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Abstract

The development of a low pH mycobacterial fuel cell
by Nawzad Noori Ahmed

Microbial fuel cells offer an efficient and environmentally-friendly method of
producing electricity and as such are an attractive green energy source especially as
they can potentially produce power whilst recycling waste. The first objective of this
study was to test the possibility of generating electricity with Acidiphilium SJH
bacteria operating at a low pH as biocatalysts, with the ferric ion as the electron

shuttle and glucose as the electron donor in a two-compartment microbial fuel cell.

This study is focused on a comparison between different microbial fuel cell designs
that were constructed to test their energy performances. The resulting power
densities ranged from 18.3 mW/m” to 25 mW/m? and the coulombic efficiency based
on the contained substrates is in the range of 6 % to 7 %. Unfortunately the design of
microbial fuel cells and scale-up is limited by the large cost of the platinum
electrodes. Hence the electrode material used in the design is an important parameter

when deciding the performance and cost effectiveness of microbial fuel cell.

This work demonstrates a potentially large reduction in cost by utilising the catalytic
activity of platinum nano-sized particles on a Ketjen Black cathode that is able to
diffuse oxygen from the air, eliminating the need for an external oxygen supply. The
low pH redox behaviour of the ferric ion has been paired with an iron-reducing
Acidiphilium sp. to form an effective fuel cell. At room temperature a power output
of 20.7 m W/m® was achieved with nano particulate platinum loading of 150 ng /em*
within a Ketjen Black cathode. The modified cathode retained an equivalent of 80 %
efficiency when compared to a solid platinum electrode; which is significant
considering that the mass of platinum used in the modified electrode was only 0.1 %
of that in a solid platinum electrode. Platinum nanoparticles were electrodeposited on
carbon felt from an aqueous electrolyte containing hydrogen hexachloroplatinate by
a potential cycling method. The modified Pt/KB cathode achieved higher power
density when compared with the platinum electrodeposition on the carbon felt

cathode electrode.
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Chapter 1 - Introduction

1.1 Energy sustainability

Energy sustainability is a serious challenge that faces our world today. Shortages in
natural resources such as fossil fuels, natural gas' and fresh water are inevitable, and
humanity cannot depend on available energy resources forever. The population
growth in the world is also has a high demand on our limited available energy
resources, contributing to a rise in energy prices.” In addition, climate change and
global warming give rise to the environmental problems of the world.> However,
treatment of wastewater has become one of the most crucial strategies, regardless of
the intensive energy required which is almost 3 % of the total energy consumption in

developed countries as a result less than 1 % of water is currently being treated.*

In a developed country, such as the USA, the wastewater treatment cost was $3.09
billion per year in 2010.> There is a significant amount of energy present in the
wastewater in the form of organic matter; however, isolating the organic matter from
wastewater is currently very costly.® Classical wastewater treatment technology is no
longer considered as an economic option. Hence there is a clear need for the
development of an environmentally clean alternative source of energy. Different
biotechnologies have appeared recently that can not only treat wastewater but also
utilise the wastewater as renewable energy source in the production of fuel

simultaneously; using techniques such as fermentation,’ production of biogas® and

microbial fuel cells (MFCs).>!

One of the technologies that are at the frontier of wastewater treatment is MFCs, a
bio-processing strategy in producing sustainable energy and treating water. MFCs
can produce electrical energy and biogas (from biodegradable compounds) which
ultimately can minimise carbon compounds in domestic and industrial wastewater. !
A typical MFC contains both an anaerobic anode and aerobic cathode chamber,
separated by a proton exchange membrane. In the anode chamber, fuel (substrate) is
oxidised by microorganisms, producing electrons and protons. Electrons are
transferred to the cathode chamber through an external electric circuit, and protons
are transferred through the membrane to the cathode. Here they react with oxygen
and electrons to form water, with the production of electricity as a by-product. MFCs
can minimise the amount of organic material in the wastewater which in turn cleans

the water body. In order for the MFCs to be used in industry, they would need to be
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scaled up. To achieve that goal, different geometries have been designed and
optimised to be able to treat domestic and industrial wastewater effectively.'”
B1415180ne of the emphases is on the type of anode materials to optimise the
electricity production and then in enhancing the interaction with anaerobic bacteria
and replacing the chemical catalyst which is currently being used by cheaper
material; this is an important factor which has a direct influence on the performance

and cost effectiveness of an MFC.' %1

In summary, the optimised geometry of MFCs has great potential in improving the
quality of water and minimising and converting organic matter in wastewater via bio-
energy to sustainable fuel energy. A better understanding in MFCs geometry and

mechanism are essential to gain a better future in sustainable fuel energy.
1.2 Background on fuel cells

A fuel cell system is usually classified by the type of electrolyte used. Different types
of electrolytes identify the specific properties of a fuel cell, like fuel type,
temperature or efficiency. There are several types of fuel cells currently under
development, each with its own advantages, limitations and applications; these are

explained in the following text.

Solid oxide fuel cells

These cells operate using solid oxide electrolyte (SOFC) in the form metal oxide
(calcium or zirconium oxide). They generally operate at a high temperatures of
around 500-1000 °C,” and they have reliability issues due to the low conductivity of
their solid electrolyte. SOFCs have an efficiency of about 50-60 % in converting fuel
to electricity. However, at a high operating temperature it produces a large amount of
steam which is used in turbines to generate electricity; efficiencies are therefore over
70 %. SOFCs are best suited for large-scale stationary power generators that could
provide electricity for factories or towns. In the mechanism of operation of the
SOFC, electrons transfer from the anode to the cathode via an external circuit;
however, the electrolyte negative ions (0?7) are transferred from the cathode to the

anode where electrons are generated by oxidation of hydrogen.”’
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Anode Hy, + 0% - H, 0 + 2e” Equation I1-1
Cathode 0, +4e~ — 20" Equation 1-2
Alkaline fuel cells

Alkaline fuel cells (AFC) produce heat and electricity using aqueous alkaline
solution (such as KOH) as the electrolyte in the presence of oxygen and hydrogen.
However, to avoid the possibility of CO, poisoning, pure oxygen, hydrogen and an
operating temperature of 50-200 °C is required.”” AFCs have an efficiency of about
70-80 %; during their operation electrons are transferred from the anode to the
cathode via an external circuit and the electrolyte negative ions (OH™) are

transferred from the cathode to the anode.??

Anode H, + 20H™ = 2H,0 + 2e~ Equation 1-3
Cathode 0, +4e” +2H,0 - 40H™ Equation 1-4

Phosphoric acid fuel cells

Phosphoric acid fuel cells (PAFC) belong to the first generation of fuel cells and
were the first to be made commercially.”> They have good ionic conductivity by
producing electricity using liquid phosphoric acid (H3PO,) as the electrolyte at an
operating temperature of 150-200 °C. PAFCs have an efficiency of about 37-42 %;
however, efficiencies could top 90 % when used as a heat and power system. The
PAFC has the potential for use in small stationary power-generation systems. The
most common electrolytes are permeable for protons and chemical reactions in

phosphoric acid fuel cells:?

