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ABSTRACT
Microbial fuel cells (MFCs) are an emerging technology which converts organic
matter to electricity using a biofilm on the electrode as the biocatalyst. It has recently
been shown that a wastewater treatment method based on microbial fuel cells (MFCs)
can be used to treat domestic or industrial organic wastewater and simultaneously
produce electricity. Various techniques to enrich electrochemically active bacteria on an
electrode using anaerobic sludge as an inoculum were studied using a two-chambered
microbial fuel cell. Use of a ferric oxide coated electrode increased power density and
coulombic efficiency (CE) to 30 mW/m2 and 80%, as compared with carbon electrode (8
mW/m2 and 40%). The methanogen inhibitor 2-bromoethanesulfonate (BES) also
increased the CE to 70%. A paste of bacteria from an electrode already producing
electricity to a new electrode increased the power density to 40 mW/m2. These results
indicate that sewage sludge can be used as an inoculum with the proper acclimation
techniques to increase the effectiveness of electricity generation using domestic or
industrial wastewater.
Alcohols are expected to be transient liquid fuels for hydrogen fuel cells due to
easy storage and transportation. MFCs using alcohol as a substrate for electricity
generation have not been previously reported. The maximum power density and CE using
ethanol in a 2-chamber MFC system were found here to be 40 mW/m2 at 0.3 mA and
42% to 61%, respectively. Methanol was also examined as a possible substrate, but it did
not result in appreciable electricity generation. The analysis of byproducts indicated that
ethanol was oxidized to CO2 via acetate as an intermediate. Single chamber MFCs with
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air cathodes using ethanol produced a maximum power density of 488 ± 12 mW/m2 and
approximately CE of ~10%. A community analysis using 16S rDNA-based techniques
indicated Proteobacterium Core-1 (33.3% of clone library sequences), Azoarcus sp.
(17.4%), and Desulfuromonas sp. M76 (15.9%) were significant members of the anode
chamber community.
The physical properties (oxygen and acetate diffusion coefficients) of several
different membranes, including Nafion® 117, CMI-7000, AMI-7001, CM2 and three UF
membranes (molecular cut-off, 0.5K, 1K and 3K), were investigated. Internal resistances
of the membranes were monitored with impedence analysis using a potentiostat. The
coulombic loss by diffusion through the membrane and biomass production in MFC was
estimated using measured diffusivities of oxygen and acetate. The maximum power
density and coulombic efficiency of the AMI-7001 anion exchange membrane were
significantly higher (610 mW/m2 and 72%, respectively) than values obtained for cation
exchange membranes due to ability of the phosphate buffer to prevent pH changes in the
anode chamber and transport of the phosphate ions through the membrane.
Swine wastewater treatment was investigated in two different types of MFCs
producing electricity. A two-chambered MFC with an aqueous cathode and more
extensive single-chamber MFC with air cathode produced a maximum power density of
45 mW/m2 and 261 mW/m2 (200 Ω resistor). Ammonium was removed from anode by
electricity generation and charge disproportion from redox reactions in the MFC. It was
found that the removal of odorous chemicals in swine wastewater was enhanced by
electricity production compared to an open circuit control. Long chain fatty acid
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biodegradation was accelerated when bacteria could transfer electrons, thereby
decreasing acetate accumulation.
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Chapter 1
Introduction

1.1 Perspective of sustainable environmental technology in waste reuse
Environmental engineering has primarily focused on waste disposal and the
removal of organic and inorganic contaminants. However, recently this paradigm has
moved toward considering waste as a potential resource with the development of proper
environmental technologies [1-3]. Indisputably, this shift is being accelerated by the
depletion of fossil fuel and strengthened environmental regulations [3]. With the Kyoto
protocol in effect since 2005, waste resources that were not previously recognized as
energy sources are expected to make a niche market for sustainable environmental
technologies. This energy recovery from waste at the local level might alleviate the social
impact resulting from the centralization of fossil fuels which is the major reason for the
energy dispute. Therefore, the development of wastewater treatment technologies in the
future will be directed to recover valuable products and energy while simultaneously
achieving the objective of pollution control [2].

