC (Wang et al. 2011). Hg(II) can be precipitated with chloride at

low pH values.
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Wang et al. (2011) have operated an MFC by feeding the cathode chamber with

Hg(II) as electron acceptor and investigated the bioelectrochemical removal of

mercury from water. They obtained a maximum power density of 433.1 mW m�2

(1.44 A m�2) and a cathodic Hg(II) removal efficiency of above 98% at pH 2 and

concluded that lower the pH and higher the initial Hg (II) concentration result in a

higher maximum power density (Table 16.6). The removed Hg(II) deposited as Hg

(0) on the cathode surface and as Hg2Cl2 precipitate at the bottom of cathode

chamber.

16.4.7 Gold (Au)

Gold is a rare, precious metal usually found in elemental form on earth in rocks,

vein and alluvial deposits. After being extracted and refined, it is mainly used in

jewellery and also in electronics due to its excellent corrosion resistance and high

electrical conductivity (Spitzer and Bertazzoli 2004). If elemental gold is released

into the environment it does not result in bioaccumulation or any other ecological

problems because it is insoluble and its biodegradation is expected to be very poor.

Electronic wastes and electroplating solutions release significant amounts of gold

into the environment (Choi and Hu 2013). Therefore, currently there is a growing

interest on recovery of precious metals from electronic wastes and electroplating

waste streams. Gold is typically recovered from waste streams and leachate of scrap

by chemical precipitation. However, chemical precipitation methods are quite

inefficient at low concentrations (Nancharaiah et al. 2015). The other methods are

electrochemical recovery, biosorption and microbial reduction (Choi and Hu 2013).

Choi and Hu (2013) have tested the MFC technology as a cost-effective alter-

native for recovery of gold from tetrachloroaurate which is used as electron

acceptor at cathode. They recovered 99.89 of the Au(III) at an initial concentration

of 200 mg L�1 and obtained 6.58 W m�2 maximum power density by using

2000 mg L�1 Au(III) and 12.2 mM acetate as catholyte and anolyte, respectively.

The details of this study are given in Table 16.7.

16.4.8 Nickel (Ni)

Nickel is a hard and ductile metal used in nickel alloys, nickel-cadmium batteries,

coins, industrial plumbing, machinery parts, stainless steel, spark plugs,

electroplating and catalysts. Generally, very low concentration of nickel is found

in soil, water and air as oxides and sulphides. Nickel chloride, sulphate and nitrate

are the soluble and bioavailable nickel salts. The major sources of nickel emissions

are released from fossil fuel combustion, mining, nickel metal refining,

electroplating discharges, manufacturing facilities and sewage sludge incineration

(ATSDR 1997).
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Although it is an essential nutrient for some microorganisms and plants, expo-

sure of high concentration of nickel may cause a variety of adverse effects on living

organisms (Klein and Costa 2007). Conventionally, nickel is removed from waste

streams with coagulation/flocculation, chemical precipitation, adsorption and ion

exchange. There are also very recent studies about its bioelectrochemical removal

and recovery (Cai et al. 2016).

Qin et al. (2012) investigated the removal of Ni(II) using a two-chamber MEC

and compared the Ni(II) removal performance to the results obtained with an

identical electrolysis cell (EC) and an MFC. They reported that with 0.9 V applied

voltage the Ni(II) removal efficiency of MEC was 99 � 0.6% at 50 mg L�1 initial

concentration and was almost three times higher than those obtained with EC and

MFC. When the initial concentration increased to 1000 mg L�1, Ni(II) removal

efficiency of MEC decreased to 33 � 4.2%, while the amount of Ni(II) removed

increased consistently with the initial concentration (Table 16.8). In another study,

Luo et al. (2015) studied the selective recovery of Cu(II) and Ni(II) ions by using a

fed-batch MEC following an MFC. Almost all of the Cu(II) ions and a small

fraction of Ni(II) were removed at the cathode of MFC while the rest of the Ni

(II) was recovered on the cathode of the subsequent MEC with an applied voltage of

0.7 V (Table 16.8). The very small amount of Ni(II) removed at the cathode of MFC

was certainly due to adsorption, because the cathode potential of MFC was not

adequate for the reduction of Ni(II). Likewise, Cai et al. (2016) studied the cathodic

Ni(II) reduction at initial pH 3 in MECs by testing different cathode materials. The

copper sheet cathode achieved the highest Ni(II) removal efficiency of 40.7% with

0.5 V applied voltage and 0.61 kWh kg�1 energy consumption (Table 16.8). Ni

(II) was mainly removed with electrochemical reduction on the copper sheet

cathode while a lesser amount with chemical precipitation.

16.4.9 Selenium (Se)

On the earth, selenium is found in water bodies, soils, rocks and the atmosphere.

Through a biogeochemical cycle, it is released from sources rich in selenium such

as organic-rich black shales, phosphatic rocks and coals. Pollution of the environ-

ment with selenium may occur naturally from weathering of seleniferous rocks and

soils. Anthropogenic selenium contamination is caused by mining, agricultural

drainage, combustion of Se containing coal, refinement of metals and manufactur-

ing of electronics, stainless steel, pigments, semi-conductors, glass, photoelectric

cells and pesticides (Nancharaiah and Lens 2015b). Release of significant amounts

of selenium from agricultural and industrial activities into the environment may

lead to accumulation of Se in aquatic organisms and cause acute and chronic

toxicities (Catal et al. 2009).

Selenium (Se) is a critical element because of its intensive use in high-tech

electronics and being an essential trace element for living organisms. However,

above a certain concentration it becomes a potential toxicant. In order to remove
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and recover selenium from polluted water bodies, bacterial biomineralization based

applications is a promising alternative to conventional precipitation with concurrent

adsorption (Nancharaiah and Lens 2015a). Having various oxidation states (�II,

0, +VI and +VI) in chemically different inorganic and organic and physically solid,

liquid and gas forms make the biogeochemical selenium cycle quite complex.

Generally, the oxyanions of selenium—selenite and selenate—are soluble and

bioavailable under aerobic conditions. However, elemental selenium and metal

selenides have limited solubilities and thus are immobilized under normal condi-

tions (Nancharaiah and Lens 2015b). Selenite is more toxic than selenate. There-

fore, bioaccumulation is more serious in water bodies contaminated with selenite

(Catal et al. 2009). Stringent standards are set out to regulate the discharge of

selenium in order to minimize its bioaccumulation and enrichment in food chain.

For instance, the US EPA recommends a discharge limit of 5 μg L�1 for Se

(Nancharaiah et al. 2015).

As an innovative approach, Catal et al. (2009) used air cathode MFC and

evaluated the simultaneous electricity generation and selenite removal using carbon

sources like acetate and glucose. They obtained removal efficiency above 88% at

initial Se(IV) concentrations of 5–75 mg L�1 in acetate fed MFCs. When instead of

acetate, glucose was used as substrate, removal efficiencies above 99% were

achieved up to 200 mg L�1 of Se(IV). The maximum power output was 2.9 W m
�2 and attained at 25 mg L�1 Se(IV) with acetate as substrate (Table 16.9). The

bright red deposit observed as a result of elemental Se generation through the

reduction of selenite showed that the mixed bacterial culture enriched for power

generation in air cathode MFC can use selenite as electron acceptor as well as

oxygen.

16.4.10 Silver (Ag)

Silver is a rare metal and occurs naturally as mineral deposits together with other

metals. Anthropogenic silver emissions result from manufacture and disposal of

some electrical and photographic supplies, coal combustion, smelting operations

and cloud seeding. The biogeochemical silver cycling consists of natural and

anthropogenic releases to the soil, water and atmosphere, wet and dry deposition,

long-distance transportation of fine particulate matters in the atmosphere and

sorption to sediments and soils. In nature, silver mainly occurs in the form of

sulphide or exists together with sulphides of lead, copper, iron and gold, which are

basically insoluble (Howe and Dobson 2002). The elemental silver is not soluble

in water and within the silver salts silver nitrate (AgNO3) is the only soluble one.

Silver nitrate is widely used in photography, electroplating, ceramics and ink

manufacturing industry. Silver ions in an aqueous solution can be recovered by

ion exchange, extraction, biosorption and electrochemical reduction (Lim et al.

2015).
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In the environment, high concentrations of silver may be determined close to the

sewage discharge points, electroplating plants, areas seeded with silver iodide and

mining sites. Generally, silver ions are very toxic to microorganisms. However,

severe silver inhibitions are not experienced on microbial activity in sewage

treatment plants. Because, since silver forms complexes rapidly with and adsorbed

by other compounds, its bioavailability is reduced significantly (Howe and Dobson

2002). On the other hand, dissolved silver may easily bio-accumulate in living

organisms.

Lim et al. (2015) studied the recovery of silver from a synthetic wastewater by

using two-chamber MFC as an efficient and cost-effective technology. They

achieved about 98% removal efficiency after 10 h at 1000 mg L�1 initial Ag

(I) concentrations. The maximum power density attained was 1.93 W m�2 (4.25

A m�2) at 2000 mg L�1 (Table 16.10). The results of SEM and EDS analyses

verified that the shiny metal particles on the surface of graphite felt cathode

electrode were metallic silver (Lim et al. 2015). In another study, Wang et al.

(2013) investigated the recovery of silver from ammonia chelated silver alkaline

wastewater coupled with power production in a two-chamber MFC. They achieved

99.9% Ag(I) recovery and 83% COD removal efficiencies simultaneously

(Table 16.10). The maximum power output of the system was 317 mW m�2. The

deposit on the surface of graphite cathode was analyzed with XRD and identified as

elemental silver (Wang et al. 2013). Likewise, Tao et al. (2012) showed the

feasibility of metallic silver recovery from a synthetic photographic wastewater

and achieved above 95% Ag(I) removal and 109 mW m�2 power density in a dual-

chamber MFC (Table 16.10). The results of XRD analyses revealed that the

deposits on the graphite cathode were metallic silver with purity above 91%.

16.4.11 Vanadium (V)

Vanadium is an abundant element occurring naturally in various minerals, phos-

phate rocks, iron ores and crude oil and it is released to atmosphere as a result of

volcano emissions and continental dusts (Zwolak 2014). Vanadium is steel grey,

corrosion resistant and most common valences are +3, +4 and +5 (Barceloux 1999).

Humans are generally exposed to vanadium as a result of food consumption as

vanadyl or vanadate and it is absorbed from gastrointestinal tract and transferred to

tissues, liver, spleen, kidneys, testicles and bones (Zwolak 2014). Vanadium is not

carcinogenic and only weakly mutagenic; generally health effects include upper

respiratory tract irritation (Barceloux 1999).

Vanadium behaves as an effective electron acceptor in the cathode chambers of

MFCs and removal of vanadium along with power generation is possible

(Table 16.11) (Hao et al. 2016; Li et al. 2016a; Zhang et al. 2015). Single and

two chambered MFC studies revealed that greater than 400 mW m�2 has been

reached with metal removal efficiencies ranging between 25 and 76% when carbon

is used as the anode and cathode material (Table 16.11). In addition to vanadium
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removal through MFC, vanadium can also be used to enhance power outputs of

MFCs due to its excellent redox characteristics (Li et al. 2016a).

16.5 Conclusions

BES is considered a promising, cost-efficient and sustainable technology to

remove and recover metals from wastewater and leachate. The drawbacks such

as high operational cost and energy consumption, inefficiency at low concen-

trations and excessive hazardous waste production of conventional chemical

precipitation, ion exchange, adsorption, biosorption and microbial reduction

processes may be overcome with BES technology. In the literature, there are

many studies demonstrating the cathodic reduction (in some cases oxidation) of

the ions of arsenic, cadmium, chromium, cobalt, copper, gold, mercury, nickel,

selenium, silver and vanadium in combination with the oxidation of an organic

substance in the anode of a BES. Parameters affecting the efficiency of cathodic

metal removal and recovery are initial metal ion concentration, pH, anode

potential or applied voltage, internal resistance and conductivity of electrolytes.

The biosorption and precipitation are the other mechanisms frequently contrib-

uting to cathodic metal reduction in BESs. Future studies have to focus on

selective sequential recovery of metals from mixed metal solutions and real

waste streams.
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Chapter 17

Sediment Microbial Fuel Cell and Constructed
Wetland Assisted with It: Challenges
and Future Prospects

Md. T. Noori, M.M. Ghangrekar, and C.K. Mukherjee

17.1 Introduction

In recent years, the research work focus in energy sector has been shifted towards

the renewable energy due to continuous depletion of conventional energy sources.

On the other hand, exponentially increasing pollution in water reserves has stimu-

lated phenomenal debates among researchers, pollution control agencies, and

stakeholders in search of sustainable solution to remediate it. Sediment microbial

fuel cell (SMFC) is one of the most promising approaches to address these two

highly recognized problems together (Sajana et al. 2013b). In addition, SMFCs can

offer distinctive opportunity to understand the flow of energy through electrochem-

ically active bacteria, energy collection efficiency from natural systems, and the

role of SMFCs for power generation and in situ bioremediation in the natural

environment (Sajana et al. 2013a). SMFCs comprise two electrically conductive

electrodes as anode and cathode placed 5–10 cm beneath the free surface of

sediment and free water surface, respectively (Fig. 17.1a). Chemical energy asso-

ciated with organic matter present in the sediment and water gets converted to

electron and proton during oxidation catalyzed by microorganisms, working as

biocatalyst on anode surface. Sediment permits the flow of protons from anode to

cathode side serving as proton permeable natural medium. The anode collects

extracellular electrons and transfer them to the cathode through an external circuit.

On cathode, oxygen or other chemical oxidant (like nitrate) serve as terminal
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electro acceptor (TEA), which combines with electron and proton and produce

water or other reduced product (Rismani-Yazdi et al. 2008). In addition, anions and

cations can be used for charge balanced in the SMFCs based on their concentration

in the fluid (Kim et al. 2007). Natural phenomenon of redox charge gradient have

been used for development of SMFCs. Table 17.1 shows the brief summary of half-

cell equations (anodic and cathodic) which can take place on anode and cathode

during bioconversion of organic matter to electricity.

In last decade, application of various types of SMFCs in different environment

have been demonstrated for wastewater treatment (Fang et al. 2013), bioremedia-

tion of aquaculture sediment (Sajana et al. 2013b), and powering remote sensors

(Ewing et al. 2014). All these have been shown to be of great interest of research in

order to seek sustainable solution to mitigate pollution threat and power recovery.

However, the lacuna of the SMFCs lie in poor power production and recovery of

electrons from substrate (coulombic efficiency) due to deprived electrode kinetics.

The performance of SMFCs has been remedied by various modifications in the

SMFC in recent times, rendering it as an alternative for aquatic sediment bioreme-

diation and source of bioenergy that has found its niche.

The constructed wetland (CW) and microbial fuel cell (MFC) are two different

biological systems which are capable of degrading organic matter in distinct way. CWs

depend upon ecological functions similar to natural wetland and are largely based on

plant interactions, but it is still unknown that which plant population can enhance the

treatment performance of CWs. However, some researchers manifested the relation

between plant root canopy and density and functional performance of microbial

population on the treatment performance of CWs. However the relationship lacks

adequate scientific evidence (Hammer 1989; Reed et al. 1995). On the other hand,

an MFC provides controllable option for wastewater treatment and power recovery

(Tiwari et al. 2016). Kinetics of anode and cathode can be enhanced bymanipulation of
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microbial consortia using physical and chemical treatment (Rajesh et al. 2014;

Tiwari and Ghangrekar 2015); whereas using oxygen reduction catalyst the cathode

kinetics can be enhanced (Noori et al. 2016a). The similarity of substrate degrada-

tion characteristics of both biological system using microorganisms led to the

concept of combination of CWs and MFCs, which resulted in a most promising

approach of CW-MFC for wastewater treatment and renewable energy tapping. The

very first report on performance of CW-MFC was documented by Yadav et al.

(2012) which was used to treat synthetic wastewater containing azo dye. CW-MFCs

or SMFCs possess narrow difference in terms of system architecture. The differ-

ence of these two systems could be pointed out based on their feed uptake

mechanism by electricigens. SMFCs allow electricigens to take feed from the

rhizodeposits, exudates and secondary metabolites of aquatic animals, whereas

rhizodeposits and wastewater serves as substrate medium for electricigens in

CW-MFC (Strik et al. 2008). It is reported that the root of living plants can increase

the substrate to the electricigens, which may result in as much as 18-times higher

power as compared to the fresh water SMFCs (Timmers et al. 2012).

This chapter addresses the SMFC and CW-MFC to develop better understanding

of the parameters influencing performance of these. A brief summary of previous

research has also been included which deals with the application of SMFCs as

power source for operating wire-less sensors. With limited researches performed in

the past, the aspects of CW-MFCs are discussed for summarizing the current trends,

application potential and future research needs to improve the performance.

17.2 Fundamentals of SMFCs and CW-MFCs

SMFCs have added advantage for field application because they require less

attention for operation and maintenance, can power remote sensors (Gong et al.

2011) and also can provide in situ remediation of aquaculture ponds for maintaining

Table 17.1 Anodic and cathodic half-cell reactions in MFCs and corresponding standard poten-

tials (E0) vs. Standard Hydrogen Electrode (SHE)

Anodic reactions E0 (V) Cathodic reactions E0 (V)

C6H12O6+6 H2O!6CO2+24H
++24e– �0.43 O2 + 4H

+ + 4e–!2H2O 1.23

H2!2H+ + 2e �0.4 MnO2(s) + 4H
+ + 2e!Mn2+ + 2H2O 1.23

CH3COO
– + 2H2O!2CO2 + 7H

+ + 8e– �0.28 MnO4
– + 8H+ + 5e!Mn2+ + 4H2O 1.5

H2S!So + 2H+ + 2e �0.28 Fe(CN)6
3– + e!Fe(CN)6

4– 0.361

H2S + 4H2O!SO4
2– + 6H+ + 8e �0.22 Fe3+ + e!Fe2+ 0.77

CH4 + 2H2O!CO2 + 8H
+ + 8e �0.24 Fumarate +H+ + e!Succinate 0.03

NADH!NAD++H+ + 2e �0.32 2NO3
– + 12H+ + 10e!N2+ 6H2O 0.74

NO3
– + 2H+ + 2e!NO2

– +H2O 0.433

Source: He and Angenent (2006)

17 Sediment MFC and Constructed Wetland Assisted with It 337



healthy aquatic environment (Sajana et al. 2013a). A SMFC can be easily fabricated

and installed by inserting an anode in sediment up to a depth of 5–10 cm from

sediment-water interface in which degradation of organic matter and collection of

electrons occurs. A cathode should be placed just below the air-water interface, on

which reduction of TEA (mostly O2) occurs by combining electrons and protons.

The anode and cathode should be connected through corrosion resistant conductive

materials (such as copper and aluminum) across an external load as shown in

Fig. 17.1a.

There are three possible mechanisms reported for electron transfer from micro-

organisms to anode: (1) Direct contact of c-type cytochromes; (2) Nanowires

(conductive pili); and (3) Redox mediators or electron shuttle (Sajana et al.

2013a). The losses during oxidation of organic matter to generate electron and

proton and subsequent reduction in cathode are considered as bottlenecks of these

systems. These losses can be listed as thermodynamic loss, activation loss, ohmic

loss and concentration loss and can be seen during polarization study. Many studies

in past few years have successfully identified the parameters affecting the perfor-

mance of SMFCs and CW-MFCs. These parameters include the electrode material

(Dumas et al. 2007), distance between the electrodes and pH (Sajana et al. 2013b),

temperature (Liu et al. 2005), dissolved oxygen (DO) near the cathode (Saravanan

et al. 2010), organic matter in the sediment (Sajana et al. 2014) etc. In successive

sections, brief description on the parameters affecting the performance of SMFCs

and CW-MFCs is presented.

Though the concept of CW-MFC is new for wastewater treatment and simulta-

neous recovery of bio-electricity, these two distinctive systems, CWs and MFCs,

have been explored widely for wastewater treatment. CW-MFCs are subclass of

SMFCs and between them the feeding mechanism to the electricigens are possibly

the main distinction. CWs possess anaerobic and aerobic strata throughout their soil

depth and the water column (Yadav et al. 2012); hence a CW-MFC can be

developed by embedding an anode in the deep layer of soil and a cathode on the

water column (soil surface) or in rhizosphere (Fig. 17.1b). The incorporation of

plants in SMFC creates system similar to the CW-MFC. Therefore, in some

literatures both the technologies were placed in the same category (Xu et al. 2015).

17.3 Factors Affecting the Performance of SMFCs
and CW-MFCs

17.3.1 Electrode Materials

Power generation in SMFCs is truly based on the characteristics of electrode

materials and it was found limited by kinetics of anode and cathode. As for

example, an anode should possess biocompatibility for bacterial cell adhesion, it

should be highly conductive and super hydrophilic (Wu et al. 2015); whereas a
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better cathode material with excellent catalytic activity and high electronic con-

ductivity can enhance oxygen reduction reaction (ORR) (Noori et al. 2016b).

Numerous kinds of electrode materials such as stainless steel wire mesh (Song

et al. 2011), graphite plates (Mohan et al. 2009) and carbon cloth (Des Jarlais et al.

2013) have been investigated in SMFCs. The electrode material used should be

corrosion resistant, since it has to survive in highly exhaustive environment. Due to

chances of high corrosion, the SS wire mesh has limited application in marine

environment over carbon based electrode materials. Graphite granules with graph-

ite rod as anode demonstrated ever highest power density of 380 mW m�2 till date

(Nielsen et al. 2007). Song et al. (2012) reported power density of 75 mW m�2

using activated carbon felt as anode in fresh water SMFC.

Like SMFCs, the electrode materials affect the performance of CW-MFC. Due

to high corrosion potential of iron-based electrodes in water logged medium (soil

and sediments) they are susceptible to corrosion and cannot be used for prolonged

period. Therefore, carbon based electrodes are always preferred for such applica-

tions since they can offer long term sustainability, high electrical conductivity and

non-oxidative in nature and moreover they can facilitate large surface area for

microbial attachment for biomass growth. Dordio and Carvalho (2013) reported

enhanced COD removal by biosorption process from CWs using carbon granules.

Granular activated carbon (GAC) as biocathode material for CW-MFC was found

to be the most suitable with a power density of 55.05 mW m�2 as compared to the

other tested materials, for instance carbon cloth (28.9 mW m�2) and stainless steel

(1.76 mW m�2) (Liu et al. 2014). The enhanced performance using GAC in

CW-MFC was attributed to its higher surface area to support ORR and the rational

utilization of capillary action. Furthermore, the size of carbon granules was also

observed to have influence on the performance of SMFCs, with smaller size of

graphite granules between 0.25 mm and 0.5 mm, the current density was found to

be 77.7 mA m�2 as compared to the lower value of 37.9 mAm�2 with large granule

size between 1 and 5 mm (Arends et al. 2012).

In spite of electrode materials, the shape and architecture also have depicted

profound effect on the performance of SMFCs. A better geometry of electrode with

high surface area can facilitate better substrate diffusion resulting in high redox

kinetics, thereby, enhancing the power recovery from SMFCs. Various shape of

carbon-based electrode materials have been tested to evaluate its effect on the

performance of SMFCs. Graphite rod anode in SMFC containing acetate enriched

sediment recovered a power density of 19.57 mW m�2 as compared to the lower

value of 8.72 mWm�2 with graphite disk anode (Sacco et al. 2012). Li et al. (2009)

demonstrated that the SMFC with solid column graphite anode could be a better

anode as compared to the graphite disk anode material due to enhanced surface

area. The power density obtained from SMFC using graphite column anode was

found to be 20.2 mW m�2, which was 1.35-times higher than the SMFC using

graphite disk anode (14.9 mW m�2). Higher power density with graphite column

anode can be attributed to the less diffusion hindrance of substrate due to large

surface area.
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17.3.2 Electrode Spacing and External Resistance

Distance between the electrodes can regulate internal resistance of SMFCs by

regulating ohmic overpotential loss. Loss in potential energy experienced by

MFCs during movement of proton and electron via natural voltage gradient

between anode and cathode causes ohmic overpotential loss (Singh et al. 2010).

The ohmic overpotential losses are proportional to the current and behaves linearly

as current increases (Rismani-Yazdi et al. 2008). It can be calculated by measuring

the gradient of linear portion of voltage vs. current curve. A reduced spacing in

electrodes in MFCs can decrease ohmic overpotential loss by reducing proton

transfer energy from anode to cathode (Krishnaraj and Jong Sung 2015). Current

density obtained from the SMFC was observed to be a function of electrode

distance; as the distance between anode and cathode was increased from 12 cm to

100 cm, the current density decreased from 11.5 A m�2 to 2.11 A m�2 (Hong et al.

2009). Sajana et al. (2013b) reported similarly on the reduction of power density of

3.1 mW m�2 with an electrode spacing of 100 cm as compared to the electrode

spacing of 50 cm (4.29 mW m�2). However, the chemical oxygen demand (COD)

and total nitrogen (TN) removal efficiency was noticed higher in SMFC with

100 cm electrode spacing as compared to the 50 cm.

According to the Ohm’s law, I ¼ V/Rex (where I is current generation, V is

voltage and Rex is external resistance), the sustainable I from an MFC and SMFC is

a function of Rex. The effect of Rex on the performance of MFC has been demon-

strated in earlier studies (Del Campo et al. 2014; Pinto et al. 2011). Increase in Rex

from 100 Ω to 1000 Ω drove positive effect on voltage generation from SMFC with

substantial increase in operating voltage from 20 mV to 550–600 mV (Song et al.

2010a). Power density obtained from SMFC with varied Rex was found to be

enhanced from 0.064 mW m�2 when SMFC was operated with Rex of 10 Ω to

0.413 mW m�2 (at Rex of 100 Ω) and to 2.4 mW m�2 at Rex of 1000 Ω (Hong et al.

2009). Song et al. (2010a) observed similar trend of power production of 0.0, 0.73,

1.66, 2.81 and 3.15 mW m�2 corresponding to the applied Rex of 0, 100, 400, 800

and 1000 Ω in fresh water SMFC. This could be attributed to the fact that as the

external resistance approached close to internal resistance the power production

increases, and the internal resistance of SMFCs is generally higher. However,

among all Rex tested, higher organic matter removal efficiency of 29% at external

resistance of 100 Ω was obtained in SMFC, whereas lower organic matter removal

efficiency of 10.3% was obtained at Rex of 1000 Ω.

17.3.3 Effect of Catalysts and Mediators

Role of catalysts in MFCs had been well documented and most of the results

showed significantly higher power output as compared to the SMFCs provided

without catalyzed cathode or anode. As for example, results have proven that the
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complex substrates such as cellulose and molasses can be effectively used in MFCs

as substrate in presence of Clostridium biocatalysts (Niessen et al. 2005). More-

over, it has been observed that the sufficient availability of H2 in anode could

increase the methanogenic activity (Conrad 2002) and reduces the performance of

SMFCs. Anode coated with platinum-poly (3,4-ethylenedioxythiophene)

(PtPEDOT) bilayer composite biocatalysts can oxidize H2 at anode, which decrease

the methanogenic activity on anode of SMFC and improves the performance

(Rosenbaum et al. 2005). An anode modified with mediators such as

anthraquinone-1, 6-disulphonic acid (AQDS) and 1, 4-napthoquinonone (NQ)

had enhanced the power density of SMFCs. A fivefold higher power density of

98 mW m�2 in SMFC was obtained using AQDS modified graphite plate as

compared to the SMFC using plane graphite plate without any modification

(Reimers et al. 2001).

Oxygen is the most feasible and sustainable TEA for the application of SMFCs

due to high reduction potential and abundant availability in pond and marine

environment in dissolved form. However, slow-moving ORR and high

overpotential losses had been a bottleneck to achieve considerable power from

the SMFCs (Noori et al. 2016c). Therefore, the cathode reduction kinetics need to

speed-up using suitable catalysts. Platinum (Pt) catalyzed cathodes demonstrated

promising results when used in MFCs and SMFCs due to reduced activation energy

barrier to accomplish ORR. He et al. (2007) reported power density of 49 mW m�2

using Pt catalyzed carbon cloth cathode in SMFC. A platinum (Pt) modified carbon

felt cathode could produce 207 mW m�2 from marine SMFC (Mathis et al. 2008).

Though Pt catalyzed cathode delivered attractive results, its high cost and acute

poisoning due to presence of H2S could be a challenging task to implement in

SMFCs, especially in marine environment. Hence, low-cost iron-cobalt based

catalyst was developed to replace Pt. Cathode mounted on carbon paper with iron

doped tetramethoxyphenyl porphyrin (Fe-CoTMPP) catalyst noted almost

300-times higher power density of 62 mW m�2 as compared to plain carbon

paper (0.2 mW.m�2) (Scott et al. 2008).

Natural water bodies containing diverse microorganism population are capable

of performing catalytic activity for ORR (He and Angenent 2006). Later, this

distinctive property of microorganisms shaped the opportunity of biocathode

development. Hasvold et al. (1997) observed enhance ORR due to formation of

biofilm on cathode which reveals that the cathode biofilm can function as biocat-

alyst. Application of biocathodes in SMFCs can be advantageous for several

reasons. First, the cost of construction and operation of SMFCs may be lowered.

Second, metal catalysts or artificial electron mediators could be poisoned by

pollutants present in natural water. Third, microorganisms can function as catalysts

to assist the electron transfer. Maximum power density of 1 W m�3 was observed

using floating foam box reinforced carbon cloth biocathode in marine SMFC (Wang

et al. 2012). Algal biocathode has been seen to produce oxygen in cathode, which

could be an added benefit to overcome oxygen depletion in cathode (Mohan et al.

2014). Berk and Canfield (1964) reported maximum open circuit potential of 0.96 V

with short circuit current of 750 mA m�2 using blue-green marine algae in the
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cathode of MFC. An algae assisted cathode could produce maximum power density

of 21 mW m�2 and could be further enhanced to 38 mW m�2 using carbon

nanotube coated cathode (Wang et al. 2014). Due to chances of acute poisoning

of metal-based catalyst in aquatic environment, thermodynamic overpotential loss

occurs, thereby, reducing the power output. Hence, the use of biocathodes has been

advocated as sustainable solution for SMFCs.

17.3.4 Effect of pH, Dissolved Oxygen and Temperature

The pH of water and sediment plays an important role in the performance of

MFCs and SMFCs, a mid-range alkaline pH range between 7 and 8 was suggested

to obtain high current (He et al. 2008). Under alkaline range (pH 9), the biofilm

attached to the anode was found to be more electrochemically active as compared

to the acidic pH 5. At pH <6, reduction in power generation was also reported

(Behera and Ghangrekar 2009). However, acidophilic pH around 6 or less may

impart positive affect on the metabolism of microorganisms, which results in

releasing additional electrons and protons (Mohan et al. 2009). In a different study

with acidic pH<3, the SMFC demonstrated sustainable power density and current

density of 0.3 W m�2 and 3.5 A m�2, respectively (Garcı́a-Mu~noz et al. 2011).

Sajana et al. (2013b) reported slight reduction in COD removal efficiency when

pH of feed was increased from 6.5 (79%) to 8.5 (77%). Moreover, at pH 8.5

SMFC produced higher power density of 4.29 mW m�2 as compared to the power

density of 3.5 mWm�2 obtained at pH of 6.5. The effect of pH on the performance

of SMFCs is still confusing and no clear concluding remarks can be drawn from

the previous experiments possibly due to the dynamic behaviour of biological

system. However, a better performance can be expected in the pH ranging

between 6 and 9.

The dissolved oxygen (DO) concentration at the cathode reaction interface

greatly affects power recovery of SMFC and should be high enough to maintain

the ORR (An et al. 2011). The DO concentration in natural aquatic environment

fluctuates by microbial activity due to presence of organic matter (Zhang et al.

2009) as well as with fluctuations in temperature (Manasrah et al. 2006). For

example, growth of microorganisms on cathode consume oxygen during respiration

and if the re-oxygenation rate is lower than consumption rate, the water becomes

oxygen depleted (Nguyen et al. 2006). An et al. (2011) developed bi-functional

anti-microbial and catalytic cathode using silver nanoparticle (Ag-NPs) to over-

come the problem of oxygen depletion. Results showed that after getting stable

OCV of 0.67 V on 9th day in SMFC using plain graphite cathode the OCV was

observed to be declining during consecutive days of operation until 50 d due to

microbial growth of biomass (9.69 g of cell protein/g of electrode). As compared to

the plain graphite cathode, less microbial growth in Ag-NPs treated cathode (5.3 g

of cell protein/g of electrode) prevented to deplete DO concentration, which
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resulted in maintaining consistent cell voltage. Furthermore, when the DO concen-

tration was increased from 3 to 7 mg/l, the current density obtained from SMFCwas

enhanced from 23 mA m�2 to 25.5 mA m�2 (Hong et al. 2009).

The performance of SMFC is found to be greatly influenced by temperature due

to uneven fluctuation in DO and effect on microbial activity. Though at low

temperature, the DO concentration would be high in water but most of the anaerobic

microorganisms to be developed on anode show their activity in the mid temper-

ature range of 20–25 �C excluding Geobacteraceae, which can grow at 4 �C. The
current density was found to be increased from 15.6 mA m�2 to 52.6 mA m�2 when

the operating temperature was increased from 10 to 35 �C (Hong et al. 2009).

Schamphelaire et al. (2008) also observed reduction in power density from 231 mW

m�2 to 157 mWm�2 when the temperature was decreased from 20 �C to 13.2 �C in

rice field soil SMFC. Renslow et al. (2011) observed that the performance of

freshwater SMFC decreased linearly with decrease in the temperature. The

decrease temperature can reduce the microbial activity, resulting in high electrode

resistance and less power recovery. Huang et al. (2012) reported disrupted anode

kinetics due to seasonal change in environmental temperature.

17.3.5 Plants

The plant interactions regulate the ecological function of CWs similar to the

natural wetland. However, it is still unclear that which plant types can enhance

the performance of CWs. The relation between plants root canopy and density as a

function of microbial population and its effect on the treatment performance of

CWs was attempted to establish, but unfortunately the relationship has not

resulted in sound evidence (Reed et al. 1995). Perhaps to use the locally available

plants in study area of CW-MFCs would be a better solution (Xu et al. 2015). It

would be of great interest to understand the effect of density and canopy of plants

on the microbial growth and on the electrode kinetics. Plants can influence the

distribution of electron donor/ acceptor by increasing the oxygen concentration

due to their physical effect on water flow. Plants also have number of other

functions such as creating surface area from bacterial attachment and biofilm

formation, supplying carbon to the microorganism, up taking of some contami-

nants etc. Inclusion of plant roots of Ipomoea aquatica at the cathode was reported
to improve the power generation of CW-MFCs by 142% as compared to the

unplanted and rhizosphere-anode CW-MFCs (Liu et al. 2013). As shown in

Table 17.2, Ipomoea aquatica and Phragmites austrails are the two major

species of plant which have been majorly investigated in the CW-MFCs for

phytoremediation of wastewater.
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17.3.6 Operating Conditions

For developing the natural redox gradient, which is an obligatory parameter for

producing current from bio-electrochemical systems, most of the CW-MFCs were

operated under up-flow regime of feeding (Fang et al. 2015; Liu et al. 2013). This

type of feeding arrangement can minimize the DO concentration at anode and

ensure higher substrate availability while maximizing DO at cathode. However,

the up-flow regime to maintain natural redox gradient results in large electrode

distance and subsequently contributes higher ohmic resistance to the system

(Doherty et al. 2015a). For example, the internal resistance of 500 Ω obtained

from CW-MFC (Doherty et al. 2015a) was found higher than 33 Ω for a multi-

electrode MFC with separator electrode assembly (Ahn and Logan 2012).