Anode H, - 2H* + 2e~ Equation 1-5
Cathode 0, +4e~ +4H" - 2H,0 Equation I-6

Molten carbonate fuel cells

Another type of high temperature fuel cell is molten carbonate fuel cells (MCFC)
which operates at a temperature of about 650 °C.2> MCFC use compounds of salts
like lithium and sodium carbonates (COs;™) or lithium and potassium carbonates as
the electrolyte. Their efficiency is about 60-80 % and the high operating temperature
helps to reduce the effect of possible carbon monoxide contamination, as well as
increasing electricity generation by recycling waste heat.”* MCFCs are best suited for

large stationary power generators. The chemical reactions which occur are:?

Anode H, +C05~ = H,0+CO, + 2e” Equation 1-7
Cathode %02 + €0, + 2~ - COZ™ Equation 1-8
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Polymer electrolyte membrane fuel cells

Polymer electrolyte membrane (PEM) fuel cells are also called proton exchange
membrane fuel cells and operate at a temperature of about 30-100 °C.?° PEM fuel

cells use thin porous polymers as an electrolyte, with the porous membrane allowing
proton transfer to the cathode chamber. PEM fuel cells have an efficiency of about
50-60 %; their possible fields of application are mobile systems, and transportation.
The most common electrolytes are permeable for protons and the chemical reaction

is in the PEM fuel cells are:*®

Anode Hy, = 2H" + 2e~ Equation 1-9
Cathode 0, +4e” +4H' - 2H,0 Equation 1-10

1.3 Microbial fuel cell principles

History of microbial fuel cell development

The bioelectric phenomenon started from the first observation by Luigi Galvani
(1791) of the twitching of an isolated frog’s leg, when a small electrical discharge
was passed through it.*’ Later, in 1839, William Grove made the first FC by
reversing the process of electrolysis of water; hydrogen and oxygen were produced
and combined back to water producing electricity.”® Michael Potter (1911) observed
that electrical energy was generated from living cultures of yeast and Escherichia
coli (E. coli) using platinum electrodes.”” Cohen (1931) developed the field later
showing that a batch-biological FC generates more than 35 V.*° Although these
studies may be a starting point for MFC development, it was not until the 1960s that
biofuel FCs became frontier science due to the need of this technology for spacecraft
as the conversion of organic wastes to energy was of interest to NASA.>' In 1969, a
biofuel FC was made using a platinum black electrode as the working electrode
where it was shown that glucose could be used for energy generation.’” In 1976, Rao
readdressed the principles of the biofuel FC.** It was believed that bacteria can
transfer electrons onto the anode (an electron acceptor) with the current produced
via an external circuit. For completion of the electrical circuit, protons migrate
though the proton exchange membrane to the cathode where protons and electrons
are recombined. However, the term and concept of the MFC was found by Roller et
al, in the1980s.>* The result was that in 1991 , Habermann and Pommer combined the

concepts of wastewater treatment and MFCs.*”
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1.4 Types of biological fuel cells

Two types of fuel cells are common; MFC and enzymatic fuel cells. It’s very
important to distinguish between these two types; MFCs utilise microorganisms as
the biocatalyst to produce electrons and protons, while in enzymatic fuel cells,
enzymes are isolated from the microorganisms and then used in the system for
energy production in a similar operation as MFCs. Enzymatic fuel cells have higher
efficiency due to the catalytic effectiveness of enzymes, but it’s more convenient,
practical and economic to apply bacteria in MFCs.”**"%2? Based on the electron

transfer mechanisms within the bacteria, MFCs could be classified into three types:

(1) Mediated electron transfer MFCs. This type depends on extracellular redox

40,41 42,43
d, 0.4 3

mediators, like neutral re or thionin. Mediators are costly chemicals

and in general cannot be recycled.

(2) Mediator-less MFCs. This type is a more environmentally friendly system,
where there is no concern about the effects of mediators. The earliest concept of
electron exchange by electrochemically active bacteria (EAB) to electrodes was
recorded by dissimilatory metal reduction by neutrophilic bacteria of the family
Geobacter , Shewanella and Thermincola potens strain JR species, which can
generate electricity in MFCs.****%47 This ability has also been identified in
acidophilic bacterium Acidiphilium 3.2 Sup 5% where the EAB transferred
electrons to a solid anode electrode through an extracellular electron transfer
(EET) mechanism. The mechanism of EET has been elucidated by three

different routes:

(i) Outer membrane associated cytochromes.” 301

(ii) Redox mediators (i.e., phenazines or quinones) excreted from the
. . 525354
microorganisms.

(iii) Conducting molecular pili or elongated appendages (nanowires) that
interconnect bacterial cells to the electrode surface.”””%’

(3) Photo heterotrophic MFC: this type uses an extra source of light to input extra
energy into the MFCs system.”®

Figure 1.1 illustrates the chemical compounds suggested to be involved in the
electron transfer chain from electron carriers (NADH) in the intracellular matrix to

the solid- anode electrode of electrochemically active bacteria.*®
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Figurel. I- Electron transport from cells to the anode in MFCs,*
Microbial fuel cells for renewable electricity production

While MFCs convert the chemical energy into electricity directly similar to
traditional FCs, the principle difference is their configuration, materials, fuels and
products generated. MFCs are capable of using different kinds of fuel which include
but are not limited to: environmental waste, reduced carbohydrates, glucose, sucrose,
acetate, lactate, starches and municipal or industrial wastewaters in the form of liquid

or sludge,®16%62

Another factor which affects the MFCs electron transfer is the attachment and
growth of bacteria to the anode surface; forming layers which are collectively known
as biofilms Figure 1.2. Electrons are transferred to the cathode chamber through an
external electric circuit, and protons are transferred through the membrane to the
cathode. Here they react with oxygen and electrons to form water with the

production of electricity as a by-product.

0, +4e” +4H* = 2H,0 Equation 1-11

Bacteria
cells
4H'+ 0, +4¢ [0

CHuOe o . >
2,01

Cathode

Figurel. 2- Homemade bacterial fuel cell (open air cathode) single chamber with carbon cloth

(anode), Pt/KB (cathode).
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1.5 Microbial fuel cell materials

Anode materials

An important factor which has a direct influence on the performance of a MFC and
the subsequent production cost is the material used for the anode electrode.®* This is
related to the reaction between the microorganisms and the anode electrode. In
addition, the anode must be able to transfer electrons, and then reduce the protons to
react with the oxygen at the cathode.**®> An ideal anodic material is conductive,
chemically stable in the MFC reactor solution, non-corrosive, with a high porosity
and has a high surface area for bacteria to easily attach to and grow on the surface.®’
The most common materials used for anode electrode are carbon-based materials;
they traditionally include carbon paper, carbon cloth, carbon felt, carbon mesh,
graphite rod, granular graphite, and reticulated vitrified carbon (RVC).**¢" Carbon
cloth is a good material for anodic biofilms in MFCs, but it is expensive
(approximately $1,000/m°).%® Carbon mesh is a much less expensive material
(approximately $10-5 O/mz) and can work as well or better than both carbon cloth and
paper.®® To improve surface modification of the anode electrode, treatment with
ammonia gas at a high temperature is a good factor for increasing bacterial adhesion
and power densities,”” while carbon mesh is sufficient to produce good performance
with a simple heat treatment.®® Graphite fibre brush is one of the more promising

materials and configurations for anode electrodes.”’"""?