1.1.1 Methane fermentation
Methane fermentation from wastewater is a well-known biological process using
ubiquitous methanogens for methane production. Among the high-rate anaerobic reactors
developed and successfully applied for methane generation processes in recent years, the
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upflow anaerobic sludge blanket (UASB) reactor has become one of the most popular
designs for the biological treatment of effluents and methane production, particularly for
food processing industries. However, the pH and temperature dependence on bioreactor
performance should be improved for field scale applications. The interference of reactor
performance by the suspended solids in wastewater at low temperatures is another
problem for this process [4]. In addition, methane is a fuel source that is burned for use in
internal combustion engines like fossil fuels. For fuel cell applications, an additional
reforming process to convert methane into hydrogen is needed [5]. Although direct
methane and further hydrocarbon fuel cells have been studied to produce power from
methane without pre-reforming, its stability is still lower than hydrogen-powered fuel
cells due to carbon formation on the catalysts [5].

1.1.2 Biological hydrogen production
Hydrogen is believed to be a sustainable energy source for fuel cells which could
replace fossil fuels in the near future [3]. The chemical fuel cell powered by hydrogen is
a developing technology that could first come into the market in the form of automotive
applications. For the provision of hydrogen demand, biological hydrogen production has
been in the spotlight as an environmentally friendly process. The technological
developments to recover hydrogen before methanogens convert it to methane have been
investigated because hydrogen is more valuable than methane in terms of energy content
and economic aspects [3,6,7]. Although various bioreactors and operational conditions
have been designed to increase the fermentative production of hydrogen, the conversion
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efficiency is limited at around 15% due to the soluble fermentation products such as
butyrate [2,3]. A two-stage process was suggested to produce hydrogen from high
organic loading and methane from remaining waste [3]; however, gas separation is
needed to increase the purity of hydrogen in the gas in order to use it in fuel cells.

1.1.3 Microbial fuel cells (MFCs)
Microbial fuel cells (MFCs) convert an organic substrate into electricity using
microorganisms as a biocatalyst. The concept of MFCs was introduced in the early
twentieth century [8,9]. However, they have only been extensively studied since the
1990s with the advance of biotechnology and the need for sustainable waste reuse
technology stimulated by environmental concerns about global warming [10-14]. They
have advantages in regard to how they directly convert a wide range of organic matter
such as acetate, glucose, and domestic and industrial wastewater into electricity without
the combined need for gas separation and reforming processes. MFCs are an emerging
technology that needs to overcome technical barriers for field scale applications.
However, its advancement in power generation and reactor configuration have rapidly
improved recently (Table 2.1), as compared with slower developments in chemical fuel
cells that have required about half a century to be commercialized [2,3,5].
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1.2 My research on microbial fuel cells
My Ph.D. research consists of four components. First, I have investigated an
efficient enrichment procedure using an anaerobic sludge inoculumn for MFCs. In this
study, various techniques were used to enrich electrochemically active bacteria on
electrodes such as using a ferric oxide coated electrode, methanogen inhibitor,
inoculation by pasting bacteria on an electrode, and serial transfer. The work is
summarized in a paper by Kim, J.R., Min, B. and Logan, B.E., entitled “Evaluation of
procedures to acclimate a microbial fuel cell for electricity production,” which has been
published in Applied Microbiology and Biotechnology 2005 [15]. My advisor, Dr. Bruce
E. Logan, gave instruction and support for the research and kind guidance for editing this
paper and thereafter. My colleague, Booki Min, also gave advice for the experiment. This
paper is included as Chapter 3 of this dissertation.
Second, I examined the use of alcohol as a substrate in MFCs. Ethanol and
methanol are likely to be transient liquid fuels in the near future as we move from fossil
fuels to hydrogen. We found that ethanol generated electricity in MFCs but methanol
produced a small amount of power. This paper has been submitted by Kim, J.R., Jung,
S.H., Regan, J.M. and Logan, B.E. for publication in Bioresource Technology, and it is
entitled “Electricity generation and microbial community analysis of alcohol powered
microbial fuel cells [16]”. My colleagues, Sokhee Jung and Dr. John M. Regan,
conducted molecular work for this topic. This paper is included as Chapter 4.
My third investigation was to examine the physical properties and power output
performance of proton exchange membranes in MFCs. In this study, I measured substrate
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(acetate) and oxygen diffusion coefficients for various commercialized membranes for
MFCs. They were collectively compared and discussed in terms of power output and
coulombic loss in MFCs. This paper is included as Chapter 5, and will soon be submitted
by Kim, J.R., Cheng, S., Oh, S.E. and Logan, B.E. Shaoan Cheng and Sangeun Oh helped
me to conduct electrochemical measurements and to give an idea to make a mass balance
of substrate. Some part of Figure 5.3 is their work.
The last chapter of this dissertation concerns using swine wastewater as a
substrate in MFCs. I continued to study MFCs using swine wastewater with regarding
chemical analysis and effect of sonication and stirring on power generation after Booki
Min initiated the research for enrichment, which was contained in this dissertation as
figure 6.2. The paper based on this work has been published by Min, B., Kim, J.R. Oh,
S.E., Regan, J.M., Logan, B.E., and is titled “Electricity generation from swine
wastewater using microbial fuel cells,” in Water Research in 2005 [17]. To study this
topic more extensively, I have further examined ammonia and odor removal in MFCs,
and this material is included in chapter 6 as well. I tried to investigate the availability of
MFC technology for Ammonia and odor removal which have been a main concern in
swine wastewater treatment. Dr. Jerzy Dec guided and gave a valuable advice for odor
analysis of this research.
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Chapter 2
Literature Review
Fuel cells directly convert chemical energy of fuels such as hydrogen and
methanol into electrical energy without the inefficiencies of internal combustion engines
based on the Carnot cycle [1]. Recently, using the same concept of chemical fuel cells,
microbial fuel cells (MFCs) have been studied to convert metabolic energy into
electricity using the diversity of microbial catalytic abilities [2,3]. Although biochemical
electricity generation was reported in 1910s [4,5], it was newly investigated by the
finding of the extracellular electron transfer by bacteria in the last ten years. It is believed
that harvesting electrons using an electrode is similar in nature to the process of
extracellular electron transfer by dissimilatory metal reducing bacteria.