Doherty et al. (2015b) proposed a design to minimize electrode separation and

enhancing the power recovery by 70% wherein anode and cathode were separated

with glass wool and combined flow, up-flow at anode and down-flow at cathode,

was adopted simultaneously. However, long term operation of this design of

CW-MFC resulted in clogging problem for the plants roots, hence not allowing

them to penetrate the wetland soil subsurface (Doherty et al. 2015b). The perfor-

mance of CW-MFC was enhanced by using bentonite layer as a separator and

recirculating the flow of substrate from bottom to top of the wetland. However, the

electricity recovery was compromised at higher organic loading because the anode

was not capable to fully oxidize the organics (Villasenor et al. 2013).

17.4 Electricity Generation as a Function of Wastewater
Treatment

Constructed wetlands are being considered as low-cost solution for wastewater

treatment from past few decades (Hammer 1989). Lots of research have been

conducted to enhance the performance of CWs by improvising different design,

including different species of plants, manipulating soil characteristics and integrat-

ing other biological system such as MFCs. The very first report in integrated CW

and MFC system demonstrated 75% COD removal efficiency (Yadav et al. 2012).

CW-MFC planted with Ipomoea aquatica demonstrated slightly higher COD

removal efficiency of 94.8% than that obtained from unplanted CW-MFC

(92.1%) (Liu et al. 2013). Unlike the COD removal, a substantial difference in

total nitrogen efficiency was observed in planted CW-MFC (90.8%) and unplanted

CW-MFC (54.4%) possibly due to assimilation of nitrogen in plants. Furthermore,

planted CW-MFC showed enhanced power density of 12.42 mW m�2 as compared

to the unplanted CW-MFC (5.13 mW m�2).

Furthermore, CW-MFCs were also found to be capable of removing specific

compounds such as azo dye from wastewater. Fang et al. (2013) obtained 91.1%

removal efficiency of azo dye active brilliant red X-3 (ABRX3) and power density
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of 0.3 W m�3 when a CW-MFC was operated under 3 d HRT. Discolouration

efficiency was also found to be affected by the operation modes such as close circuit

and open circuit. As for example, in the same study, a 15% higher discolouration

was observed when CW-MFC was operated under current generation mode (close

circuit mode) than that of open circuit mode. CW-MFC treating high strength

synthetic wastewater containing 500 mg/l of methylene blue dye demonstrated

93.1% discolouration rate with power density of 15.73 mW m�2 after 48 h of

contact time (Yadav et al. 2012). Anode acts as an insoluble terminal electron

acceptor while promoting the degradation of dye thereby increasing the metabolic

rate of anaerobic microorganism and enhancing the substrate consumption, which

eventually facilitates more electrons to accelerate discolouration rate from

wastewater.

Though the inclusion of MFCs in CWs improves the COD removal efficiency

(Doherty and Zhao 2015), only 0.05% to 3.9% of COD removal could be converted

into electricity (Doherty et al. 2015a). Most of the researchers have reported low

coulombic efficiency (CE) in SMFC, up to 3.9% (Table 17.2), suggesting that very

little amount of electricity would be possible to convert from degradation of bulk

organic compounds.

17.5 Scaling Up of SMFCs and Operating Wireless Sensors

SMFC is a promising alternative renewable energy source which can generate

electricity for powering remote sensors, requires low maintenance and can provide

alternate wastewater treatment option at low cost. Scaling-up of this technology is

quite difficult with a specific configuration. However, researchers have claimed that

Watt-level of power density could be obtained from MFCs and SMFCs. For

example, Song et al. (2010b) demonstrated an MFC with energy generating capac-

ity of 100Wm�3, whereas a 30mlMFC could generate a power density of 4.3Wm�2

(Fan et al. 2012). However, these normalized power densities were estimated

based on the results obtained from laboratory scale MFCs. In the initial stage of

development of SMFCs, it was expected that the power output from a SMFC would

improve proportionally with increase in electrode size, but practically the power

density does not depend on the surface area of the current limiting electrode (Ewing

et al. 2014). A study revealed that for enhancing the power density fromMFCs up to

two-fold, the electrode surface area should be increased by 100-times (Dewan et al.

2008). This way of enhancing power from SMFCs or MFC for real time application

does not seem feasible solution at all, since a huge electrode area would be prob-

lematic to bury in sediment in remote location. Moreover, it would be implacable to

install such a huge SMFC to operate a single remote sensor. However, providing a

power management system coupled with charge pumps and supercapacitors may be

a feasible solution (Gong et al. 2011; Tang et al. 2015).

Ewing et al. (2014) developed a strategy to operate 2.5 W remote sensor using

power obtained from MFC by intermittent harvesting and storing in
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supercapacitors. Multiple small-size electrodes with parallel connection rather than

using a big single electrode may be a good solution for getting applicable power to

operate wire-less sensors (Ewing et al. 2014). SMFCs fabricated with four anodes

of 0.36 m2 surface area (0.09 m2 each) connected in parallel provided the power of

2.3 mW vs. 0.64 mW, where the latter was obtained from the SMFC using a single

anode with surface area of 0.36 m2. This power obtained was used to operate a wire-

less temperature sensor using customized power management system (PMS).

A 18 mW metrological buoy has been set-up by Naval Research Laboratory,

USA (NRL, USA) powered by benthic attended generators (BUGs) for remotely

monitoring air-temperature, water-temperature, pressure and relative humidity

(Tender et al. 2008). To remotely monitor environmental parameters and military

tactical surveillance via wire-less sensors are the foremost promising applications

of SMFCs. As far as SMFC is concerned, a wire-less sensor cannot be operated with

power generated from SMFC due to inconsistent and low output voltage. Therefore,

a PMS was developed to store sufficient energy in supercapacitors for intermittent

use and to boost the voltage using DC-DC convertor up to the requirement of

sensors (in most of the cases 5 V). Bandyopadhyay et al. (2013) propelled an

underwater 25 W bio-robot vehicle for 165 s at a time using power recovered

from SMFC. Furthermore, movement of fish and other aquatic life has been

monitored using ultrasonic sensor powered by SMFC (Donovan et al. 2013).

From the above discussion, it can be concluded that the SMFC could be a promising

renewable source of energy, but certain controllable parameters such as electrode

materials, electrode spacing, shape, external resistance etc. need further attention to

improve performance. Moreover, to operate wire-less sensors, an optimized PMS

could provide a long-term solution. Unfortunately, to the best of our knowledge,

there is no research available which had used CW-MFC as renewable power source

to operate wire-less sensors.

17.6 Conclusion

Various issues, challenges and opportunities of SMFCs and CW-MFCs have been

reviewed. In the present situation, the pollution threats in fresh water bodies and

depleting conventional sources of energy are the two main brainstorming concerns

across the globe. Development of SMFCs is expected to provide solution to these

problems. In near future SMFCs might take niche of many available treatment

technologies to offer sustainable solution to sediment and water remediation and

energy harvesting. However, the challenges related to fabrication, installation and

performance optimization are still under development stage. Corrosion-free car-

bon-based materials such as carbon cloth, carbon/graphite felt, graphite plates/disc/

column etc. should be used in SMFCs or CW-MFCs due to their appreciable

performance and prolonged stability in exhaustive environment. The electrodes

offer large surface area for biofilm development/to accomplish higher ORR. How-

ever, this is found to have noticeable effect on the wastewater treatment and
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electricity recovery. To obtain high electrical current, comprehensive strategy on

the operating parameters including optimized electrode spacing, external resis-

tance, plant type, pH, temperature and DO need to be explored while maintaining

natural redox gradient, substrate availability and required condition to trigger ORR

in the system. Finally, an efficient PMS would provide opportunity to utilize the

power generated by SMFCs for wire-less sensor operation for tactical surveillance,

metrological monitoring etc.
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Chapter 18

Fundamentals of Microbial Desalination Cell

Soumya Pandit, Shruti Sarode, and Debabrata Das

18.1 Introduction

Microbial desalination cells (MDCs) are bioelectrochemical tools which

exploit organic matter in wastewater to use as an energy source for desalinating

salt water. These cells desalinate water by expending the electric potential

gradient established by exoelectrogenic bacteria to drive ion transport through a

series of ion exchange membranes (Kim and Logan 2013). This device has the

potential to solve the world’s freshwater crisis. As such, a significant increase in
the number of installed desalination capacities were noticed since the 1980s

(Greenlee et al. 2009). However, conventional technology of desalination con-

sumes high amounts of energy which is a matter of concern as the stocks of fossil

fuels are rapidly depleting. Theoretically, if we consider a thermodynamically

reversible process at 50% water recovery, the minimum energy required for

desalination of typical sea water is approximately 1 kWh m�3. The most efficient

systems of seawater desalination using reverse osmosis have achieved an energy

requirement of only 1.8–2.2 kWh m�3. However, considering the energy needs

for pre-treatment, pumping, etc., the overall consumption stands at about

3–4 kWh m�3, which is not efficient at all (Liu et al. 2011). MDCs have emerged

as a solution to this problem because they accomplish environment friendly

wastewater treatment and at the same time they drastically diminish the energy

expenditure for desalination (Cao et al. 2009).
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18.2 Ion Exchange Membrane (IEM) Based MDC

18.2.1 Reactor Design

The initial design of MDC was a three-chambered device consisting of the anode,

the middle desalination chamber and the cathode. In this model, the anode chamber

is fed with the wastewater which contains organic matter. The bacteria exploit this

organic matter as substrate to grow as a biofilm on the anode. These bacteria oxidize

the substrates by acting on them. The electrons released in the process are collected

by the anode and are transferred via an external circuit to the cathode where these

electrons combine with oxygen and protons to form water. The middle chamber has

salt water containing various cations and anions. It is bounded by an anion

exchange membrane (AEM) on the anode side and a cation exchange membrane

(CEM) on the cathode side (Cao et al. 2009). The electrode oxidation and reduction

reactions generate a 1–1.5 V electric potential gradient or electric field between the

electrodes (open circuit voltage), which attracts the cations and anions in the salt

water towards the anode and the cathode respectively, thus desalinating the water in

the middle chamber (Fig. 18.1).

This separation of ions can be accelerated and increased by using multiple

membrane pairs between the electrodes, resembling to the equipment used in case

of electro dialysis (ED) desalination systems (Chen et al. 2011). Here, the middle
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Fig. 18.1 Schematic of a prototype 3-chamber MDC
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chamber consists of a stack of alternating AEMs and CEMs which forms repeating

pairs of desalting (dilute) and concentrating (concentrate) cells. The principle on

which it relies is that the number of monovalent ion pairs separated from the salt

water per electron transferred is equal to the number of repeated cell pairs

(or membrane pairs) in the stack. But the internal resistance of the MDC is also

directly proportional to the number of membrane pairs in the stack i.e. more the

number of membranes more is the resistance of the MDC. As in an MDC, the

voltage used for desalination is limited to that produced solely by the electrode

reactions (since no external voltage is applied), the voltage per cell pair decreases

with increase in the number of cell pairs. Hence, a balance is necessary between the

two limiting conditions such that maximum number of ions can be separated and at

the same time a sufficient amount of potential difference is generated (Jacobson

et al. 2011a). To enhance the performance by minimizing the internal resistance and

simultaneously allowing larger number of cell pairs, the strategy adopted should be

to keep the inter-membrane distance as low as possible. Summary of different MDC

configurations is depicted in Table 18.1.

Air Cathode Microbial Desalination Cell A typical air cathode MDC is a

3-chambered cell consisting of anode chamber, desalting chamber and cathode

chamber. But unlike a conventional MDC, it uses atmospheric oxygen as an electron

source (Fig. 18.2). According to studies, the salinity of water was reduced by 63% in

a single cycle byMDC using carbon cloth electrode with platinum as catalyst (Torres

2012). Alternatively, activated carbon and cobalt tetramethoxyphenyl-porphyrin can

also be used so that cobalt tetra-methoxyphenylporphyrin acts as a catalyst while the

increase in surface area is carried out by activated carbon which further improves the

performance of MDC. Using atmospheric oxygen as the electron acceptor is also

advantageous in terms of environmental sustainability since oxygen has negligible

toxic effects compared to other chemicals. One of the disadvantages of an air cathode

MDC is that the redox kinetics in ambient conditions is slow as compared to that

using other catholytes. This would necessitate the need for more expensive catalytic

materials e.g. platinum, to reduce the activation over potential for oxygen reduction

(Kim and Logan 2013). Another concern associated with air cathodes is the high

energy required to maintain the dissolved oxygen concentration in the cathode. There

are three ways to minimize the impacts of these problems. The first is by either

exposing the MDC to the atmosphere, another is using passive methods to achieve

oxygen transfer in the cathodes or the use of high surface area carbon substrates to

achieve acceptable levels of oxygen reduction without the need for expensive

platinum catalysts (Rahimnejad et al. 2015).

The use of biocathodes as catalysts in MDCs is becoming increasingly popular

due to self-regenerating and sustainability (Kokabian and Gude 2015). The

biocathodes allow the electroactive bacteria in the cathode biofilm to act as

catalysts and promote the oxidation-reduction reactions, which in turn enhances

water desalination (Kokabian and Gude 2013). Moreover, more potential at the

anode is experienced if the biofilm growth is denser, therefore, producing more
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Table 18.1 Summary of different MDC configurations

MDC configurations Key features Advantages

Air cathode MDC 1. Oxygen used as a terminal electron

acceptor

1. High reduction

potential

2. Approximately 63 percent salt

reduction

2. Self-generating and

sustainable

3. Catalyzes reduction reactions

through use of microbes

3. Enhanced water

desalination

Biocathode MDC Catalyzes reduction reactions through

use of microbes

1. Self-generating and

sustainable

2. Enhanced water

desalination

3. Reduced start-up time

Stack structure MDC Alternating AEMs and CEMs. 1. Improves charge trans-

fer efficiency

Total desalination rate approximately

1.4 times that of a typical MDC unit

2. Increased separation of

ion pairs from saltwater

3. Increased energy

recovery

Recirculation MDC Catholyte and anolyte solutions

sequentially re-circulated through

cell

1. Increased power

density

2. Increased desalination

efficiency

Microbial electrolysis

desalination and chemical-

production cell

Formed by introducing an acid-

production chamber and a bipolar

membrane in an MDC

1. Reduced pH

fluctuations

2. Increased desalination

rate

Capacitive MDC 1. Incorporates the concept of capac-

itive deionization

1. Reduced salt contami-

nation in anode and

cathode chambers

2. Double-layer capacitor formed on

the surface electrodes

2. Resolving ion migra-

tion problems

3. Salts should be continually

removed from electrodes

Upflow MDC Tubular reactor containing two com-

partments separated by IEMs

1. Efficient fluid mixing

within the chambers

2. Easier to scale up

3. Increased power

density

4. Improved desalination

efficiency

Osmotic MDC 1. AEM replaced with FOmembranes 1. Improves overall desa-

lination performance

2. Dilute saltwater by increasing

water flux

2. Enhances organic mat-

ter removal from

wastewater

3. Potassium ferricyanide usually

used as catalyst

3. Cost of FO membrane

lower than cost of AEM

(continued)
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Table 18.1 (continued)

MDC configurations Key features Advantages

Bipolar membrane MDC 1. Anion and cation selective layers

laminated together to make BPM

1. High ion selectivity

2. BPM placed next to the anode

chamber, making a four-chamber

MDC

2. Low water splitting

voltage drop and electri-

cal resistance

3. Long-life duration of

BPM

4. Increased desalination

efficiency

5. Maintaining desired

pH in anode chamber

Decoupled MDC 1. Anode and cathode units placed

directly in salt solution

1. Easier to control and

vary the liquid volume

ratios

2. Stainless steel mesh wrapped with

carbon cloth used as an electrode

2. Ease in repairing or

replacement of any dam-

aged parts

3. Easy to scale up
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power (Fig. 18.3). If the biocathode is optimized, it may also help reducing the

startup time for the MDC and, therefore, improve the cell performance. Wen et al.

(2012) reported the use of biocathode MDC, in which the biocathode was aerobic,

containing carbon felt and bacterial catalysts.

18.2.2 Junction Potential and Water Transport

Although the electric potential gradient is the major factor responsible for separat-

ing ions in an MDC, there are certain other factors like IEM junction potential and

water transport across IEM which also affect desalination rate. In three chambered

systems, these factors act as additional driving forces for desalination but in the case

of stacked multiple cell pair systems, they generally reduce the desalination

efficiency.

In the three chambered MDCs, the middle chamber containing salt water is

usually hypertonic with respect to its neighbouring anodic and cathodic chambers.

Typically, sea water in the middle chamber has dissolved solid concentration of

30–40 g/L while the wastewater in the anodic chamber has almost 0.5–0.9 g/L of

dissolved solids. Due to this steep potential gradient, salt ions in the middle

chamber are driven to the neighbouring anodic and cathodic chambers. The
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junction potential (ΔΦjct) quantifies this driving force between sea water (sw) and

waste water (ww) and is given by the Eq. 18.1 (Bard and Faulkner 2001):

ΔΦjct

�� �� ¼ RT

F

� � X
i

ti
zi

� �
ln

ai, sw
ai,ww

� �����

���� ð18:1Þ

where R is gas constant, T – absolute temperature, F – Faraday’s constant, z – ionic
charge, a – activity of the ionic species I and t is transport number (fractional

contribution of ionic flux to current density for the given IEM). For an ideally

permselective CEM in a NaCl solution, tNa+ ¼ 1 and tCl- ¼ 0. Taking the activity

ratio (ai,sw/ai,ww) as the ratio of the concentrations of dissolved solids in sea water

and domestic wastewater (i.e., 35 g L�1/0.5 g L�1 ¼ 70), the sum of junction

potentials in a three chambered MDC is about 0.2 V (at 25 �C and considering 95%

permselective IEMs). This voltage is only around 30% of the voltage generated by

the electrode reactions. It is observed that most of the decrease in conduction in the

desalination chamber is due to the concentration gradient as mentioned before (Kim

and Logan 2011). This concentration gradient also induces osmotic inflow of water

into the middle chamber, thus diluting it and aiding in desalination in the three

chambered system. According to the assumptions taken earlier, the osmotic pres-

sure typically turns out to be 14.4 atm for seawater-wastewater couple.

Π ¼ ΔcRT ð18:2Þ

As the IEMs cannot withstand such high osmotic pressure, water must be

allowed to enter the middle chamber from the adjacent chambers and release the

pressure during MDC operation. This dilutes the seawater in the middle chamber

and helps in desalination in the three chambered MDC (Jacobson et al. 2011b).

Electro osmosis is another driving force for water transport across the IEM in

which water transport occurs because of ionic movement through the nano-scale

pores of the IEM. The ions are in the hydrated form and thus have water molecules

surrounding them in all directions. When such ions move through the IEM pores,

they drag the water molecules along with them and hence cause efflux of water from

the middle chamber resulting in the concentration of the salt water. However, it has

been observed that osmotic water transport generally dominates the electro osmosis

phenomenon and thus the net volume of water in the middle chamber increases.

Electro osmotic water transport is directly proportional to the current density

through the IEMs and osmotic water transport is directly proportional to the

hydraulic residence time (Zhang and He 2012).

The osmotic water transport and junction potentials prove beneficial for water

desalination in case of three chamberedMDCs because wastewater usually contains

lesser concentration of dissolved solids than seawater. But it is not true in case of

stacked MDCs with multiple membrane pairs because the concentration of ions in

the concentrate cells are higher than that in the dilute cells (due to desalination) and

this adversely affects the desalination process. For instance, in a 5-cell paired stack

system, the junction potential losses consumed up to 18% of the total potential
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difference between the microbial anode and the air-breathing cathodes generated

due to the electrode reactions. In stack systems, the direction of water transport due

to osmosis and electro osmosis is the same i.e. from dilute cells to concentrate cells,

resulting in the concentration of the dilute cells by up to 30% in a 5-cell stack (Kim

and Logan 2011).

18.3 MDC Performance

18.3.1 Salinity Removal

In three chambered MDCs, the salinity removal can be above 90% from 30 to 35 g

L�1 NaCl solutions having conductivities similar to that of seawater. However, it is

found that very high salinity removals require large volumes of non-salty anolyte

and catholyte, about 55–133 times the volume of seawater per batch. This high

requirement can be reduced with the use of stacked MDCs. 98% salinity removal

from 35 g L�1 NaCl has been achieved using 5-cell pair stacked MDC with a

reduced anolyte volume (13 times the desalinated water). For 40–60% salinity

removal, the required wastewater is only 2–3 times the desalinated water. This

indicates that MDCs are more effective when used for partial desalination of

seawater. MDCs can also be used to desalinate brackish water. 99% desalination

of 10 g L�1 NaCl has been achieved with anolyte volume 14 times that of

desalinated water. For 86% salinity removal of same salt water sample, anolyte

required was six times that of desalinated water (Luo et al. 2012). This implies that

volume of wastewater required is also dependent on the initial concentration of salts

(or salinity) of the seawater sample to be desalinated.

18.3.2 Maximum Current vs. Maximum Power

The operating conditions for an MDC are chosen in such a way that they represent a

trade-off between maximizing current density (hence the rate of treatment) and the

power density. Higher the current amount, higher is the rate of desalination. This is

a preferable operation condition from the perspective of minimizing reactor

hydraulic retention time and maximizing rate of treatment. Maximum reported

current densities range from 0.7 to 8.4 A m�2, which is most likely, achieved

using low internal resistances. However, sometimes low performance might be

observed even at low resistances due to unfavourable anode potential, which affects

current generation by exoelectrogenic bacteria in the MDC. At low external resis-

tances, power densities can rapidly reduce and current densities can double back to

lower values in a phenomenon termed as Type D power overshoot (Watson and
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Logan 2011). However, this phenomenon can be overcome over time through

proper acclimation of the reactors to low values of resistance.

Another strategy for MDC operation is to maximize electrical power production.

With oxygen reduction reaction at cathode, the highest generated power reported

for MDCs is 31 W m�3 while with ferricyanide catholyte and normalized anolyte

volume; the maximum power reported is 65 W m�3. If electrical power costs are

low, it would be more economical to try to achieve higher current densities rather

than power densities (Jacobson et al. 2011b). The experiments with MDCs must be

designed to address the trade-off in these operation conditions. The power vs

current relationship for MDCs forms a semi-circular plot. Under this situation,

maximum power operation will induce half of the maximum possible current,

decreasing the rate of desalination. However, the electrical energy harvested from

the MDCs can be utilized in downstream desalination processes including reverse

osmosis (Jacobson et al. 2011b).

18.3.3 Current Efficiency

The current efficiency is defined the amount of ions separated per electron trans-

ferred at the electrodes. It is shown in Eq. 18.3 (McGovern et al. 2014):

ηi ¼
FzVΔcð Þ
NCP

Ð
idt

� � ð18:3Þ

where Δc is reduction in the concentration of saltwater, V – volume desalinated,

NCP – number of cell pairs and i is current. The wide variations in current

efficiencies in MDCs suggest that ionic separation is greatly influenced by osmotic

water transport into the middle chamber, thus diluting saltwater and improving

current efficiency (Chen et al. 2011). This current efficiency is an important factor

which can be used to estimate the integrity of the IEMs used. Current efficiencies

below 90% indicate IEM integrity failure or huge current losses along feed channels

and those above 100% indicate high amount of water transport through the IEMs.

18.3.4 Coulombic Efficiency

Coulombic efficiency (CE) is the ratio of the total number of electrons transferred

from the anode to the maximum number of electrons which can be generated due to

the bacterial oxidation reactions of the substrate at the anode. It is shown in Eq. 18.4

(Logan 2008):
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CE ¼ MO2

Ð
idt

� �

neFVanΔCODð Þ ð18:4Þ

where Van is volume of the anode chamber, ΔCOD – change in chemical oxygen

demand of the wastewater during MDC operation,MO2 – molecular mass of O2 and

ne is required number of electrons to reduce oxygen to water. The coulombic

efficiency thus indicates what fraction of the substrate was utilized by the bacteria

for current production. High coulombic efficiency can be achieved by well-

isolating the anode chamber from oxygen by the use of multiple IEMs (Veerman

et al. 2008).

18.3.5 COD Removal

Most of the MDC experiments have been performed by using easily biodegradable

substrates like acetate or xylose which have given high values of COD removal

(>70%). But when typical domestic wastewater is used, the COD removal percent-

age is observed to be much less (~54%) (Luo et al. 2012). This confirms that

bacteria like Geobacter sulfurreducens and Pelobacter propionicus have excellent
capability to degrade wastewater but the COD removal is not sufficient for safe

discharge of the sewage.

18.3.6 Effects of Electrolyte pH

In the type of reactors in which anodic and cathodic chambers are different, pH

imbalance may occur because protons are generated at the anode and hydroxyl ions

are generated at the cathode. In single chambered MFCs, overall pH is neutralized

due to mixing within the reactor and a bulk neutral pH is maintained. In an MDC,

however, the major part of the ionic flux through the IEM pores, which is necessary

to balance charge, is due to salt ions like Na+ and Cl�. Thus protons and hydroxyl

ions are unable to migrate away from their respective chambers and can create

severe pH imbalances. The pH imbalance at the anode can prove catastrophic for

the exoelectrogenic bacteria, thus diminishing current production. The sensitivity

of exoelectrogenic bacteria to anolyte acidification is one of the limitations of MDC

applications (Kim and Logan 2011).

At the cathode, in absence of a buffer, the pH can increase up to 12. For the

cathodic reactions, a unit increase in pH can result in 59 mV reduction in cell

voltage (at 25 �C). Hence at pH 12, the generated cell voltage would be 0.295 V less

than that generated at pH 7. An efficient way to solve this problem of pH imbalance

is to recirculate the anolyte and catholyte solutions continuously. Recirculation

helps stabilize the anolyte pH at around 6 even with low concentration of buffer
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(25 mM phosphate). However, the coulombic efficiency drastically reduces with

the recirculation because oxygen present in the cathodic chamber enabled the

aerobes present there to degrade part of the substrate in a wasteful process. Hence

the recirculation is needed to be optimized so as to minimize substrate losses while

still achieving the aim of pH balance (Kim and Logan 2013).

18.3.7 Salinity Effects on Exoelectrogenic Bacteria

During the desalination process, chloride ions are rapidly transported through the

AEM into the anodic chamber which increases their concentration there. It has

been observed that Cl� concentrations of up to 300 mM do not adversely affect

power generation. However, at 500 mM Cl� concentration, the maximum power

output is reduced by 12%. Increasing KCl concentrations increased power gen-

erations but only up to 300 mM. This implies that exoelectrogenic bacterial

activity is affected at very high concentrations of anions produced while using

high content of organic substrates in the anolyte (Lefebvre et al. 2012). Again, the

type of bacterium used also determines the effect of high salt concentrations. The

activity of Pelobacter propionicus decreased and that of Geobacter
sulfurreducens increased with increasing NaCl concentration in the anolyte,

thus suggesting that a given salinity level may favour a particular type of microbe

only (Oh and Logan 2006).

18.3.8 Cathode Reactions: O2 Reduction vs. H2 Evolution

At the cathode, three separate reactions have been used for MDCs viz. the oxygen

reduction reaction (ORR), the hydrogen evolution reaction (HER) and the ferricy-

anide reduction reaction (Harnisch and Schr€oder 2010). The ferricyanide reduction
is not a sustainable reaction for MDCs, even though its use gives better power

production as compared to oxygen. With use of acetate as the substrate in the

anolyte, ORR can give up to 1.1 V of potential difference in the open circuit

condition. However, the voltage available for desalination is only 0.5–0.6 V due

to electrode overpotential losses. HER is not a thermodynamically favourable

reaction for acetate-based MDCs and hence an external voltage of 0.11 V is needed

at neutral pH to make it occur. However, the recovery of H2 at the cathode

compensates for the invested external energy (Chen et al. 2012a). The advantage

of using HER in MDC is that the current densities can be significantly increased by

applying higher potentials.
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18.4 Types of Microbial Desalination Cells (MDCs)

18.4.1 Osmotic MDCs

It is a type of MDC in which the AEM separating the anodic chamber and the

middle chamber is replaced with a forward osmosis (FO) membrane (Fig. 18.4). It

is a special type of membrane which maximizes osmotic water transport from the

anolyte to the saltwater, thus diluting it and enhancing the desalination process

(Zhang and He 2012). The osmotic water transport occurs due to huge difference in

the osmolality of the saltwater and the wastewater. However, the introduction of the

FO membrane destroys the system’s ability of selectively separating the ions and

hence the overall rate of ionic separation from the middle chamber and the current

efficiencies reduce drastically. Further research is required in this field to improve

upon the lacunae in the process (Zhang and He 2013).

18.4.2 Bipolar Membrane MDCs

It is a type of MFC which not only desalinates water but also produces acid (HCl)

and base (NaOH) solutions simultaneously. In such MDCs, a bipolar membrane is

positioned next to the anode chamber, creating four chambers in all (Fig. 18.5).
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A bipolar membrane comprises a CEM and an AEM laminated together to form a

single membrane. With the application of a sufficiently high electrical potential

difference, water is split into protons and hydroxyl ions at the interface of the

laminated IEMs in such a way that hydroxyl ions are liberated towards the anode

chamber and protons towards the other side where it combines with the incoming

chloride ions from the middle chamber to form hydrochloric acid. On the cathode

side, the hydroxyl ions produced combine with the incoming sodium ions from the

middle chamber and form sodium hydroxide. These reactions play a major role in

avoiding the fall of pH in the anode chamber, thus tackling a crucial limitation in

MDCs (Forrestal et al. 2012a). Only thing to be dealt with in a bipolar membrane

MDC is the limitation posed by the requirement of application of external voltage to

operate the bipolar membrane. Theoretically, the minimum voltage required to split

water is 0.83 V (at 1 M concentration and 25 �C) but in practice, the required

voltage exceeds 1.2 V. Hence, we can see that the potential difference generated by

the MDC alone is not sufficient to meet the requirement for bipolar membrane

operation and external voltage of about 1 V is needed to be applied to make it work.

The water splitting at the bipolar membrane plays a key role in the desalination

of water too. The extent of desalination is also more because of the maintenance of

anolyte pH. Moreover, sufficient external power is required to ensure quality of the

produced chemicals. If the costs of the chemicals produced and desalination are
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Fig. 18.5 Schematic of a bipolar MDC having bipolar membrane close to anode chamber
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high enough, the expenses of the external energy supplement can be recovered

(Chen et al. 2012b).

18.4.3 Capacitive Microbial Desalination Cell

One of the flaws in conventional MDCs is an increase in the salt concentration of

the anolyte and catholyte because of the concentration of the salts which are

removed from the saline water. This would result in the prevention of the reuse

of anolyte and catholyte in the desalination cell and, therefore, have to be replaced

frequently. Furthermore, this ion accumulation may cause concerns for water reuse,

where the total dissolved solids (TDS) is regulated. To avoid this problem, a

capacitive MDC (cMDC) scheme (Fig. 18.6) has been developed which works on

the principle of salt removal by incorporating the concept of capacitive deionization

into the system (Forrestal et al. 2012a). Using a double-layer capacitor formed on

the high surface electrodes, the ions can be adsorbed when a saline solution flows

between the two charged electrodes. A double-layer capacitor on the surface

electrodes adsorbs the ions from the saline water, and when the potential gradient

has been removed, the ions are allowed to flow back into the liquid. This way,

the saltwater is deionized by “electrochemical salt adsorption” on the electrodes

without the anode and cathode chambers being contaminated by the salt (Forrestal

et al. 2012b).
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18.5 Challenges and Perspective

18.5.1 Control of pH

The decrease in the pH of the anolyte is a serious issue because low pH adversely

affects the activity of the exoelectrogenic bacteria and the current generated falls

rapidly. One of the techniques to counter this, as discussed before, is the recirculation

of the anolyte and catholyte. A problem faced here is the reduction of coulombic

efficiency due to wasteful aerobic oxidation of substrate at the cathode. However, if

we use HER instead of ORR, we can have air-sealed cathodes and so no loss of

coulombic efficiency would take place. Another precaution to keep in mind would be

to ensure minimal ionic flux through the recirculation tube lines because this ionic

flux reduces the current flowing through the IEMs and hence lowers the current

efficiency. This can be done by using periodic recirculation, so that no ions flow

through the tubing in between pumping periods (Chen et al. 2012a, b).

Another strategy adopted is to blend the catholyte having a high pH with the

wastewater flowing into the anode chamber so that the protons released at the anode

reactions would neutralize the equal number of hydroxyl ions generated by the

cathode reactions and thus maintain the neutral pH. The catholyte volume to be

blended with the anolyte should be kept small so as to minimize dilution of organic

matter concentration in the wastewater feed (Lakshminarayanaiah 1969).

Use of acidophilic bacteria as the exoelectrogenic microbes in the anode has also

been tested and has evolved as an approach to avoid loss of current in the anode

with proton production. These bacteria thrive well in acidic conditions and hence

low pH in the anode would not affect their activity (Ping and He 2013). For

instance, Acidiphilium cryptum produces open circuit voltages of about 0.3 V and

power up to 12.7 W m�2 at pH 4.

18.5.2 Improving Performance of Stacked MDCs

Osmotic water transport in stacked MDCs increases the salinity of the dilute and

reduces water recovery. To reduce this osmotic water transport, the hydraulic

retention time in the stack should be minimized by increasing salt water flow

rates. To maintain proper desalination in the dilute effluent, increase in current

density is also necessary. At high current densities, ionic separation will be quick

enough to reduce hydraulic retention time of saltwater in the stack, thus decreasing

osmotic water transport (Zhang and He 2012).

The volume of water transported by osmosis through the IEM is directly

proportional to its area of cross section (Fig. 18.7). By reducing the area of cross

section of the IEMs, we can decrease osmotic water transport. But the problem is

that the internal resistance of the MDC also increases with decrease in the cross

sectional area, which would result in increased electrical potential losses. It is

18 Fundamentals of Microbial Desalination Cell 367



experimentally observed that decreasing the cross sectional area by an order of

magnitude does not affect the current flowing through the stack significantly. Apart

from reducing osmotic water transport, reduction in cross sectional area also

reduces the capital cost of the MDC because IEMs are very costly. We can also

use IEMs with less water content to reduce osmotic water transport through them,

although low water content sacrifices high ionic conductivity.