The function of a bio-electrode is not just conducting; it also works as a carrier of
microbes, and some special surface characteristics of electrode materials, such as
high surface roughness, good biocompatibility, and the electron transfer efficiency
between microbes and electrode surface, are essential for high bio-catalytic activity.
In order to enhance bacterial adhesion and charge transfer, surface modification of
the anode electrode has become a new topic of interest in the research field of

MFCs.” Table 1.1 on the following page serves as a comparison of these studies.
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Table 1. 1 - Anode materials, reactor configuration, and power generation performance in MFC.

s Anedes D S MRS RIS i Crrences
, REE) : _configuration | improvements ) ;
Catbonbrushetrealed witlt | or o obambior | 1980 mWi? 74
ammonia
Antimang(Vygaphite Sediment 108 mW/m? 75
Fe,0; coated Two chamber 30 mW/m? 76
Carbon paper
Mn*" - graphite Two chamber 788 mW/m’ 77
Carbon nanotul?e -textile Vizaported 1098 mW/m? 78
composite
Polypyrole coated Plain C. Cloth | Single chamber | 160 mW/m® 79
Graphlte‘ﬁf;ﬂ“ﬁi??mpom’ Sediment 105 mW/m? 80
Neutral red-Carbon paper Two chamber 000 mW/m?> 81

Cathode materials

The cathode material and construction are the most challenging aspect of any MFC
design.” There are many types of materials used for cathodic electrodes: carbon
paper, carbon cloth, graphite foil, graphite granules, platinum (Pt), platinum black,
activated carbon (AC), graphite based cathodes and biocathodes.’>®? The most
widely used cathode catalyst for a MFC is platinum and its alloys, due to its excellent
catalytic efficiency.®>**%>%87 However, Pt is expensive and hence prevents up
scaling of the fuel cell for industrial applications. In aerobic cathodes, oxygen is the
terminal electron acceptor. Oxygen reduction is the most common electrochemical
reaction that takes place at the surface of cathodic electrodes, and is commonly used

because of its low cost, sustainability, and its high standard redox potential.*!3:¢3

The cathode reaction, also called oxygen consumption is certainly one of the most
serious factors which has a direct influence on the performance of MFC due to the
low reaction kinetics of the oxygen reduction at the cathode unless the expensive Pt
catalyst is used.**?*%! Consequently, current research has focused on the reduction of
the amount of the used platinum for electrocatalyst purposes.”””>**** The use of
cheaper metals to create new catalytic electrode materials for cost reduction, Fe(II)
and cobalt-based cathodes, have also been investigated as a useful alternative to a

platinum catalyst (metal porphyrins and phrhalocyanines).96’97’98
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Currently, biocathode catalysts are an attractive alternative to chemical catalysts to
improve the oxygen reduction reaction, because of their low cost and sustainability.”
Bacteria were used to catalyse the oxygen reduction reaction (ORR) via a mediating
species like manganese, manganese-oxidising bacteria deposited on the surface of the

cathodic electrode which increases current density.'"

Bacteria have also been utilised via a (Fe*'/Fe’") couple redox at low pH (2.5) for
biological cathodes using Acidithiobacillus ferrooxidans,'® the biocathode was
biocatalyzed by Ferro/manganese-oxidising microorganisms'* or directly in the case
of acidophilic Acidithiobacillus ferrooxidans,'® y-, B-, and « -Proteobacteria,

194 in both wastewater,'”® and freshwater.'% The

Bacteroidetes and Actinobacteria,
performance and cost effectiveness of an MFC using a bacteria biocathode with
different cathode electrode materials have been show to provide a substantial cost
saving.'”” However, the ORR can be improved by using more effective oxidants (e.g.
Ferricyanide (K3Fe (CN)g),"%*"%!"0 geidic permanganate (MnOy),""" or acidic
hexavalent chromium[Cr(VI)],'"? persulfate ferrous ion (K2S,05-Fe**) as the electron

acceptors. s

Surface modification provide a new and interesting approach for oxygen reduction in

MFC at cathodic activated carbon materials.''#!!>116

In essence ORR improvements
have been studied and developed with cathode alternatives [Lead dioxide using a
titanium base (PbO,/Ti), Iron phthalocyanine supported on Ketjen black (FePc-KJB),
Polypyrrole/carbon black (Ppy/C), manganese oxide on carbon cloth (MnOx/C) and
cobalt tetramethoxyphenylporphyrin (CoTMPP) Jand have shown to improve MFC
performance similar to or better than that of platinum contained cathodes, as shown

in Table 1.2.

Table 1. 2 - Non Pt cathode catalyst, configuration and performance in MFC.

. i WS Max
Cathode composition | Configuration | 9P | poyerdensity | References
G - : : of reactor 5 7 - s
=ak 2 . mW/m il
Graphite-CoTMPP Plane Single chamber 449 117
Activated carbon fibre felt Plane Two chamber 315 115
Fe'' -graphite Plane Two chamber 788 77
Pb O,/Ti Plane Two chamber 25 118
FePc-KIB Plane Single chamber 2011 98
Ppy/C Plane Single chamber 401.8 119
MnOx/C Plane Two chamber 193 120
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Carbon supports for electrocatalysts

Another important component of the MFC is the catalytic support which has been
shown to have a major role in catalyst performance.'?! Carbon black materials have
been used as carbon support for MFCs electrocatalyst applications.'*? These carbon
black materials differ in sulphur, ash, moisture content, porosity, surface area, and

electroconc‘luctivity.m‘w14

Ketjen Black

Ketjen Black (KB), which was used for this study, is a commercially available
carbon black from Akzo Nobel and is generally used as a carbon support for MFCs
electrocatalysts.”® The main property of KB is low ash content; large pore volume
and a high surface area.'”” KB is treated through chemical oxidation of carbon
supports in order to enhance the interaction between carbon support and catalytic
particles. '** Table 1.3 shows the properties of four types of carbon blacks generally
used for electrocatalyst applications (KB EC-600JD, KB EC-300J, Black Pearls and
Vulcan XC-72).

Table 1. 3 - Some properties of carbon black materials.'*'?