2.1 Dissimilatory metal reduction
Dissimilatory metal reduction is the process in which microorganisms transfer
electrons to external metal ions such as Fe(III) and Mn(IV), reducing them without
assimilation [6]. Metal reduction is an important process for the degradation of natural
and contaminant organics in soils and aquatic sediments in subsurface environments [6,7].
Fe(III) reducing bacteria also prove useful in the bioremediation of contaminated
environments via their ability to degrade various organic contaminants and reduce toxic
metals [6]. Although many existing isolates of different species have been found to grow
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by dissimilatory Fe(III) reduction, only a few Fe(III)-reducing bacteria have been isolated
through enrichment with Fe(III) as the sole electron acceptor [8].

2.1.1 The various genera for metal reduction
Geobacter sp. was the first microorganisms shown to completely oxidize organic
compounds with Fe (III) as the sole electron acceptor since Lovley et al. isolated the
strain in the late 1980s [9]. They are strictly anaerobic, gram-negative organisms which
can be found in a variety of freshwater and sedimentary environments in which Fe(III)
reduction is a dominant electron-accepting process [10]. 16S rDNA sequences and
denaturing gradient gel electrophoresis (DGGE) results show that the Geobacter species
are a major constituent of the microbial community in sandy aquifer sediments [11].
Recently, Geobacter sulfurreducens isolated from freshwater environments has been
discovered to oxidize acetate and use an electrode as the sole electron acceptor in a
microbial fuel cell [2,12].
In contrast to the anaerobic metal-reducing microorganisms, several species such
as Shewanella, Ferrimonas, and Aeromonas are facultative, growing aerobically using
Fe(III), Mn(IV) or other electron acceptors [6]. Many of these organisms have been
known to use various electron donors aerobically; however their range of electron donors
with Fe(III) are restricted to hydrogen and small organic acids [6]. Shewanella sp.,
Pelobacter sp. and Geospirillum sp. incompletely oxidize multi-carbon compounds
differently from Geobacter and Desulfuromonas [13]. Although Shewanella sp. have
been shown to produce a mediator in electron acceptor deficient conditions, they are also
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reported to directly contact Fe(III) and conduct dissimilatory Fe(III) reduction without
extracellular components in some reports [13]. Shewanella sp. also have been isolated
from the anode electrode, suggesting they use electrodes as electron acceptors in MFCs
[14,15].