18.5.3 IEM Integrity Under High Microbial Activity

As the AEM lies adjacent to the anode, which is a site of active microbial growth, a

biofilm formation in the AEM is inevitable. It has been observed that on using the

MDC continuously for long periods of time, bacterial biofilms develop on the AEM

surface though it is not clear how they affect the ionic transport through the AEM

(Luo et al. 2012)? The growth of biofilm and deposition of organic matter in the

wastewater on the IEM may affect the functional groups on the surface of the IEM

or interfere with its polymeric structure. However, it has not been studied exten-

sively. Coatings on the AEM, which suppress organic matter transport to the IEM,

might enhance the stability and extend the life of the AEM (Logan 2008).
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18.5.4 Water Safety

While working with microbes and wastewater, the general question which would

always arise is: Will the desalinated water be safe? There is always a possibility for

the microbes to pass through the AEM and enter into the middle chamber. It all

depends on the properties of the material of the AEM. The pores of the AEM must

be small enough to allow only the ions and water molecules to pass through. But in

the practical scenario, it is often observed that solutes like acetate and glucose pass

through the pores of the AEM quite easily and move into the desalination chamber

(Saeed et al. 2015). The osmotic movement of water also drags certain organic

molecules in the wastewater along with it into the desalinated water. The problem

worsens in the case of MODCs where the pore size of FO membranes is much

higher and it may even allow certain microbes to pass into the middle chamber. This

allows bacterial growth in the desalination chamber due to availability of organic

matter in it. All these phenomena promote the contamination of the desalinated

water and proper steps have to be taken to nullify it. It includes using AEMs with

very small pore size and proper downstream treatment processes to decontaminate

the desalinated water (Mehanna et al. 2010).

18.6 Conclusion

Currently, the MDCs suffer from many drawbacks and generate low power. The

integration of MFCs into a wastewater treatment-cum-desalination plant will pre-

sent greater challenges for bio-fouling of IEMs and in terms of being cost-effective

but with newer advances in terms of extra chemical production and more efficient

sewage treatment and power production, the expenses may get recovered. For

production of potable water MDCs can be used as a pre-treatment step for reverse

osmosis. It will reduce the energy requirements in the RO process. It has been

proven that for partial desalination of brackish water for irrigational purposes,

MDCs are the most suitable treatment method. Further developments in the design

would improve the performance of MDCs and diversify their applications.
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Chapter 19

Biophotovoltaics: Conversion of Light Energy

to Bioelectricity Through Photosynthetic

Microbial Fuel Cell Technology

Rashmi Chandra, S. Venkata Mohan, Parra-Saldivar Roberto,

Bruce E. Ritmann, and Raul Alexis Sanchez Cornejo

19.1 Introduction

Solar radiation led into the planet earth by photosynthesis is the main energy basis for

survival. Photosynthesis is a physico-chemical process where photosynthetic organ-

ism transform solar energy into chemical energy with simultaneous use of bioener-

getic processes (Georgianna and Mayfield 2012; Strik et al. 2011). Photosynthetic

microbial fuel cells (PhFCs) are newly established tools that harvest sun energy to

yield electricity and has gained major attentiveness in applied and academic research

due to its sustainable and renewable nature (Chandra et al. 2012; Venkata Mohan

et al. 2014; Venkata Subhash et al. 2013). PhFCs use plants or phototrophic micro-

organisms to trap sun light and use photo-bioelectrochemical system to produce

bioelectricity (El Mekawy et al. 2014). This technology symbolizes a multi-

disciplinary method to search for renewable energy. It represents the convergence

for the life-sciences, chemical and physical science (McCormick et al. 2015; Xiao

and He 2014). Microbial fuel cells (MFCs) are mainly focused towards anodic

reaction with dark fermentation as microbial metabolic function. Analogous to dark
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fermentation, photosynthetic fuel cells (PhFC) or biophotovoltaic system (BPV) will

also be functioned using photo synthetic bacteria (PSB) or algae/cyanobacteria based

on their photosynthetic mechanism (oxygenic or anoxygenic) (Chandra et al. 2012;

Rosenbaum et al. 2010a). Oxygenic photosynthesis based autotrophic PhFCs include

diverse categories of MFC containing both heterotrophs and autotrophs (Venkata

Mohan et al. 2010, 2011) (Fig. 19.1). The current chapter has made an attempt to

convey the present photosynthetic mechanism for PhFC application in understanding

on the innate potential of photosynthetic mechanism.

19.2 Mechanism of Development of Potential Gradient

in Biological System

Light energy and electron in reduce substrates (H2S, CH4, organic compounds etc.)

begin “electric circuit” which terminates when electron arrives at the electron sink

provided by a terminal electron acceptor (Bretschger et al. 2010). An electrical

circuit is established between light energy (responsible for excitation of e�), e�

source (from the substrate metabolism) and the e� sink (O2) by inserting an external

electrode as transitional acceptor of electron (Venkata Mohan et al. 2008a).

PhFC work on the basis of oxidative reaction divided by a PEM (proton exchange

membrane) and excitation of e� by light energy from the anodic oxidation. Anode

chamber is a bio-factory that enables the production of e� and H+ through organic

carbon breakdown in absence of oxygen. Protons goes to the cathode through PEM

and helps in development of potential difference and finally to bioelectricity. Light

Fig. 19.1 Mechanism of development of potential gradient in biological system
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energy captured by pigment (bacteriochlorophyll (Bchl) and chlorophyll mole-

cules) molecules is channeled to the reaction centre. Solar energy redirects organic

waste / CO2 as e
� source to activate a series of photo-chemical reactions separating

charge across the membrane. Extensively distributed Bchl a in anoxygenic photo-

synthetic bacteria can transfer energy to the reaction centre (RC) which was

bounded by a light harvesting complex called RC-LH (Blankenship 2016). This

complex helps to develop electromotive force (emf) with help of quinine and

membrane-embedded electron transport protein. Electron from the Bchl-a enters

quinone pool and passes to cytochrome complex before exerting through cell

membrane. Solar energy acts as source of energy and electron source was acetate

(Eqs. 19.1, 19.2, 19.3 and 19.4) for photo-electrochemical power generation as

shown below.

C6H12O6 þ Light ! Acetateþ Propionateþ Butyrateþ Hþ þ CO2 ð19:1Þ
CH3CH2COOHþ 3H2Oþ Light ! HCO�

3 þ Acetate þ 7Hþ ð19:2Þ
CH3CH2CH2COOHþ 2H2Oþ Light ! Acetateþ 2Hþ þ 2H2 ð19:3Þ

CH3COO
� þ 4H2O ! 2HCO�

3 þ 9Hþ þ 8e� ð19:4Þ

In oxygenic photosynthesis, protein complexes like PSI, PSII and cytochrome bf

complex are required to operate in series for electron transfer from H2O to NADP+

and oxygen generation. Electron is transported among these bulky protein com-

plexes by tiny moveable protein-like plastoquinone and plastocyanin. These mol-

ecules transport electron to comparatively extended distances showing a distinctive

role in solar energy capture and bioelectricity generation.

19.3 Light Harvesting Technologies for Bioelectricity

Generation

19.3.1 Chemical Based

The solar radiation is majorly responsible for empowering earth right from its birth.

This solar energy can be trapped by various chemical means like photovoltaic and

thermal harvesting. Photovoltaic cells (PV) are one of the major interests in solar

energy conversion, where sun light is transformed straight to electrical energy or by

photoelectrochemical cells (PEC) where light is transformed to energy in chemical.

This technology has undergone development and applied in both minor private

systems as well as in large-scale installations connected to the national grids

(Badawy 2015). A PV cell is a purely solid-state device, where holes or electrons

carry the moving charge and there is no accompanying chemical change (Archer

2002). Initially solar cells were built on silicon wafers where solar conversion

efficiencies are between 12% and 16%, (Badawy et al. 2015). The next stage of

19 Biophotovoltaics: Conversion of Light Energy to Bioelectricity Through. . . 375



solar cells is based on thin film technology. This device is based on a dye sensitized

porous nanocrystalline TiO2 photoanode with efficiencies greater than 10%, lower

than thin film Si solar cells. Uninterrupted research in nanotechnology has directed

towards improvement of the present solar cells that are based on nano-porous and

nano-crystals materials. These technologies were considerably high cost and

sophisticated which led to the very defined application (Badawy 2015). These

technologies are confined to few segments and did not introduce energy to the

biological system for wastewater treatment, CO2 sequestration or biofuel genera-

tion. In this regards photosynthetic organism plays a major role to trap the solar

energy and redirect it to the biosphere for generation of biofuel. This property of

PhFC or BPV showed an advantage over PV.

19.3.2 Biological Based

19.3.2.1 Anoxygenic Photosynthesis at Anode

Production of molecular hydrogen has been demonstrated and well established

as an ubiquitous feature of photosynthetic microbial metabolism (Chandra

and Venkata Mohan 2011, 2014). Photosynthetic purple bacteria follow

photofermentation process (anoxygenic photosynthesis) to produce H2 from

organic compounds which have been studied in PhFC for immediate hydrogen

removal and bioelectricity generation of photosynthetic activity and power produc-

tion of 120 mW m�2 (Chandra et al. 2012). The critical point for PhFC operation is

its stability, proton exchange membrane and cost effectiveness (Schr€oder et al.

2003). Bchl a molecules present in anoxygenic photosynthetic organisms are used

to trap sunlight as energy source and organic waste or CO2 as e
� source to direct the

reaction centre of the photo-system. Bchl a is efficient in energy transfer efficiently
(95 to 99%) via reaction centre (RC) bounded to light harvesting complex called

LH. This complex converts solar energy via quinon pool and second cytochrome

(cyt) bc1 complex. The exited e� from the Bchl a go in Q pool and then to

cytochrome complex and finally excrete through cell membrane (Fig. 19.2).

These solar radiations act as source of energy and organic carbon as e� source.

Anoxygenic photosynthesis have benefits in maintaining less DO that help in

increasing the power output. It shows remediation of acid-rich effluent generated

from the acidogenic hydrogen production process as substrate for power generation.

19.3.2.2 Photosynthetic at Anode with Artificial Mediators Biological

Photovoltaics

In these type of photosynthetic microbial fuel cell (PhFC), intracellular carbon

storages are metabolized and electrons are collected at the electrode through PhFC.

These systems operate under oxygenic photosynthesis which results in release of e�
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and H+ along with oxygen by the photophosphorylation of water. Dissolved oxygen

will act as a terminal e� acceptor (TEA) and trap the reducing equivalents gener-

ated and lower the electrogenesis activity (Venkata Mohan et al. 2008b; Biffinger

et al. 2008). Production of the reducing equivalents has constructive effect on the

electrogenic activity but concurrent production of O2 has negative effect on the

complete activity. There are studies reported with 2-hydroxy-1,4-naphtoquinone as

an artificial mediator to shuttle the e� from microorganism to the anode (mediated

PhFC). Use of unstainable and environmentally problematic non-natural redox

mediators prevent the initial PhFC from practical realization and result in slow

down of PhFC research.

19.3.2.3 Oxygenic Photosynthesis at Anode

Oxygenic photosynthesis can easily couple bioelectricity production in a well-

defined MFC. In oxygenic photosynthesis and releases e� and H+ during photo-

phosphorylation result in discharge of O2, e
� and H+. Solar radiation transformation

follows a scheme, where H+ will be captured by the light-harvesting complex

Fig. 19.2 Anoxygenic photosynthesis at anode: RC (Reaction centre), QA (Quinone A), QB

(Quinone B), Bc1 Complex (Quinone Complex), Quinone (Q), Plastoquinone (PQ), Cytochrome

f (cyt f) and Plastocyanin (PC)
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(LHC) and relocated to the P680 (PSII) which becomes exited followed by splitting

one water molecule to H+, e� and O2. At this site light energy gets converted to

chemical energy and that can be converted to bioelectricity in presence of

electrode-membrane assembly through the produced redox equivalents

(Fig. 19.3). These types of PhFC are called oxygenic photo-bioelectrocatalytic

fuel cell (PhFCOX); they are capable to divert e�straight from the electron trans-

port chain (ETC) to external electrode (anode) and neutralizing at cathode (Chandra

et al. 2012, Biffinger et al. 2008; Pisciotta et al. 2010). Studies have been performed

to evaluate the electrogenic activity of these microorganism made in PhFCOX and

showed bioelectrogenic activity (3.55 mW m�2) accompanying with biomass

production of 2.87 g L�1. Current generation was higher during the sunlight

(46 mV; 0.6 mA) as compared to the dark (6 mV; 0.01 mA). This type of MFCs

are self-sustainable and furthermore the biomass can be utilized for other value

added products in a biorefinery. These studies offer an economical, renewable and

justifiable electricity possibility related with CO2 mitigation and wastewater

treatment.

Fig. 19.3 Oxygenic photosynthesis at anode, PSII (Photosystem II), Quinone (Q), Plastoquinone

(PQ), Cytochrome f (cyt f) and Plastocyanin (PC), PSI (Photosystem I) and Ferredoxin (Fd)
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19.3.2.4 Oxygenic Photosynthesis at Cathode

Mechanical aeration at cathode is the most energy exhaustive process. Microbes

play an exceptional role in oxygen reduction reaction at cathode in photosynthetic

microbial fuel cell operation (Wetser et al. 2015). Reducing equivalents (H+ and e�)
reduction at cathodic results in bioelectrogenic activity. Presence of effective

terminal e� acceptor (TEA) at cathode helps in escalating e� transfer its efficient

deployment at cathode and ensuing decrement e� losses and advanced power output

and catalysts like platinum, Fe3+, K3[Fe(CN)6] were additionally cast off for the

intensification of abiotic cathode process to enhance bioelectrogenic activity (Zhang

et al. 2010; Venkata Mohan et al. 2008a; Hamelers et al. 2010). Oxygenic photo-

synthesis is a probable substitute to electricity powered aeration carried by

microalgale and cyanobacteria. O2 generated during this process via biophotolysis

helps in CO2 sequestration in presence of sunlight. Solar radiation excite the Chl

P680 to Chl P680* (manganese centre at the reaction centre) which ruptures

H2O molecules into 4H+, 4e� and two oxygen atoms. QB a mobile protein accepts

two e� and then takes on two H+. PQ is the detached plastoquinone molecule; it

is moveable and transfers electron through plastoquinone and plastocyanin.

They transport comparatively stretched distances and play an exclusive part in

photosynthetic energy transformation and finally to NADPH which is used in dark

reaction for the CO2 fixation. The generated oxygen in the whole process acts as

terminal e� acceptor for e� and H+ generated at the anode (Fig. 19.4). The
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Fig. 19.4 The synergistic association between bacterial fermentation at anode and the oxygenic

photosynthesis of microalgae at cathode facilitated good power output as well as treatment

efficiency
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synergistic connotation among anaerobic bacterial metabolism at anode and the

oxygenic photosynthesis of microalgae at cathode assisted notable power output.

Its operation throughout spring and cold climate showed higher bioelectrogenic

activity (57.0 mW m�2) over summer weather (1.1 mW m�2) because of higher

oxygenic photosynthetic activity of microalgae which result in higher dissolved

oxygen (DO) levels. However, high temperatures and light intensity in summer

result in inactivation of RuBisCO (Venkata Mohan et al. 2014). Algal oxygenic

photosynthesis at cathode facilitates to maintain higher DO and removing the

necessity of energy exhaustive aeration.

19.3.2.5 Plant MFC (Synergism Between Mixed Heterotrophic

Bacteria and Plant)

Plants fix solar energy and CO2 to carbohydrates by photosynthesis in green tissues

of the plants and translocate to rhizosphere via roots of the plants (Helder et al.

2013; Hubenova et al. 2012; Timmers et al. 2012). Root system discharges various

organic compounds in to the zone of rhizosphere through rhizo deposition. These

machineries of root and rhizosphere not only solitarily serve as a foundation of

organic carbon source but also comprise biomolecule that stimulate chemotaxis of

microbial consortium to the rhizosphere. Root exudates also act as mediator for e�

transfer and combination of MFC in plant rhizosphere helps in change of sun energy

into bio-electricity. Venkata Mohan et al. reported four electrode microbial fuel cell

assemblies by changing distances from root in rhizosphere to anode i.e. Anode 1–0;

Anode 2–8; Anode 3–12 and Anode 4–16 cm at 2 cm depth from soil-layer

(Fig. 19.5). The cell assemblage close to the root revealed maximum electrogenic

activity because of the serious part of root-exudates. During light exposure process

all MFC showed 10% greater power production than the dark conditions which

directly endorsed plant’s photosynthetic activity. The anode kept nearer to the root

showed maximum power output. Water logging conditions create a positive influ-

ence on power generation. A relative assessment of power generation was deliber-

ate with Arundinella anomala, Spartina anglica and Arundo donax where

S. anglica documented greater bio-electrogenic activity (Helder et al. 2012; Helder

et al. 2010; Strik et al. 2011). In continuation to this power generation by

Pennisetum setaceum rhizo deposits are formed mostly because of photosynthetic

CO2 capture by the photosynthetic activity.

19.3.3 Ecological Engineered System (EES): MFC
to Wetland System

EES is based on environmental ideologies to simplify the recycling of natural

resources efficiently (Venkata Mohan et al. 2010). Ecological system has

exceptional benefits like narrow or no usage of chemical compounds, easy
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operation, no foul odour and inexpensive. When these types of system with

photosynthetic microorganism is integrated with electrode system they result in

benthic fuel cell or sediment type fuel cells (SMFC). Incorporating EES with SMFC

can facilitate the bioelectricity generation from the active microbial metabolism at

sediment beds by metabolizing organic matter through biochemical reactions

(Bond et al. 2012; Marsili et al. 2008) or by excretion of redox components (Pandit

and Mahadevan 2011; Zhuang et al. 2011). A small floating macrophyte ecosystem

with Eichhornia crassipes and snails embedded with sediment fuel cells was

reported using wastewater (Mohan and Chandrasekhar 2011). MFC arrangements

in SMFC revealed feasibility of power generation from domestic wastewater at

individual electrode setups which reasonably enhanced with distillery wastewater

and reduced further with rise in the load. The electrode assemblages connected in

series showed stable power production (780 � 22 mV; 4.14 � 0.19 mA). A notable

treatment efficiency was observed during EES operation. The study computed the

synergetic relationship of ecological–electrogenic engineered system on wastewa-

ter treatment and bioelectricity production. This process can be easily combined to

primary wastewater treatment plants to improve treatment efficiency effluents as

secondary or tertiary treatment of wastewater (Fig. 19.6).

19.3.4 Light Harvesting Proteins for Photovoltaic
and Photoelectrochemical Devices

Photosynthetic proteins such as cyanobacterial phycocyanin, phycoerathrin, PSI etc.

provide an encouraging approach to enhance the photocurrent density. The

Fig. 19.5 Plant MFC (Synergism between plant and mixed heterotrophic bacteria)
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application of these photosynthetic proteins have very high influence on photoanode

assembly in bioinspired or fusion bio-inorganic photovoltaic devices. These light-

harvesting proteins alone or entire photosynthetic reaction centres are used to “sen-

sitize” metal and semiconductor surfaces (Ihssen et al. 2014; Lovley 2006).

Phycobilisomes are multiprotein-pigment complexes found in photosynthesis appa-

ratus of prokaryotic cyanobacteria, Rhodophyta (“red algae”) and Cryptophyta. The
close-fitting association of proteins with the electrode surface is an essential require-

ment for the appropriate effect of bio-hybrid devices. These photosynthetic proteins

can be immobilized on surface by various ways like electrostatic interactions,

adsorption, trap in matrixes such as in situ polymerized hydrogels, creation of

covalent bonds between the polypeptide chain and chemical groups of the surface,

crosslinking or hydrophobic (van der Waals) (Badura et al. 2011; Kathiravan and

Renganathan 2009; Suemori et al. 2006). The immobilization depend on the physico-

chemical behaviours of protein, its interaction with the aqueous phase and covalent

linkage (Tran and Balkus 2011). There are various new opportunities of engineering

bio-hybrid hematite photoanodes for PEC cells which raise many further questions

and leave opportunity for advance developments.

19.4 Applications

Photosynthetic MFCs are encouraging renewable energy sources due to their

minimal or no net-CO2 emission. Despite the PhFCs and MFC advantages their

applied aspect is actually restricted to definite areas in a non-industrial way. The

Fig. 19.6 Synergism between phototrophic and mixed heterotrophic bacteria in sediments in

ecological system
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goal in the near future is to enhance cost effectiveness and performance efficiency

in order to scale-up the PhFC and MFC systems for making them a feasible

renewable energy source.

19.4.1 Wastewater Treatment

Microorganisms are able to degrade effluents and generate power at the same time.

The PhFC and MFCs technology can be applied to produce electrical power taking

as a substrate the effluent of industrial, agricultural and municipal wastewater. Even

pollutants like azo dyes, polycyclic aromatic hydrocarbons (PAHs), benzene deriv-

atives and inorganic wastewaters containing sulphide are also reported to act as

substrates (Han et al. 2015; Raschitor et al. 2015; Zhang et al. 2016). In recent

years, COD removal have reached to about 100% with this technology (Luo et al.

2011) and important advances were made by Wu et al. (2016) for scaling up a

reactor of 72 L for wastewater treatment with a COD removal efficiency of 97%.

19.4.2 Powering Underwater Monitoring Devices

Environmental sensors can be used to understand the behaviour and responses of an

ecosystem, but these require energy for operation. MFC and PhFCs can perhaps be

used to control devices particularly in systems such as creeks, rivers and oceans

where it is problematic to regularly access the system to exchange batteries (Bond

et al. 2002). Sediment fuel cells are being developed to monitor electrochemical

approaches e.g. amperometry, potentiometry, conductometry and water toxicity.

19.4.3 BOD Sensing

Microbial fuel cell machinery is capable to act as a sensing device for pollutant

analysis and in situ process monitoring. As reported by Kim et al. (2003), an MFC

showed long-term stable performance for a period up to 5 years and Di Lorenzo

et al. (2014) reported a minimum response time of 2.8 min for this technology.

These studies show that the MFC can be a feasible alternative for BOD sensing far

extended life span than BOD sensors reported in the literature.
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19.4.4 Biohydrogen Production in PhFC

In normal conditions of bacterial fermentation in the MFC, hydrogen production is

limited to 2–3 mol H2 (mol glucose)�1 due to a biochemical barrier. This process

can be adapted to yield more hydrogen instead of bioelectricity resulting in a

bioelectrochemically assisted microbial reactor (BEAMR). This was accomplished

under anaerobic condition of cathode chamber and supplementing with external

voltage of 0.25 V to cathode where H+ are condensed to H2. The BEAMR has the

potential to produce a total of 8–9 mol H2 mol�1 glucose and would provide a

renewable option to fit production to energy needs.

19.5 Conclusion

PhFC is a sustainable biophotovoltanic device which enables numerous bioenergy/

byproduct production along with waste reduction. Enactment of PhFC has been

studied for diverse applications using an extensive range of substrates from domes-

tic to industrial wastewater to produce energy with simultaneous treatment. This

technology has to get several changes in order to make it a sustainable alternate

source to the present technologies. For the scaling up feasibility, the manufacturing

cost of PhFC should be reduced and its efficiency has to be enhanced. The

theoretical value of conceivable potential is only 1.2 V (from single cell); therefore,

stacking of fuel cells in series or parallel connection must be improved to get

feasible power. To improve the economic viability, studies on the valuable end

products like hydrogen or proteins are needed. The efforts of various research

groups throughout the world will overcome the limitations of this technology and

give to the society an innovative and promising source of alternate energy.

Acknowledgements The authors want to thank Director of Tecnológico de Monterrey Monterrey

Mexico; CSIR-IICT, Hyderabad, India; and Arizona State University, Tempe, AZ, USA for their

encouragement and support.

References

Archer, M. D. (2002). Photovoltaics and photoelectrochemistry: Similarities and differences.

Physica E: Low-dimensional Systems and Nanostructures, 14, 61–64.
Badawy, W. A. (2015). A review on solar cells from Si-single crystals to porous materials and

quantum dots. Journal of Advanced Research, 6, 123–132.
Badawy, W. A., Elmeniawy, S. A., & Hafez, A. N. (2015). Improvement of the photovoltaic

characteristics of industrially fabricated solar cells by chemical etching of the Si surface.

Journal of Solar Energy Engineering, 137, 041007.

384 R. Chandra et al.



Badura, A., Guschin, D., Kothe, T., Kopczak, M. J., Schuhmann, W., & Rogner, M. (2011).

Photocurrent generation by photosystem 1 integrated in crosslinked redox hydrogels. Energy &
Environmental Science, 4, 2435–2440.

Blankenship, R. E. (2016). Molecular evidence for the evolution of photosynthesis. Trends in
Plant Science, 6, 4–6.

Bond, D. R., Holmes, D. E., Tender, L. M., & Lovley, D. R. (2002). Electrode-reducing micro-

organisms that harvest energy from marine sediments. Science, 295, 483–485.
Bond, D. R., Strycharz-glaven, S. M., Tender, L. M., & Torres, C. I. (2012). On E-transport

through Geobacter biofilms. Chem Sus Chem, 5, 1099–1105.
Bretschger, O., Osterstock, J. B., Pinchak, W. E., Ishii, S., & Nelson, K. E. (2010). Microbial fuel

cells and microbial ecology: Applications in ruminant health and production research. Micro-
bial Ecology, 59, 415–427.

Chandra, R., Annie Modestra, J., & Venkata Mohan, S. (2015). Biophotovoltaic cell to harness

bioelectricity from acidogenic wastewater associated with microbial community profiling.

Fuel, 160, 502–512.
Chandra, R., Sravan, J. S., Hemalatha, M., Butti, S. K., & Venkata Mohan, S. (2017). Photosyn-

thetic synergism for sustained power production with microalgae and photobacteria in a

biophotovoltaic cell. Energy and Fuels, 31, 7635–7644. https://doi.org/10.1021/acs.

energyfuels.7b00486.

Chandra, R., & Venkata Mohan, S. (2011). Microalgal community and their growth conditions

influence biohydrogen production during integration of dark-fermentation and photo-

fermentation processes. International Journal of Hydrogen Energy, 36, 12211–12219.
Chandra, R., & Venkata Mohan, S. (2014). Enhanced bio-hydrogenesis by co-culturing photosyn-

thetic bacteria with acidogenic process: Augmented dark-photo fermentative hybrid system to

regulate volatile fatty acid inhibition. International Journal of Hydrogen Energy, 39,
7604–7615.

Chandra, R., Venkata Subhash, G., & Venkata Mohan, S. (2012). Mixotrophic operation of photo-

bioelectrocatalytic fuel cell under anoxygenic microenvironment enhances the light dependent

bioelectrogenic activity. Bioresource Technology, 109, 46–56.
Di Lorenzo, M., Thomson, A. R., Schneider, K., Cameron, P. J., & Ieropoulos, I. (2014). A small-

scale air-cathode microbial fuel cell for on-line monitoring of water quality. Biosensors &
Bioelectronics, 62, 182–188.

El Mekawy, A., Hegab, H. M., Vanbroekhoven, K., & Pant, D. (2014). Techno-productive

potential of photosynthetic microbial fuel cells through different configurations. Renewable
and Sustainable Energy Reviews, 39, 617–627.

Georgianna, D. R., & Mayfield, S. P. (2012). Exploiting diversity and synthetic biology for the

production of algal biofuels. Nature, 488, 329–335.
Hamelers, H. V. M., Ter Heijne, A., Sleutels, T. H. J. A, Jeremiasse, A. W., Strik, D. P. B. T. B., &

Buisman, C. J. N. (2010). New applications and performance of bioelectrochemical systems.

Applied Microbiology and Biotechnology, 85, 1673–1685.
Han, K., Yueh, P.-L., Qin, L.-J., Hsueh, C.-C., & Chen, B.-Y. (2015). Deciphering synergistic

characteristics of microbial fuel cell-assisted dye decolorization. Bioresource Technology, 196,
746–751.

Helder, M., Strik, D. P. B. T. B., Hamelers, H. V. M., Kuhn, A. J., Blok, C., & Buisman, C. J. N.

(2010). Concurrent bio-electricity and biomass production in three plant-microbial fuel cells

using Spartina anglica, Arundinella anomala and Arundo donax. Bioresource Technology, 101,
3541–3547.

Helder, M., Strik, D. P. B. T. B., Hamelers, H. V. M., Kuijken, R. C. P., & Buisman, C. J. N.

(2012). New plant-growth medium for increased power output of the plant-microbial fuel cell.

Bioresource Technology, 104, 417–423.
Helder, M., Strik, D. P. B. T. B., Timmers, R. A., Raes, S. M. T., Hamelers, H. V. M., &

Buisman, C. J. N. (2013). Resilience of roof-top plant-microbial fuel cells during Dutch winter.

Biomass and Bioenergy, 51, 1–7.

19 Biophotovoltaics: Conversion of Light Energy to Bioelectricity Through. . . 385

https://doi.org/10.1021/acs.energyfuels.7b00486
https://doi.org/10.1021/acs.energyfuels.7b00486


Hubenova, Y., & Mitov, M. (2012). Conversion of solar energy into electricity by using duckweed

in direct photosynthetic plant fuel cell. Bioelectrochemistry, 87, 185–191.
Ihssen, J., Braun, A., Faccio, G., Gajda-Schrantz, K., & Thony-Meyer, L. (2014). Light harvesting

proteins for solar fuel generation in bioengineered photoelectrochemical cells. Current Protein
& Peptide Science, 15, 374–384.

Kathiravan, A., & Renganathan, R. (2009). Photosensitization of colloidal TiO2 nanoparticles with

phycocyanin pigment. Journal of Colloid and Interface Science, 335, 196–202.
Kim, B. H., Chang, I. S., Cheol Gil, G., Park, H. S., & Kim, H. J. (2007). Challenges in microbial

fuel cell development and operation. Applied Microbiology and Biotechnology, 76, 485–494.
Lovley, D. R. (2006). Bug juice: Harvesting electricity with microorganisms. Nature Reviews.

Microbiology, 4, 497–508.
Luo, Y., Zhang, R., Liu, G., Li, J., Qin, B., Li, M., Chen, S. (2011) Simultaneous degradation of

refractory contaminants in both the anode and cathode chambers of the microbial fuel cell.

Bioresour. Technol. 102, 3827–32.

Marsili, E., Baron, D. B., Shikhare, I. D., Coursolle, D., Gralnick, J. A., & Bond, D. R. (2008).

Shewanella secretes flavins that mediate extracellular e- transfer. Proceedings of the National
Academy of Sciences of the United States of America, 105, 3968–3973.

McCormick, A. J., Bombelli, P., Bradley, R. W., Thorne, R., Wenzel, T., & Howe, C. J. (2015).

Biophotovoltaics: Oxygenic photosynthetic organisms in the world of bioelectrochemical

systems. Energy & Environmental Science, 8, 1092–1109.
Mohan, S. V., & Chandrasekhar, K. (2011). Self-induced bio-potential and graphite e-accepting

conditions enhances petroleum sludge degradation in bio-electrochemical system with simul-

taneous power generation. Bioresource Technology, 102, 9532–9541.
Pandit, A. V., & Mahadevan, R. (2011). In silico characterization of microbial electrosynthesis for

metabolic engineering of biochemicals. Microbial Cell Factories, 10, 76.
Raschitor, A., Soreanu, G., Fernandez-Marchante, C. M., Lobato, J., Ca~nizares, P., Cretescu, I., &

Rodrigo, M. A. (2015). Bioelectro-Claus processes using MFC technology: Influence of co-

substrate. Bioresource Technology, 189, 94–98.
Rosenbaum, M., He, Z., & Angenent, L. T. (2010). Light energy to bioelectricity: Photosynthetic

microbial fuel cells. Current Opinion in Biotechnology, 21, 259–264.
Schr€oder, U., Nießen, J., & Scholz, F. (2003). A generation of microbial fuel cells with current

outputs boosted by more than one order of magnitude. Angewandte Chemie, International
Edition, 42, 2880–2883.

Strik, D. P. B. T. B., Timmers, R. A., Helder, M., Steinbusch, K. J. J., Hamelers, H. V. M., &

Buisman, C. J. N. (2011). Microbial solar cells: Applying photosynthetic and electrochemi-

cally active organisms. Trends in Biotechnology, 29, 41–49.
Suemori, Y., Nagata, M., Nakamura, Y., Nakagawa, K., Okuda, A., Inagaki, J., Shinohara, K.,

Ogawa, M., Iida, K., Dewa, T., Yamashita, K., Gardiner, A., Cogdell, R. J., & Nango, M.

(2006). Self-assembled monolayer of light-harvesting core complexes of photosynthetic bac-

teria on an amino-terminated ITO electrode. Photosynthesis Research, 90, 17–21.
Timmers, R. A., Strik, D. P. B. T. B., Hamelers, H. V. M., & Buisman, C. J. N. (2012).

Characterization of the internal resistance of a plant microbial fuel cell. Electrochimica Acta,
72, 165–171.

Tran, D. N., & Balkus, K. J. (2011). Perspective of recent progress in immobilization of Enzymes.
ACS Catalysis, 1, 956–968.

Venkata Mohan, S., Mohanakrishna, G., & Sarma, P. N. (2008a). Effect of anodic metabolic

function on bioelectricity generation and substrate degradation in single chambered microbial

fuel cell. Environmental Science & Technology, 42, 8088–8094.
Venkata Mohan, S., Mohanakrishna, G., Reddy, B. P., Saravanan, R., & Sarma, P. N. (2008b).

Bioelectricity generation from chemical wastewater treatment in mediatorless (anode) micro-

bial fuel cell (MFC) using selectively enriched hydrogen producing mixed culture under

acidophilic microenvironment. Biochemical Engineering Journal, 39, 121–130.

386 R. Chandra et al.



Venkata Mohan, S., Mohanakrishna, G., Chiranjeevi, P., Peri, D., & Sarma, P. N. (2010).

Ecologically engineered system (EES) designed to integrate floating, emergent and submerged

macrophytes for the treatment of domestic sewage and acid rich fermented distillery waste-

water: Evaluation of long term performance. Bioresource Technology, 101, 3363–3370.
Venkata Mohan, S., Mohanakrishna, G., & Chiranjeevi, P. (2011). Sustainable power generation

from floating macrophytes based ecological microenvironment through embedded fuel cells

along with simultaneous wastewater treatment. Bioresource Technology, 102, 7036–7042.
Venkata Mohan, S., Srikanth, S., Chiranjeevi, P., Arora, S., & Chandra, R. (2014). Algal

biocathode for in situ terminal e-acceptor (TEA) production: Synergetic association of

bacteria-microalgae metabolism for the functioning of biofuel cell. Bioresource Technology,
166, 566–574.

Venkata Subhash, G., Chandra, R., & Venkata Mohan, S. (2013). Microalgae mediated

bio-electrocatalytic fuel cell facilitates bioelectricity generation through oxygenic

photomixotrophic mechanism. Bioresource Technology, 136, 644–653.
Wetser, K., Sudirjo, E., Buisman, C. J. N., & Strik, D. P. B. T. B. (2015). Electricity generation by

a plant microbial fuel cell with an integrated oxygen reducing biocathode. Applied Energy,
137, 151–157.

Wu, S., Li, H., Zhou, X., Liang, P., Zhang, X., Jiang, Y., & Huang, X. (2016). A novel pilot-scale

stacked microbial fuel cell for efficient electricity generation and wastewater treatment.Water
Research, 98, 396–403.