G athon s unpont Surfqgé.a're_a ‘Porg y?lu__me As,hbojlité'nt
‘ oI m’/g cm’/g Wt %
KB EC-600JD 1400 4.80-5.10 <0.10
KB EC-300] 886 3.10-3.45 <0.05
Vulcan XC-72 267 0.46 0.10
Black Pearls 1475 2.67 0.36

Previous work by Subramanian et al studied the effect of surface area and
distribution of pore sizes on the activity of cobalt-ethylene diamine (Co-EDA)
catalysts using three different carbon supports, Ketjen Black EC 300 J, Vulcan XC-
72 and Black Pearl 2000. Their results revealed that with an increase in the amount
of quinone groups on an oxidised carbon surface the activity of the heat treated Co-
EDA/C catalyst decreased in the following sequence: KJ300 > Black Pearls 2000 >
Vulcan XC-72.'%

Because carbon black materials are cheap and environmentally-friendly many new

carbon black materials have been discovered, these include: graphitised carbon,'?

3 134,135

: 1
carbon nanotubes,***1"132 highly mesoporous carbons,>> carbon nanofibres,
and even carbon nano-onion like structures.'*® These new carbon structures generally

have the following features: increased volume-to-mass aspect ratio, higher surface



Chapter 1 - Introduction i2

areas, and greater electroconductivity. Furthermore, they can be prepared or post-

treated to give diverse functions, for example, nitrogen doped carbon nanotubes."*’

Membranes

Membrane plays an important role in MFCs. Several types of membranes have been
documented in the literature for MFCs, including salt bridge, cation exchange
membrane (CEM), anion exchange membrane (AEM), bipolar membrane (BPM),
microfiltration membrane (MFM), ultrafiltration membrane (UFM), glass fibres,
porous fabrics and other course pore filter materials to separate the liquid in the
anode from that of the cathode chamber.'*® A Nafion ionomer membrane is the most
widely used in proton exchange membrane fuel cell devices because of its high
chemical stability, high ionic conductivity and good mechanical strength. Recently, a
number of proton conducting membranes were developed for high temperature
operation; these are classified into four groups:"*® Perfluorosulfonic Acid Polymer
Membranes, alternative sulfonated polymers and their inorganic composite
membranes, acid base complex membrane, and ionic liquid-based gel-type proton
conducting membranes. The disadvantage of the membrane is the reduced

performance of the MFC which results from an increased internal resistance.'*’

Microbial fuel cell design developments

There has been an unprecedented development in the design and the technology of
MFCs; this has given rise to different configurations of MFCs with outstanding
performance. The development of the air-cathode single chamber MFC is
membraneless and increases power output and cost effectiveness.'*"'** The presence

of membranes between the electrodes can lead to pH gradients.'*®

An important
factor, which has a direct influence on the performance of the air-cathode single
chamber MFC, is membrane deformation when the membrane is placed next to the
cathode electrode, and performance of the system is enhanced through control of the
membrane deformation."** For the first time, cloth separators were used to replace

membranes in air-cathode single chamber MFCs.'*

Wei, B et al demonstrated the
importance of pressing separators against the cathode electrode in single-chamber air
cathode MFC.'*® For instance, Liu, H et al designed an MFC cylindrical chamber
used in wastewater treatment (Figure 1.3)."” This design has been shown to be

useful in both batch and continuous modes as opposed to other previously illustrated
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two chamber cells in section. The larger surface area of the anode helps to facilitate
more bacterial activity and passive air transfer to the cathode, thus producing more

energy.

Effluent

Anode

Air

N
il
“Cathode _‘ S +— Multimeter

{x;

Anode

Wastewater

U} J

Figure 1. 3 - Schematic single chamber MFC cylindrical shape with inner cathode.'”

An Upflow MFC design is where the anode and cathode were placed in one reactor
chamber with the cathode electrode located at the top through which an air flow can
be passed. The anode and the cathode chamber are separated by a PEM membrane.
The long distance between the anode and cathode increases the internal resistance
therefore; the performance of an upflow MFC design was lower than the cylindrical
MFC design. Due to the cheap and large surface area of the anode, an air supply
must be injected into the cathode, hence costing more energy.” K Rabaey, et al.,
designed a tubular MFC reactor using an inner granular packed bed graphite anode
and a woven graphite mat served as the outer cathode. In this system the cathode was
wrapped around the anode and was separated by a cation exchange membrane.
Although there is a need to replenish the used up KiFe (CN)g, in the long run
however this design was works with high performance due to low internal

resistance.'**

Bruce Logan's group®>**!*"!*7 developed many different configurations (batch and
continuous) of MFC reactors, as shown in (Figure 1.4 on the following page). One of
the easy reactors to construct and assemble is an H-type design. Two chambers are
separated with a PEM membrane. H-type systems present some difficulties in
optimizing performance, due to large electrode separation, large dead volume in the
head space, large reactor volume compared to the small dimension of the electrode
and small membrane areas, and the large amount of trapped bacterium in the narrow

L. 149
membrane joints.
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14

Figure 1. 4 - Types of MFC configurations for batch mode application,'” (4) Salt bridge two chamber
MFC;"" (B) Four batch mode MFCs configuration where the compartments are separated by

membrane; >*C) same as B but with a continuous flow-through anode;"*' (D) photoheterotrophic type

MFC;*® (E) single-chamber air-cathode MFC:'*(F) Two-chamber MFC."*

In essence the MFC design has very significantly lowered the internal resistance,
whilst increasing the power output, performance and coulombic efficiency; however,
subsequent MFC design with high performance and low cost is still desired. Until
now, due to heterogeneity in function and mode of operation, there is no consensus
on the best MFC design. Whereas the power output performance is affected by the
MFC design, other factors such as electrode materials, mediums, separation

membrane and bacteria species, influence the MFC performance.

Microbial fuel cell configuration and designs

There are many types of MFC reactors but they all share the same working
principles. Various configurations have been designed using different materials.
They are worked under different conditions to improve the performance, power

generation and reduce the overall cost.

1-Two chamber configurations: - This is the most generally used design consisting
of two chambers with the anode and cathode compartments separated by a proton
exchange membrane, ion exchange membrane and salt bridge. Two chamber MFCs
are generally run in a fed-batch mode. This design is used in basic research and the
literature suggests that the power output from these systems is low due to their

complex design, high internal resistance and electrode based losses. 5153
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2- Single chamber configurations: - This configuration contains only one chamber
that has both the anode and the cathode electrode. One of the significant advantages
of single chambered MFCs is improved power generation along with simple
structures, cost savings and more practical than two chamber MFC.”"'*! However, in
a system lacking a proton exchange membrane configuration, bacterial
contamination and back diffusion of oxygen from cathode to anode without PEM are
the major drawbacks.'**

3- Up-flow configurations: - An up-flow construction generally consists of a
cylindrical cathode sitting on the top and the anode on the bottom partitioned by
glass wool and glass bead layers of an MFC operating in continuous flow mode.'*’
4-Stacked configurations: - A stacked MFC consists of several single cells of
MFCs connected in series or in parallel. Stacked MFCs raise the voltage and currents
produced in MFCs. The parallel connection can produce more power than a series

connection when worked at the same volumetric flow rate. The parallel connection

stack has a higher short circuit current compared to a series connection stack.'*®
1.6 Microbiological fundamentals of microbial fuel cells

Cell Wall
Almost all bacteria cell membranes can be classified as Gram-positive or Gram-
negative cell walls. The arrangement of the surface layers of the bacterial cell are

examined in the scanning electron microscopy of thin sections.