2.2 Electron transport system and enzymes
Recently, MFCs that use direct electron transfer to an electrode has been
investigated for the application of anaerobic Fe(III) reduction metabolism for the energy
recovery from various types of organic matter [2,12,15,16]. Therefore, the electron
transfer reaction of Geobacter sp. has been studied as a model to understand
enzymatically catalyzed reactions. G. sulfurreducens is currently the organism of choice
because both the whole genome sequence and a genetic system are available for this
organism [17]. Even for this microorganism, it is unknown whether Fe (III) is taken up
and reduced in the periplasm or cytoplasm or whether electrons are transferred to Fe(III)
minerals outside of the cells. It has been reported that bacterial nanowire could facilitate
the electron transfer to the solid Fe(III) in the electron acceptor deficient conditions [18].

2.2.1 The involvement of cytochrome
Fe(III)-reducing microorganisms such as Geobacter sp. have been known to
establish direct contact with insoluble Fe(III) oxides in order to reduce them. It was also
proposed that G. sulfurreducens releases a 9.6-kDa c-type cytochrome into the external
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environment which serves as an extracellular electron shuttle to promote the reduction of
insoluble Fe(III) oxide [19,20]. Recently, however, Lloyd et al. [20] suggested that a 9.6
kDa periplasmic c-type cytochrome, designated PpcA, served as an intermediary electron
carrier from acetate oxidation to terminal Fe(III) reductase in the outer membrane, not as
an electron shuttle between whole cells and Fe(III) oxides [17].

2.2.2 Fe(III) reductase activity
Gram-negative bacteria which use solid terminal electron acceptors (e.g., iron and
manganese) must establish an electron transport link across the outer membrane between
the insoluble particulate metal oxides and the electron transport chain in the membrane.
Gaspard et al. [21] reported that about 80% of the Fe(III) reductase activity was present
in the outer membrane and was weakly bounded to the membrane [21]. They
hypothesized that the Fe(III) reductase of G. sulfurreducens is a peripheral outer
membrane protein that might contain a c-type cytochrome. Furthermore, it was proposed
that the c-type cytochrome (designated Fer A) of G. sulfurreducens serves as an electron
transport mediator from NADH to Fe(III) [22]. This enzyme was suggested to be a
necessary membrane bound enzyme to allow proton gradient generation and protonmotive force via NADH oxidation [22,23]. This enzyme was conceived to be spanned
throughout both inner and outer membranes due to its large size (89 kDa) and membrane
distribution [22].
The sequence of ferA was found to be a hybrid of omcB and omcC in further
mutant and biochemical analysis [24]. OmcB is essential for electron transfer to Fe(III) in
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G. sulfurreducens, but OmcC is not. Although the genome sequence elucidating this
protein involves the Fe(III) reduction, whether it is an Fe(III) reductase or an intermediate
electron carrier is not fully understood yet [24]. A further mutant experiment shows that
having OmcS and OmcE on the outside of the cell is essential for insoluble Fe(III)
reduction. A mutant deficient in these two enzymes did not reduce ferric oxide, but they
still reduced soluble ferric ions such as Fe(III) citrate. Therefore, they have a greater
possibility of serving as the final electron transfer step to highly insoluble Fe(III) than
other cytochromes since they are exposed on the outside of the cell [25].

2.2.3 Direct electron transfer and extracellular shuttling
Geobacter sp. do not produce electron shuttles or Fe(III) chelators. Instead, they
utilize appendages such as flagella to search for, or pili to make direct contact with,
insoluble Fe(III) in the electron acceptor deficient environment [7,24]. Childers et al. [26]
reported that G. metallireducens can access Fe(III) oxides through chemotaxis and
attachment by active motility. These mechanisms of Fe(III) reduction can explain the
predominance of Geobacter sp. over the Shewanella and Geothrix species which produce
electron shuttles in subsurface environments. It is believed that the access to Fe(III) oxide
through active motility may be a more evolutionary adaptive strategy and energetic
advantage than transferring electrons with an electron shuttle [26].
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2.2.4 Extracellular electron transfer via microbial nanowire
Bacterial cells have been known to extrude polysaccharide strands and to localize
iron precipitation in proximity to the cell membrane. This mineral precipitation was
inferred to be related to harnessing the proton motive force for energy metabolism [27]. It
has been recently reported that the conductive biological nanowires can serve as an
electron transfer conductors from the cell surface to the Fe(III) oxides. In support of this
mechanism, a mutant strain with a depleted pilin-encoded domain showed poor Fe(III)
reduction and growth. These functional pili were shown to be highly conductive,
indicating that bacteria could accomplish the electron transfer to outside of the cell [18].
Although nanowires may explain the efficient electron transfer of Geobacter sp. to solid
electron acceptors that are difficult to access, its structure and function that make it
conductive and whether it is inductive or constitutive has not been fully studied.