Xiao, L., & He, Z. (2014). Applications and perspectives of phototrophic microorganisms

for electricity generation from organic compounds in microbial fuel cells. Renewable and
Sustainable Energy Reviews, 37, 550–559.

Zhang, Q., Saito, T., Cheng, S., Hickner, M. A., & Logan, B. E. (2010). Microbial fuel cell

cathodes with poly(dimethylsiloxane) diffusion layers constructed around stainless steel mesh

current collectors. Environmental Science & Technology, 44, 1490–1495.
Zhang, Q., Hu, J., & Lee, D.-J. (2016). Microbial fuel cells as pollutant treatment units: Research

updates. Bioresource Technology, 217, 121–128. https://doi.org/10.1016/j.biortech.2016.02.
006.

Zhang, Q., Ma, J., Qiu, G., Li, L., Geng, S., Hasi, E., Li, C., & Wang, G. (2012). Bioresource

technology potential energy production from algae on marginal land in China. Original
Research Article, 109, 252–260.

Zhuang, K., Vemuri, G. N., & Mahadevan, R. (2011). Respiro-fermentation. Molecular Systems
Biology, 7, 1–9.

19 Biophotovoltaics: Conversion of Light Energy to Bioelectricity Through. . . 387

https://doi.org/10.1016/j.biortech.2016.02.006
https://doi.org/10.1016/j.biortech.2016.02.006


Chapter 20

Application of Microbial Fuel Cell
as a Biosensor

Ramya Veerubhotla and Debabrata Das

20.1 Introduction

Microbial fuel cells (MFCs) are being studied as a biosensor for a wide gamut of

applications. Currently, since the power generated by an MFC is too low to power

any practical devices, it is pertinent to use MFC as a sensor for the accurate and

simple measurement of various analytes. The present chapter deals with the various

upcoming applications of the MFC technology in the field of sensing with an

emphasis on Biochemical Oxygen Demand (BOD) bio-sensing. The application

of MFCs as BOD biosensor is one of the most widely studied fields followed by the

volatile fatty acid sensing and toxicity sensing. Figure 20.1 depicts various novel

applications of MFC as biosensor from the literature.

20.2 Microbial Biosensors

Biosensors are devices which combine a bio-receptor, usually an enzyme, microbe

or a biologically active molecule that responds to an analyte or change in its

concentration and a transducer that converts the response into a measurable output

(D’Souza 2001; Su et al. 2011). Occasionally, an amplifier is also employed which

multiplies the signal for implicit applications. The transducer is usually chosen

depending upon the analyte as well as the biological sensing element. It is desirable

to have biosensors that are portable, reproducible and those which provide rapid

and accurate results of the parameters to be measured (Lim et al. 2015). Depending
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on the type of the transducer, microbial biosensors are classified as depicted in

Fig. 20.2.

Microbial biosensors in general pose various advantages as microorganisms are

easy to grow and maintain, can work independently, and are easy to adapt and

regenerate. Unlike use of the enzyme-based biosensors which require stringent

micro-environment to sustain the activity, microbial biosensors can work with the

help of a wide variety of substrates and environments depending on the culture

conditions. Since purification steps are absent in these sensors, use of microbes is

quite inexpensive as compared to enzymatic biosensors. The same microbes can be

utilized to monitor various analytes depending on the transducer used. Microbes also

offer unique advantages in diverse immobilization methods possible to entrap them

while retaining the activity. Further, genetic engineering techniques offer new avenues

and applications in the field ofmicrobial biosensors. Among the different transduction

methods (Fig. 20.2), electrochemical method of transduction is the most convenient

method for the detection of analytes. The output signal is easy to read and process as it

does not require sophisticated equipment unlike fluorescence or bioluminescence.

MFCs use various techniques of electrochemistry such as amperometry, voltammetry,

cyclic or conductometry for the quantification of the BOD.

20.3 Principle of MFC as a Biosensor

An MFC consists of anaerobic anode chamber where electroactive microbes act as

biocatalysts utilizing the nutrients added. The electrons generated by the metabo-

lism of the nutrients present in the medium is proportional to the concentration of

Fig. 20.2 Classification of the transducers of various microbial biosensors
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the nutrient solution in the anode chamber. These electrons travel through the

external circuit to the cathode where the oxygen reduction takes place. Both

anode and the cathode chambers are separated by a proton exchange membrane

that selectively allows the movement of protons to oxygen reduction. The change in

the analyte concentration can be precisely determined by the bioreceptors

(electroactive bacteria) which is usually immobilized on the transducer (anode)

itself. Typically the electrons generated by the metabolism in the anode chamber

are measured which acts as the signal for sensing as represented in Fig. 20.3.

The MFC system can be utilized for the principle of biosensing in two possible

ways:

1. The concentration of the organic component (analyte) or a specific growth

molecule is proportional to the electrons generated by the system which can be

measured by the electron flow (current, voltage, coloumbic efficiency). Exam-

ples of such sensors include BOD biosensors, single analyte sensors for the

detection of glucose, vitamins etc., volatile fatty acid monitoring sensors etc.

2. In other cases, the MFC-based system can also be utilized to monitor the toxic

contaminants or pollutants where the concentration or titre of the pollutant added

hampers the activity of immobilized electroactive bacteria (Abrevaya et al.

2015). In such cases, the concentration of the toxic compound is inversely

proportional to the electrons generated by the bacteria and hence the signal.

Typical examples of such toxicity sensors include detection and quantification of

formaldehyde, heavy metals etc.

In MFC-based biosensors, the electrons generated by the bacteria can be

diverted to anode via two well known mechanisms: (1) Mediator-driven and

(2) Mediator-less as demonstrated in Fig. 20.3 (Abrevaya et al. 2015). In

mediator-driven systems, a soluble mediator either added externally or produced

by microbe itself can shuttle the electrons between the cells and electrodes. Various

mediators are known to enhance the electron transfer which are described in the

previous chapters. Such systems can operate even with non-electroactive bacteria

Change in analyte concentration
(Organic content, pH, toxic compound, conductivity)

Bioreceptors

Transducer (anode)

Electrical Signal (output)

Electroactive biofilm Suspended cell with mediator

Medred

Medoxd

Fig. 20.3 Principle of MFC

as a sensor
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and the concentration and diffusion of the mediator greatly affects the output signal.

On the other hand, mediatorless systems have bacteria immobilized to the elec-

trode. Electrons generated at the anode can result in the generation of the signal

either by the outer membrane complex or with the help of bacterial nanowires. In

most cases, a biofilm formation is induced on the surface of the anode with time.

Such a mechanism does not involve any external addition of the mediator and is

hence more suitable for practical applications.

20.4 Advantages of MFC as a Sensor

Use of an MFC as biosensor eliminates the need for a separate transducer by acting

as a biofilm anode. Besides, the microbial population expands itself by the repro-

duction of the microbes in the provided volumes inducing a self-regeneration

capability. Thus, an MFC can possess self-start property and work as a stand-

alone biosensor. Depending upon the volume of the anode chamber and the bacteria

used, the range of current output from the cells is in the range of mA-μA. Thus, the
output signal from the MFC (usually in the form of current or voltage) is simple to

read and interpret. Further, the fabrication of the devices does not need expensive

probes, construction methods and stringent maintenance. The aforementioned

unique properties of MFC make it one of the ideal platforms for the sensing as

well as quantification of various analytes. The key to accurate sensing with high

reproducibility is a stable/consistent biofilm with a defined microbial population at

the anode which is resistant to environmental fluctuations. Environmental param-

eters such as pH, temperature, conductivity, electron acceptors, toxicants, compo-

sition of wastewater added will greatly influence the measurement (Abrevaya et al.

2015). Further, inherent system parameters such as ion transport across the mem-

branes used, effective cathode reduction reaction, and electron transport rate,

configuration of the device, volume of the device and mode of operation will define

the net output signal and its stability with time.

20.5 BOD and Its Importance

BOD is the amount of dissolved oxygen needed by aerobic biological organisms to

break down organic material present in a given wastewater sample at certain

temperature over a specific time period. Measuring the BOD of water bodies is of

immense environmental significance. BOD quantifies how the biodegradable

organic content of a water body can affect the oxygen concentration in it. The

pollution load of effluents from industries is reflected by means of BOD and is

critical as an agreeable amount of dissolved oxygen is necessary for a healthy

aquatic life. Hence, there are strict limits as to what level of BOD containing

wastewater should be discharged in to the nearby water bodies depending on the
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Pollution Control Board of different countries. Furthermore, the wastewater/efflu-

ent treatment method adopted and various engineering aspects of wastewater

treatment involve an accurate measurement of BOD. Thus, a rapid quantification

of BOD is essential for the assessment of water quality (Jouanneau et al. 2014).

20.6 Methods of Assessing BOD

The standard BOD test takes a period of 5 days and it involves the incubation of

sludge in specific BOD bottles in dark for a time period of 5 days. Microbes in the

wastewater use the dissolved oxygen to oxidize the organic content for deriving

energy for metabolism. The dissolved oxygen is measured before and after the

stipulated time using a Clark electrode (Jouanneau et al. 2014). Although both COD

and BODmeasure the organic content of a sample, BOD exclusively measures only

the biodegradable content. A standard testing of BOD is essential for any organic

body before the disposal of wastewater. However, certain problems associated with

the standard method such as need to maintain the probes, variability of the inocu-

lum and a narrow range of detection has encouraged researchers to innovate new

methods for a quick estimation of the BOD. The standard method is not a feasible

option for the on-site BOD monitoring as it requires a lot of working space and

bulky apparatus such as incubators. Since various environmental applications are

dependant on the BOD values, it is crucial to have a portable, rapid and inexpensive

method for the quantification with minimum deviation from the BOD5 value. BOD

biosensors based on bioluminescence, photometric, manometric methods, modified

standard methods and bioreactor-based sensors are already demonstrated in this

regard. The following section of this chapter will discuss in detail the merits and

demerits of using MFC as an alternate sensor for BOD providing valuable insights

on the challenges and the scope of improvement.

20.7 Application of MFC as a BOD Sensor

The key advantage of using an MFC for BOD monitoring is that the time consumed

to give a preliminary estimate of the sample BOD is much less as compared to the

conventional standard method. Since the reactor volume can be customized by the

user, MFC-based sensors enable quick estimation of BOD even from minimal

sample volumes. Typically, the response times of the devices are in the range of

few minutes to hours. Depending upon the mode of operation and the configuration,

it is possible to operate the system with a minimal maintenance. Unlike the standard

method of BOD measurement which deploys the dissolved oxygen monitoring

using probes, MFCs employ anaerobic chambers enabling an indirect current

measurement. The electrons obtained by the degradation or oxidation of the organic

content in an anaerobic environment is proportional to the concentration of the
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organic matter or BOD. The electrochemically active bacteria can metabolize the

organic content present in the anaerobic chambers with or without the use of

mediators and the generated electrons can be diverted to the anode. This unique

ability of the electrochemically active bacteria to divert electrons only takes place

in the absence of any readily available electron acceptors in the environment the

microbes are placed. The very advantage of the use of an MFC is the fact that this

flow of electrons can be detected using a simple amperometer in a precise way

eliminating the need for the use of DO probes. However, both current and charge

output are monitored and corelated with the organic content depending upon the

range of the BOD.

Diverse groups of exoelectrogens can be colonized to the anode depending on

the acclimatization approach. Hence, this method can not only have a broad range

of measurement but also provides a more reliable BOD measurement depending on

the nature, diversity, quantity of microbial population present and the configuration

of the system in use. Further, reports suggest that online monitoring of the BOD is

possible using a continuously operated MFC system with minimum operational

requirements. Such a system is demonstrated by Zhang et al. using a submersible

MFC system. Another added advantage of an MFC system is the reduced time

spans in obtaining the BOD values. Depending on the maturity of the biofilm, the

time requirement for measurement can range from a few minutes to hours

(Table 20.1). While some MFCs use continuous systems with an acclimatized

biofilm, some systems adopt a batch operation where bacterial colonization on

the electrodes need to be induced and further measurement of the organic content is

attempted. These characteristics suggest the application of MFC for both field

applications as well as lab scale rapid analysis of the BOD. The configuration of

the MFC adopted also has a profound role in deciding the response time as well as

the accuracy of the system.

20.7.1 MFC as a BOD Biosensor—State of Art

The concept that an MFC can act as an amperometric biosensor for BOD estimation

is first introduced by Karube et al. (1977). By using an MFC containing whole cells

of Clostridium butylicum on the platinum electrode, they could estimate the BOD

with a relative error of 10%. As the cells metabolized the organic substrates,

hydrogen and formate formed by the cells reacted at the electrodes and resulted

in the electricity generation. The steady state current linearly varied with the input

strength of organic substrate. This led to the measurement of the BOD within

30–40 min which was much less than the time consumed by conventional methods

(Karube et al. 1977). Following this, a continuously operated MFC containing a

mixed consortia (obtained from a sewage plant) is proposed (Kim et al. 2003).

A practical field application is also demonstrated using the set-up for the online

monitoring of the real time samples from a wastewater treatment plant. The results

showed encouraging results with a good stability in the current generation. The
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work also noted the significance of recalibration for long time use of the set-up.

Various attempts by the researchers in this regard along with their respective BOD

ranges is tabulated in Table 20.1.

Further, Moon et al. (2004) adopted a step change strategy for the quantification

of the input fuel stream concentration. They observed that the response time of the

devices are directly proportional to the anode chamber volumes. They achieved a

drastic reduction in the response time (upto 5 min) using a small chamber volume

(5 mL) (Moon et al. 2004). In order to measure the BOD in the lower range, the use

of oligotrophic microbes (which are electroactive) in an MFC is first suggested by

Kang et al. (2003). Their research suggested that use of a smaller membrane and a

highly active cathode can effectively prevent the oxygen diffusion from the cathode

to anode. The leakage of the oxygen is thus minimized into the anode chamber in

order to maximize the coloumbic efficiency which resulted in obtaining a good

reproducibility inspite of using low nutrient concentration. Kumlanghan et al.

(2007) used an MFC-based BOD biosensor by integrating the system with an

anaerobic digester. The consortium for each batch reaction is taken from the reactor

itself. With a response time of 5 min, the system showed good correspondence with

the input feed concentration (Kang et al. 2003). Their study also optimized the

electrolyte concentration as the ion transport plays an important role in the overall

performance (Kumlanghan et al. 2007).

While all the above mentioned preliminary studies used an MFC of double

chambered configuration, Di Lorenzo et al. put forth the use of a single chambered

MFC system in a continuous mode as a BOD biosensor. A strong correlation

between the hydraulic retention time (HRT) and the response time of the MFC is

shown successfully (Di Lorenzo et al. 2009). Another interesting approach for the

in situ monitoring of the BOD content of groundwater is suggested by Zhang and

Angelidaki (2011). A submersible MFC is developed by their team with a system-

atic study of the effect of temperature, pH, conductivity and the input feed concen-

tration on the sensitivity of the system. They suggested that their endeavours can

further open doors to monitor the bioremediation of toxic compounds in a

non-invasive and simple way (Zhang and Angelidaki 2011).

On the other hand, use of mediator-based BOD biosensor in conjunction with

nanoparticle aided pretreatment (TiO2) is demonstrated by Liu et al. Neutral red,

the mediator used in the study, is co-immobilized along with E. coli cells on a

glassy carbon anode. The authors recommended that photocatalysis of the organic

molecules prior to addition into the anodic chamber can substantially cause pro-

nounced signals as compared to the untreated ones (Liu et al. 2012). A novel BOD

sensor which works on the principle similar to that of an electrolysis cell was

proposed by Modin and Wilén (2012) where external input of 0.2 V is supplied to

anode to aid the microbial degradation of the organic compounds. With acetate as

the source of carbon, the system could measure a very high range of BOD, probably

due to the external voltage supplied. The system also avoided the use of an ion

exchange membrane which eliminated the demerits of using membranes such as pH

splitting (Modin and Wilén 2012). Upcoming applications demonstrated an MFC

for measuring the BOD of cow milk unlike others who measure the organic content
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of wastewaters (Commault et al. 2016). Selectively adopted Geobacter dominated

biofilm is utilized in their study by using a new strategy of ethanol acclimatization

(Commault et al. 2016).

One such BOD biosensor which works with the help of electrochemically active

bacteria is already marketed by KORBI Co. Ltd. as BOD analyzer, HABS Series.

20.7.2 Challenges of MFC-Based BOD Biosensors

One of the potential problems using MFCs as biosensors is the significant diffusion

of oxygen from cathode chambers to the anode. Microbes then aerobically respire

instead of utilizing the anode causing a drop in the coloumbic efficiency and thus

interfere with the measurement (Moon et al. 2005). This can lead to improper

results as it becomes difficult to accurately estimate the BOD due to interference

from the oxygen, especially when the BOD of low nutrient concentration is being

measured. Hence, sparging the influent organic fuel to remove the inherent oxygen

content while minimizing the oxygen leakage into anode chamber can improve the

coloumbic yield. An endeavour in this direction is attempted by Ayyaru and

Dharmalingam (2014) where the use of a sulphonated poly ether ketone membrane

to improve the response is suggested. Besides, the use of membrane can itself result

in problems such as pH splitting, substrate transfer across the membrane etc.

(Christgen et al. 2015). Hence there is a need for the development of membraneless

systems or highly efficient membrane cathode assembly units to overcome such

effects.

BOD measurement of the real-time wastewater samples using MFCs, however,

still remains highly challenging due to the drastic effect of the indigenous proper-

ties of the wastewater such as pH, conductivity, presence of external mediators,

inhibitors or ready electron acceptors for microbial respiration. This variation in the

internal factors also makes the in situ monitoring of the organic pollutants imprac-

tical. Several studies highlighted the prominence of the pH and conductivity of the

anolyte (wastewater) on the performance of an MFC (Zhang and Angelidaki 2011;

Kim et al. 2009). Possible approaches to reduce the dependancy of pH on the

bioelectric output are the use of membraneless design and to provide an appropriate

buffering in the system.

Detecting the presence of inherent electron acceptors in the wastewater samples

and quantifying them is tedious and impractical. Furthermore, presence of toxic

inhibitors in the wastewaters can alter biofilm structure, microbial community

leading to decrease the bacterial viability. Researchers attempted to solve this by

the addition of certain inhibitors such as azide and cyanide (Chang et al. 2005).

Although such an addition in minute quantities is claimed to not affect the perfor-

mance of the system in the absence of nitrate or other electron acceptors. It is,

however, not encouraged as it can affect the bacterial community of the anodic

biofilm. Viability of the biofilm and its sensitivity towards environmental param-

eters is to be thus considered for stability of the biofilm as well as the overall
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performance of the sensor. Further, efforts are needed to maintain a uniform

electrochemical environment in the cells to eliminate batch to batch variation and

ensure accurate measurement. Significant progress is needed in the pretreatment

methods to bring down the BOD level to the desirable range and to eliminate

unwanted compounds. This can further make the MFC-based BOD biosensors

superior as compared to the standard BOD measurement methods in terms of

accuracy.

20.8 Upcoming Applications of MFC in the Field of Sensing

In the recent years, there is a growing interest in the novel applications of MFCs as

sensors for various applications as depicted in Fig. 20.4.

20.8.1 Screening of Electroactive Microbes

Since electroactive microbes form the basis of various bioelectrochemical systems

such as MFCs, electrolysis cells, microbial desalination cells, microbial carbon

capture cells, microbial electrosynthesis cells etc., finding appropriate microbes

BOD sensor

BOD sensor
Microbial activity and BOD
sensor for groundwater Volatile fatty acid sensor

Amperometric BOD sensor

Toxicity sensor (acidic toxicity)

Toxicity sensor (formaldehyde)

Toxicity sensor (Ni metal)

BOD sensor

Prior to
2005

2005-
2009

2011-
2012

2013-
2014

2015-
till date

Screening of electroactive
microbes

Moon et al. 2005
Kim et al. (2006)
Kumlanghan et al. 2007
DiLorenzo etal. (2009)

Karubeetal. (1977)
Kang et al. (2003)
Moon et al. 2004

Zhang and Angelidaki (2011) Jin et al. 2016

Commault et al. 2016

Shen et al 2012

Davila et al. 2011

Modin and Wilen, (2012)

Stein et al (2012)

Mukherjee et al. (2013)
Luimstra et al. (2013)
Wang et al. (2013)

Fig. 20.4 Timeline of the various research works in the field of application of MFC as a sensor
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suitable for the system becomes most crucial for the improvement of MFCs.

Portable microfluidic platforms are reported for providing a quick assessment of

the electrogenic potential of such microbes (Mukherjee et al. 2013). Such platforms

are successful in preliminary screening of bioelectric potential of multiple strains

simultaneously with tiny sample volumes (Hou et al. 2011). Such techniques are

particularly useful for the evaluation of the performance of genetically modified

strains. Choi et al. (2015) deviced a paper based disposable and inexpensive 48-well

MFC array on a paper platform for practical real world applications.

20.8.2 Toxicity Sensing

MFCs are being applied as potential toxicity sensing elements owing to the change in

the bioelectric output in the presence of a toxic compound. Since conventional

methods of estimating the toxic elements in the soil, water and sediments are usually

time-consuming, and require a lot of equipment, skilled personnel to interpret the

results, it is beneficial to useMFC, because the biofilmof the system is highly sensitive

to certain toxic compounds. Arsenic biosensor by genetically modified Shewanella
sp. (Webster et al. 2014); nickel detection by Stein et al. (2012); online biomonitoring

of Pb, Hg and PCBs usingMFCs (Kim et al. 2007); andmicrofabricated formaldehyde

biosensor (Dávila et al. 2011) are some of the works in the field of toxicity biosensing

byMFCs. However, the research is still in a native state and there is a need to precisely

detect the pollutants and obtain reproducible results.

20.8.3 VFA Sensing

Instead of measuring the overall BOD or the strength of wastewater, MFCs are now

emerging as the biosensors for the volatile fatty acid (VFA) monitoring of the

anaerobic digestion process. MFCs have been shown to have a precise correlation

with the concentrations of single analyte species and can thus form promising VFA

biosensors. This can avoid use of instruments like gas chromatography, tedious

sample preparation methods to detect the analytes and enable an accurate and facile

detection of the VFAs. Notable attempts in this regard are made by several

researchers (Kaur et al. 2013; Jin et al. 2016).

20.9 Conclusion and Future Perspectives

MFC have the potential of being developed into promising biosensor devices that

can be marketed for practical applications. To exploit the inherent unique advan-

tages of the system, an interdisciplinary approach with collective efforts from
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researchers of various fields is needed. Improvement of the sensitivity and repro-

ducibility of the system enhances the practical applicability of the MFC-based

biosensors. Miniaturization and multiplexing can also provide rapid and prelimi-

nary estimation of various useful analytes in a simple manner.
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Chapter 21

Microbial Fuel Cell as Alternate Power

Tool: Potential and Challenges

Sheela Berchmans

21.1 Introduction

The anxiety of mankind regarding the fast depletion of reserves of oil and natural

gas has kindled the invention of viable alternate energy resources. Further the

consequence of our heavy dependency on fossil fuels is reflected in the emission

of greenhouse gases leading to global warming and ozone layer depletion which is

adversely affecting our environment. In order to address these concerns, efforts are

being made globally to develop alternate renewable energy technologies which are

preferably green. Scientists have learnt, over the centuries, the technologies of

energy conversion from one form to another. For example, harvesting of electrical

energy is possible from different forms of energies such as tidal, wind, solar, hydro,

thermal, chemical and mechanical. Conversion of chemical energy to electrical

energy is known from the days of Volta (eighteenth century), the inventor of voltaic

pile and who was the contemporary of Luigi Galvani who first observed animal

electricity. The existence of electric field in living organisms can be explicitly seen

in electric eel and in the electrical activity of human organs like heart (electrocar-

diography), brain (electroencephalogram), muscle (electromyogram), eye

(electroocular) and in the transmission of signals in nerve cells and these phenom-

ena indicate the scope of converting chemical energy available in biological

systems to electrical energy.

The chemical energy available in abundant biomass surrounding us can be

harnessed in presence of biological catalysts like enzymes (enzymatic fuel cells)

and microorganisms (microbial fuel cells, MFCs). Ever since the discovery of

Potter (1910) regarding the effect of microorganisms in the decomposition of
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organic matter, researchers are focussing on the ability of the biological systems to

produce electrical energy. In 1911, Potter observed that a maximum voltage of

0.3–0.5 V could be generated in the presence of Sacchromyces cerevisae with Pt as
electrode and glucose as substrate (Potter 1911). This was followed by the work of

Cohen who tried to produce bacterial batteries (Cohen 1931). The interest on MFCs

further augmented with the advent of manned space travel where the scope of

MFCs was extended for the conversion of biowaste to energy in spacecrafts in

1960s (Sell 2001). The realisation that power production is possible in the absence

of chemical mediators spurred further interest in the development of MFCs during

last two decades during which the maximum power output derived from MFCs

increased by many folds (Kim et al. 1999; Park and Zeikus 2003; Xing et al. 2008).

Now for nearly over a century, research on MFCs is continuously being pursued as

MFCs provide a great scope for the production of electrical energy directly by the

oxidation of organic matter (Rabaey and Rozendal 2010; Pant et al. 2012; Arends

and Verstraete 2012).

MFCs make use of microorganisms as catalysts to drive the anodic and/or

cathodic reaction to produce electricity. The chemical energy available in biode-

gradable substances can be converted into electricity by exoelectrogenic microor-

ganisms. At the anode compartment electrons and protons are generated by the

oxidation of organics by certain bacteria. The electrons reach the cathode compart-

ment through the external circuit where it reduces the electron acceptor present and

at the same time protons generated at the anode are transferred to the cathode

through a membrane separator or through the electrolyte in a membrane less cell.

The anodic reactions which are based on microbial oxidation are alike in all type of

MFC applications. However, different cathodic reactions can be employed in MFCs

to produce electrical energy if the overall reaction is thermodynamically

favourable. For practical applications, oxygen is generally considered as the most

favourable electron acceptor because of its unlimited availability and its positive

redox potential. Feasibility of using other electron acceptors with high redox

potential such as nitrate, sulphate and any other contaminants in the environment

with high redox potential, which are electrochemically or biologically reducible in

the cathode chamber, can also be considered. To further increase the cell voltage,

permanganate, dichromate, peroxide and ferricyanide are being used in MFCs

because of their high redox potential (Yang et al. 2011). Microorganisms that can

reoxidise reduced metal oxides and Fe2+ species like Acidithiobacillus ferrooxidans
and Thiobacillus ferrooxidans can also be employed as cathodic biocatalysts

(Inglesby et al. 2012; Kumar et al. 2015; Prasad et al. 2006).

During the initial period, the focus of the microbial fuel cell research was

centred on wastewater treatment, but over a period of one hundred years, the field

of MFCs has grown into a much more diverse field of research called

bioelectrochemical systems (BES) due to the advent of several related technologies

such as microbial electrolysis, microbial desalination, microbial electrosynthesis,

photomicrobial cells and so on (Fig. 21.1). Bioelectrochemical systems (BES) are

nothing but electrochemical cells that use microorganisms as catalyst at one or

both the electrodes where electrons produced at the anode by the microbial
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oxidation of organics are transferred to the cathode for a reduction reaction. BESs

are believed to be a promising technology for sustainable production of energy or

chemicals. There are two types of BESs viz. electron producing MFCs and electron

consuming microbial electrolysis cells (MECs). However, according to the termi-

nology of Schroder et al. (2015), BES comprises systems which derive from all

subfields of bioelectrochemistry, including enzyme, microbial, protein, DNA or

neuroelectrochemistry.

Extra energy is required by MECs to drive the overall reaction to obtain

products. During the last decade many applications have been demonstrated with

BESs. In one type of application, it has been shown that a wide variety of substrates

like acetate, cellulose, starch, domestic wastewater, paper recycling wastewater,

food wastes, landfill leachate, complex industrial wastes, sewage sludge, and

animal and plant wastes can be treated at the anode compartment of BESs.

Another type of application is related to the cathodic reactions in the BESs where

products like H2, H2O2, ethanol, formate and metals can be formed by applying an

additional voltage over and above MFC voltage. The additional energy required for

the cathodic reaction is determined by the thermodynamics of the reactions. The

process can become viable only under higher production rate and efficiency.

Fig. 21.1 Microbial fuel cell and its analogues
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The voltage and the coulombic efficiencies of the anodic and the cathodic reactions

determine the energy efficiency while the internal resistance determines the current

efficiency. The BES technology can become feasible only when the paybacks

(value of products and efficiency of treatment of wastewater) are higher than the

cost (capital and operation costs). Though many reviews on the capability of MFCs

for the biodegradation of wide variety of substrates are available, the potential of

MFCs as a power source is not well documented. This chapter would cover the

efforts made to power devices using MFCs and the power management systems

available and the different means to tap the maximum power from MFCs.

21.2 MFCs as Alternative Power Sources

21.2.1 MFCs Powering Remote Sensors

Continuous monitoring of our environment has become essential to observe the

adverse effects of pollution such as climate change and global warming. Hence

sensors are being deployed in various locations for habitat monitoring, weather

monitoring, agricultural applications, fisheries research etc. In most of the situa-

tions, it is often necessary to deploy sensors in remote locations. The main difficulty

in the deployment of sensors in remote locations lies in providing uninterrupted

power for the sensors over a long period. The power requirement becomes signif-

icant with the increase in the number of sensors. The reliability, life and the

frequency of operation of the sensor depend upon the type of power source

employed. It is preferred to make use of renewable power sources which do not

require human intervention. While many types of power sources are available, the

power requirements of the sensors especially in marine environments are met by

batteries which are relatively cheap. However, the need for proper pressure hous-

ings and the finite lifetime of batteries which is around three years add further cost.

In the case of sensors installed in deep seas, additional expenses are incurred in

transportation during replacement of batteries. Further batteries are believed as

environmentally hazardous. Therefore, there is a need for finding alternate power

sources for remote sensors. As MFCs can operate for a long time using local

resources, they would be a good alternative source of power. Sediment microbial

fuel cells (SMFCs), also referred to as benthic MFCs, have shown great promise as

a novel energy harvesting technology that can provide consistent maintenance-free

power over a long period of time, that can cover the lifetime of sensor and

communication hardware. Sediment microbial fuel cells are installed in lakes,

rivers and oceans where the sediments found at the bottom of lakes, rivers or oceans

provide a source of renewable fuel for SMFCs (Fig. 21.2).

SMFCs are made up of two electrodes which are inert and conductive such as

graphite, stainless steel, or carbon cloth. The anode is embedded under the sediment

and the cathode is positioned in the overlying water. The organics or hydrogen
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sulphide based compounds present in the sediment are oxidised by microorganisms

present in the sediment (Aller 1983; Reimers et al. 2006; Ateya and Al-Kharafi

2002) producing protons and electrons according to the following reactions:

OraganicCþ H2O!CO2 þ Hþ þ e� ð21:1Þ
HS�!Sþ Hþ þ e� ð21:2Þ

The electrons formed in the anodic reactions reach the cathode through the

external circuit. Oxygen is reduced to form water or hydroxyl ions at the cathode

according to the following reactions (Logan and Regan 2006; Logan et al. 2006;

Wilcock and Kauffman 1997; Meehan et al. 2011)

O2 þ 4Hþ þ 4e�!2H2O ð21:3Þ
O2 þ 2Hþ þ 2 e�!2OH� ð21:4Þ

In one type of SMFC demonstrated for powering wireless sensors, it has been

reported that manganese oxide obtained by microbial activity can be reduced on the

cathode. (Rhoads et al. 2005). However, microorganisms cannot produce sufficient

manganese oxide relentlessly when larger current densities are desirable. Manga-

nese dioxide is exhausted at the cathode owing to continuous discharging at the

cathode, after which oxygen reduction controls the cathodic reaction. Recent

studies have shown clearly that SMFCs can be practically deployed for powering

Fig. 21.2 Schematic diagram of a typical sediment microbial cell
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underwater (Donovan et al. 2013) ground (Donovan et al. 2008) and floating sensors

(Donovan et al. 2011; Tender et al. 2008; Nielsen et al. 2007). SMFCs that can deliver

power in the range of 3.4–36 mW can be used for powering sensors. It has been

demonstrated by Tender et al. that two SMFCs generating a power of 24 mW and

36 mW could supply power for a weather buoy implanted with temperature and

humidity sensors (Tender et al. 2008) which were positioned in the Potomac River, at

Washington, DC and Tukerton, NJ, USA. Similarly Donovan et al. employed SMFCs

delivering power between 11 mW and 2500 mW to operate wireless temperature

sensors in a creek at Palouse, WA, USA (Donovan et al. 2008, 2011).

The salient benefits of using SMFCs are that they are sustainable as fuel is

continuously being replenished by natural sedimentation processes and their life-

time is not restricted by the electrodes present. The other power sources for

underwater sensors, such as seawater batteries (Mijarez et al. 2007) have a limited

lifetime. Similarly, the use of hydroelectric power sources is limited by the avail-

ability of water flow, which depends upon the location and season. The drawbacks

of SMFCs are ascribed to nonlinear scaling, low power generation, and low voltage

outputs (Dewan et al. 2008). The power output of a SMFC is not proportional to the

size of the electrodes which makes the scaling up a costly matter. This has

stimulated the development of new energy harvesting technologies to overcome

the problem of low power generation and to avoid scaling up issues. A SMFC

continuously generating an average power of 3.4 mW is made to deliver high power

in short burst by an energy harvesting scheme and is demonstrated to power a

sensor consuming 2.5 W (Donovan et al. 2011).

Besides SMFC, a wearable MFC operated by foot pumped urine has been used to

power a wireless transmitter, making it self-reliant and it can send a message every

2 mins to the PC controlled receiver station. The bio-inspiration of the fish circu-

latory system has enabled Taghavi et al. to design and choose a suitable material for

the foot pumping system which indirectly utilises energy from human walking to

circulate urine, as the fuel, through the MFCs. The wearable device consisted of

24 individual flexible MFCs located in a pair of socks and the foot pumping part

was made of soft tubing and check valves. The soft tubing placed under the heels

mimics the involuntary heart muscles which produced the frequent fluid push-pull

mechanisms during walking. The 24 MFCs arranged as 12 couples generated an

open circuit voltage of 4 V and the normal gaiting of human corresponding to

90 steps min�1 provides urine circulation with the flow rate of 45 μL min�1 in each

leg for each MFC couple (Taghavi et al. 2014, 2015).

21.2.2 MFCs for Robotics

MFC represents an alternative source of energy that can convert a wide variety of

organic substrates available globally to electricity and hence it can power devices

that need to operate in any type of environment. MFCs would be a good choice to

construct autonomous robots which can produce electrical energy from the plethora
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of the environment and can function without the aid of human intervention

(Fig. 21.3). A single MFC unit can produce absolute power of the order of μW to

mW, with a thermodynamic limit attributed to an OCV of 1.1 V. Hence arrays of

miniaturised MFCs are required to build robots. The miniaturised cells are advan-

tageous in the sense that they offer shorter migration paths to the substrates and for

the exit of proton and electron. Further they occupy less space and mass that can

facilitate building efficient robots (Ieropoulos et al. 2012). A gadget similar to a

robot called as gastrobot (also known as chew train) was first demonstrated by

Wilkinson in 2000. It worked in presence of E. coli fed with table sugar for

metabolism and the resultant rich fluids were utilised through a stack of fuel cells

and the electrical energy produced was used to recharge the onboard batteries that

were powering the various actuators present in the device (Wilkinson 2000).