Gram-positive bacteria

The cell wall of gram-positive bacteria consists of a membrane and many layers of
peptidoglycan. Also, in addition, gram-positive bacteria cell walls contain teichoic
acids, which consists principally of an alcohol and phosphate. The cell wall of gram-
positive bacteria is significantly thicker when compared to gram-negative cell

walls,?"1°8

Gram-negative bacteria

Gram-negative bacteria have been identified to be made up of a three layer covering:
(1) the cytoplasmic membrane (CM) or inner membrane, (ii) the peptidoglycan layer
which is exterior to the CM, and (iii) the lipopolysaccharide-rich outer membrane

(OM). Lipids and proteins are the major constituents of the double layer structure of
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CM; with its properties comparable to that of other defined biological membranes.
Some of the significant cellular roles carried out by CM are mechanical protection,
passive and active transport, electron transport, oxidative phosphorylation, protein
export, biosynthesis of phospholipids, peptidoglycan and proteins, and a number of
other known enzymatic functions. The OM is a distinctive characteristic of gram-
negative bacteria with a disproportionate double layer that consists of lipid, protein,
and lipopolysaccharide; it provides a partial permeability barrier, contains receptors,
serves as an attachment for outside structures, is partly involved in protein transfer

and contains lesser enzymes and proteins as compared to CM. !¢

Electron transport out of the bacteria

A series of membrane-associated electron carriers compose an electron transport
system within the bacteria, such as from NADH [the reduced form of nicotinamide
adenine dinucleotide (NAD)] to flavoprotein and from quinine to cytochrome.'® The
electron carriers are bound to the proteins of membrane, and the order of electron
transfer is based on the reduction potentials, from lower to higher, with higher

reduction potential required to release the electrons to the outside environment.

Proton transport out of bacteria

In the internal transport process, protons are separated from electrons, like, removal
of hydrogen from NADH (oxidation), and are separated into protons and electrons.
Protons are moved across an internal membrane which creates a proton gradient and
difference in potential across the cell membrane. The protons flow back into the cell

to generate adenosine triphosphate (ATP) from ADP through ATPasc.'®’

Mediators

Routinely, electron shuttles or electrochemical mediators were added to MFCs
resulting in electron transfer by microorganisms to the anode. The development of
effective electrochemical mediators is clearly significant for improving the
performance of MFC. To facilitate electron shuttling from the cell to the electrode a

variety of chemicals have been used.'*

Mediators are typically redox molecules with
a low molecular weight e.g. neutral red,”® mixed mediator systems (ferric chelate
compounds and thionine),'® and others, and quinones that can form reversible redox

couples that are stable in both oxidised and reduced forms, the rate of the electron
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transfer is accelerated by this cyclic process, and this raises the power output.'®

There are two redox mechanisms have been :(a) electron shuttle from outer cell

membrane cytochrome, (b) shuttling via cytoplasmatic redox couples (Figure 1.5).'%

Substrate

TR

I 4
Med"™d Med™

0x '
Med Med™d
» ;

Figure 1. 5 - How redox mediators works.'"

The disadvantage of reversible redox electron-mediator on performance of the MFC
is usually a result in environmental contamination and low cost-effectiveness. These
limitations may be overcome by fast and cost effective immobilizing electron-
mediator molecules (e.g. conductive polymers, neutral red, and methylene blue)

coated anode electrode surface.'®>'%

Bacterial anode biofilms

A century ago, production of electrical current from electrodes placed in
microorganisms’ cultures was noticed.”” Microorganisms can attach and grow to
solid surfaces, embed themselves in protective matrix [Extracellular Polymeric
Substance (EPS)] and form layers which are called biofilms. Biofilms consist of
active, inert biomass and EPS. Extracellular Polymeric Substance is mostly
composed of polysaccharides, proteins, lipids and nucleic acids,'®’'%16%170.171.172
Attachment of microbials on a solid surface is crucial in the creation of biofilms,
transporting of the microorganisms in porous media, and in situ bioremediation.
Deposition of bacteria on surfaces is governed by a number of biophysical and
biochemical factors, like type of the bacteria cell, motility, hydrophobic interactions,

the outer membrane proteins, and lipopolysaccharides. 173,174,175
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One of the significant roles of biofilm is the electrochemically active process, and
shows marked effect on bioelectricity production.”f”177 As the density of the cells is
high in the matrix, cell to cell contact is increased in the biofilm which stimulates the
electron transfer mechanism.'” Anode associated biofilm of MFCs is pivotal for the
efficient electron transfer in an MFC.'””'% Also extracellular polymeric substances
immobilise the bacterial cells play important roles in extracellular electron transfer
reactions.'®’ Micro-sized MFC design has very significantly improved biofilm

formation and power genf:ration.]82

In summary, bacteria colonised anode biofilm of an MFC has three vital parameters:
the electron donor (carbon source), microorganisms oxidising the electron donor,
and electrons transferred to the anode surface. These parameters are commonly
expressed as the electron donor concentration, colonisation of microorganisms on the

anode, and production of electricity respectively.

The majority of the electrochemically active bacteria reported in the literature relate
to systems operated at neutral pH, however, a new approach to the anode biofilm
Acidiphilium SJH bacteria will be adopted for this work due to the Acidiphilium low

pH requirements which are ideal for iron electron redox chemistry.'®

Acidophilic heterotroph

An acidophilic heterotroph (SJH) bacterium is comprised of gram-negative, rod-
shaped bacteria; they have also been reported to be obligate aerobes and useful
model organism for the study of extremophilic bacteria in bioremediation
applications. The environments in which they are characteristically found are
invariably rich in ferrous and ferric iron. The Acidiphilium sp SJH bacteria used in
this study was isolated from a subterranean, high acidic environment (pH 2.3), metal-

rich stream located within a derelict pyrite mine (Cae Coch) in North Wales.'*

A microbiological study on dissimilatory iron reduction in extremely acidic
environments is one of the most abundant electron sinks for the oxidation of organic
matter.'® Recent studies have reported dissimilatory iron reduction by neutrophilic
bacteria of the family Geobacteraceae, Shewanella spp., and hyperthermophilic

microorganisms.” This ability has also been identified in a significant number of
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Acidiphilium and Acidiphilium-related bacteria that carry out a dissimilatory

reduction of ferric iron under anoxic as well as microaerophilic conditions.*®

In acidic media, ferric ion tends to be more available due to its stability, which has
relatively high redox potential Fe*/Fe*" 770 mV, at nearly pH of 2, while the same
couples have less potential at neutral pH at -88 to 430 mV. Based on the
thermodynamic view, ferric ion is considered as an attractive electron acceptor to

molecular oxygen in highly acidic media.'®

1.7 Aim and objectives
Aim

The aim of this PhD thesis is to study the efficiency of a microbial fuel cell capable

of utilising iron due to its ideal redox behaviours.