2.3 Microbial fuel cells (MFCs)

2.3.1 The electron transfer mechanism of MFC
A microbial fuel cell is new type of bioreactor for electricity generation which
employs the capability of bacteria to transfer electrons from repiratory enzymes to solid
substrates. Electron recovery using an electrode is expected to be related to redox
proteins which are electrochemically active on the bacterial membrane. Kim et al. [16]
investigated that the some respiratory uncouplers affect current generation suggesting
MFC utilized Fe/S proteins as electron carriers. However terminal oxidase and complex
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II were not found to be involved in electron transfer. The use of a proton gradient and
ATP synthase uncoupler was found to completely inhibit current generation. This result
indicated that the harvesting of electrons in MFCs might be an interaction between the
electrode and a redox center on the respiration chain which was exposed on the
electrically non-conductive membrane.

2.3.2 MFCs with additional external mediators
Chemical electron mediators have been reported to promote electron transfer
between the cell wall and electrodes and to increase the MFC performance [28,29]. A
mediator diffuses through the cell surface and scavenges electrons from a reduced
enzyme, finally passing the electron to an anode [30]. An ideal electron mediator should
undergo a reversible electron transfer reaction in which the mediator should efficiently
accept the electrons from the cellular enzymes and transfer them to an electrode [29].
MFCs using external mediators, however, are well known not to be economically feasible.
Recently, self-produced electron mediators in non-mediator amended MFC such as
phenazine and pyocyanin have been reported to be involved in power increases [11,31].

2.3.3 Mediator-less microbial fuel cells
Although MFCs with added mediators are impractical for outdoor environments
due to their toxicity and cost, direct electron transfer from the microbe to the anode is
now known to be possible. Hyun et al. [13] reported that Shewanella putrefaciens IR-1
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achieved high Fe(III)-reduction activity without the addition of any mediators. They
suggested based on cyclic voltametry that S. putrefaciens IR-1 could directly contact an
electrode and that this strain possessed an electron transfer system on its outer membrane
[13,15]. Several strains other than Shewanella sp., such as Clostridium butyricum EG3,
Aeromonas hydrophila, and Rhodoferax ferrireducens have also been shown to be
electrochemically active in MFCs without addition of electron mediators [32-34].
In the outdoor environment, a simple fuel cell-like device has been studied that
harnesses low-level power for prolonged periods using sediment organic matter as a
substrate [35]. Bond et al. [2] reported that electricity could be harvested from an anoxic
marine sediment by embedding an anode electrode into the anoxic zone and connecting it
with a graphite electrode in the overlying aerobic seawater. They obtained ~0.01 W/m2 of
current from the circuit. Furthermore, they constructed a sedimentary battery which
showed 0.016 W/m2 of power density. 16S rDNA sequences resulting from bacteria
attached to the anode showed all of the attached bacteria were members of the δProteobacteria, with the majority (70%) of the sequences most closely related to the
genus Desulfuromonas.
Mediator-less microbial fuel cells were also investigated with a novel
microorganism, Rhodoferax ferrireducens, using glucose as substrate [34]. This strain
can completely oxidize glucose with Fe(III) reduction, as compared with Geobacteraceae
which has a limited range of electron donors. Bond and Lovley [2] reported that the two
chamber MFC containing Geobacter sulfurreducens and acetate as a substrate could
directly transfer electrons to a graphite electrode. The maximum current density of this
fuel cell reached a range of 163 to 1,1143 mA/ m2 (5 to 7 mA).
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2.4 Current research on MFCs

2.4.1 Enhancement of potential by modified electrodes
Recently, Oh et al. [36] compared the use of a ferricyanide instead of dissolved
oxygen at a cathode, and found that it could increase the maximum power by 50 to 80%.
Power depended on the size of the cathode and the dissolved oxygen concentration. The
power density and coulombic efficiency also increased with the presence of a diffusion
layer on the cathode (carbon/PTFE) due to the increase of the cathode performance [37].
It has been reported that biomineralized manganese oxides used as cathodic reactants
result in power increase (126 mW/m2), as compared to oxygen reduction (3.9 mW/m2)
[38]. These results showed that the cathode potential is a limiting factor in power
generation at present, and that cathode construction and optimization is needed to
increase the overall MFC performance.