The first illustration of a robot capable of collecting the required fuel in the form of

organic matter available in the immediate vicinity was produced by Kelly et al. and

called as slugbot as it was designed to collect slug pest frommuddy field which would

form the real organic feed for the MFC (Kelly et al. 2000). This robot just demon-

strated the capability of finding its own fuel from naturally occurring organic sources.

It was in 2003, a robot known as Ecobot-1, that was solely powered by MFC, was

constructed. This robot could perform phototaxis with a stack of eight MFCs in series

and functioned with the help of E. coli (biocatalyst), methylene blue (anode) and

ferricyanide (cathode). The power output of the MFC stack fed with table sugar

was collected by a group of six electrolytic capacitors with a total capacitance of

28.2 mF. The capacitors preset to a desired threshold voltage will require a charging

Fig. 21.3 Futuristic idea of an autonomous robot acting as a scavenger
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period which depends upon the magnitude of current output and this attributes a

discontinuous characteristic to the functioning of robot which would remain idle for

30 s (during charging) and would move towards the light for 3 s. However, ecobot-1

was not tested for its endurance and longevity studies. Ecobot-2, the next version of

ecobot series, could function in a similar intermittent behaviour for 12 d. The robot

consisted of eight MFCs with mixed sludge culture anode and air cathode without

any mediator. This robot could execute, sensing ambient temperature, handling

on-board microcontroller actuation, photo taxis and communication (wireless trans-

mission of temperature). Also ecobot-2 was imparted with the capability of con-

suming rough and complex substrates such as prawn shells, dead flies and rotten

fruits in the 25 mL anode compartments of the MFCs present inside the device. This

robot took 14 mins to charge the onboard capacitor of 28.2 mF to produce energy

for 3 s for its assigned tasks.

Ecobot-3 was additionally bestowed with foraging behaviour and was powered

by 48 small scale MFCs (two tiers of 24 MFCs each on top of the other) and was

made more independent in the sense that it can perform multiple tasks like collec-

tion of food and water from its environment, digestion of the same followed by

distribution of the digest through onboardMFCs through mechatronic units and was

imparted with the ability to get rid of its own waste. Hence ecobot-3 was able to

generate and store sufficient energy to run a total of five motors and four pumps and

for the more complex electronic controller. For a multiple number of continuously

fed units, the assembly should be able to produce enough energy for the peripheral

units and for fuel distribution for the development of a truly self-sustainable system

(Melhuish et al. 2006; Ieropoulos et al. 2012).

21.2.3 Paper-Based MFC Devices

The development of paper or paper-like substrates for batteries and other energy

storage devices are becoming more popular as paper substrates are multifunctional,

versatile, flexible, disposable and are of low cost. Portable, disposable and afford-

able analytical/diagnostic devices that are suitable for single use especially in

remote and resource-poor regions can be fabricated using paper and they can be

used as point of care diagnostic tool without the need for time consuming routine

clinical analysis (Fig. 21.4). Microwatt level power sources are preferred over

conventional batteries to power paper-based diagnostic devices. Paper-based sens-

ing system essentially appended with low power paper microbatteries would make

the sensing system complete. Several type of devices with integrated paper-based

batteries or energy storage devices have been developed for various applications

such as on chip fluorescence assay, for powering biomedical devices, lithium ion

paper battery, super capacitor integrated into photoelectrochemical lab on paper

device and enzymatic paper-based biofuel cell. Enzymatic and microbial biofuel

cells are suitable for implementation on paper-based substrates.
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The first literature report on paper-based MFC (Fraiwan et al. 2013a, b, Fraiwan

and Choi 2013) presented (i) a paper-based proton exchange membrane filled with

sodium polystyrene sulphonate; (ii) micro-fabricated paper chambers made up of

patterned hydrophobic barriers of photoresist; and (iii) reservoirs made up of paper

for holding the anolyte and catholyte for longer period of time. The paper-basedMFCs

produced electricity within a shorter time in comparison with conventional MFCs

which require long start-up times ranging from several days to a week due to the slow

growth and adaptation of bacteria on the anode of MFCs (Qian et al. 2009; Nguyen

et al. 2014). In the case of paper MFC, the hydrophilic paper reservoir quickly absorbs

the anolyte and accelerates the attachment of a number of bacteria cells to the anode. A

stack of paper-basedMFCs can power a red LED for more than 30min without the use

of power management circuits. Such MFCs can be used as affordable, disposable

power source for single use diagnostic devices in resource-limited settings as any kind

of fuel (waste water/any source of organic content) in the immediate vicinity can act as

an excellent source for current generation through microbial activity (Fraiwan and

Choi 2014). However, potassium ferricyanide is used as a catholyte, which is not

suitable for actual application because it is toxic and expensive. Air breathing cathodes

will be preferred due to their low cost, sustainability and lack of waste products. A

Fig. 21.4 Schematic representation of a paper-based MFC
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paper-based, two chambered MFC stack consisting of four cells connected in series,

fabricated by applying Origami technique provided an open circuit voltage of 1.6 V

and a stable output current of 4 μA. Similar stack of paper-based MFCs would be

suitable for powering on chip paper-based biosensors. The bacterial cells flowed

through patterned fluidic pathways within the paper matrix and this work represents

a blend of origami, the paper folding technology and MFC technology providing a

new concept to the fabrication of stacked assembly of paper MFCs (Zhang et al.

2015).

Winfield et al. (2015) have taken pioneering efforts to make use of paper-based

MFC technology to power portable emergency locator transmitters (ELTs). The

paper-based MFC device, besides being light weight, is also robust and fast in terms

of response. Urine is demonstrated as an ideal fuel for MFCs to provide power for

ELTs which can also be an indicator of proof of life. Novel origami tetrahedron

MFCs (TP-MFCs) using photocopier paper have been fabricated to test different

urine-based inoculants. A stack of six abiotic MFCs inoculated with urine could

produce a sufficient voltage to energise a power management system after 3 h

15 min. At this stage, the anodes of TP-MFCs can be removed and stored in

refrigerator after drying in air for seven days. After four weeks, these MFCs

immediately responded to fresh urine and achieved a useful working voltage within

35 mins. Two paper MFCs connected in parallel were able to transmit 85 radio

signals and in a series configuration 238 broadcasts over 24 h. These findings

provide a proof of concept for the suitability of using urine activated paper MFCs

as “proof of life” reporting systems. Besides, such devices are simple, inexpensive,

and lightweight (Winfield et al. 2015).

21.2.4 Pee Power Urinal Field Trials

Field trials, demonstrating the use of MFCs driven by pee power, were conducted

on Frenchay Campus (UWE, Bristol) during February–May 2015 and Glastonbury

Music Festival at Worthy Farm, Pilton in June 2015, for internal lighting. The first

trial made in the university campus demonstrated the feasibility of modular MFCs

for lighting where the MFCs were fed with the urine collected from the toilets with

limited users consisting of the staff and students only. The second trial conducted at

the music festival with a large number of audiences (~1000 users per day) also

revealed the prospective of the MFCs to generate power for internal lighting. The

power output recorded for individual MFCs is 1–2 mW and one stack consisted of

36 cells. The electrical output of the pee power urinals was proportional to the

number of MFCs used and depended on temperature and flow rate. The campus

urinal consisted of 288 MFCs and the Glastonbury urinal consisted of 432 MFCs. It

was observed that the COD removal was >95% for the campus urinal and on

average 30% for the Glastonbury urinal. This pee power urinal field trials

conducted for the first time have demonstrated the feasibility of MFCs for simul-

taneous electricity generation and direct urine treatment. Urine is a good resource
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that meets the fuel requirement of MFC where the sustainable microbial community

on the anode generates power, water and minerals from urine (Ieropoulos et al.

2016). MFCs show a good scope for maintaining sanitation and community health

in public places. Similar urine-fed MFC stacks were also used to charge mobile

phone. These studies also demonstrated that ceramic membranes can replace the

ion exchange membranes generally being employed and urine can be an alternative

organic feedstock to MFC (Ieropoulos et al. 2013).

21.2.5 MFCs Powering Low Power Density Devices

A Barcelona-based company, Arkyne Technologies, use a single plant to charge

mobile phones. The company’s product, a pot called the Bioo Lite, uses the energy

generated by photosynthesis to charge smartphones. Microorganisms in the pot

break up the compounds, liberating electrons that pass through nanowires. The

resulting electricity powers a typical USB port, where one can plug in their phone or

tablet cable (http://www.arkynetechnologies.com).

It has been shown that low power density devices such as digital clocks, display

devices and LEDs can be powered by MFCs (Rengasamy and Berchmans 2012). It

has also been shown in the author’s lab that two chambered MFCs with anodic

biofilms formed by the inoculation of food waste could simultaneously treat

canteen food wastewater and produce current to power low power density devices

(Fig. 21.5).

21.3 Factors Constraining Energy Output of MFCs

The maximum power output of the MFC is limited by the cell voltage which is the

difference between the anodic and cathodic potentials. When acetate serves as

electron donor at the anode and oxygen as electron acceptor at the cathode, the

thermodynamic anode and cathode potentials as calculated by Nernst equation are

�0.3 V (vs NHE) and 0.8 V (Vs NHE) respectively which will result in a theoretical

OCV of 1.1 V. However, many factors such as activation polarisation, concentra-

tion polarisation, ohmic losses, diffusion limitation, membrane resistance and

resistance due to the biofilm contribute towards lowering of the cell voltage and

hence only a maximum voltage of around 0.7–0.8 V is observed in practical

situations. Further the electrode potentials are affected by the nature of electron

donors, electron acceptors and microbial inocula used in the system which nega-

tively affects the energy recovery efficiency and the output voltage. Additional

energy losses arise when the fuel/substrate loses its electrons to side reactions such

as methanogenesis, nitrate and sulphate reductions, H2 scavenging and aerobic

microbial growth. Similar losses are observed at the cathode. When O2 reaction is

employed as the cathodic reduction reaction, the high activation barrier combined
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with the complexity of the reduction reaction involving four electrons and several

possible mechanistic pathways contribute to lowering of the energy efficiency and

the output voltage. Many noble and non-noble metal-based catalysts are being

employed as O2 reduction catalysts. The low solubility of O2 in water leads to

mass transport limitation in the cathode compartment. In case of biocathodes, the

growth of biofilm and the mass transfer characteristics within the biofilm also

contribute to energy losses. Extra losses are added owing to membrane resistance

caused by insufficient ion transport resulting in pH gradients. In the case of anion

exchange membranes less energy loss is observed due to pH gradient. But these

membranes are susceptible to substrate permeability and deformation. Size selec-

tive separators such as micro porous filtration membranes, porous fabrics, glass

fibres and nylon meshes can be made to replace ion exchange membranes as they

usually display higher ion transport ability and lower internal resistance. However,

coulombic efficiency is reduced as a result of increased substrate and O2 permeation

through pores.

Fig. 21.5 Microbial fuel cells delivering power from canteen waste delivering power for devices

such as: (a) Calculator; (b) Display device; (c) Digital time piece; and (d) LED lamp
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Conventionally, the maximum power output that can be derived from an MFC is

determined by applying varying external resistances sequentially over fixed inter-

vals of time or by applying linear potential sweep. The resulting semi-circular graph

obtained between voltage and current density shows a point of maximum power

output when the applied external resistance is equal to the internal resistance.

However, depending upon the application, researchers take into consideration

either top power point or high current output point. For example if one’s goal is
to treat wastewater, the priority will lie on maximum removal organic content and

the MFC needs to run at the highest current output condition rather than at the top

power output point. Similarly, for H2 producing MECs, the ideal operating condi-

tion would be high current region rather than top power output point. In the case of

microbial desalination cells (MDCs), if the goal is to achieve high salt removal, the

ideal operating condition would be high current region whereas if the goal is to

achieve higher energy, the appropriate operating condition would be maximum

power output region. Researchers have put in tremendous efforts to harvest energy

from MFCs for practical implementation. The direct power output from a single

MFC cannot power common electronics. While higher power can be obtained by

connecting MFCs in series or parallel, the resulting power output is often

non-linear. Hence developing suitable energy harvesting systems and power man-

agement systems are essential for MFCs.

21.4 Energy Harvest in MFC

From the foregoing discussion it is clear that the energy obtained from the MFC will

not be sufficient to energise any frequently used electric gadgets. New energy

harvesting technologies are to be coupled with MFC technology to capture, store

and boost the power output of MFC. At present electrochemical capacitors are

mainly integrated with MFCs for driving devices that consume low power. The

power output characteristics of the MFCs can be increased through alternate

charging and discharging of capacitors. The output voltage of four MFCs was

found to increase from 0.7 to 2.5 V and the peak power improved by 2.6 times by

charging a group of parallel connected capacitors and then discharging them in

series, with insignificant energy loss in the circuit. By replacing the MFC anode by

a capacitive electrode, the exoelectrogens growing on the capacitive electrode can

directly transmit the electrons to the capacitor for storage. However, energy storage

remains to be improved compared to the external capacitor.

The use of a capacitor cannot ensure the production of continuous power output,

but it can provide a discontinuous supply of high power. Hence, a power manage-

ment system consisting of charge pump, boost converter and load are used in the

circuit. The low current provided by the MFC is taken up by the charge pump to

energise the capacitor while the boost converter lifts the output voltage of the

capacitor to the voltage level of the load. Such power management systems

would be of great use to SMFCs to provide intermittent power for sensors located
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in remote places. So far reported power management systems mainly focus on

improving DC power output in order to energise low power consumption devices.

However, alternating current power is required to operate gadgets used for waste-

water treatment and hence there is a dire need to develop energy management

systems that are able to perform DC-AC power conversion for large scale MFCs.

Recent reports describe a DC-AC converter that can generate alternating voltage in

any desired frequency at �95.5% efficiency. However, the question of effectively

incorporating such a converter with a capacitor remains to be answered (Wang et al.

2012, 2015; Alaraj et al. 2014).

A new energy harvesting technology based on a super conducting magnetic

energy storage system which stores energy in the magnetic field produced by a flow

of direct current in a superconducting coil (inductor) is being introduced to this field

recently. This technology can store electrical energy as current circulating indefi-

nitely through a coil made up of a super conducting material. Once the

superconducting coil is charged, the current will not decay and the magnetic energy

can be stored. This new technology can harvest 67% energy fromMFC. Though the

costs involved in making such a magnetic energy storage device is very high, the

minimal energy loss and high quality power output make it a smart option for

energy storage. Research efforts in this direction are still in their formative years. At

present capacitors are the most appropriate devices for energy management in

MFCs (Sun et al. 2016).

21.5 Conclusions

The MFCs research initiated in 1910 by Potter has attracted researchers worldwide

and it has evolved into a novel technology of its own right with the inclusion of

applications in wide areas. Initially MFCs were considered mainly suitable for

wastewater treatment applications and were not seriously considered as renewable

alternative source of energy. However, the interesting reports on MFCs powering

remote sensors in ocean floors, MFCs powering robots, MFCs producing electricity

from urine providing power for lights etc., increase the scope for MFC applications

in terms of their suitability as alternative power source. These examples indicate

that MFCs can become a practical reality provided they are cost effective. If MFCs

are benchmarked against chemical batteries and fuel cells, it will be clear that

MFCs are sustainable energy resources. However, batteries and fuel cells outrank

MFCs in terms of energy output per unit volume. If MFCs are bench marked against

anaerobic digestion, two distinct differences are observed. MFCs cannot handle

suspended and particulate organic material whereas anaerobic digestion is capable

of handling them. Using MFCs value added products can be obtained in addition to

electricity which is not feasible in anaerobic digestion. However, energy conversion

rates are lower in MFC technology. Hence to make the MFC technology more

viable the challenges are to be understood more clearly. To maximise the power

output derived from MFCs proper power management systems should be evolved
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and integrated with MFCs. Further synthetic biologists can genetically engineer

exooelectrogens with ideal electron transfer properties. The future of MFC research

looks brighter when we envisage MFC scavenger robots executing the work of

cleaning our environment, MFCs powering devices in remote locations, MFCs

producing value added products acting like biorefineries and so on.
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Chapter 22

Microbially Mediated Electrosynthesis
Processes

Mohita Sharma and Priyangshu M. Sarma

22.1 Microbial Electrosynthesis for Bioelectrochemical
Processes

As stated by Lovley (2008), an environmental niche of any given microorganism

can make it function as electrode reducer or an electrode oxidizer, just as microor-

ganisms can function either as iron reducer or iron acceptor depending on environ-

mental conditions. Electron transfer on microbial-electrode interfaces is a result of

evolutionary capabilities of some microbes to perform effective extracellular

exchange with insoluble minerals and related natural electron acceptors and donors

(Lovley 2012). BES technology is capable of converting chemical energy of

organic wastes including low-strength wastewaters and lignocellulosic biomass

into electricity or other value added products. All BES consist of an anode where

the oxidation reaction occurs and a cathode for the reductions, and at least one of

these reactions is microbially catalyzed, hence classified as microbial bioanode and

biocathode respectively (Rabaey et al. 2010a). In bioanodes, bacteria called

exoelectrogens oxidize organic or inorganic matter anaerobically to discharge

electrons, which are transferred through the electron transport chain to the electrode

directly or indirectly. In biocathodes, bacteria called electrotrophs receive the

electrons from the cathode directly or via some redox mediators to reduce com-

pounds like organics, carbon dioxide, sulphate or nitrate (Gregory et al. 2004;
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Rabaey et al. 2010a). As compared to conventional fuel cells, the BES operates

under relatively mild conditions of temperature and pressure, using a wide variety

of organic substrates and mostly without using expensive precious metals as

catalysts. BES presents a wide number of advantages when compared to classical

routes towards sustainable energy production like generation of electric power,

chemical or ecological goods from renewable and non-carbon fuel sources. As a

consequence, their applicability is not restricted to their geographic location, thus

promoting resource independency, accessibility, decentralization, self-sufficiency,

and environmentally safe practices. Electroactive microorganisms have character-

istic electron exchange properties with conducting materials (Lovley 2008). For

this electron exchange, either they release some redox mediators that facilitate

indirect electron transfer by acting as redox shuttles or they directly take part in

electron transfer through c-type cytochromes, by production of conductive

exopolymeric materials or by forming conductive biofilm matrix (Fig. 22.1).

Some microbial catalytic processes also require external electrical input to drive

the conversions and overcome cathodic over-potentials, since many of the coupled

electrochemical reactions are usually not thermodynamically feasible. Such

electricity-driven bioproduction processes are referred to as microbial

electrosynthesis (MES), through which microbes reduce inorganic (e.g. CO2) or

organic chemicals (e.g. volatile fatty acids) into extracellular organic compounds

(Rabaey and Rozendal 2010). Although the fundamental processes and microbe-

Fig. 22.1 Mechanisms of electron transfer to bioelectrochemical electrode surfaces: (a) Direct
electron exchange with the electrode surface; (b) Formation of putative nanowire like structure

consisting of conductive pili and loosely bound c-type cytochrome for exchange of electrons; and

(c) Electron transfer with the help of redox mediators (Adapted from Lovley 2012)
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cathode interactions are less understood as compared to bioanodes, several proof-

of-concept studies have already been reported for MES (Nevin et al. 2011; Sharma

et al. 2013a). The possibility of obtaining higher value products from waste streams

and integration of these processes into the existing biorefineries make MES very

attractive (Desloover et al. 2012; He et al. 2016).

22.2 Factors Affecting the Performance of BES

Modification of architecture, materials, biomass and solution chemistry can signif-

icantly influence the performance of BES. For the commercialization of this

technology, every aspect has to be collaboratively researched and improvised to

bring down the overall production, installation and operational costs. In general, the

different factors that affect the performance of BES can be broadly categorized into

six parameters (Fig. 22.2) that have been described in the following sections.

Fig. 22.2 Parameters affecting the performance of a bioelectrochemical system
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22.2.1 Electrochemical Parameters

During the monitoring of BES, a number of electrochemical hitches are encoun-

tered that might lead to failure of BES operation. Some of the common electro-

chemical related factors essential to monitor during BES operation include

activation overpotential, ohmic polarization, voltage reversal and applied potential

at anode and cathode.

22.2.1.1 Activation Polarization

A common problem faced during the operation of BES is losses that occur due to

activation overpotential. Overpotential is the difference between thermodynami-

cally determined potential and experimentally observed potential of a half reaction.

The energetic losses that occur at electrode contributing to overpotential include

energy lost during the activation, ohmic losses and energy lost during microbial

growth and maintenance, mainly due to imperfect catalysis of redox reactions

(Rabaey et al. 2007).

Different strategies have been adopted to circumvent this problem. These

include use of higher oxygen concentration or higher oxygen pressure in the

cathodic chamber in case of open-air cathode BES. In studies where thermophiles

are used, operation of BES at higher temperatures is feasible. Increase in the

biomass load at the surface of the electrode or increase of the roughness and surface

area of the electrode material may also help in reduction of activation polarization

losses. Other methods include increasing the surface to volume ratio for develop-

ment of more robust electroactive biofilms (Desloover et al. 2012; Sharma et al.

2014a; Guo et al. 2015).

22.2.1.2 Ohmic Polarization

This occurs due to resistance of flux of electrons through the electrode material and

the flux of ions in electrolyte solution and separator membrane. The resistance

includes electronic (from electrical circuit), ionic and contact resistance due to

losses in the electrode (Rabaey and Rozendal 2010). Ohmic losses can be decreased

by use of higher ionic strength electrolyte solution (Rousseau et al. 2013) and use of

current collectors (Sharma et al. 2013b). Reduction in the distance between work-

ing and reference electrodes (Zhang et al. 2014), reduced electrode spacing (Cheng

and Logan 2011), use of optimized electrode to membrane sized ratios and use of

membranes with low resistivity (Logan et al. 2006) can also help mitigate these

losses.
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22.2.1.3 Voltage Reversal

When operated in a serially connected stack, sometimes the individual cells in the

stack are unable to provide equal amount of current as the higher power generating

cell. In such cases, the weaker cell is charged by the stronger cell and reduces the

overall stack performance. This phenomenon is commonly termed as voltage

reversal, and is due to substrate starvation in the cells especially in the anode

compartment (Gurung et al. 2012) and the difference in the internal resistance of

cells of the stacks. Hence, a continuous source of substrate and the internal

resistance of the cells of the stacks need to be matched before using them together

in the stack.

22.2.1.4 Applied Potential

The potential applied to the working electrode can majorly influence the perfor-

mance of the BES as non-optimized potential can provide less energy for microbial

growth and cell maintenance, but an optimized applied potential can enhance

growth rate of bacteria and enhance electron discharge. Too high potential can

negatively affect the catalytic activities of enzymes by causing conformational

deformities in associated proteins and cell rupture that might eventually lead to

reduced output. Hence maintenance of optimal potential becomes essential to

balance electron discharge and microbial cell growth. The improvement in perfor-

mance due to application of potential is generally speculated due to change in the

electrode surface topography and chemistry, improved microbial adhesion over the

electrode surface, increase in enzymatic activity and establishment of direct elec-

tron transfer contacts by formation of electroactive putative nanowire like struc-

tures in some cases. Ki et al. (2016) have studied the overpotential losses in BES

and observed that cathode related phenomena leads to highest overpotentials. They

provided various new innovative strategies to reduce overpotentials like introduc-

tion of carbon dioxide to cathode chamber that leads to reduction in pH and

subsequently help in reducing the applied voltage. Improvisations in cell design,

membrane selection, increased anodic surface area using carbon fibres without

increasing distance between the two electrodes and improved electrochemical

characterization for better monitoring of BES processes were some of the other

strategies also suggested in their study for improving performance of BES.

22.2.2 Physicochemical Parameters

The conductivity of the solution used for BES operation can also affect reactor

performance and hence it becomes necessary to monitor the buffer and salinities

used in electrochemical tests (Liu et al. 2005; Logan 2012; Sharma et al. 2015).
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Three important physicochemical parameters that affect the microbial electrode

performance namely substrate availability, salinity, buffer concentration etc. have

been discussed in the subsequent subsections.

22.2.2.1 Substrate Availability

The amount of power generated varies with the substrate used in the BES.

Acetate and glucose have been usually reported to produce higher power densi-

ties (Logan 2012). Loading rate also significantly affect the BES performance

and becomes a major concern in BES as limited availability of substrates can

lower the performance of BES being mostly fed on waste streams. Usage of such

substrates leads to depletion in the rate of oxidation of substrate in the anode

compartment and the subsequent generation of electrons in the process.

A pretreatment like hydrolysis might increase the availability of electron donors

required in the anode compartment of the MFC. For other BES operations,

operation in continuous mode might ensure ample substrate availability for

reactions to efficiently proceed.

22.2.2.2 Salinity

A tremendous increase in internal resistance of the cell occur under highly saline

conditions, as it leads to dehydration of anodophyllic cells, which will further lower

the electron transfer rate in the fuel cell. Methanogenesis is inhibited at salt

concentrations above 5 g L�1, while acidogenesis can be inhibited at concentrations

higher than 20 g L�1. Hence during treatment of wastewaters with salinity level

above seawater, it will be strategic to pretreat the wastewater before feeding it in

BES (Lefebvre et al. 2012). Certain exceptional halophillic bacteria like

Geoalkalibacter subterraneus, however, have been also reported to produce high

current density in hyper saline environments via direct electron transfer (Carmona-

Martı́nez et al. 2013). Rousseau et al. (2013) also reported a bioanode developed

from salt marsh inoculum in medium containing upto 45 g L�1 of NaCl, which

generated current density up to 85 A m�2. Hence a balance needs to be maintained

between the amount of salinity desirable for enhanced conductivities in the system

and the type of microbe used for BES operation.

22.2.2.3 Concentration Polarization

Slow rate of electron transfer especially in thicker biofilms through

exopolysaccharide and the rate of proton movement out of the biofilm lead to

concentration polarization. Also when oxygen cathodes are used, limited oxygen

solubility in water causes strong mass transfer limitations, which further increases

when biocathode are used. In addition, concentration polarization arises due to
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limitation of fuel and oxidant supply to the electrode. Increasing the buffer con-

centration and mass transfer rate, lowering the electrolyte pH and using high shear

biofilm acclimatization procedure can also help in enhancement of BES perfor-

mance (Sleutels et al. 2012). BES operation is usually conducted at neutral pH as it

is considered most conducive for microbial growth (Liu et al. 2005). Reactor

mixing can also reduce concentration polarization effect.

22.2.3 Operational Parameters

Energy recovery from BES depends on essential operational conditions such as

temperature, since it controls the bacterial kinetics and rate of mass transfer of

protons through the liquid (Liu et al. 2005), organic loading rate, use of buffers and

hydraulic retention time. The rate of fuel oxidation also effect energy recovery as it

influences the catalytic activity of the anode, fuel diffusion and the diffusion of

electrons and protons, rate of substrate degradation and flow mode (Liu et al. 2005).

Membraneless fuel cell operation should be avoided and more selective

electrocatalysts that have lesser cross–selectivity should be used (Rabaey et al.

2010a). The presence of other electron acceptors in the vicinity of anode might also

decrease the coulombic efficiency (CE). Leakage of oxygen into the anodic cham-

ber reduces the CE (Logan et al. 2006).

22.2.3.1 Mediators

Mediators act as shuttles, which can be incorporated in the system to facilitate

transfer of electrons between the microbe and the electrode (Rabaey and Rozendal

2010). The mediator chosen should be highly reactive with a reversible electro-

chemistry, low molecular weight, water solubility, stability in solution for multiple

turnovers, should be able to work stably over a wide range of pH and capable of

reducing overpotential at the electrode (Rabaey and Verstraete 2005). Soil com-

pounds like humic acid and cysteine serve as redox mediators for dissimilatory iron

reducing bacteria. The non-specificity of artificial mediators provides an added

advantage specifically for mixed cultures where the diverse microbial community

present in the system can use it for the transfer of electrons to the electrode. Other

redox mediators reported with the electrodes includes phenazines, thionin,

resazurin, 1,4 Naphthaquinone, neutral red and anthraquinone-1,6 disulfonic acid

(AQDS) that has been used for various BES operations (Rabaey and Rozendal

2010).

In case of diffusive mediated electron transfer, the mediator that can diffuse

across the cell membrane like quinines, ferrocene, nickelocene, and organometallic

compounds, organic dyes are specifically used for enzymatic cells. While in case of

non-diffusive mediated electron transfer, the mediator does not have to penetrate a

cell membrane and are usually immobilized on the electrode surface-like
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immobilization of methyl viologen, neutral red, redox and conducting polymers,

alginate-based hydrogels that can be effectively used for enzyme immobilization

when used in combination with metal ions, poly (diallyldimethylammonium chlo-

ride) and PPDA (Qin et al. 2012). Mediators add cost, lack long term stability, may

be toxic, and are easily washed out in flow through systems, hence cannot be used in

open environments, and need to be separated from the products at the end before

discharge into the environment (Lovley 2011).

22.2.3.2 pH Splitting

Gradient build up inside the BES can occur due to acidification of the anode side of

the compartment as a result of proton generation, while the cathode side turns more

alkaline due to utilization of protons (Rabaey et al. 2010b). In order to circumvent

these mass transfer losses, a membraneless device can be used or removal of

membrane that separates the two compartments. This will not only help in

maintaining the pH but also reduces the ohmic resistance of the system. However,

the negative impact of removing the membrane will be decreased in CE of the

system. A loop configuration can also be used where the effluent of the anode is

used as an influent for the cathode. But it may hamper the formation of valuable

chemicals at the cathode due to crossover of organics, oxygen consumption and

pollution of products. Temporal potential switching or CO2 addition to the cathode

can also be tested to mitigate this problem. A flow through system at an optimal

hydraulic residence time can be preferred over batch mode for maintaining the pH

of the system under control.

22.2.3.3 Other Operational Consideration

Unsatisfactory mixing and turbulence in each compartment can also become a

limiting factor during scaling up. Internal resistance of a BES also increases with

electrolyte volume that generates problem of mass flow and diffusion limitations

because of the increased distance between the two chambers. Sharma et al. (2015)

conducted a study with two electrochemical cells that were run together in a

continuous mode to study the impact of altering selected operational parameters

on the performance of the MEC consisting of an electroactive SRB based

biocathode. The adaptability of this biocathode to different phosphate and ammo-

nium chloride concentrations also highlighted the potential of this biocathode for

developing nutrient recovery processes from waste streams (Sharma et al. 2015).

Additional factors that contribute to internal resistance and plausible solutions to

reduce such losses have been mentioned in Fig. 22.3.
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22.2.4 Engineering Parameters

From an engineering perspective, important considerations include the configura-

tion of the reactor, internal currents, membrane electrode assembly, tubing and

compartments which have been discussed in subsequent subsections.

22.2.4.1 Reactor Configuration

The reactor configuration used in the BES also has a major influence on the

performance of the reactor (Liu et al. 2005). Tubular (Clauwaert et al. 2007)

stacked and baffled stacked are few of the efficient reported designs and their

performance have been reported (Pham et al. 2009). Clauwert et al. reported that

enlargement of reactors is not an efficient scaling-up approach and it is better to do

compartmentalization into smaller units and then combine together and upscale it,

because these dynamic smaller units will have lesser internal resistance and will

follow shorter migration paths for uptake of substrate and release of protons

Fig. 22.3 Factors that affect the internal resistance during the operation of BES and plausible

solutions to reduce such losses
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(Clauwaert et al. 2007). This prevents the diffusion of air near the anode that will

subsequently prevent electrochemical losses and increase not only the CE but

power generation as well. However, very close placement can lead to short-

circuiting and hence should be avoided.

22.2.4.2 Internal Currents

Internal currents also arise due to detrimental leakage of substrate or oxygen in the

cathodic and anodic compartments of the cell respectively, which have been

separated by membrane like proton exchange membrane (PEM). It leads to a

condition like an internal short circuit, which decreases the overall cell perfor-

mance. Thus, operating a fully anaerobic BES, where both the bioanode and

biocathode chambers are anaerobically maintained, can help in mitigating this

problem. However, membraneless system confront even more detrimental cross-

over effects and in those cases parasitic internal currents become more pronounced.

In order to minimize this problem, membraneless fuel cell operation should be

avoided and more selective electrocatalysts that have lesser cross–selectivity

should be used (Rabaey et al. 2010a). The presence of other electron acceptors in

the vicinity of anode might also decrease CE.

22.2.4.3 Membranes

Membrane electrode assembly influences the performance of the BES. Though it

becomes quite practical to recover product from the cathode compartment when a

membrane separates the anode chamber, the usage of membrane can contribute to

increase in electrolyte resistance and lead to pH gradient formation. Fouling of the

membrane because of deposition of biofilm and extracellular polymers develop-

ment, and replacement of proton binding sites by other cations after a long-term

operation also leads to reduction in the ion exchange capacity and conductivity

(Xu et al. 2012). Other membranes available include anion exchange membranes

(AEM), ultrafilteration membrane, bipolar membranes, nanoporous polymer mem-

brane and interpolymer cation exchange membrane (CEM) (Chen et al. 2008).

Bipolar membranes require additional energy for splitting water into protons and

hydroxyl ions. Periodic cleaning of cathode assembly might be required as salt

crystal formation occurs on the catalyst side of cathode and gradual deformation of

the membrane can further degrade the BES performance. Sleutels et al. (2009)

demonstrated that MES cells perform better in the presence of AEM than CEM,

which was attributed to lower internal resistance of the AEM due to lower transport

resistance of ions through the AEM.
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22.2.4.4 State-of-the-Art Electrode Materials

Recently lot of research is focused on improved material as it is considered a key to

highly efficient MES processes. Guo et al. (2015) have recently elaborately

reviewed the effect of electrode material and composition on the performance of

BES. Zhang et al. (2013) introduced novel concepts for electrode modification like

functionalization of carbon cloth with chitosan for creation of positive charge for

better adherence of negatively charged bacteria, or treatment with conductive

metals like nickel, gold, palladium nanoparticles and use of cotton-based textile

composite cathodes with carbon nanotubes that lead to improved performance.

Chen et al. (2012a) reported the fabrication of inexpensive layered corrugated

carbon (LCC) material as a high performance electrode material, which could

reach a projected current density of 70–390 A m�2 depending on the number or

layers or stacks of LCC used. Jourdin et al. (2014, 2015) have reported the

development of a novel biocompatible highly conductive 3-S electrode

manufactured by growth of multiwalled carbon nanotubes on reticulated vitreous

carbon (Nano-Web-RVC). These electrodes have been reported to be quite efficient

in conversion of CO2 to acetic acid as a result of enhancement in bacterial

attachment, effective mass transfer and enhanced biofilm development on the

nanostructured electrode material. Nie et al. (2013) developed an efficient porous

nickel nanowires anchored to graphite electrodes, which increased the biocathode’s
performance by 2.3-fold (282 mM day�1m�2) due to increase in interfacial inter-

actions and area. A self-assembled 3D macroporous graphene oxide/bacteria

(Shewanella oneidensis) hybrid biofilm constructed by Yong et al. (2014) demon-

strated better performance due to increased loading of biomass, increased specific

surface area and enhanced bidirectional electron transfer as compared to naturally

occurring biofilms.