Objectives

The program of this research is divided into five main parts:

1. Using acidophilic microorganisms (Acidiphilium sp SJH) as iron reducing
bacteria in the anodic chamber of the MFC in order to enhance the production
of electricity.

2. Developing the scale up potential of MFC by studying various construction
configurations of MFC.

3. Improve the cathode material and compartment in order to increase the
catalytic activity of the cathode reaction and cost effectiveness.

4. To study the influence of anodic biofilm growth from Acidiphilium sp SJH
bacteria at low pH.

5. Utilise an air-cathode single chamber MFC on bioelectricity production to

remove the need to supply oxygen from outside the cell.



Chapter 1 - Introduction

1.8 References

10.

1.

12.

13.

14.

15.

16.

17.

Klass, D. L. A critical assessment of renewable energy usage in the USA,
Energy Policy 2003, 31, 353 - 367.

World population balance, population and energy consumption, USA, 2013.
Lewis, J. I. Climate change and security: examining China’s challenges in a
warming world, Int. Affairs, Int. Affairs 2009, 85, 1195 - 1213.

McCarty, P. L.; Bae, J.; Kim, J. Domestic Wastewater Treatment as a Net
Energy Producer-Can this be Achieved. Environ. Sci. Technol. 2011, 45, 7100 -
7106.

Lorenzo, M. D.; Scott, K.; Curtis, T. P.; Katuri, K. P.; and Head, 1. M.
Continuous Feed Microbial Fuel Cell Using An Air Cathode and A Disc Anode
Stack for Wastewater Treatment, Energy Fuels 2009, 23, 5707 - 5716.
Sustainable Infrastructure for Water & Wastewater, U.S. Environmental
Protection Agency (EPA), 2012.

Zieminski, K.; and Fragc, M. Methane fermentation process as anaerobic
digestion of biomass: Transformations, stages and microorganisms. Afr. J.
Biotechnol. 2012, 11,4127 - 4139.

Ueno, Y.; Fukui, H.; and Goto, M. Operation of a Two-Stage Fermentation
Process Producing Hydrogen and Methane from Organic Waste. Environ. Sci.
Technol. 2007, 41, 1413 - 1419.

Kim, 1. S.; Chae, K. J.; Choi, M. J; and Verstracte, W. Microbial Fuel Cells:
Recent Advances, Bacterial Communities and Application Beyond Electricity
Generation. Environ. Eng. Res. 2008, 13, 51 - 65.

Oh, S. T.; Kim, J. R.; Premier, G. C.; Lee, T. H. Kim, C. Sloan, W. T.
Sustainable wastewater treatment: How might microbial fuel cells contribute.
Biotechnol Adv. 2010, 28, 871 - 881.

Barua, P. K.; Deka, D. Electricity Generation from Biowaste Based Microbial
Fuel Cells. Int. J. Energy Information. Commun. 2010, 1, 77 - 92.

Li, Z.; Zhang, X. Zeng, Y.; and L. Lei, Electricity production by an overflow-
type wetted-wall microbial fuel cell. Bioresour. Technol. 2009, 100, 2551 -
2555,

Cheng, K. Y.; Ho, G.; and Ruwisch, R. C. Energy-efficient treatment of organic
wastewater streams using a rotatable bioelectrochemical contactor (RBEC).
Bioresour Technol. 2012, 126, 431 - 436.

Zhang, Y.; and Angelidaki, I. Self-stacked submersible microbial fuel cell
(SSMFC) for improved remote power generation from lake sediments. Biosens.
Bioelectron. 2012, 35, 265 - 270.

Zhang, G.; Zhao, Q.; Jiao, Y. Wang, K.; Lee, D. J.; and Ren, N. Biocathode
microbial fuel cell for efficient electricity recovery from dairy manure. Biosens.
Bioelectron. 2012, 31, 537 - 543.

Cheng, S.; Logan, B. E. Increasing power generation for scaling up single-
chamber air cathode microbial fuel cells. Bioresour. Technol. 2011, 102, 4468 -
4473.

Wang, Y.; Liu, L.; Zhang, D.; Xu, S.; Li, M. A New Strategy for Immobilization
of Electroactive Species on the Surface of Solid Electrode, Electrocatal. 2010,
1,230 -234.

20



18.

19.

20.

21.

22,

23,

24,

23,

26.

2%

28.

29

30.

3.

32,

33.

34,

33.

36.

37

Chapter 1 - Introduction 21

Li, X.; Hu, B. X.; Suib, S.; Lei, Y.; Li, B. K. Manganese dioxide as a new
cathode catalyst in microbial fuel cells. J. Power Sources 2010, 195, 2586 -
2591.

Zhang, F.; Xia, X.; Luo, Y.; Sun, D.; Call, D. F; Logan, B. E. Improving startup
performance with carbon mesh anodes in separator electrode assembly microbial
fuel cells. Bioresour. Technol. 2013, 133, 74 - 81.

Larminie, J.; Dicks, A. Fuel Cell Systems Explained, Second Edition, John
Wiley and Sons Ltd. England, 2003.

Singhal, S. C. Advances in solid oxide fuel cell technology. Solid State Ionics
2000, /35,305 - 313.

Gulzow, E. Alkaline fuel cells: A critical view. J. Power Sources 1996, 61, 99 -
104,

Sammes, N.; Bove, R.; Stahl, K. Phosphoric acid fuel cells: Fundamentals and
applications. Curr. Opin. Solid State Mater. Sci. 2004, 8, 372 - 378.

Silveira, J. L.; Leal, E. M.; Jr, L. F. R. Analysis of a molten carbonate fuel cell:
cogeneration to produce electricity and cold water. Energy, 2001, 26, 891 - 904.
Dicks, A. L. Molten carbonate fuel cells. Curr. Opin. Solid State Mater. Sci.
2004, 8,379 - 383.

Vishnyakov, V. M. Proton exchange membrane fuel cells. Vacuum 2006, 80,
1053 - 1065.

Galvani, L. Electricitatis in Motu Musculari Commentaries, Bon. Sci. Art. Inst.
Acad. Comm., 1791, 7, 363 - 418.

Grove, W. R. Series and the Combination of Gases by Platinum. Philos. Mag. J.
Sci. 1839, 14,127 - 130.

Potter, M. C. Electrical effects accompanying the decomposition of organic
compounds. Roy. Soc. Lond. Ser. B. 1911, 84, 260 - 276.