2.4.2 Improvement of MFC design
Early MFCs were typically designed and operated as a two-chamber system,
where the chambers were separated by a cation exchange membrane (CEM). However,
various reactor configurations have been examined to increase MFC performance (Table
2.1). Liu and Logan [39] tested a single chamber microbial fuel cell (SCMFC) lacking a
proton exchange membrane and compared it to the same system containing a CEM. They
reported that removing the membrane and using an air-cathode increased the maximum
power density to 494 ± 21 mW/m2 (12.5 ± 0.5 mW/L; liquid volume) as compared to 262
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± 10 mW/m2 (6.6 ± 0.3 mW/L) with the membrane. In addition, reducing the electrode
spacing and optimizing ion conductivity can increase power due to the decrease in the
internal resistance [40,41]. Rabaey et al. [42] obtained a maximum power output of 4.31
W/m2 (664 mV, 30.9 mA) using a flat two-chambered MFC and ferricyanide as a cathode
electrolyte, with 81% of electron transfer efficiency.
An early application of a continuous MFC reactor was a flat plate system which
had a serpentine channel achieving a plug flow like design [43]. MFCs have also been
designed using a tubular single chamber design [44], and a porous anode that allows
advective flow between the anode and cathode chamber [40]. He et al. [45] proposed an
upflow microbial fuel cell (UMFC) that was a modified upflow anaerobic sludge blanket
(UASB) reactor for MFC operation with a maximum power density of 170 mW/m2.
Recently, stacked MFCs, have been introduced which connect each flat reactor in parallel
and series to increase the cell potential. The power density of this stack was 258 W/m3
using a ferricyanide cathode that is significantly improved from single unit of fuel cell
[46].

2.4.3 Various substrates for MFCs
MFCs have known to use various substrates including acetate, butyrate, glucose
and lactate as well as domestic and industrial wastewater [3,47-49]. Min et al. [50]
showed that high strength swine wastewater could be used as an inoculum and as a
substrate for power generation in an MFC. It was also reported that MFCs could be
powered by cysteine and proteins as substrates for electricity generation [51,52]. This
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flexibility of power generation using many different types of substrates supports the
feasibility of using MFCs for wastewater treatment with mixed bacterial communities.

2.4.4 Perspective on MFCs
Microbial fuel cells are emerging technologies which are closely related to
environmental aspects such as sustainable bioenergy production and bioremediation.
While their efficiency and power are relatively low compared to chemical fuel cells at
present, further studies to improve fuel cell design, identify better electrode materials and
optimize process parameters will enhance the current density and allow practical
application of MFCs. In order to increase the economic feasibility of this technology,
new designs and constructions approaches should examine decreasing the use of
expensive materials in MFCs, such as platinum on the cathode and costly ion-exchange
membranes [3]. It is poorly understood how electrochemically active bacteria can attach
on an electrode and how they can form an electron transfer system to an electrode surface.
Therefore, this must be an additional focus of current MFC research as well as improving
reactor design.
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Table 2.1: Power generation of recent microbial fuel cells
Microorganism
or inoculum
Marine sediment
Sewage sludge

Activated sludge

Substrate

Mediator

MFC type

Anode

Cathode

Organic
matter

-

Sediment Battery

graphite fiberbased electrode

graphite fiber-based
electrode

lactate

Electrode
bound Mn4+
or NR

Mn4+ graphite
Single chambered
NR-woven
graphite
Graphite felt

Fe3+ graphite (expose
to air)

NA

Park and
Zeikus (2003)
[53]

3600mW/m2

89%

Bond and
Lovley (2003)
[2]
Rabaey et al.
(2003) [42]

40mA/m2

NA

Carbon/Pt (expose to
air)

146 mW/m2

9-12% w/o
PEM

Liu et al.
(2004) [39]

Woven graphite Mat
(with ferricyanide)

49 W/m3

75%

He et al.
(2005) [45]

acetate

-

Two -chambered
MFC w/ PEM

graphite

Graphite (aeration)

Mixed bacterial
culture

glucose

-

Two -chambered
(flat type)

graphite

Graphite (aeration)

Anaerobic sludge

Organic
wastewater

-

Two-chambered
(flat type)

Graphite felt

Graphite felt

Wastewater

Wastewater

-

Single chambered

Carbon paper

Graphite felt
(aeration)

Glucose
Graphite
granules

Bond et al.
(2002) [12]

96.8%

Geobacter
sulfurreducens

Tubular, single
chambered

N.A.