22.2.4.5 Tubings and Compartments

It is also necessary to use proper gas tight reactors particularly in the case of MECs

where hydrogen production is an important objective because hydrogen will always

leak through long tubing, connectors etc. Continuous gas release methods are also

preferable to avoid the inhibition in gas production due to hydrogen gas accumu-

lation. Leakage of oxygen into the anodic chamber reduces the CE (Logan et al.

2006). The gas used for sparging the reactor in the headspace can also direct the

products obtained at the end of an MES operation (Sharma et al. 2014b). Mixed

culture sulphate reducing bacteria-based biocathode was used in BES at an applied

potential of –850 mV vs. Ag/AgCl, succinate, ethanol, hydrogen, glycerol and

propionate were observed in a hermetically sealed reactor and this process was

considered to be driven by the in situ hydrogen production. However, when the

reactor with same operational conditions was continuously sparged with nitrogen

gas, then the products changed to acetone, propionate, isopropanol, propanol,
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isobutyrate, isovalerate and heptanoate. This study suggested that electroactive

biocathodes serve as efficient biocatalysts and the metabolic routes shifts with

alteration of headspace environment.

22.2.5 Microbial Parameters

The biocatalysts present on the electrode surface ultimately govern the perfor-

mance of BES as they regulate the rate of bioelectrochemical conversions.

Whether a pure culture is used or mixed culture, the electroactive component of

biomass deposited on the electrode surface directly regulates the performance of

BES. Single cultures metabolize only a limited range of organic compounds.

Hence generally mixed cultures are preferred which are metabolically more

flexible and robust. But it is also necessary to know the community structure

of the microbial consortium used, as side reactions like methanogenesis result in

loss of electrons, overgrowth of biomass and also reduces the substrate conver-

sion efficacy to current (Pham et al. 2009). The mixing and mass transfer, pH

kinetics in the reactor, the bacterial affinity constant KS for the substrate also

influence the performance of BES (Rabaey and Verstraete 2005). Direct electron

transfer is commonly observed in iron-rich oligotrophic environments that lead

to production of thin and sparse biofilms. This facilitates the movement of

electrons between the cell and electrode via direct contact. The capability of

Geobacter sulfurreducens for production of conductive filaments for long range

electron transport highlight the potential prospects of BES in the field of

bioenergy and bioelectronics. With the use of molecular tools and the possibility

to tweak the genetic makeup of these electroactive bacteria to more efficient

biomachines, the use of molecular tools for efficient strain development for

MES processes is largely underexplored and has huge potential as reviewed by

Sydow et al. (2014).

22.2.6 Economic Parameters

For commercialization of BES technology and scaling up processes, economic

factors also need consideration. There is a prerequisite to bring down the invest-

ment cost of manufacturing and operation of BES to get significant returns on the

investment. Krieg et al. (2014) have provided a very interesting comparative review

on advances of reactor design, different commercially available electrode materials,

and essential cost consideration for scale up operations. Through life cycle assess-

ment studies, it has been demonstrated that MEC provide significant environmental

benefits over MFC due to their additional value added chemical production capa-

bilities because it is unlikely to compete with highly efficient large-scale electricity
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markets (Rosenbaum and Franks 2014). For crosswise comparison of studies

related to BES, correction of current density, impedance, capacitance, and other

classical parameters by an appropriate surface indicator is important and was

elaborately discussed by Sharma et al. (2014a). The demonstration of this technol-

ogy indicated several problems in the past. It has been observed that unsatisfactory

mixing and turbulence in each compartment can become a limiting factor during

scaling up. Giddings et al. (2015) have recently demonstrated an MES operation

with biofilms of Sporomusaovata with a simplified membraneless reactor design by

eliminating potentiostatic control on the cathode and replacing it with direct current

power source. Torres (2014) has elaborated on designing large scale reactors and

indicated that it is essential to fully understand target and limitations of this

technology by research on characterization, cost, production and optimization

parameters before commercialization.

22.3 Biocathode Development

Different materials have been previously used as terminal electron acceptor in

cathode compartment of BES. Platinum though expensive, was initially used but

later other acceptors that were tested include sulphate, nitrate, peroxide, potas-

sium ferricyanide, potassium dichromate, light depending polyiodide besides

commonly used oxygen (Zhang et al. 2012). Microbes present at the biocathode

lead to catalysis of electrons, protons and oxidant present at the cathode and it has

proven to be a cost effective alternative for sustainable BES operation for waste

treatment, removal of unwanted compounds, metal recovery and biochemical

production. These biocathode can be either aerobic, where oxygen acts as the

oxidant and the microbes assist the oxidation of transition metal compounds such

as Mn(II) and Fe(II) for the delivery of electron to oxygen. Anaerobic biocathode

make use of compounds like nitrate, sulphate, iron, manganese, carbon dioxide,

fumarate, urinate, arsenate and selenite as terminal electron acceptors. Simulta-

neous treatment of two different kinds of substrates is possible in this type of

setup. Some of the strains that are reported for good biocathode development like

Geobacter metallireducens (Marsili and Bond 2007) for nitrate to nitrite or

fumarate to succinate reduction and has been reported for cathodic biofilm

development. Hydrogen production at cathode has been part of the initial dem-

onstrated cathodic reactions in various MEC setup (Rozendal et al. 2006;

Tartakovsky et al. 2009; Call and Logan 2008; Villano et al. 2010a, b). Hence

numerous bioelectrochemical conversions are possible in the biocathodic

chamber of BES as enlisted in Table 22.1. However, the type of microbe present

in the BES either as biocatalyst or a planktonic constituent directs the perfor-

mance of BES.
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Table 22.1 Current densities obtained with various biocathodes in MES (Adapted from Huang

et al. 2011 and Sharma et al. 2014a)

Electron

acceptor Source inoculum

Operation mode

(potential vs Ag/AgCl)

Current

density

(A m�2) References

Nitrate/

fumarate

Geobacter

metallireducens/

sulfurreducens

DC, Nafion membrane,

�0.5 V

NM Gregory et al.

(2004)

TCE Geobacter lovleyi DC, batch-fed, �0.5 V 0.02 Strycharz et al.

(2008)

Sodium

fumarate

Pure culture of

G. sulfurreducens

SC, batch-fed, SS cath-

ode (2.5 cm2) half CP at

�0.6 V

20.5 Dumas et al.

(2008)

CO2 Enrichment

culture

DC; batch-fed, CP at

�0.7 to �1 V

8.7 A m�3 Cheng et al.

(2009)

CO2 Enrichment

culture

DC; batch-fed, CP at

�0.95 V

7.5 Villano et al.

(2010b)

CO2 Enrichment cul-

ture anaerobic

sludge

DC with continuous

mode, Pt coated Ti mesh

anode, graphite felt cath-

ode, CP at �0.95 V

0.78 � 0.20

0.25 � 0.04

(water)

van Eerten Jan-

sen et al. (2012)

CO2 Sporomusa ovata DC; graphite sticks elec-

trodes, batch, CP at

�0.6 V

NM Nevin et al.

(2010)

H2 Enrichment

culture

DC, continuously fed,

cathode at �0.7 V

1.9–3.3 Jeremiasse et al.

(2010)

Acetate Enriched sludge

from distillery

WW

DC batch-fed, graphite

felt electrodes, cathode

poised at –0.75 V

NM Steinbusch et al.

(2009)

Acetate Enrichment

culture, mainly

clostridium

Kluyveri

DC; recirculated

catholyte, cathode poised

at �1.1 V

1.8 � 0.6 van Eerten-

Jansen et al.

(2013)

CO2 Enrichment cul-

ture, AS

DC with continuous

mode, Pt coated Ti mesh

anode, graphite felt cath-

ode, CP at �0.9 V

1.6 van Eerten-

Jansen et al.

(2013)

CO2 Mixed culture

from AS

Two-chamber,

fed-batch, CP at –1.15 V

15 Jiang et al.

(2013)

Acetate &

butyrate mix

Sulphate reduc-

ing mixed culture

SC, batch-fed, CP at

�0.85 V

160–210 Sharma et al.

(2013a)

CO2 Clostridium

dominated mixed

culture from

a syngas

fermenting LS

H type reactor separated

with CEM, Ti rod coun-

ter electrode, carbon

cloth cathode with area

of 9 cm 2

~5 Ganigué et al.

(2015)

CO2 Enriched mixed

culture from pond

sediments & LS

EPD-3D electrode,

�0.85 V vs SHE,

fed-batch mode, DC with

CEM

102 Jourdin et al.

(2015)

(continued)
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22.4 Advantages and Application of Bioelectrochemical
Conversions

Replacement of precious metal catalysts by biocatalysts in BES have made its

operation cost effective as they are sustainable, rejuvenate and adapt themselves to

the required conversion activity and can easily decrease the overpotential at the

electrode surface to increase BES performance (Lovley 2011; Rabaey and

Rozendal 2010). Subsequently, electricity-driven processes have also been applied

and widely explored in the context of bioremediation and inorganic/resource

recovery (Modin et al. 2012). There is also flexibility in terms of source of electron

donors selected as substrate in the BES that makes it operational even at lower

temperature and pressure conditions. Amongst the various kinds of fuels used for

Table 22.1 (continued)

Electron

acceptor Source inoculum

Operation mode

(potential vs Ag/AgCl)

Current

density

(A m�2) References

CO2 Actogenic

biocathode devel-

oped from brew-

ery WW

Two chambers separated

with PEM, �590 V

vs. SHE

NM Marshall et al.

(2012, 2013b)

CO2 Pre-enriched ace-

tate consortium

from effluent of a

bioanode and AD

Three chambered single

reactor with AEM and

CEM, carbon felt as

cathode and titanium

coated TiO2/IrO2 as

anode material

5 Gildemyn et al.

(2015)

CO2 Mixed culture

enriched from

WW

Carbon felt with SS with

CP at –1.1 V

10 Bajracharya

et al. (2015)

CO2 Mixed culture

enrichment from

LS and algae

UASB

Carbon felt electrode, CP

of �1.26 to �1.28 V,

fed-batch or batch mode

5 Patil et al.

(2015)

CO2 and

bicarbonatee

Homoacetogenic

consortium

H type, PEM separation,

graphite cathode and

VITO-core™ as anode

CP of �0.6 and �0.8 V

14–42 Mohanakrishna

et al. (2016)

Egeriadensa

fed with lake

WW

Mesophillic

mixed culture

SC MEC-AD system

Ti/RuO2 mesh plates

electrodes, AV 0.1-1 V

NM Zhen et al.

(2016)

Glucose

medium

Clostridium

beijerinckii IB4

H type reactor, graphite

felt electrodes, CEM, CP

of �0.7 V

NM He et al. (2016)

Note: WW wastewater, AS anaerobic sludge, LS laboratory setup, AV applied voltage, CP cathode

potential, SC single chambered, DC double chambered, SS stainless steel
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operation of BES, water is an inexpensive, readily available, plausible, abundant

electron source as it can readily split with the release of oxygen and protons at the

anode surface (Lovley 2011). There are organic compounds ubiquitously present in

wastewater and fermentation effluents. These include acetate, butyrate, lactate etc.

in extremely low concentrations that makes their extraction unfeasible (Rabaey and

Rozendal 2010). Hence an alternate strategy is to make use of these organics before

disposal by recovery in the form of alcohols in BES. This technology is also known

to limit the release of odours and perform with high coulombic efficiency conver-

sions. One of the important benefits of BES is the electrical energy recovery that

can offset to an extent the operation and energy costs of the treatment process of

wastewaters (Sadhukhan et al. 2016).

A wide range of bioelectrochemical processes has been developed from elec-

trical power generation to the production of biofuels and biochemicals

(Bajracharya et al. 2016). The most-studied microbial electrocatalysis-based

process so far is the wastewater treatment (Logan and Rabaey 2012; Sharma

et al. 2013b) and production of electricity in microbial fuel cells (MFCs). The

major technological breakthrough, which expanded the application range for

microbial electrocatalysis, has been the possibility to apply electricity as a driving

force to catalyse the production of high value chemicals, redirect fermentation

pathways or as electron acceptors to oxidize wastewater organics (Desloover et al.

2012). The chemical production include hydrogen, caustic and hydrogen peroxide

at the cathode, at a lower energy cost compared to more classical electrochemical

production processes (Rozendal et al. 2009; Rabaey et al. 2010b). Aulenta et al.

(2012) reported the production of H2 in the presence of Desulfovibrio paquesii by
direct electron acceptance from polarized graphite electrodes (�900 mV vs. SHE)

at the rate of 5–8 mmol/L with coulomic efficiencies of nearly 100%. Methane

production in MEC cells have also been considered an important end product

(Villano et al. 2010a; Cheng et al. 2009; Lee et al. 2016; Beese-Vasbender et al.

2015).

The production of chemicals especially short chain carboxylic acids from

waste streams have drawn attention for MES worldwide (Marshall et al. 2013a).

Caproate (precursor for fuel alkanes), caprylate (van Eerten-Jansen et al. 2013),

butyrate and combination of one or more of the above mentioned chemicals

(Lovley and Nevin 2013; Marshall et al. 2013a, b; Sharma et al. 2013a, b). Sharma

et al. (2013a, b) demonstrated the development of an SRB-based biocathode that

was capable of reducing organic acids to a number of compounds with commer-

cial value. High cathodic current densities in the range of 160-210 A m-2 were

successfully achieved for driving these microbially catalysed electrochemical

reactions. Marshall et al. (2013a, b) demonstrated the microbial electrosynthesis

of acetate from carbon dioxide using an acetogenic biocathode that could produce

17.25 mM d�1 acetate. Gildemyn et al. (2015) have recently reported the produc-

tion of acetate in a single, three-chamber reactor with accumulation of upto

13.5 g L�1. This system also demonstrated improvement in reactor design from

conventional designs as it consisted both SEM to separate cathode compartment
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from a saline extraction compartment and a CEM between the saline extraction

compartment and the anode compartment to avoid chlorination of acetic acid

anode. This ensured continuous reduction of CO2 to acetic acid and its easy

extraction without product inhibition. Ganigué et al. (2015) reported the produc-

tion of 1.82 mM d�1 butyrate from CO2 as a sole carbon source using microbial

electrosynthesis approach.

Microbial electrolysis cells have been recently used for cobalt recovery along

with simultaneous methane and acetate production (Huang et al. 2014). A recalci-

trant organ fluorine pollutant p-Fluronitrobenzene ( p-FNB) was also reported to be
successfully removed from a BES system at an applied voltage of 1.4 V (Feng et al.

2014). Oxalate, an important intermediate produced in the mineralization of various

organic pollutants, was also demonstrated to be completely removed from the

anode compartment of a BES system with concomitant production of caustic soda

and methane in the cathode chamber (Bonmati et al. 2013; Chen et al. 2012b). This

combined a microbial desalination cell (MDC) with a microbial electrolysis cell

(MEC) to develop new microbial electrolysis desalination and chemical production

cell (MEDCC). This cell consisted of four chambers and bipolar membranes and

could give a coulombic efficiency of 62–97% at an applied voltage of 0.3–1 V along

with acid (HCl) and base (NaOH) production in separate chambers. A recent proof

of concept study by Molenaar et al. (2016) on microbial rechargeable battery, as

efficient local energy storage device, which combines MFC and MEC in one

device, could also be a very promising application of BES. Rosenbaum and Franks

(2014) and Zhang and Angelidaki (2014) have provided thought-provoking reviews

on the present status of the BES and practical challenges that needs to be addressed

for making this technology commercial to meet short-term and long-term BES

applications.

22.5 Conclusions

Rising environmental concerns, ever increasing energy needs, search for alternate

energy production methods and promotion of carbon neutral processes, have

brought innovative technologies like MES in the forefront. New approaches like

in silico studies to determine the most efficient metabolic pathways promoting

energy conservation, electron transport mechanisms and right combination of

substrate and product formation can be the next big lead for increased production

using microbial electrosynthesis (Kracke and Kr€omer 2014; Roy et al. 2016). So,

the success and commercial acceptance of such new technologies solely depend on

in situ and in silico research advancement and interdisciplinary collaborations for

the development of highly efficient production processes with minimum investment

on infrastructure and running costs.
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Chapter 23

Recent Progress Towards Scaling Up of MFCs

Dipak A. Jadhav, Makarand M. Ghangrekar, and Narcis Duteanu

23.1 Genesis and Advancement in MFC Research

Microbial fuel cell (MFC) is an advanced bioelectrochemical system for treatment

of wastewater which transforms chemical energy available in the organic matter

present in wastewater directly into electrical output using electrochemical active

bacteria (EAB) as a biocatalyst without causing any harmful effects (Logan 2008).

At the anode in anodic chamber, EAB convert biologically oxidizable organic

matter into carbon dioxide, protons and electrons (Fig. 23.1a). Electrons (e�) are
travelled to the anode electrode and further passed to the cathode through an

electrical circuit. Protons (H+) are exchanged from anodic chamber to cathodic

chamber through a CEM by cation exchange capacity of membrane. In cathodic

chamber, the protons and electrons combine with oxygen to form water as an end

product during reduction reaction.

Microbial extracellular electron transfer (EET) was first discovered in 1911 by

Prof. M. C. Potter (1911), who demonstrated that electrical energy can be produced

from cultures of Saccharomyces and E. coli using platinum (Pt) electrodes. Further

Prof. Cohen (1931) developed a series of MFCs with current output of 2 mA. This

enigmatic field of research for several years was later revived in 1960s (Davis 1963)
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and 1990s (Allen and Bennetto 1993). This important discovery remained mostly

overlooked until researchers in the 1980s found that water soluble mediators (i.e.,

electron shuttles such as methylene blue, 2-bromoethanesulfonate, humic acid, etc.)

artificially added to microbial media results into enhancement in electron transfer

from bacterial cells to the anode electrode (Logan 2008). The discovery of pure

culture of EAB such as Geobacter and Shewanella sp. (Kim et al. 2002) found to be

capable for direct electron transfer (DET) from their metabolic pathways to the

electrode, which has later awakened the interest in multidisciplinary research

groups, involving microbiology, electrochemistry, material science and experts

from engineering fields. In recent years, researchers are working to find the efficient

electrode materials, types and combinations of bacterial cultures used as catalyst in

anodic chamber as well as exploring biotic cathode, and electron transfer in MFC.

Major breakthrough in MFC research was the development of cloth electrode

assembly that leads to power generation of 2.87 kW m�3 and Coulombic efficiency

(CE) of 83.5% (Fan et al. 2012).

Over 100 years, MFCs varying from μL to few litres volume have been studied to

evaluate its performance (Logan 2010; Schroeder 2011). Recently, Feng et al. (2014)

developed 230 L pilot scale MFC for treatment of municipal wastewater and

achieved about 79% COD removal with power generation of 116 mW. More than

6123 research articles have been published till now addressing various aspects of

MFC (Fig. 23.1b) varying from pollutant removal, electrode material modifications,

electron transfer, operating parameters, modelling issue, scaling up issues, etc. The

advancement in MFC research domain increased power output from nW to kW m�3

with simultaneously achieving effective wastewater treatment and other resources

recovery (Jadhav and Ghangrekar 2015). Recently, Gude (2016) and Zhang et al.

(2016) reviewed the technological development in MFC research for wastewater

treatment (Ömero�glu and Sanin 2016). Even though the idea of harvesting bioenergy
generated from wastewater by microbial oxidation process has been around for more

Fig. 23.1 (a) Schematic diagram representing working of dual chamber microbial fuel cell; and

(b) Number of publications on microbial fuel cell over the years (Scopus data 2016)
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than 100 years, researchers have just begun to fully understand the MFC system and

how to bring out its true potential for practical applications (Kim et al. 2007).

However, considering the status of present research, most ofMFC experts are moving

towards scaling up of MFC for effective wastewater treatment and developing

different approaches to enhance the power output.

23.2 Bottleneck in MFC Research

As compared to other renewable energy sources, MFC is still considered as a low

energy producing system because of its thermodynamic limitations and different

voltage losses associated with redox reactions. Theoretically, the maximum voltage

which can be achieved from a single MFC unit is limited to 1.1 V by using acetate

as a carbon source in anodic chamber and oxygen as the cathodic electron acceptor

(Logan 2008). However, the actual voltage obtained from an MFC is always lower

than this maximum theoretical voltage due to several voltage losses, often called as

overpotential (Du et al. 2007; Logan 2008). The major bottlenecks for practical

application of MFCs are the lower CE, lower power output and high production cost

as compared to other conventional wastewater treatment processes. Although

improvement in power and current density was reported from scalable design of

MFC, this increase in electrical output is not in proportion with corresponding

increase in volume of anodic chamber (Feng et al. 2014).

So far, most of the studies on MFCs have evaluated the performance of labora-

tory scale MFC (up to few litres in volume). Only a few pilot scale tests have been

carried out and the results are not meeting the expectations. The main bottleneck

currently perceived in MFC research is the field application of this technology

coupled with cathodic electron transfer limitations (Jadhav et al. 2014). The field

application of MFC technology is restricted by its design aspects, technological,

electrochemical and microbiological limitations. To overcome the cathodic limita-

tions, varieties of catalysts have been investigated for the direct electron transfer

from cathode to oxygen in the air, which increases the overall cost of MFC

fabrication (Rabaey and Keller 2008). Also, the lower power output from such

units restricts the application of this technique from commercialization.

Considering the microbiological limitation, microbes are relatively slow elec-

tron transformers even at its fastest growth rate and have to compete to other

non-electrogens for food as in case of mixed inoculum. Although CE over 90%

has been achieved in few cases, it has little effect on the crucial problem of low

reaction rate and voltage loss. Also, other limitation is represented by substrate

diffusion towards anode in anodic chamber of larger volume MFC, which is not at

sufficient rate to reach acceptable levels of current and cell potential (to minimize

the diffusion losses) and it needs proper mixing condition for better proton transfer

and to maintain homogenous condition throughout the electrolyte solution (Rabaey

et al. 2012). Field scale MFC system demonstrations are required to take a step

forward towards commercialization but it may pose new challenges and limitations

which need to be addressed in a systematic manner. Even though considerable

23 Recent Progress Towards Scaling Up of MFCs 445



progress has been achieved to decrease the electrode and separator cost in the last

several years, still this technology is far away from its practical applications and

more efforts are required from the researchers. Clearly, a major breakthrough is

needed to advance the MFC technologies beyond academic research and lab scale.

23.3 Scaling Up of MFC

The development of MFC technology needs selection of suitable and cost effective

electrode materials and separator, and engineering design of scalable architecture to

find its feasibility for wastewater treatment under optimum operating conditions.

Researchers have enhanced the specific power densities by increasing the total

surface area of the electrodes per unit volume of anodic or cathodic chamber and by

decreasing the total reactor volume. However, proportional volumetric power

generation decreased with increase in volume of MFC. The challenges for bringing

MFC technologies out of the lab i.e. for practical applications, is to take into

account the number of factors influencing performance of the MFC. The main

challenge of MFC is to scale the energy output with respect to volume of waste-

water being treated. Total power from MFC can be improved either by increasing

the capacity (volume) of MFC or by connecting number of MFCs in electrically

stacked arrangement (series or parallel). MFCs have been tested in the lab scale

with volume ranging from 1.5 μL (Qian et al. 2009) to several litres (Jang et al.

2004; Li et al. 2008; Scott et al. 2007) with most of the MFCs typically using tens to

hundreds of millilitres (Logan 2008, 2010; Logan et al. 2006). Out of 6150 research

articles published on MFC (Scopus data 2016), less than 1% papers have discussed

the issue of scaling up and the challenges of it.

The first pilot scale tubular MFC (1 m3) consisting of 12 modules was operated

at Foster’s brewery in Yatala, Queensland (Australia). However, no more later

results are available for the same MFC (Web reference 1). The pilot scale stackable

horizontal MFC (SHMFC) of 230 L capacity was capable to harvest current of

0.435 A (Table 23.1) and maximum power of 116 mW (Feng et al. 2014). Recently,

90 L capacity stackable pilot scale MFC consisting of five stackable modules

produced energy of 0.097 kWh m�3 and organic matter removal of 86.3% using

brewery wastewater (Dong et al. 2015a). Experimental studies on scaling up of

MFCs reported volume ranging from 1 to 1000 L, consisting of short-term lab scale

experiments to long-term in situ pilot scale investigations (Janicek et al. 2014;

Logan 2010; Ghadge et al. 2016). The scaling up studies reported in literature has

focused mainly on wastewater treatment issue, long-term operation and economic

analysis; however, the power output from such system is still low to operate

electronic appliances directly (Table 23.1). To reduce the cost of separators,

Ghangrekar et al. have tested the clayware ceramic separator for scaling up MFC

studies and found it to be suitable separator to withstand with more hydrostatic

pressure (Ghadge et al. 2016; Jadhav and Ghangrekar 2016; Ghadge and

Ghangrekar 2015). Such clayware MFC with fabricating cost <1 US$ generated
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a significant power density of 16 W m�3, which is comparable to other MFCs

fabricated with expensive polymeric exchange membrane like Nafion. Clayware

MFC was scaled up to 100 L volume (Fig. 23.2) with multiple electrode assemblies

to treat septic tank sludge and showed capability to charge mobile phone battery

with suitability to field level application using bioelectric toilets (Jadhav and

Table 23.1 Overview of scaling up studies on MFC cited in literature

MFC details

Size

(L)

Substrate

(Wastewater)

Power (COD

removal) Findings References

Stackable hori-

zontal MFC

230 Municipal

wastewater

116 mW,

435 mA, COD

79; CE 5% at

1 Ω

Cost analysis for

scale up study

Feng et al.

(2014)

96 module

MFC

200 Primary

wastewater

50 mA; 76.8% Field trials of

large-scale MFC

systems

Ge and He

(2016)

Stacked sedi-

ment MFC

113 Sediment 2.33 mW PMS for SMFC &

long-term

operation

Ewing et al.

(2014)

MFC with

36 MEAs

100 Septic tank

wastewater

36 mW

(CE 5.8%);

COD 91%

Effective organic

matter removal &

disinfection in

MFC

Jadhav and

Ghangrekar

(2016)

Stackable

5 modular MFC

90 Brewery

wastewater

0.097 kWh m�3;

COD 86.3%

Effective real

WWT (no energy

input)

Dong et al.

(2015a)

FRP MFC with

8 MEAs

45 Synthetic

WW

17.63 mW

(10 Ω); CE
2.03%

Long-term opera-

tion over 1 year

Ghadge

et al. (2016)

4-SCMFCs

(membraneless)

45 Effluent of

the primary

clarifier

0.36 kWh kg�1

COD, CE 4.8%

Full-scale waste-

water treatment

plant

Hiegemann

et al. (2016)

Dual chamber

MFC

40 Municipal

wastewater

96 mW m�2;

COD 75%

Simultaneous

WWT and energy

recovery

Tota-

Maharaj and

Paul (2015)

Air cathode

MFC with

3 MEAs

26 Synthetic

WW with

sucrose car-

bon source

17.85 mW

(CE 5.1%);

COD 78%

Developed scal-

able clayware

structure MFC

Ghadge and

Ghangrekar

(2015)

Oxic-anoxic

2-stage

bio-cathode

MFC

23 Synthetic

WW

containing

acetate

43.1 W m�3;

COD 95%

C and N removal

using two-stage

process

Liang et al.

(2013)

MFC with

12 MEAs

16 Domestic

wastewater

3.14 mW;

COD 80%

Cathode fouling

reduce

performance

Jiang et al.

(2011)

40 tubular

SCMFC

10 Brewery

wastewater

38.1 mW

(4.1 W m�3)

Cathodic limita-

tions in MFC

Zhuang

et al. (2012)

*MEAa: Multiple electrode assembly; WWTb: wastewater treatment; SCMFCc: single

chambered MFC
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Ghangrekar 2016). To enhance the proportional power output and to study suitabil-

ity of MFC for field applications, most scale-up concepts suggested to-date needs

modularization and replication of the fundamental MFC structure to increase

volume and energy output (Table 23.1).

23.4 Hybrid Approach of MFC for Wastewater Treatment

With advancement in MFC research, several studies emerged with integration of

one or more existing wastewater treatment units with MFC to increase the effluent

quality, to recover the maximum available energy present in the wastewater and to

enhance the overall treatment efficiency of combined system. In MFC centred

hybrid system, MFC can be used as pre-treatment option (Li et al. 2014) as well

as post treatment method (Wang et al. 2015). The products such as biohydrogen,

biomethane, biofertilizer, electricity, caustic soda, hydrogen peroxide etc. were

formed as an intermediate during the integrated operation of hybrid MFC.

A methane producing MFC in combination with anaerobic digestion has been

recommended as a polishing post treatment for effluent discharged from classical

anaerobic digesters (Gao et al. 2014). The hybrid approach of MFC with anaerobic

membrane bioreactor (Malaeb et al. 2013), integrated photo-bioreactor fuel cell

(Eomh et al. 2011), anaerobic digester (Higgins et al. 2013), upflow anaerobic

sludge blanket (UASB) reactor, microbial electrolysis cell (MEC), rotating biolog-

ical contactor (Sayess et al. 2013) and other wastewater treatment units were

investigated to yield higher quality treated effluent and recover valuable

by-products (Gajda et al. 2014) (Table 23.2). In the integration of MFC with

Fig. 23.2 Pictorial view of 100 L bioelectric septic tank MFC
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granular activated carbon (GAC) adoption system, high pollutants removal per-

centage from palm oil mill effluent were achieved within several hours, which is

considered very fast as compared to MFC unit alone (Tee et al. 2016). Zhang et al.

(2009) designed three-stage combined system of MFC with UASB and biological

aerated filter (BAF) for the treatment of high strength molasses wastewater and

achieved total COD, sulphate and colour removal of 53.2%, 52.7% and 41.1%,

respectively.

The hybrid system is capable to achieve high levels of wastewater treatment and

it can provide polishing treatment as well as for the removal of specific pollutants.

The BES centred hybrid treatment system is proposed as an example of integrating

MFC and relevant wastewater technologies for improving treatment sustainability.

However, it demands high energy input and further components to attach, which

subsequently leads to increase in overall cost of fabrication. Also, difficulty with

reactor scaling-up, primary barrier for practical implementation of hybrid system

(containing MFC) and complexity of the combined treatment process strive its

practical implementation. Along with several envisioned positive synergies, intro-

ducing the other processes may also create several new issues. For example,

application of membrane separation process as a polishing step would lead to

membrane fouling problems, pH imbalance condition, algae in photosynthesis

processes can suffer from self-shading at higher concentration, deposition of

hazardous metals during struvite precipitation. The alkaline effluent as well as

change in micro-environment may harm the microbial activity in the subsequent

treatment steps (Li et al. 2014). Therefore, a balanced assessment of all suitable and

unfavourable factors needs to be taken into account to model the process design and

operation of hybrid system.

23.5 Life Cycle Assessment of MFC

Life cycle assessment (LCA) is a cradle-to-grave approach in which environmental

responsibility coupled with MFC system through all the stages during operation

period are taken into account for the systematic and quantitative evaluation of

environmental impacts. LCA is the most preferred method of choice in recent years

for various kinds of new renewable technologies for bioenergy and carbon seques-

tration. Already several researchers are planning to upscale this technology as

mentioned earlier to convince the end users of its potential use. However, limited

studies have been carried out on LCA of MFC (Pant et al. 2011). In the study on

LCA of MFC, Foley et al. (2010) concluded that MFC is not favourable substitute

in comparison with other conventional treatment options. Similarly, in other LCA

study conducted by Pant et al. (2011) interpreted that MFC is much better technique

comparing with other wastewater treatment technologies. However, they did not

present firm proof to support their remark. Hou (2014) concluded that for MFC

centered combined system, large environmental burden is brought by the carbon

and graphite materials used for electrode construction and environmental intensive
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metal (Pt) used for cathode construction when comparing with aeration system

during LCA.

Several other studies on LCA showed that electrode and separator materials have

the greatest impact on performance of MFC (Helder et al. 2013). Although proof of

concept studies have demonstrated the feasibility of bioelectricity production from

MFC technology, the choice of a functional unit is an important aspect (i.e. mass of

production per kLD) (Patil et al. 2015). To make MFC as a feasible and economical

solution, the economic and engineering cost analysis is one of the factors that need

to be considered while studying LCA. Fornero et al. (2010) presented an economic

justification and evaluation of MFC for revenue in terms of electricity generation

and cost for municipal wastewater treatment (based on treatment cost of $ 0.53 kg�1

BOD as per US standards). According to their economic justification, for waste-

water flow of 100 m3 d�1 with 2 g BOD L�1 (with assuming CE of 20% for real

wastewater), the net present wealth equals to US$ 380,528 for considering life span

of 10 years. In comparison, the cost required to treat municipal wastewater in plant

having activated sludge process (as a secondary treatment option) is $ 32,760 per

year, which is significantly lower than the revenue from wastewater treatment in

MFC. The similar cost justification for MFC turned out to be US$ 35,731 per year.

These engineering economic justifications are governed by both electricity revenue

generation and wastewater treatment cost. They also reported that electricity

generation fromMFC is not an attractive solution considering economics of system.

However, organic matter removal can make system more efficient and self-

sustained. The byproduct recovery from bioelectrochemical system also makes

additional benefits in terms of energy value for the wastewater treatment plants.

From an energy production point of view, industrial wastewater may be a better

market for this technology rather than municipal (domestic) wastewater, as the

former contains far higher contaminants and COD concentration (and thus greater

energy generation potential) and can generate interest for industry person to invest

for this technology. From industrial point of view, several start-up companies such

as Lebone (USA), Trophos Energy (USA), Plant-e (Netherlands), IntAct Labs LLC

(USA), Emefcy (Israel), Indian Oil Corporation Ltd. (India), Hy-SyEnce (USA) and

few others based on MFC technology have been already established and are trying

to commercialize it (Pant et al. 2011). Therefore, by considering the suggestions

and remarks received from the researchers and industrial experts, it is too early to

compare the MFC technology with other renewable energy technologies because

this technology is still under development and needs experience for field studies and

environmental concern.

23.6 Current Challenges and Potential Opportunities

To make MFC technology suitable for real world applications, scaling up of this

system is necessary. This requires increasing the size of MFC reactor and treatment

capability to a practical level, and also achieving acceptable levels of output energy
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and scaling up of power output (Logan 2010). As aforementioned, MFC technology

is potential alternative to effective wastewater treatment and energy generation.

However, to utilize this potential several bottlenecks need to be overcome, to make

this technology ready for commercialization. Although a neutral or positive energy

balance has been theoretically established in past studies, there has not been an

actual operation of energetically self-sustained MFC for wastewater treatment at

field level (Zhang et al. 2013). Therefore, the biggest challenge of MFC system

designed for wastewater treatment application is how we can simultaneously scale-

up the reactor by maintaining same energy output per unit volume as demonstrated

by small MFC (<1 L size).