Cohen, B. The bacterial culture as an electrical half-cell, J. Bacteriol. 1931, 21,
18 - 19.

Canfield, J. H.; Goldner, B. H; and Lutwack, R. NASA Technical Report, Magna
Corporation, Anaheim, CA. 1963, P: 63.

Yao, S. I.; Appleby, A. I.; Geise, A.; Cash, H. R.; and Wolfson, S. K. Anodic
oxidation of carbohydrates and their derivatives in neutral saline solution. Nat.
1969, 224, 921 - 922.

Rao, J. R.; Richter, G. J.; Sturm, F. V.; and Weidlich, E. The Performance of
Glucose Electrodes, and the Characteristics of Different .Biofuel Cell
Constructions. Bioelectrochem. Bioenerg. 1976, 3, 139 - 150.

Roller, S. D.; Bennetto, H. P.; Delaney, G. M.; Mason, J. R.; Stirling, J. L.; and
Thurston, C. F. Electron-transfer coupling in microbial fuel Cells: 1.Comparison
of redox-mediator reduction rates and respiratory rates of bacteria. J. Chem.
Technol. Biotechnol. 1984, 34,3 - 12.

Habermann, W.; and Pommer, E. Biological fuel cells with sulphide storage
capacity. Appl. Microbiol. Biotechnol. 1991, 35, 128 - 133.

Kim, N.; Choi, Y.; Jung, S.; Kim, S. Effect of initial carbon sources on the
performance of microbial fuel cells containing Profeus vulgaris. Biotechnol.
Bioeng. 2000, 70, 109 - 114.

Nevin, K. P.; Richter, H.; Covalla, S. F.; Johnson, J. P.; Woodard, T. L.; Orloff,
A. L.; Jia, H. ; Zhang, M.; Lovley, D. R. Power output and columbic efficiencies
from biofilms of Geobacter sulfurreducens comparable to mixed community
microbial fuel cells. Environ. Microbiol. 2008, 10, 2505 - 2514.



38.

39,

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53,

Chapter 1 - Introduction 22

Luo, H.; Liu, G.; Zhang, R.; Jin, S. Phenol degradation in microbial fuel cells.
Chem. Eng. J. 2009, 147, 259 - 264.

Luo, Y.; Liu, G.; Zhang, R. Zhang, C. Power generation from furfural using the
microbial fuel cell. J. Power Sources 2010, 195, 190 - 194,

Park, D. H.; and, Zeikus, J. G. Utilization of Electrically Reduced Neutral Red
by Actinobacillus succinogenes: Physiological Function of Neutral Red in
Membrane-Driven Fumarate Reduction and Energy Conservation. J. bacteriol.
1999, 181, 2403 - 2410.

McKinlay, J. B.; and Zeikus, J. G. Extracellular Iron Reduction Is Mediated in
Part by Neutral Red and Hydrogenase in Escherichia coli. Appl. Environ.
Microbiol. 2004, 70, 3467 - 3474.

Choi, Y.; Kim, N.; Kim, S.; and Jung, S. Dynamic Behaviours of Redox
Mediators within the Hydrophobic Layers as an Important Factor for Effective
Microbial Fuel Cell Operation. Bull. Korean chem. Soc. 2003, 24, 437 - 440.
Rahimnejad, M.; Najafpour, G. D. Ghoreyshi, A. A.; Talebnia, F.; Premier, G.
Bakeri, G, C.; Kim, J. R.; and Oh, S. E. Thionine Increases Electricity
Generation from Microbial Fuel Cell Using Saccharomyces cerevisiae and
Exoelectrogenic Mixed Culture. J. Microbiol. 2012, 50, 575 - 580.

Kim, H. J.; Park, H. S.; Hyun, M. S.; Chang, 1. S.; Kim, M.; Kim, B. H. A
mediator-less microbial fuel cell using a metal reducing bacterium, Shewanella
putrefaciens. Enzyme Microb. Technol. 2002, 30, 145 - 152.

Bond, D. R.; Lovley, D. R. Electricity production by Geobacter sulfurreducens
Attached to Electrodes, Appl. Environ. Microbiol. 2003, 69, 1548 - 1555.

Zuo, Y.; Xing, D.; Regan, J. M.; and B. E. Logan, Isolation of the
exoelectrogenic bacterium Ochrobactrum anthropi YZ -1 by using a U-tube
microbial fuel cell. Appl. Environ. Microbiol. 2008, 74, 3130 - 3137.

Wrighton, K. C.; Thrash, J. C.; Melnyk, R. A.; Bigi, J. P.; Byrne-Bailey, K. G.;
Remis, J. P.; Schichnes, D.; Auer, M.; Chang, C. J.; and Coates, J. D. Evidence
for Direct Electron Transfer by a Gram-Positive Bacterium Isolated from a
Microbial Fuel Cell. Appl. Environ. Microbiol. 2011, 77, 7633 - 7639.

Malki, M.; De Lacey, A. L.; Rodriguez, N.; Amils, R.; and Fernandez, V. M.
Preferential use of an anode as an electron acceptor by an acidophilic bacterium
in the presence of oxygen. Appl. Environ. Microbiol. 2008, 74, 4472 - 4476.
Summers, Z. M.; Fogarty, H. E.; Leang, C.; Franks, A. E.; Malvankar, N. S.; and
Lovley, D. R. Direct exchange of electrons within aggregates of an evolved
Syntrophic coculture of anaerobic bacteria, Sei. 2010, 330, 1413 - 1415.
Rollefson, J. B.; Stephen, C. S.; Tien, M.; and Bond, D. R. Identification of an
Extracellular Polysaccharide Network Essential for Cytochrome Anchoring and
Biofilm Formation in Geobacter sulfurreducens. J. bacteriol. 2011, 193, 1023 -
1033.

Okamoto, A.; Hashimoto, K.; Nakamura, R. Long-range electron conduction of
Shewanella biofilms mediated by outer membrane C-type cytochromes.
Bioelectrochem. 2012, 85, 61- 65.

Rabaey, K.; Boon, N.; Hofte, M.; Verstraet, W. Microbial Phenazine production
enhances electron transfer in biofuel cells. Environ. Sci. Technol. 2005, 39, 3401
- 3408.

Rabaey, K.; Boon, N.; Siciliano, S. D.; Verhaege, M.; Verstraete, W. Biofuel
Cells Select for Microbial Consortia That Self-Mediate Electron Transfer. Appl.
Environ. Microbiol. 2004, 70, 5373 - 5382.



Chapter 1 - Introduction 23

54. Coursolle, D.; Baron, D. B.; Bond, D. R.; Gralnick, J. A. The Mtr Respiratory
Pathway Is Essential for Reducing Flavins and Electrodes in Shewanella
oneidensis. J Bacteriol. 2010, 192, 467 - 474,

55. Reguera, G.; Nevin, K. P; Nicoll, J. S.; Covalla, S. F.; Woodard, T. L.; and
Lovley, D. R. Biofilm and nanowire production leads to increased current in
Geobacter sulfurreducens fuel cells. Appl. Environ. Microbiol. 2006, 72, 7345 -
7348.

56. Reguera, G.; Pollina, R. B.; Nicoll, J. S.; and Lovley, D. R. Possible
Nonconductive Role of Geobacter sulfurreducens Pilus Nanowires in Biofilm
Formation. J. Bacterial. 2007, 189, 2125 - 2127.

57. Malvankar, N. S.; and Lovley, D. R. Microbial nanowires: A new paradigm for
biological electron transfer and bioelectronics. Chem Sus Chem. 2012, 5, 1039 -
1046.

58. Rosenbaum, M.; Schroder, U.; and Scholz, F. In Situ Electrooxidation of
Photobiological Hydrogen in a Photobioelectrochemical Fuel Cell Based on
Rhodobacter sphaeroides. Environ. Sci. Technol. 2005, 39, 6328 - 6333.

59. .Lovley, D. R; Holmes, D. E. Nevin, K. P. Dissimilatory Fe™ and Mn™
reduction. Adv. Microb. Physiol. 2004, 49, 219 - 286.

60. Du, Z.; Li, H.; Gu, T. A state of the art review on microbial fuel cells: A
promising technology for wastewater treatment and bioenergy. Biotechnol.
Advan. 2007, 25, 464 - 482.

61. Logan, B. E.; Hamelers, B.; Rozendal, R.; Schroder, U. Keller, J.; Freguia, S.;
Aelterman, P. Verstraete, W.; and Rabaey, K. Microbial Fuel Cell: Methodology
and Technology. Environ. Sci. Technol. 2006, 40, 5181 - 5192.

62. Lovley, D. R. Microbial fuel cells: novel microbial physiologies and engineering
approaches. Curr. Opin. Biotechnol. 2006, 17,327 - 332.

63. Rabaey, K.; and Verstraete, W. Microbial fuel cells: novel biotechnology for
energy generation. Trends Biotechnol. 2005, 23, 291 - 298.

64. Ahn, Y.; and Logan, B. E. Altering Anode Thickness To Improve Power
Production in Microbial Fuel Cells with Different Electrode Distances. Energy
Fuels 2013, 27,271 - 276.

65. He, Z.; Minteer, S. D.; and Angenent, L. Electricity Generation from Artificial
Wastewater Using an Upflow Microbial Fuel Cell. Environ. Sci. Technol. 2005,
39, 5262 - 5267.

66. Logan, B. E. Scaling up microbial fuel cells and other bioelectrochemical
systems. Appl. Microbiol. Biotechnol. 2010, 85, 1665 - 1671.

67. Zhou, M.; Chi, M.; Luo, J.; He, H.; Jin, T. An overview of electrode materials in
microbial fuel cells. J. Power Sources 2011, 196, 4427 - 4435.

68. Wang, X.; Cheng, S.; Feng, Y.; Merrill, M. D.; Saito, T.; and Logan, B .E. Use
of Carbon Mesh Anodes and the Effect of Different Pre-treatment Methods on
Power Production in Microbial Fuel Cells. Environ. Sci. Technol. 2009, 43,
6870 - 6874.

69. Cheng, S.; Logan, B. E. Ammonia treatment of carbon cloth anodes to enhance
power generation of microbial fuel cells. Electrochem. Commun. 2007, 9, 492 -
496.

70. Logan, B. E.; Cheng, S.; Watson, V.; Estadt, G. Graphite fiber brush anodes for
increased power production in air-cathode microbial fuel cells. Environ. Sci.
Technol. 2007, 41, 3341 - 3346.



71.

72.

13

74.

T

76.

i 8

78.

7%

80.

81.

82.

83.

84.

85.

86.

87

Chapter 1 - Introduction 24

Nielsen, M.; Reimers, C.; and Stecher, H. Enhanced Power from Chambered
Benthic Microbial Fuel Cells. Environ. Sci. Technol. 2007, 41, 7895 - 7900.
Hays, S.; Zhang, F.; Logan, B. E. Performance of two different types of anodes
in membrane electrode assembly microbial fuel cells for power generation from
domestic wastewater. J. Power Sources 2011, 196, 8293 - 8300.

Wei, J.; Liang, P.; Huang, X. Recent progress in electrodes for microbial fuel
cells. Bioresour. Technol. 2011, 102, 9335 - 9344,

Feng, Y.; Yang, Q.; Wang, X.; Logan, B. E. Treatment of carbon fiber brush
anodes for improving power generation in air-cathode microbial fuel cells. J.
Power Sources 2010, 195, 1841-1844.

Lowy, D. A.; Tender, L. M. Harvesting energy from the marine sediment-water
interface III. Kinetic activity of quinone- and antimony-based anode materials.
J. Power Sources 2008, 185, 70 - 75.

Kim, J. R.; Min, B.; and Logan, B. E. Evaluation of procedures to acclimate a
microbial fuel cell for electricity production. Appl. Microbiol. Biotechnol. 2005,
68, 23 -30.

Park, D. H.; Zeikus, J. G. Improved fuel cell and electrode designs for producing
electricity from microbial degradation. Biotchnol. Bioeng. 2003, 81, 348 - 355.
Xie, X.; Hu, L.; Pasta, M.; Wells, G. F.; Kong, D.; Criddle, C. S.; and Cui, Y.
Three-Dimensional Carbon Nanotube-Textile Anode for High-Performance
Microbial Fuel Cells. Nano Lett. 2011, 11, 291 - 296.

Jiang, D. Q.; Li, B. K. Novel electrode materials to enhance the bacterial
adhesion and increase the power generation in microbial fuel cells (MFCs).
Water Sci. Technol. 2009, 59, 557 - 563.

Lowy, D. A.; Tender, L. M.; Zeikus, J. G.; J. G., Park, D. H. and D. R. Lovley,
Harvesting energy from the marine sediment-water interface Il Kinetic activity
of anode materials. Biosen. Bioelectron. 2006, 21, 2058 - 2063.

Wang, K.; Liu, Y.; Chen, S. Improved microbial electrocatalysis with neutral red
immobilized electrode. J. Power Sources 2011, 196, 164 - 168.

Chen, G. W.; Choi, S. J.; Lee, T. H.; Lee, G. Y.; Cha, J. H.; and Kim, C. W.
Application of biocathode in microbial fuel cells: cell performance and
microbial community. Appl. Microbiol. Biotechnol. 2008, 79, 379 - 388.

Yano, H.; Kataoka, M.; Yamashita, H.; Uchida, H.; and Watanabe, M. Oxygen
Reduction Activity of Carbon-Supported Pt-M (M) V, Ni, Cr, Co, and Fe)
Alloys Prepared by Nanocapsule Method. Langmuir 2007, 23, 6438 - 6445.
Stamenkovic, V. R.; Fowler, 