The specific limitations related with MFC scaling up include high internal

resistance of system, high overall cost of fabrication, operational stability issues,

high material cost, other operational problems over the period of time (Gude 2016),

slow pollutant degradation kinetics and lower efficiency of mixed culture biofilm

on an electrode (Fornero et al. 2010; Logan 2010). The most important limitation of

scaling up lied in increasing the electrochemical voltage losses (overpotential) with

enlarged size. Successful demonstrations of large scale system are urgently required

but it can come with several new challenges and limitations which need to be

systematically addressed in near coming future. Yet, the understanding of EAB is

still in its early stages, as the diverse microbial populations have several unnoticed

electrochemical capabilities that can be exploited in different applications of MFC

(Logan 2009). Continuous development efforts and research focus have also

established the applicability of MFC technology towards several specialized and

value added applications beyond the electricity generation, such as wastewater

treatment and operating electronic appliances. However, to enhance the quality of

treated effluent and power generation, the integrated bioprocess approach which

combines post- treatment and use of PMS to improve the voltage is coming

forward. Overcoming these limitations lead to call for further integrated efforts in

reactor design engineering, electrode material development, bioelectrochemistry

and biological manipulation.

23.7 MFC: Outlook and Future Perspectives

In about one decade of research and development, the research area of microbial

electrochemical technologies has expanded noticeably and the performance has

improved exponentially. This MFC technology has received attention in last two

decades because they can provide access to a cheap renewable and green energy

source. Along with the main products (wastewater treatment, electricity, gases,

etc.), MFC shows capability of recovering other valuable products such as heavy

metals, nutrients, industrial chemicals and gaseous fuel. The efficiency of MFC can

be only comparable with conventional fuel cells if highly efficient system needs to

be developed with much more advancement in engineering and microbial aspects.

The maximum limit of power that can be produced from MFC and optimum size of
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MFC is still unknown fact. Low efficiency of electricity yield has also stymied

scaling up of this technology. To overcome these challenges, better understanding

of microbes that metabolize the organic matter from wastewater and detailed

electron transfer mechanism, need to be modelled. MFCs provide us with a

model system and platform to establish the various microbial populations present

in the exoelectrogenic biofilm on electrode, and it would be a vital research area in

understanding how the microbial ecology and bacterial physiology of electrogens

develops over time (Li and Sheng 2011).

In the future, further advancement in research is needed in material science, nano-

material engineering and bioelectrochemistry to develop the MFCs for continuous

improvement in the performance. The field scale application of MFC will also throw

light on limitations of scaling up and actual kinetic limitation to make it successful.

The rapid pace in development of microbial electrogenic genes and biocompatible

electrode material might lead to overcome the limitations towards commercializa-

tion. To be a promising candidate for real wastewater treatment, the optimization and

modelling efforts are required to make positive energy balance and beneficial life

cycle assessment (Pant et al. 2010). Despite the above mentioned limitations,

bioelectrochemical systems such as MFCs are a fascinating research subject and

they have increased the interest among the research communities over the world.

23.8 Conclusion

Current state of art and rate of improvement in energy output and power production

warrants a thorough rethinking of applied value and niches for MFC systems for

practical applications (Schroeder 2011). The major breakthrough in MFC research

is the development of air cathode MFC, use of pure culture inoculum, application of

mediators, development of power management system, scaling up studies and

bacterial ecology, which leads to increase the power generation and understanding

the kinetic limitations of the system. Moreover, MFC technology is a promising

area of research, which can solve some of the energy crisis in future, and reduce the

percentage of gases emitted through fossil fuel consumption into the atmosphere. In

last decade, power output of MFC boosted in order of several magnitudes. How-

ever, it is necessary to increase it further for useful applications to scalable level

with innovative design and cost effective materials. The combination of wastewater

treatment and resource recovery along with electricity production helps in com-

pensating the cost of wastewater treatment, making hybrid MFC system

sustainable.

An understanding of microbiology of the current producing process for limiting

growth of non-electrogenic microbes is needed before further advancement in

power output are possible. The brief journey from lab scale MFC to few field

scale trials shows that MFC can be a potential technology to sit alongside other

renewable energy technologies, while simultaneously curbing water pollution.

However, field scale implementation of such bioelectrochemical system is not
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straightforward because certain microbiological, technological, bioelectrochemical

and economic challenges need to be resolved that have not occurred previously in

other conventional wastewater treatment system which makes life cycle assessment

complicated. In order to contribute towards a greener future, the MFC technology

will be an integrated part of the waste management processes in future.
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Chapter 24

Scaling Up of MFCs: Challenges and Case
Studies

Jai Sankar Seelam, Christina Theresia Rundel, Hitesh C. Boghani,

and G. Mohanakrishna

24.1 Introduction

Rapid commercialization and expansion of biological and biotechnological plat-

forms can contribute significantly towards realizing the concept of global bio-based

economy. Bioelectrochemical systems (BESs) is one such emerging bio-based

technology developed over the last few decades with multi-faceted utility. They

assist in active valorization of resources in the form of bioelectricity (microbial fuel

cell, MFC), biohydrogen (microbial electrolysis cell, MEC), value-added

bioproducts (microbial electrosynthesis, MES) with concomitant waste manage-

ment (bioelectro-treatment, BET) (Lovley 2006; Rosenbaum and Franks 2014;

Venkata Mohan et al. 2014a, b). Of these, MFCs are heavily studied BES units

and scalability is an important indicator in realizing their potential for practical

application and global utility (Logan 2010). Scientific investigations and scale-up

studies suggested that MFC operation at high reactor volumes (>5 L) are complex

and are often challenged by several limitations. In this chapter, the problems

associated with critical governing factors have been enlisted into operational,

electrochemical and economic limitations. A brief overview of representative
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pilot-scale case studies like Bioelectro MET, Value from Urine, EcoBots and

Peepower is presented in subsequent sections. Furthermore, possible technical

and technological solutions, and future perspective to overcome the mentioned

limitations are also included.

24.2 Limitations in Large Scale Applicationof MFCs

The focal point of expanding MFC technology was aimed at alleviating the energy

intensive aerobic wastewater treatment, biofuel production and recovery of harmful

metals at low concentrations. Concerted efforts have been laid by several research

teams in this direction to boost the practical and long-term usability of MFCs

through studies from bench-top and semi-pilot scale to pilot scale (Liu et al.

2008; Logan 2010). These studies have always been attempted in order to achieve

optimized operational parameters and design configurations (Table 24.1). A repre-

sentative power density of about 1 kW m�3, proportionate current density of

5000 A m�3 of total anolyte volume or 50 A m�2 of projected anode surface area

with an average voltage output of 0.2 V has been shown to be attainable and could

suffice practical, long-term and commercial utility (Clauwaert et al. 2008). How-

ever, most of the MFCs reported maximum current densities between 10 and 25 A

m�2, evidencing unacceptable levels of power for operating small electrical appli-

ances (Rabaey et al. 2010). The major bottlenecks include (1) low power density,

(2) high capital expense (CAPEX) and (3) high operational expense (OPEX).

The overall functionality of a unit depends on factors like microbial inoculum

and concentration, substrate composition and concentration, loading pH, feeding

rate and configuration, temperature, electrode material, ion exchange membrane/

separator and reactor configuration (Seelam et al. 2015). Better understanding of

cause and effects of these factors is necessary to achieve their better electrical

performance. But, these governing parameters are often challenged by electro-

chemical and operational limitations during scale-up which can further influence

the economics. Electrochemical constraints include limitations in performance due

to design factors like electrode material, reactor vessel design, electrical configu-

ration (series or parallel), internal resistance, electron transfer and biocatalytic

activity. The operational performance on the other hand is bounded by start-up,

physico-chemical parameters, substrate composition, feed loading rates, microbial

culture and its stability. Lastly, CAPEX and OPEX are still high for the commercial

bioelectro-production and renewable technologies such as wind and solar clearly

outcompete the MFCs. A short introduction on each limiting factor associated with

upscaling of MFCs with potential solutions has been discussed in the upcoming

sections.
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24.3 Electrochemical Limitations: Design

24.3.1 Electrodes

Electrodes function as electron source and sink, and provide active sites for

bioelectrochemical reactions. In addition, they also provide physical support for

exoelectrogenic/electroactive biofilm formation and interface for electron transfer

between microbes and electrode surface. Several carbon and metal-based electrodes

with different compositions and dimensions have been used as electrode materials

in MFCs. Noble metals can deliver higher power production but they are often

limited by huge costs associated with material and corresponding chemical treat-

ment (Logan 2010). Use of such materials need to be avoided in MFC constellation

for large scale applications. The use of macro-porous electrodes posed a promising

potential in terms of power enhancement but they are prone to clogging which

hinder their long term usage. Also, carbon and metal-based anodes are susceptible

to severe losses due to low mechanical strength and corrosion, respectively (Butti

et al. 2016). The use of copper, brass and aluminum as anode displayed toxic nature

towards microbial growth and use of such materials need to be avoided (Logan

2010). Investigations aimed at employing robust, durable and composite materials

for anode fabrication can display improved performance (Navaneeth et al. 2015).

Furthermore, biocompatibility is a critical requirement of good electrode system to

promote biofilm growth and efficient electron transfer between microorganisms and

electrode surface.

24.3.2 Reactor Vessel Design

Reactor vessel design and construction forms an integral part during the planning of

pilot-scale investigation. The choice of material used for construction is determi-

nant in predicting the overall performance of a simple single cell setup or a stacked

fuel cell (Oliveira et al. 2013). Reactor volume is another performance driving

factor which influences costs and possibility of clogging/biofouling. Large scaled

units with/without membrane separators also failed to reach the power delivered by

their identical smaller system using air cathode. Other factors like electrode

arrangement and their spacing are responsible for their lower performance. Closely

spaced electrode pair i.e. anode and cathode can improve the performance in larger

setups (Liu et al. 2008). Higher electrolyte resistance can cause poor ionic flow in

membraneless reactors and inclusion of membrane can lead to an internal resistance

contribution of 38–86% due to their ohmic resistance and thereby decreasing the

deliverable power (Fan et al. 2008).

Maximizing the electrode surface area has been a fruitful candidate in improving

the MFC output during upscaling as shown by the recent advances in the research.

For instance, in the case of sediment MFCs (SMFCs), the enlargement of the
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electrodes or simply the reactor size was not a performance governing factor as

shown by Hsu et al. (2013) and they showed that the power density does not always

linearly increase with the mere enlargement of the electrode (anode and cathode)

surface area. Investigation by Cheng and Logan (2011) suggests that by increasing

the cathode size (twice as big as the anode), about 62% more power could be

produced. However, when the same strategy was applied to the anode, the power

output increased by merely 12%. This shows that relative increase in anode surface

area did not have bigger effect on the output and the relative surface area of the

cathode electrode was the limiting factor in higher current production. This was

coherent with the study by Liu et al. (2008) who found smaller relative surface area

of the cathode to be the limiting factor in their MFC system.

24.3.3 Electrical Connectivity

Electric connectivity is often informed by the arrangement of individual MFC units

in scalable systems. These units are principally connected either in series or parallel

or combination of both based on the target current and/or voltage requirements (Liu

et al. 2008). The electrical arrangement determines the overall power yield and

estimates the potential drop due to ionic cross-conduction (Kim et al. 2012; Zhuang

and Zhou 2009). In a study using landfill leachate by Gálvez et al. (2009), multiple

MFCs having bigger electrodes and connected in series resulted in improved power

output and treatment efficiencies. In another study by Ewing et al. (2014), scaled up

SMFCs were electrically connected in parallel whose performance was compared

with that of a single-equivalent SMFC. Both systems performed similarly for about

5 months but later on, the parallelly connected SMFCs delivered 3.5-fold higher

power output (Ewing et al. 2014). An independent case study showed that parallelly

connected MFCs in their setup outperformed the system connected in series while

treating swine wastewater (Zhuang et al. 2012b). Hence, the research seems to

suggest that the MFCs connected in parallel or modularized MFCs yield higher

electrical output as compared to the MFCs connected electrically in series.

24.4 Operational Limitations

24.4.1 Start-Up

Start-up acts as a triggering step in the functioning of an MFC. It is the most critical

aspect when treating huge volumes of wastewater in an industrial-scale installation.

So, it becomes a limiting factor in the initial phase of MFC operation and it can be

quantified in terms of start-up or lag time. This value can vary between tens of hours

to several months (Feng et al. 2008; Liu et al. 2008). Scalable systems presented
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start-up values ranging between 60 and 103 days. The nature of substrate, inoculum

and reactor configuration significantly governs lag in MFC operation (Aelterman

et al. 2006). Commonly used mixed microbial cultures take significant time to adapt

and produce acceptable output. Loading pH also influences the biofilm formation

and thereby affects the startup (Patil et al. 2011). Bioaugmentation offers a

favourable situation for improving the start-up of a bioprocess (Mohan et al.

2007; Wilderer et al. 1991). In this direction, use of acclimatized inoculum or

effluent from existing treatment systems fed on same substrate can be candidates for

quicker starting up of a reactor (Kim et al. 2007). Though this method looks viable

for better start up, larger volumes (>1 m3) of enriched substrate/culture are required

to operate MFCs at industrial scale (~10–20 m3 reactor volume) which limits their

utility. Other approaches aimed at minimizing the start-up problems like

supplementing the wastewater with additional substrates and specific electron

donors can boost the strength of the anolyte (in terms of chemical oxygen demand,

COD) and promote the growth and metabolic activity of electroactive microbes

(Liu et al. 2011). Fe (III) or fumarate prior to inoculating an MFC with culture of

Geobacter sulfurreducens informed the faster start-up of MFC (Torres et al. 2009;

Wang et al. 2010). Anolyte conductivity also dictates the current densities and the

composition of the biofilm developed on the anode. So, maintaining desirable

conductivity levels can inhibit the growth of non-exoelectrogens and consequently

favour the start-up. The anode potential (electrochemical control) can also offer a

promising solution (Wang et al. 2009).

24.4.2 Electrolyte

The electrolyte constitutes an integral component in the functioning of an MFC

because it serves as a carbon/energy/electron donor/acceptors source as well as

provides route for counter current ionic flow. To test the versatility of MFCs,

diverse array of wastes and wastewaters have been used as fuels for MFC applica-

tion (Pant et al. 2010; Rozendal et al. 2008). Affluent availability and cheaper costs

associated with wastes/wastewaters creates a value-added advantage.

24.4.2.1 Chemical Composition

Greater fraction of wastewater constituents function as electron donors to boost

microbial growth, metabolic activity and effectiveness of electroactive biofilm.

Every wastewater has its characteristic composition and lends different perfor-

mances when used as fuel in MFCs. The influent constituents drastically impact

the microbial assemblage and biofilm integrity, coulombic efficiency, power den-

sity and COD removal efficiency (Seelam et al. 2015). The choice and availability

of the waste feedstock is, therefore, critical for long-term and sustainable applica-

tion. The use of wastewater from households and domestic sector can be
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challenging for effective operation due to its mild organic/inorganic strength and

subsequent poor conductivity (Pant et al. 2010). The use of brewery wastewater

displayed positive results when operated in an MFC. This is due to the presence of

high biodegradable organic matter (chemical oxygen demand, COD) and sparse

concentration of inhibitory agents (Pant et al. 2010). The presence of complex

substance in several wastewater feedstocks can adversely affect the coulombic

efficiencies (Zhuang et al. 2012a, b). The reason for lower coulombic efficiencies

can be attributed to different parameters. For example, super saturated levels of

organic matter promotes competition between electroactive and non-electroactive

microorganisms which influences the current generation (Oliveira et al. 2013). Side

reactions like methane production might occur due to the presence of methanogenic

growth promoting compounds in the substrate which limits the substrate availabil-

ity for the exoelectrogenic biofilm (He et al. 2005). It was found that the MFC

operated on real wastewater severely underperformed as compared to the synthetic

wastewater (Fornero et al. 2010). Furthermore, few wastewater feedstocks require a

pre-treatment step to improve the substrate bioavailability. This treatment actively

degrades the complex matter into simple compounds but often incurs additional

costs due to additional steps.

24.4.2.2 Substrate Loading

In bulk scale systems, organic loading rate (OLR) and sludge loading rate (SLR) are

critical during the startup phase. These parameters dictate the capacity of reactor

per unit volume and the amount of microbes to degrade organic substrate (Oliveira

et al. 2013). Several studies investigated the influence of OLR and SLR on MFC

performance and concluded that these parameters are directly proportional to the

power yield and organic matter degradation and inversely to that of coulombic

efficiency and internal resistance (Martin et al. 2010; Velvizhi and Venkata Mohan

2012). The use of wastewaters did not prove beneficial when the system was scaled

up in terms of cathode surface area and it was found that the energy loss was greater

when the loading rate was lower (less COD per unit time) (Cheng and Logan 2011).

It has also been shown that power output had decreased with gradual increase in the

substrate degradation when OLR was too high due to direct anodic oxidation

(Martin et al. 2010; Velvizhi and Venkata Mohan 2012). Lower OLR might

enhance the coulombic efficiency due to lower methanogenic activity but internal

resistance becomes higher in such systems due to lower OLR (Martin et al. 2010;

Velvizhi and Venkata Mohan 2012). A compromise between effective electron

recovery and COD removal is necessary during scale up operations. Hence, MFC

operation at optimum OLR and SLR values is crucial for maximal power produc-

tion and organic matter treatment.

24 Scaling Up of MFCs: Challenges and Case Studies 465



24.5 Economic Limitations

MFC technology can promise a self-sustaining bioprocess with concomitant waste

remediation but its bulk-scale utility is primarily limited by the economic factors.

Considering the costs of lab-scale installation with an estimated life span of

10 years, the capital investment is assumed to be about US$ 3 kg�1 influent COD

(Fan et al. 2012). The economic advantage of this cost may vary when large scale

application is considered. Comparative analysis with conventional treatment sys-

tems can often provide a techno-economic view point. Interestingly, a study

presented a net profit for an MFC treating wastewater of about US$ 0.0005 kg�1

COD (considering the electricity price and the energy recovery rate). Relative to

conventional treatment with activated sludge where no profit is gained, an MFC

shows an advantage (Liu and Cheng 2014). MFC also provides other economic

advantages as compared to other treatment technologies. These include (1) lower

biomass production and no requirement of aeration or temperature adaption and

(2) achievable high energy conversion rates (Liu and Cheng 2014).

Several other research investigations reported promising results towards an

economically feasible MFC application but in contrast, long-term commercial

adoption is far from being reached. Major obstacle to overcome is the material

and fabrication costs for the MFCs (Zhuang et al. 2012a, b). Costs associated with

the chemical pretreatment of electrode, use of precious metal electrodes and

impregnation of current collector into electrodes also limit the bulk-scale utility

(Seelam et al. 2015). Electrode materials, current collectors, catalysts for cathode

and ion exchange membrane/separators are expensive and contribute to majority of

the costs of the system. While anode materials declined in price, cathodes are still

mostly expensive. Use of graphite fibre brush anodes present an economic alterna-

tive (Feng et al. 2010). Cathodes are the main costly players which conduce up to

75% of the total CAPEX (Rozendal et al. 2008). For a case study referring to carbon

cloth/Pt cathode, the costs are approximately US$ 1000 m�2 (Logan 2010). Reduc-

tion in cathodic material costs alone would pull down the capital cost to US$ 0.1/kg

COD (Fan et al. 2012). This forecasts treatment costs close to that of the activated

sludge treatment. Power densities of about 23–36 W m�3 are observed when

cathodes are modified and impregnated with typical iron and nickel metals

(Aelterman et al. 2009). Economic fuel cell grade materials like stainless steel

and cheap binders offer to prevent cathode damage and improve the current

densities. Membrane/separator may also be a large cost contributor. This is often

necessary and implanted in bulk-scale MFCs to ensure little electrode distance

which in turn brings down reactor volume (Liu and Cheng 2014). Though the use of

single chambered MFC may demand less capital relative to dual chambered

systems due to lack of separator, bioelectricity output is generally compromised

(Butti et al. 2016). The presence of separators can be beneficial as it prevents short

circuiting and lends ability to space electrodes (anode and cathode) more closely.

This enhances the electric output on volumetric basis. Alternative and inexpensive

separators are being investigated, but their long-term operation, stability and
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performance is yet to be examined (Butti et al. 2016). On an operational front,

MFCs are negatively influenced by biofouling and scaling which eventually affects

long-term stability and energy output (Liu and Cheng 2014). Membrane cleaning

and/or replacement might be necessary in two-chambered installations during

continuous operation which drastically increases the costs.

Research studies suggested the use of biocathode in an MFC setup but it can also

be a pricy affair. Aeration becomes a necessary step to provide dissolved oxygen in

the catholyte for the activity of biocathode (Cheng and Logan 2011). Activated

carbon with metal mesh current collector can be a suitable alternative catalyst for

oxygen reduction. Another encouraging approach is to employ air-cathodes. This

configuration is known as single chamber air-cathode cloth electrode assembly

MFC design. It presents relative advantage as it is cheaper, easy to fabricate,

operate, and generates high power. Both environmental impact and economic

feasibility of MFCs demand reduced operating power requirements. High strength

wastewaters offer valuable feedstocks and provide added economic advantage for

the MFC application. But Fornero et al. (2010) showed that lower coulombic

efficiencies were obtained with high strength wastewaters and concluded that the

electric output would be insufficient to recover the investment costs. Another case

study by Wang and Ren (2013) highlighted that although the fuel cell grade

electrode material costs have lowered, MFC technology remains an expensive

wastewater treatment variant. It is worthwhile to mention that MFC is still an

emerging technology and these economic limitations suggest that cost challenges

are enormous and techno-scientific advancements are further prospected to over-

come the economic barrier.

24.6 MFCs Toward Commercial Applications: Case
Studies

In the quest to find the apt applicability of MFCs and subsequently commercialize

them, several research teams have investigated case studies at different locations

worldwide. These case studies generate valuable lessons to boost the successful and

practical applications of the MFC technology. They are valuable for planning,

innovating, analyzing, interpreting and developing. A brief description on each

multi-faceted case study is presented here.

24.6.1 Bioelectro MET

With the initiative to promote energy efficient recovery of metals from metallurgi-

cal waste and process streams using microbial fuel cells, a collaborative research

project: BioelectroMET (Bioelectrochemical systems forMETal recovery) is being
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investigated at the time of writing this book, within the European Union’s Seventh
Framework Programme (www.bioelectromet.eu). The principal aim of this case

study is to investigate, develop and demonstrate recovery of metals using

bioelectrochemical systems at no or fraction of energy input. The metal extraction

in this system occurs through electrowinning at the cathode which is assisted by

anodic bio-oxidative reactions. For the final phase of the investigation, a prototype

with 1 m2 anode electrode surface area was constructed (Fig. 24.1).

An ideal bioelectrochemical metal recovery would include anodic oxidation of

biodegradable organics (electron donor) in wastes/wastewaters coupled with

cathodic reduction of metals (electron acceptor) in metallic waste streams. Copper

(Cu) recovery using MFCs was the targeted activity in this case study (Ntagia et al.

Fig. 24.1 Value from urine – schematic diagram of (a) proposed urine treatment concept with

simultaneous ammonia recovery with BES; and (b) double chambered MEC employed for

ammonia recovery fed upon urine as substrate (PS Power supply, CEM Cation exchange

membrane)
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2015; Rodenas Motos et al. 2015). Theoretically, the use of MFCs for copper

recovery at the cathode can deliver a maximum electrical output of 0.49 kWh kg�1

Cu when supplemented by wastewater as substrate at the anode. This generates a

better cathodic copper extraction, bioelectricity production and waste remediation

option where fraction of the produced energy can be utilized for recovery process

itself. Conventional electrochemical recovery requires an energy input at a mini-

mum of 2.1 kWh kg�1 of Cu (in theory) and in practice, about 2.23 kWh kg�1 of Cu

using electrolysis cells (Vegliò et al. 2003).

The choice of electron donors and biocatalysts play a vital role in dictating the

overall performance of the system. In this direction, the investigations of

BioelectroMET were aimed at using extremophiles as biocatalysts and different

electron donors in MFCs. Microbial communities surviving harsh conditions

(extremophiles) like low pH and concentrated metallic wastewaters were investi-

gated (Sulonen et al. 2015) and later reviewed to display their applicability in BES

(Dopson et al. 2016). An MFC catalyzed by mixed acidophilic electroactive

microbes was used for anodic oxidation of inorganic compound, tetrathionate,

present in mining waste streams (Sulonen et al. 2015). The study reported the

presence of extremophiles like Acidothiobacillus and Ferroplasnma spp. at pH of

<2.5. Tetrathionate oxidation at anode was coupled by ferric ion (Fe3+) reduction at

cathode under similar pH conditions with simultaneous bioelectricity production at

80 mW m�2. Follow-up investigation studied the tetrathionate disproportionation

into sulphate and elemental sulphur, and delivered 2.8-fold higher power density at

225 mW m�2 (Sulonen et al. 2016).

Furthermore, MFC operations employed hydrogen and acetate in its anode as

electron donors for cathodic copper reduction process. The electroactive biofilms

generate electrons for copper recovery by actively extracting electrons from hydro-

gen and diverting them to the cathode via anode electrode surface and external

circuit. This phenomenon was demonstrated by an MFC when acetate-fed biofilm

(bioanode) oxidized hydrogen to produce these electrons (Ntagia et al. 2015). The

maximum current output with simultaneous copper recovery in this setup amounted

up to 250 mW m�2. Also, the utility of acetate as substrate for combined bioelec-

tricity and copper recovery was first demonstrated in a proof-of-principle study by

Heijne et al. (2010). In this study, pure copper crystals were electrodeposited at

cathode with removal efficiency of >99.88%. A metallurgical MFC with bipolar

membrane cum pH separator under aerobic and anaerobic conditions was operated

with acetate as fuel. The performance of this system improved by 86% when

operated under anaerobic conditions (maximum power density of 0.8 W m�2 at a

current density of 3.2 A m�2) compared to aerobic conditions (maximum power

density of 0.43 W m�2 at a current density 1.7 A m�2). Copper recovery efficiency

relative to electricity production were reported at 84% (anaerobic) and 43%

(aerobic) (Heijne et al. 2010). A novel reactor configuration was adopted as a part

of BioelectroMET project to surpass the current and power density demonstrated

by this unit. The changes include anion separator instead of bi-polar membrane,

reduced internal resistance (electrodes placed closer to each other) and highly

conductive copper plate as cathode (Rodenas Motos et al. 2015). These
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modifications resulted in maximum power density of 5.5 W m�2 and current

density of 23 A m�2.

24.6.2 Value from Urine

Urine offers to be promising feedstock due to its affluent availability and nutrient-

rich composition (about 80% N and 50% P found in wastewaters originate from

urine) for bio-based applications (Maurer et al. 2003). Its utility in BESs like MFCs

assists in bioelectricity production with concomitant nutrient recovery in the form

of fertilizers or value-added chemicals (Kuntke et al. 2012). Research, development

and expansion of this concept at commercial scale can present an innovative

technology in the field of waste and energy management. In this direction, Value

from Urine is a representative case study exhibiting an advanced application of

MECs operating on urine as substrate (www.valuefromurine.eu). This project

within European Union’s Seventh Framework Programme envisions to develop,

demonstrate and evaluate a BES platform, which ably treats urine, and also

simultaneously recover nitrogen (in the form of ammonia) and phosphorus (in the

form of phosphate) before discharging into sewer grid. The adoption of source-

separated urine collection system, recovery target of >95% of N and P as ammo-

nium sulphate and struvite, respectively, and waste to energy conversion concepts

are the key highlights of the project (Kuntke et al. 2014, 2016; Rodrı́guez

Arredondo et al. 2014). Conventional nitrogen recovery technologies like stripping

and electrodialysis are more energy-intensive relative to bioelectro-recovery sys-

tems (Maurer et al. 2003; Rodrı́guez Arredondo et al. 2014). The use of BESs for

ammonia treatment is majorly advantageous because they offer a cost-effective

platform for both removal and recovery relative to these conventional systems. The

case study further prospects efficient urine treatment and production of different

chemicals, like e.g. caustic or hydrogen peroxide which would lead to a more

advanced system. But, upscaling of BES driven urine treatment for effective

ammonia valorization is challenged by several operational and performance param-

eters (Kuntke et al. 2012).

In pre-project phase, synthetic and real urine was fed as anolyte into a double

chambered MFC fitted with a graphite felt anode and gas diffusion cathode

(Pt coated Ti felt). Nitrogen was recovered in the form of ammonia through

volatilization and acid absorption and overall energy balance was positive which

displayed energy self-sufficiency of the MFC. The volatile ammonia was formed

from cathodic conversion of diffused ammonium ions due to high pH in the cathode

(Kuntke et al. 2012). The inclusion of ammonia recovery neither impacted the

performance in terms of current and power densities nor proved toxic to microbes

as displayed in earlier investigations (Nam et al. 2010). The exhibited ammonium

recovery was 9.57 gN m�2 d�1 against current density of 2.6 A m�2 with real urine

which is relatively higher than synthetic urine (Kuntke 2013). However, this system

suffered with poor coulombic efficiency (10%), lower ammonia transport to
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production ratio and scaling due to in situ struvite crystallization (Kuntke et al.

2012). In an advanced approach, an attempt was made to valorize ammonia with

co-production of hydrogen gas at the cathode in an adapted MFC units often

referred as MEC. Such hydrogen production occurs by supplementing about

0.8 V on top of the MFC potential under anaerobic conditions (Logan et al.

2008). The capture of ammonia and current density produced in the MEC

(23.07 A m�2) were better than that of the MFC (2.6 A m�2) (Kuntke et al.

2012). The produced hydrogen showcased the advantage of using urine as a fuel

in an MEC (Kuntke et al. 2014). Current densities of 14.64–23.07 A m�2, hydrogen

production rate of 32–48.6 m3 H2 m�3 reactor/d, ammonia removal rate of

162.18–173.4 gN/m2/d and COD removal rate of 130.56–171 g COD/m2 d�1

were reported when operated on five times diluted urine. MEC reactor configuration

included a double chambered unit with titanium (Ti) and platinum (Pt) coated flow

fields and graphite felt anode. Recent study presented ammonia recovery using

hydrophobic and gas permeable membranes. This system generated a stable output

with relatively poor current density but enhanced ammonium transport and recov-

ery rate (Kuntke et al. 2016).

24.6.3 EcoBots

The EcoBots concept was developed and investigated by the researchers at the

University of West of England, Bristol, UK during the years of 2003 to around 2010

(Ieropoulos et al. 2003, 2005, 2010). The idea was to build an autonomous robot

that could be fed on the waste material such as rotten fruits and dead flies for their

energy in order to perform locomotive and telemetry tasks. The EcoBots employed

MFCs as their powerhouse. The robots exhibited ‘pulsed behaviour’ where the

system accumulated energy and waited until the threshold was reached and then

moved to a next position and stopped when it was energetically exhausted.

EcoBot-I was constructed using styrene support structure which housed eight

MFC units (fed on sugar) in its centre, two photo detecting diodes, two DC geared

motors and a control circuit, totaling a 22 cm diameter and 7.5 cm height with

960 g of weight. This platform was mounted onto appropriate caster wheels for

the phototactic locomotion. The EcoBot-I was successfully operated by the

on-board power generated and moved onto a trajectory to a total of 25 cm in

about 400 s (Ieropoulos et al. 2003). EcoBot-II was similar to the EcoBot-I in its

construction except that the eight MFCs were now located on the periphery of the

circular styrene block. Additionally, this generation robot performed the teleme-

try task of temperature sensing and data transmission via on-board wireless

microprocessor. The EcoBot-II was fed on the refined sugar, rotten peach portions

and dead flies. It was successfully demonstrated to move 50 cm in an average of

6 h, in the direction of light source that was kept at 90� angle to the robot

(Ieropoulos et al. 2005).
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EcoBot-III was significantly improved robot in comparison to the EcoBot-I and

EcoBot-II where it could now perform the food and water intake i.e. ingestion and

the excretion of the waste i.e. egestion. This robot was 63 cm high and of 29 cm

diameter with a total weight of 5.88 kg that housed 48 MFCs arranged in two

circular stacks in such a way that the top and bottom stack would result in hydraulic

series connection. In addition, it also consisted 120 units of 6800 μF electrolytic

capacitors for the charge accumulation. Top part of the robot had a UV light

attracter (in the form of hopper) for the flies which were used as substrate. The

300 mL reservoir (stomach of the robot) was kept for the fluid feedstock and a

trough was placed at the bottom of the robot for the collection of the egested waste.

The robot was mounted on a rail and the ambient temperature was 30 � 5 �C. The
robot was successfully demonstrated to make 110 iterations of movement occurring

at an average of 30 h duration in a lab scale experiment which lasted for 7 days

(Ieropoulos et al. 2010). These demonstrations of EcoBots present a possibility of

powering of scavenging robots that can be fed onto the waste in the wastefield and

subsequently cleaning the land. It may be a long way before this kind of dream can

be realized but this demonstrates a proof-of-concept for application of MFCs.

24.6.4 Pee Power Urinal

In pursuit of reinventing the toilets for affordable sanitation, Bill and Melinda Gates

Foundation launched a challenge in 2011 called, ‘Reinvent the toilet challenge’
(1999–2016). The team of MFC researchers from University of West of England,

Bristol in UK have entered the challenge to tackle the issue by using MFCs. They

are set to design the urinal system where urine can be fed directly to the MFCs

which produce electrical power (urine-tricity) for charging mobile phones and

battery powered consumer electronics. There is an added benefit of the nutrients

extracted from the urine which can be used as fertilizers in the agriculture. As

reported by Ieropoulos et al. (2016), the Bill and Melinda Gates Foundation and

Oxfam funded pee-power urinal was field trialed at the university campus for

3 months and at Glastonbury Music Festival in England in 2015 for 8 days where

the urine was voluntarily dispensed by the university male students and staff and the

festival goer, respectively. The urinal was a portable toilet from Oxfam which was

modified to integrate MFC modules that can be fed directly from the dispensed

urine. The MFC stack at university campus contained eight modules each and

assembly of 36 modules; totaling 288 individual MFCs electrically connected in

combination of series and parallel connections. These modules of MFCs were used

to power four LED modules (each of 1.2 W power requirement) fitted inside the

urinal via four units of supercapacitors. On an average, 5–10 users visited the urinal

in 3-month period of its operation which resulted in hydraulic retention time (HRT)

of 2–3 weeks and consequently COD removal of 90–98%. The whole unit gener-

ated an average power of 75 mW. The field trial at Glastonbury Music Festival in

England was at a larger scale whereby 12 modules (36 MFCs each) containing
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432 MFCs with total working volume of 300 L were used. Similar electrical and

lighting arrangements as aforementioned were used. As the toilet users were much

higher (~1000 per day), the resulting HRT was 0.9 days. The average power

reached to ~400 mW in this case. However, the COD removal was only about

25% in an average which they attributed to the lower HRT (Ieropoulos et al. 2016).

These trials show the practicality and feasibility of this technology to power safety

lights and low powered devices. However, the authors agree that the commercial

venture may be followed by the rigorously studied economical and life cycle

analysis of this technology.

24.7 Possible Solutions to Overcomethe Limitations

Detailed engineering design of the reactor is essential in reducing the performance

related issues of the MFCs. The reactor design should include consideration of

operational regime such as fluid flow, temperature, pressure, loading rates and

operational maintenance. By the nature of their application, fluid flow seems to

be a dominating factor in considering to see how the electrolyte is going to flow

through and around the electrode, how much electrode material can you fit into a

given volume (to increase the specific electrode area per volume) and also the

spacing between the anode and cathode electrodes. For operational maintenance,

researchers have shown that controlling the current sourcing of MFCs can be

beneficial to their performance. They presented that energy efficiency, start-up

time and biocatalytic activity can be improved along with avoiding voltage reversal

(Boghani et al. 2013, 2014). There also have been evidences of successful self-

sustaining MFCs running on their produced power (including for pumping) (Dong

et al. 2015; Ledezma et al. 2013).

24.7.1 Electrode Spacing and Specific Surface Area

One of the significant factors affecting the performance of MFC is the electrode

spacing between the anode and the cathode. This is a well-known and established

fact. The electrode spacing influences the internal resistance that is created by the

electrode and electrolyte material and also the mass transport issues. Decreasing the

spacing can decrease the internal resistance, reducing the overpotentials and

increasing the power performance (Harnisch and Schroder 2009). One has to take

care for the membraneless reactor though, since it may cause short-circuit if the

electrodes are placed too close to each other.

It is perhaps plausible to imagine that the number of exoelectrogens residing on

the electrode is directly proportional to the electrical current they generate. It is,

therefore, sensible to increase the number of these bacteria to increase the electrical

power performance. One way to do it may be to increase the surface area to volume
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ratio. Many researchers have used this approach to increase the volumetric power

density using porous carbon material (Cheng et al. 2006; Xie et al. 2012) or

geometric arrangement of the electrode (Chen et al. 2011; Michie et al. 2011) or

both (Kim et al. 2012). Increase in the electrode material in a given volume comes

at a price of increase in the head (or required pumping pressure). There are also

chances of blockages in the fluid path due to development of biomass in the pores.

Therefore, care must be taken in designing the electrode in order to increase surface

area available to the biocatalysts and simultaneously maintain an effective through-

put of fluid through the reactor.

24.7.2 Electrolyte Flow Dynamics

The fluid flow plays an important role in transport of reactants and products, to and

from the (bio)catalyst sites. It is important to determine the location of dead zones

in the reactor and try to minimize them. The electrode activity at dead zone is

seriously impaired in the absence or limitation of the substrate due to lack of

convective mass transport. This creates unequal distribution of the electrical current

density and seriously undermines the overall performance of the electrode as there

is gradient of electrolyte potential generated within the reactor. Shear rate on the

electrode is also one of the major factor in determining the substrate delivery to the

biofilm on (and within the pores of) the electrode (Pham et al. 2008). It is also

suggested that mixing enhances the performance of MFCs as it allows movement of

ions within the reactor environment. An example of a flat plate and tubular designs

of the reactors is considered to demonstrate this. The dimensions of the reactors

are arbitrarily chosen but they could represent the lab-scale reactors in reality.

Figure 24.2 shows the results of Computational Fluid Dynamics performed on these

reactors when considering inflow of water at a rate of 10 mL min�1.

As seen in Fig. 24.2, the dead zones can be clearly visible in the corners of the

reactors and in the case of the flat plate reactor, they can occupy larger area of the

electrode. The magnitude of velocity of the fluid within the flat plate reactor is much

smaller, in comparison to the entry and exit points of the reactor. After entering the

reactor, fluid velocity reduces greatly as it finds large volume (expansion of volume

in the fluid path) and the converse happens when exiting. So, the shear rate

produced by this is unevenly distributed throughout the planar electrode affecting

the mass transport as well. If the tubular reactor is considered, the electrode will

receive evenly distributed shear rate on its surface as seen in the figure, throughout

the electrode length, apart from near the inlet and outlet ends. The dead zones are

comparatively small in the tubular design of the reactor in comparison to the flat

plate reactor. However, the annular electrode comes with an inherent problem

where the mass transport deep within the electrode can be limited if the electrode

thickness (annular) is large enough. One way to avoid this problem may be to use a

porous electrode but they can also be blocked by the biomass if the pore sizes are

reasonably small. Granted that tubular reactor with annular electrode may not be

able to give higher surface area to volume ratio to that of the flat plate reactor where
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helical electrode may be an option to increase the surface area (Kim et al. 2012) in a

given tubular volume. This also provides a tortuous path to the fluid flow (but at an

expense of slight increase in the head) that aids mass transport. A designer would

Fig. 24.2 Fluid flow in flat plate and tubular reactors. Axes show geometrical dimensions in mm;

Value from Urine – Schematic diagram of (a) proposed urine treatment concept with simultaneous

ammonia recovery with BES and (b) double chambered MEC employed for ammonia recovery fed

upon urine as substrate
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need to consider these issues and at sometimes, one may need to trade off between

the choice and design of the reactor, and the performance.

24.7.3 Minimizing Fabrication Defects

Designing and manufacturing are correlated in MFC fabrication. When considering

planar electrodes, even thickness of the catalyst benefits the performance whereas

gaps and patches can develop parasitic current. Leaky chambers can also yield

parasitic current if the organic substrate is available to the cathode, some sites can

start anodic reactions oxidizing the organic matter and the electrons are taken by the

nearby site on the same electrode for the oxygen reduction (Harnisch and Schroder

2009). So, this does not contribute to the overall MFC current. When dissimilar

metals are used in the reactors such as copper, tinned copper, stainless steel etc.,

improper insulation can expose those materials to the electrolyte and there may be

possibility of forming a galvanic cell locally. This can impair the power production

from MFC. Also, contact resistance is generally very high in the case of loosely

connected current collectors. Care should be taken to connect the current collector

to the electrode by appropriate means (welding, soldering or compression) to lower

the contact resistance as much as possible.

24.8 Conclusions and Future Perspectives

The practical applicability of MFCs to assist the global energy market is imminent

but they can still be considered in the development phase. This chapter provided a

summary of the fundamental techno-scientific and economic challenges of large-

scale MFC investigations. The most concerning issue displayed during upscaling of

these systems is the magnitude of electrical energy recovered. Non-traditional and

renewable energy producing alternatives powered by wind and solar energy on the

other hand, can deliver much higher yield at lower cost. Pilot-scale research

demonstrated a multi-faceted alternative through representative case studies with

supplementary waste management and can offer an interface to curtail our depen-

dence on depleting fossil fuel reserves. Such studies also exhibit the necessary

issues which need attention in order to realize their commercial utility. Expensive

electrode materials, complicated reactor architecture, waste feedstock complexity,

lower microbial electrocatalytic performance and electrode surface properties are

the domains which seek further improvements. Technological advancements aimed

at process optimizing variables such as pretreatment of substrate, control of pH,

lowering of the internal resistance, integration of biocathode and bioaugmentation,

can further be explored in future research. To achieve maximum possible electrical

output, MFC operation should be focused in simplified reactor configuration fitted

with low cost electrodes and fed upon wastes and wastewaters operated at higher

476 J.S. Seelam et al.



organic loading rates. The use of energy-efficient micro-controller based smart

technologies and automation can also bring the practical application of MFC closer

to a reality. Research focus directed towards integrating bioprocesses like fermen-

tation, desalination and waste bioelectro-refinery concept can potentially enhance

the diversity of MFC utility through simultaneous product recovery, metal recov-

ery, salt separation (desalination) and nutrient valorization. Interestingly, large

scale enterprises have taken leap into commercializing MFC technology via

energy-efficient wastewater treatment using MFCs (www.emefcy.com) and meth-

ane production from waste streams with MECs (Cambrian Innovation Inc., 2013).

These attempts and advancements prospect a promising future for BES technology

and envision their usage into recovery of nutrients from wastes and wastewaters

and/or their self-sufficient treatment.
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Chapter 25

Challenges in Microbial Fuel Cell and Future

Scope

Kuppam Chandrasekhar, Abudukeremu Kadier, Gopalakrishnan Kumar,

Rosa Anna Nastro, and Velpuri Jeevitha

25.1 Introduction

The imminent energy crisis due to reserved fossil fuel and global warming due to

greenhouse gas emission warrant the necessity for environmentally friendly sources

of energy. Fossil fuels adversely affect the nature due to the release of CO2 into the

environment (Venkata Mohan et al. 2011; Venkateswar Reddy et al. 2011a; Kadier

et al. 2016a, b). Hence the consumption of fossil fuels based energy sources has

harshly threatened human life through its drastic consequences, such as global
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warming and environmental pollution. As a result, in the present global energy

scenario, searching for other energy resources is necessary (Kadier et al. 2015;

Chandrasekhar et al. 2015a; Venkata Mohan and Pandey 2013). Last few years,

several researchers around the world have made remarkable efforts to find a

solution for this energy crisis (Venkata Mohan et al. 2013). In this scenario, fuel

cells are a unique addition to the list of alternative energy sources having a

negligible CO2 emission. Production of electricity using microorganisms was firstly

reported early in the last century (Potter 1911). Microbial fuel cell (MFC) have been

considered as a bio-based reactor that modifies the chemical energy of substrate into

electrical energy through biocatalytic action of exoelectrogenic microorganisms

under anaerobic circumstances over sequences of metabolic reactions (Du et al.

2007; Kondaveeti and Min 2015; Chandrasekhar et al. 2015b). MFC technology

signifies an innovative approach of using microorganisms for bioelectricity gener-

ation by the oxidation of organic substrate varied from the synthetic substrate such

as acetate, glucose to a complex mixture of the organic substrate including food,

dairy, distillery, animal and domestic wastewater (Chandrasekhar and Ahn 2017).

In recent years, MFC technology has been developing as one of the popular

wastewater treatment based technology to deliver clean water and green energy

(Venkata Mohan and Chandrasekhar 2011a, b; Pant et al. 2012; Pandit et al. 2012a,

b; Chandrasekhar et al. 2015b). These MFCs overtook other conventional technol-

ogies such as an aerated lagoon and anaerobic digester (Logan 2008). Unlike

traditional fuel cells, one step conversion of carbon-rich organic waste as a potential

substrate to generate bioelectricity in MFCs ensures better conversion capability.

MFCs can evade extra gas treatment process due to its CO2 rich off-gas. Moreover,

single chambered or open-air cathode MFCs do not need any external energy input.

Hence, it can be advantageous for extensive application in locations lacking

electrical amenities (Stams et al. 2006). This chapter stretches an account of the

basic principles involved in the working of MFCs and the key applications,

challenges and future scope of MFC technology, as it stands today.

25.2 Metabolic Reactions Intricate in Bioelectricity

Generation from Exoelectrogens

In the MFC reactor, microbes derive energy from the substrate oxidation for their

growth and metabolic activities (Chandrasekhar and Venkata Mohan 2012). How-

ever, some amount of the energy generated is reserved by the microorganisms for

their growth and metabolic requirements, where rest of the energy possibly will be

employed for bioelectricity generation. Therefore, to generate bioelectricity during

MFC operation, it is essential for the microbes to compensate for the sum of energy

spent for its liveliness and that being transformed into electrochemical energy

(Chandrasekhar and Venkata Mohan 2014a, b). Here two major pathways are

involved in microorganisms for energy transformation i.e., oxidative pathway
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(respiration) and fermentation pathway. During the respiration, Gibbs free energy is

used by microorganisms for their oxidative pathway mechanism. In this process,

electrons flow from one place to another in a respiratory chain and as a final point

departures bacterial cell through a series of electron acceptors located in the

membrane. In the presence of O2, substrates get oxidized through four individual

steps: Glycolysis, TCA Cycle, Electron transport chain, and Oxidative phosphory-

lation. In the beginning, during glycolysis pathway, glucose atom (6C) is

transformed into two pyruvate molecules (3C) in ten consecutive steps as revealed

in Eq. 25.1. The pyruvate further involves in three-phase process and is finally

transformed to CO2 and ATP.

Glucoseþ 2NADþ 2ADPþ 2Pi ! 2 NADHþ 2ATPþ 2Pyruvate

þ 2Hþ þ 2H2O ð25:1Þ

Although aerobic respiration (presence of O2) is the key practice of bioenergy

production in microorganisms, few microbes possibly will produce bioenergy in the

absence of O2 (under anaerobic conditions). In the absence of O2, glucose molecule

(6C) transformed to pyruvate (3C) as in the case of aerobic circumstances, none-

theless, in later stage in its place of the TCA cycle, diverse catabolic pathway will

follow precisely to the category of organism viz. eukaryote/prokaryote. For exam-

ple, few microbes follow alcohol fermentation pathways, while few microorgan-

isms undergo the lactic acid fermentation pathways (Chandrasekhar et al. 2015b).

In this fermentation process, substrates get oxidized in the absence of O2. Hence,

inside the bacterial cell, substrates partially get oxidized. The electrons and protons

which are generated during this oxidation process are transported out of the

bacterial cell with the help of coenzymes. The complete reaction mechanism of

MFC is depicted in Eq. 25.2. However, the total mechanism could be separated into

half-cell reactions as revealed in Eqs. 25.3 and 25.4. In MFC, the anode chamber

can be considered as a bio-factory where reducing equivalents (protons (H+) and

electrons (e�)) generate through a sequence of reduction and oxidation reactions

through substrate oxidation under strict anaerobic circumstances (Kondaveeti et al.

2014). As depicted in Eq. 25.2, e� released during redox reactions in the anode

compartment will move to the anode electrode, while the H+ will flow to the

cathode chamber. Finally, when circuit is closed, the e� deposited on the anode

surface will flow through the circuit to the cathode as shown in Fig. 25.1 and

subsequently get reduced with terminal electron acceptor (O2) in the cathode

chamber (this process was almost similar in both single and double chamber

MFCs) (Chandrasekhar and Venkata Mohan 2014a, b; Pandit et al. 2014a, b).

Overall, substrate oxidation and subsequent redox reactions are responsible for

electrical energy generation in MFC.

Glucoseþ 6O2 ! 6CO2 þ 6H2O ð25:2Þ
Glucoseþ 6H2O ! 6CO2 þ 24Hþ þ 24e� ð25:3Þ

O2 þ 24Hþ þ 24e� ! 12H2O ð25:4Þ
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In MFC reactor, the key e� acceptor which is involved in accepting the e�

generated by exo-electrogenic microorganisms is known as anode. The

exoelectrogenic microbial biofilm formation on the anode surface is supposed

to be motivated by the utilization of higher quantities of energy by the electrode

material in comparison with other e� acceptors (namely Fe3+ or Mn4+oxides).

Fig. 25.1 Schematic illustration of (a) single chamber microbial fuel cell; and (b) double chamber

microbial fuel cell
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25.3 MFC Applications

MFC technology showed promise to operate it for bioelectricity generation from

renewable biomass and simultaneous wastewater treatment. MFC has the capability

to treat different types of waste including agricultural, forestry, industrial and

municipal waste (Kiran Kumar et al. 2012; Chandrasekhar et al. 2015b). The

current generation has been increased with stackable MFCs. Research has been

carried out worldwide to increase the power density level of MFCs and make its

operation economical to bring it to large scale (Erable et al. 2010). Along with

wastewater treatment, MFC can be used for various applications such as BOD

biosensors, bacterial enumeration etc. MFC enriched with electrochemically active

bacteria has been used as biochemical oxygen demand (BOD) and toxicity detec-

tion biosensor. The presence of toxic substances such as a metal like cadmium, lead,

arsenic, chromium (VI), mercury and compound of cyanide, organophosphorus and

surfactant induces a change in electric current signal and thereby facilitate in

detecting toxicity level in the water samples. At low concentration levels, current

generation was found proportional to the concentration of toxic and biodegradable

waste substances. The presence of toxic substances in aqueous system can

be clubbed with BOD measurement to monitor the quality of wastewater (Mook

et al. 2013). Recently sediment MFCs has shown promise for constructed wetland

management. Current produced during sediment MFCs operation can be success-

fully stored in capacitors, subsequently utilize it to drive remote sensors through a

power management system. SMFC was built to power to the underwater monitoring

devices. MFCs was also found useful to provide long-term, stable power to low

power biomedical devices implanted in the human body (Babauta et al. 2012).

These Saccharomyces cerevisiae bio-catalyzed miniatured MFCs are capable of

utilizing glucose in the blood stream to produce electricity. Food spoilage can be

traced using MFC. The current generation was found to increase with increasing

level of contamination. Henceforth, this kind of technology can be helpful for rapid

detection and enumeration of microorganisms in food products (Chandrasekhar

et al. 2015b).

25.4 Factors Governing MFC Performance

Operating MFC under optimized anodic condition will allow anodic biocatalyst to

grow properly and also to form an electrogenic biofilm on electrode surface during

startup which improves the subsequent fuel cell performance in long-term opera-

tion. Numerous process parameters such as system pH, alkalinity, substrate nature,

substrate concentration and OLR affect the activity of these electrochemically

active microorganisms (Gil et al. 2003). The factors influencing the performance

of MFC are discussed below.
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25.4.1 Biocatalyst

Electrochemically active microorganisms as a biocatalyst play essential role in MFC

for power generation. MFCs have been operated with single (pure) and group (mixed)

of microorganisms. In the case of pure culture, these are electrochemically active/

exoelectrogenic bacteria, which directly transport electrons outside the cell mem-

brane (Pandit et al. 2015). A pure culture such as Shewanella sp., Geobacter sp., or
Rhodoferax sp. has been extensively studied in both single and double chamber MFC

reactors. These are a group of electrochemically active biocatalyst present in the

mixed culture. In general, soil, fresh as well as marine sediments, domestic waste-

water, and activated sludge have been widely employed as biocatalyst in MFC, as

they are rich in mixed (group of) microorganisms. In MFC, pure exoelectrogenic

bacterial culture typically grows very slowly due to strict anaerobic conditions in the

anode compartment. However, possibilities of contamination are very high with pure

culture as biocatalyst in MFC. Overall performance in terms of the power output of

some pure culture is moderately low compared to a mixed culture. On the other hand,

mixed culture inoculum takes longer startup time to achieve steady current generation

as compared to pure culture.

25.4.2 Substrate

The substrate is one of the factors which influence the performance of electrochem-

ically active bacterial population in the anode compartment. It also determines the

existence of dominant bacterial community when mixed culture is used as inocu-

lum. A wide variety of substrates has been used in MFCs from simple carbon source

to complex carbon, nitrogen-rich biodegradable wastewater (Chandrasekhar and

Venkata Mohan 2012). The pure substrate as acetate, butyrate and glucose is used

widely to maintain the homogeneity. Nitrogen-rich substrate like cysteine and

proteins is consumed by exoelectrogenic bacteria in the anode compartment for

power generation. Different types of wastewater are exploited to treat and concur-

rently electricity generation in MFC such as domestic wastewater, food waste, dairy

waste, real field distillery wastewater, paper industry wastewater, food processing

wastewater, and dye wastewater (Pant et al. 2010).

25.4.3 Substrate/COD Concentration

Substrate concentration or chemical oxygen demand (COD) considerably influence

the performance of fuel cell operated both in batch feed and continuous mode of

operation (Chandrasekhar and Venkata Mohan 2012). In MFC, electricity genera-

tion is directly proportional to the substrate concentration which can be measured in
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terms of COD. However, increasing substrate concentration will increase power

generation till it causes feedback inhibition. Hence, it is very essential to determine

the optimum substrate concentration to achieve maximum power generation.

25.4.4 Feed pH

Apart from a biotic agent, several abiotic factors also influence the MFC perfor-

mance. The substrate pH plays a vital role in bioreactor performance (Venkateswar

Reddy et al. 2011b). Similarly, the electrolyte pH plays a vital key role in MFC’s
power output. In MFC operation, power output drastically reduces at the acidic pH

range below 6 (Gil et al. 2003). It means, low pH conditions showed an adverse

effect on electrochemically active bacterial population, which in turn leads to a

drastic drop in power production. It is clear that pH will strongly influence the

performance of MFC both in batch feed and continuous mode of operation. An ideal

pH range for preferred fuel cell configuration was stated to be in the middle of 7–8

(He et al. 2006). On the other hand, there is a contradiction in the existing literature

on the ideal pH conditions for MFC operation possibly due to synergistic or

antagonistic interaction influence among these parameters (Jadhav and Ghangrekar

2009).

25.5 Bottlenecks of MFC

25.5.1 Polarization Losses

There are quite a few technical hitches which impedes the function of MFC

commonly named as overpotential (Chandrasekhar and Venkata Mohan 2012).

Theoretically, MFC can reach an uppermost cell potential of 1.1 V in open circuit

circumstances. Nevertheless, practically it experiences various forms of technical

hitches and may possibly attain merely 0.8 V (Liu et al. 2004) and about 0.62 V

(Rabaey et al. 2005b) in open circuit circumstances and during current generation

respectively. So, the difference between measured and theoretical cell voltage

together signifies the overpotentials of the electrodes (Chandrasekhar and Venkata

Mohan 2012). Nonetheless, during the MFC operation, the flow of e� from the

biocatalyst to the solid electrode material is delayed primarily as a result of the

charge transfer resistances commonly named as overpotentials. These

overpotentials decrease the potential reached from the fuel cell operation and

subsequently drop the process efficacy. These losses can be majorly categorized

as activation losses (AL), concentration polarization/losses (CP), and ohmic losses

(OL) as shown in Fig. 25.2a (Larminie and Dicks 2000; Chandrasekhar and

Venkata Mohan 2012).
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25.5.2 Activation Losses (AL)

During MFC operation several electrochemical reactions take place at the electrode

surface. These electrochemical redox reactions do need certain activation energy.

This activation energy essentially is required for electron transfer to either electro-

lyte/feed oxidation at the anode or to reduce O2 as terminal e� acceptor at the

(a)

(b)

Voltage (V)

Vcathode

A: activation
losses

In Anode

In Cathode

Use for bacterial
growth (sludge)

Converted to
electrical energy

(no biomass)

Cell surface e- carrier 0 V

NAD+ /NADH, - 0.32 v
ΔE = −320 mV

0.5 O2/H2O, + 820 mV

ΔE = −820 mV

Theoretical cathode overpotential

Cathode

overpotential

Current (i)

Vanode

overpotential

ΔE = Overall cell potential

Anode

Theoretical anode overpotential

B: ohmic
losses

C: concentration
polarization

Fig. 25.2 Schematic representation of (a) the polarization curve; and (b) energy conversion in

microbial fuel cell
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cathode (Chandrasekhar and Venkata Mohan 2012). The AL could be diminished

by rising the process temperature up to some extents. Likewise, it could be

diminished by adding a catalyst to the electrode material which improves electrode

catalysis (Schroder et al. 2003; Chandrasekhar and Venkata Mohan 2012). On the

other hand, low AL can be achieved by the formation of biofilm on the electrode

surface and also by increasing the electrode surface area.

25.5.3 Concentration Polarization (CP)

CP happens when the substrate is being oxidized more rapidly by the side of the

electrode than they might be transferred toward the electrode (anode) surface.

Generally, this may possibly happen as a result of higher oxidative strength of the

anode in the MFCs. However, this phenomenon would be problematic, where flow

is extremely slowed down, for instance, a dense non-conductive anodophilic bac-

terial biofilm, hydrodynamics and geometrical features of MFC reactor design

(Chandrasekhar and Venkata Mohan 2012).

25.5.4 Ohmic Losses (OL)

OL in MFC occurred mainly due to resistance to the transfer of e� through

electrode material, interconnections, and resistance to the transfer of ions through

the membranes, and electrolyte. Nonetheless, the resistance over the MFC can rise

promptly due to improper connections or reduced conductivity of the electrolyte.

The arrangement of the anode material must maintain the free stream of the

electrolyte, bacterial biofilm formation, good conductivity, and enough turbulence

aimed at sufficient H+ flow in the direction of the separator and cathode electrode

materials. Usage of active exoelectrogenic microorganisms or materials as a bio-

catalyst/catalyst are possible ways to decrease cathode resistance (CR). Increment

in the specific surface area and the mass transport rate at the cathode could also

decrease the CR (Chandrasekhar and Venkata Mohan 2012). Moreover, in recent

years, researchers revealed that the increment in the cathode size/surface area over

anode size/surface area will considerably reduce the CR (Fan et al. 2008).

The choice of a separator (e.g. proton exchange membrane) among anode and

cathode compartments signifies a choice among two different benefits: one is for

great discernment for H+ and the second one is great stability in microbial colloidal

and high nutrient circumstances. Nafion 117 is a proton exchange membrane (PEM)

which has been extensively employed for MFCs and has the huge benefit of being

very selective for H+ (Bond and Lovley 2003). The constraint for using separator

lies in the improvement of a pH gradient among electrodes (cathode and anode) that

implicates additional energy loss. Otherwise, maintaining alkaline pH in the cath-

ode compartment allows a poorer CR, wherein few approaches were examined to
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lower this pH ramp that is CO2 supplementation. The use of a more general cation

exchange membrane is another option (second approach). Generally, this kind of

separator has a higher resistance and low selectivity but usually exhibit higher

stability, which has been stated to execute passable for more than 90 days (Rabaey

et al. 2005a). Several investigations reported that MFC challenges affected by

separator, pH ramp inside the anode compartment, O2 diffusion, H2 loss, and

concentration polarization crossways the separator (Torres et al. 2008). Conversely,

losses happen in the cathode chamber as a result of charge transfer resistance. To

reduce the AL, biocatalyst must be supplemented to the electrode or an appropriate

mediator is anticipated to deliver e� from the cathode surface to O2 which acts as

terminal e� acceptor. Commonly, platinum is used as a potential catalyst in the

electrode material entailing a considerable cost (Schroder et al. 2003). Neverthe-

less, usage of activated carbon (AC) open air cathodes in MFCs are economically

best choice as compared to platinum catalyzed electrodes (Elmekawy et al. 2013).

25.5.5 Microbial Interaction with the Electrode Surface

The microbial interaction with the electrode surface plays a key role in MFC

performance. Electrochemical behaviour of MFC is mainly reliant on how well

the exoelectrogenic microbes interact with the electrode/anode surface. The bacte-

rial biofilm adhered properly onto the anode surface is a key prerequisite here. This

bacterial adhesion on the electrode can be assumed by the concept of surface

charges. The greater parts of the microbes in nature are negatively charged and,

therefore, move towards positively charged surfaces. Consequently, numerous

surface alteration methods have been used to assist this charge attraction procedure.

For instance, researchers made an attempt to treat the electrode surface with NH3

successful, which enables the negatively charged microorganisms to freely attach

on the electrode (anode) surface which is positively charged. Moreover, the power

output of the MFC by using NH3 pretreated electrode material documented superior

performance over untreated electrode material. Nonetheless, requirements of high

temperature for this NH3 pretreatment have made this process more expensive,

hence it became economically less feasible technology.

25.5.6 Choice of Anode Biocatalyst

MFCs can also be functioned by means of pure cultures. Nonetheless, mixed

microbial populations are very much appropriate when we fed MFCs with com-

posite substrates such as carbon-rich wastewater (Chandrasekhar and Ahn 2017).

But in the case of MFCs operated with pure culture as anodic biocatalyst usually

metabolize relatively a narrow range of substrates. 16S rDNA studies exposed that

the microbial diversity in the anode compartment was altered from that of the seed
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culture (Jong et al. 2006). In the course of this culture enrichment practice, an

electrochemically active bacterial biofilm progresses on the anode as in MFCs that

operated with single cultures. Further, e� flow from biofilm in the direction of the

anode surface is enabled from side to side contact between electrode and microbe as

in the case of insoluble Fe3+ reduction used as an e� acceptor or from end to end

special pili branded as ‘nanowires’ (Xiong et al. 2006). It is value saying that the

nature and type of the electrode material impacts the formation of biofilm on the

surface of the electrode, and that the diversity of anodophilic microorganisms varies

among parts of the anode near and away from the membrane (Lowy et al. 2006).

Nonetheless, mixed exoelectrogenic bacterial culture for MFCs may possibly be

enriched at psychrophilic and thermophilic circumstances (Jong et al. 2006).

25.5.7 Proton (H+) Mass Transfer

In MFCs, H+ mass transfer limitations hamper the overall process efficiency. The H
+ mass transfer would not be restricted as the similar cation exchange membranes

(CEM) are employed in MFCs as in the case of chemical fuel cells (CFCs). Mostly,

as in comparison with CFCs, MFCs generate much lesser current, because the

number of H+ intake per minute at the electrode (cathode) surface was higher

than the number of H+ transfer per minute through the membrane. The character-

istic variances among CFCs and MFCs might be the probable reason for this

phenomenon. In MFCs, to maintain the microbial growth, a wide variety of

inorganic substances are needed, whereas in the case of CFCs, only pure fuel is

sufficient. The chemical substances supplemented to the anode compartment pro-

duce cations (for example K+, Na+, NH4
+, Ca2+ and, Mg2+), which are typically

several times greater than that of H+ (at neutral pH), which can slow down H+

transfer through the CEM. Usage of an aqueous solution in the anode/cathode

compartment as an electrolyte can also be considered as one of the major limitation

aimed at H+ mass transfer in MFCs.

In recent years, several researchers investigated the consequence of cation

transportation through a PEM (Nafion 117) on cathode electrolyte pH and also

overall accomplishment of MFC. In the case of “H” type double chambered MFC,

the sum of cations other than H+ transferred from the anode chamber to the cathode

chamber was equal to the sum of e� transported through the circuit (Rozendal et al.

2006). In the case of open-air cathode MFCs, cation transfer through membrane

reduce the cathodic redox reactions by the establishment of thick layer of carbonate

salts on the surface of the electrode (Pham et al. 2005). In the case of single

chamber MFCs, a membraneless operation documented higher efficiency when

both the anode and cathode electrodes were placed very closely to evade short-

circuiting among two electrodes (Venkata Mohan and Chandrasekhar 2011a;

Ghangrekar and Shinde 2007). In membraneless MFCs, when the cathode chamber

was fed with a salt or acid solution, the current generation was greater than before

which indicated that H+ diffusion in an aqueous phase is a slow process and is

improved in the electrolyte by providing more salt (Jang et al. 2004).
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25.5.8 O2 Reduction by the Cathode

In the cathode compartment of the MFCs, O2 in employment as the terminal e�

acceptor is usual practice. However, the deprived O2 reduction kinetics has been

well recognized as the major impeding step in MFCs performance (Zhao et al.

2006). Non-catalyzed graphite materials are widely used in MFCs as electrode due

to its low cost and non-corrosive nature. However, it is a deprived catalyst for O2

reduction reactions. To enhance the catalytic property, replacement of graphite

electrode with platinum electrode material or platinum catalyst coating on the

surface of graphite is suggested to achieve 3–4 times higher process efficiency

over non-catalyzed graphite electrode (Pham et al. 2004). Nevertheless, application

of the platinum as potential cathode electrode material may increase the overall cost

of the process, particularly when MFC is operated with wastewater for waste

remediation with simultaneous energy generation. At ambient temperature, while

H2O is saturated with atmospheric air, O2 is barely dissolving in H2O (8 mg L�1). In

double chamber MFCs operated with H2O as catholyte, DO levels will drop

drastically to the level where it hampers the O2-utilizing reactions while the

utilization of O2 is greater than its solubilization.

25.5.9 Electron Acceptors Other Than O2

The permanganate and hexacyanoferrate are widely used as terminal e� acceptors

other than O2 in MFC operations (You et al. 2006). Employing permanganate as the

terminal e� acceptor in the cathode compartment documented 4.5 and 11.3 times

higher power density (115.6 mW m�2) than that generated by employing

hexacyanoferrate (25.6 mW m�2) and O2 (10.2 mW m�2), respectively. Moreover,

the application of permanganate as terminal e� acceptor in the cathode compart-

ment may possibly document greater open circuit potential (OCP). However, the

usage of these oxidizing agents as e� acceptors in the cathode reaction cannot be

recommended due to secondary reactions and ecological side effects when they

release into the environment. The role of terminal e� acceptors in the cathodic

reactions can be considered as serious challenge in MFC performance.

25.6 MFC as a Wastewater Treatment System

MFCs, also known as hybrid bio-electrochemical treatment (BET) system, was

recently familiar for wastewater treatment apart from power generation (Chandra-

sekhar and Venkata Mohan 2012). In the presence of O2, microbes exploit all the

chemical energy present in the substrate/wastewater, although only a minor quan-

tity of the chemical energy is accessible to anodic microbial population in MFCs for
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their growth and metabolic activities, as a huge quantity is altered to electrical

energy. Exoelectrogenic microorganisms have a redox potential of about 0 V

against SHE as specified above (Park et al. 2001); exoelectrogenic biocatalyst in

MFC utilize free energy accessible from the substrate/wastewater oxidation to

reduce the anode through the membrane surface (Fig. 25.2b). In this direction,

minor quantity of the energy derived from the substrate oxidation is utilized by the

microorganisms, and the left over energy is altered to electrical energy means that

the yield in MFCs is almost 1/5th that of an aerobic microorganisms. This make

evident that MFCs can significantly decrease sludge disposal expenses in waste-

water treatment process.

25.7 Future Scope

There is a necessity to talk about low power densities in MFC operation by existing

optimization of the design to reduce the losses affected by activation, ohmic, and

concentration overpotentials (Nastro et al. 2015). Further, losses caused by unnec-

essary reactions, for example, the direct oxidation of fuel by O2 diffusion into the

anodic chamber or microbial metabolic reactions, which do not benefit the process,

must also be targeted. On the other hand, increasing the system volumetric capacity

must be attained short of internal energy losses. In this direction, stacking MFCs is a

common choice to evade catastrophic losses. Furthermore, tubular and other

stacked methodologies continue to be explored. Also, the action is essential to

raise the exoelectrogenic microbial population density, which seems to be restricted

for causes excluding the accessibility of attachment positions on the electrode

surface, and possibly will control by bioaugmentation and possible field effects

existent in the electrode by the advantage of its morphology and conductivity.

Ongoing efforts are being made to establish better e� transfer mechanisms among

the electrode and the biocatalyst by the modification of electrode surfaces and also

by applying active catalyst coating on the electrode surface.

25.8 Conclusion

MFCs have great future as a bio-based reactor that modifies the chemical energy of

substrate into electrical energy through a series of bio-catalytic reactions under

anaerobic circumstances principally for stationary power generation usages. MFC

technology signifies an innovative approach of using microorganisms for bioelec-

tricity generation by the oxidation of organic substrate varied from the synthetic

substrate such as acetate or glucose to a complex mixture of the organic substrate

including food, dairy, distillery, animal and domestic waste water. Operating MFC

under optimized anodic condition will allow anodic biocatalyst to grow properly

and also to form an electrogenic biofilm on electrode surface during startup which
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improves the subsequent fuel cell performance in long-term operation. Moreover,

single chambered or open-air cathode MFCs do not need any external energy input.

Hence, it can be advantageous for extensive application in locations lacking

electrical amenities. Nevertheless, bottlenecks linked with active mass and charge

transfer together with the difficulties associated with making the microorganisms

act together with the permanent e� acceptors have hampered this MFC technology

approaching to technological realization as yet. Recent developments in material

science together with nanotechnology may provide unique tools to efficiently

produce, transportation and utilization of the electrical energy harvested from

MFCs for beneficial applications in the upcoming future.
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