65mA/m2

Cylinder type
membrane-less
MFC

-

844mW/m2,
1088 mA/m2
1.3 mW/m2, 6.9
mA/m2

Reference

Jang et al.
(2003) [54]

-

Glucose

788mW/m2,
1750 mA/m2

CE

<10%

Wastewater

Bacteria from
another MFC

Current or
power density
16 mW/m2

wastewater

494 mW/m2

8 W/m3

Kim B. H. et
al. (2004) [16]

22%
2

Domestic
wastewater

Domestic
wastewater

-

Single chambered

Carbon cloth

Pt/Caron/PTFE
(diffusion layer)

766 mW/m

32%

Cheng et al.
(2006) [37]

Domestic
wastewater

Domestic
wastewater

-

Single chambered
(continuous flow)

Carbon cloth

Pt/Nafion/Carbon
clothe

464 mW/m2

27%

Cheng et al.
(2006) [40]

Anaerobic sludge

Domestic,
Industrial
wastewater

-

Stack MFC
(continuous)

Graphite granule

Graphite granule,
Hexacyanoferrate

248 W/m3
(parallel)

77.8%
(parallel)

Aelterman et
al. (2006) [46]

Chapter 3
Evaluation of Procedures to Acclimate a Microbial Fuel Cell for Electricity
Production

Abstract
A microbial fuel cell (MFC) is a relatively new type of fixed film bioreactor for
wastewater treatment, and the most effective methods for inoculation are not well
understood. Various techniques to enrich electrochemically active bacteria on an
electrode were therefore studied using anaerobic sewage sludge in a two-chambered
MFC. With a porous carbon paper, 8 mW/m2 of power was generated within 50 h with a
coulombic efficiency (CE) of 40%. When an iron oxide-coated electrode was used, the
power and the CE reached 30 mW/m2 and 80% respectively. A methanogen inhibitor (2bromoethanesulfonate; BES) increased the CE to 70%. Bacteria in sludge grown by
serial transfer into a ferric medium for acclimation produced a lower power (2 mW/m2)
than the original inoculum. By applying the scraped biofilm producing electricity onto an
electrode, the maximum power increased to 40 mW/m2. When a second anode was
introduced into an operating MFC the acclimation time was not reduced and the total
power did not increase. These results suggest that active inoculating techniques could
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sometime increase the effectiveness of enrichment, and that start up is most successful
when harvested from the anode of an existing MFC and applied to the new anode.1

1

Material presented in this chapter was published in the following paper: Kim, J.R., Min, B., Logan, B. E.
Evaluation of procedures to acclimate a microbial fuel cell for electricity production. Applied Microbiology
and Biotechnology 2005, 68(1), 23-30.
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3.1 Introduction
It has been known that microorganisms or enzymes can be used to produce
electricity that can be harvested in microbial fuel cells (MFCs) [1-3]. A microbial fuel
cell can be applied to a fixed film bioreactor that can be used to convert dissolved organic
matter to electricity using microorganisms as catalysts [4-6]. Bacteria that are capable of
using an electrode as a final electron acceptor include Shewanella putrefaciens [7,8],
Geobacter metallireducens [4,9], and Rhodoferax ferrireducens [10]. The mechanisms
used by these bacteria to transfer electrons to an electrode in a MFC are still being
investigated. Geobacter sulfurreducens are known to localize the majority of their
membrane-bound cytochromes on the outer membrane to facilitate direct contact with
external ferric iron, and these cytochromes are believed to function in the same manner
with a carbon electrode in a MFC [4,11,12]. Several extracellular electron mediators have
been known to facilitate the electron relay between planktonic microorganisms and an
electrode but they are known to be impractical for the scale-up of MFCs [13].
Recently, efforts have been made to use domestic wastewater as a substrate for
MFCs due to environmental concerns and the need to reuse waste [6,14]. Anaerobic
sewage sludge is a good candidate for inoculating a MFC because it is easily obtained
from a wastewater treatment plant and it contains highly varied bacterial communities
that contain electrochemically active strains of bacteria. The majority of bacteria in
typical anaerobic wastewater sludge are believed to consist of fermentative bacteria,
methanogens, and sulfate reducers [15-17]. Acetate is commonly used in MFCs as it is a
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non-fermentable substrate and a suitable electron donor for dissimilatory iron-reducing
bacteria [18,19]. Dissimilatory iron-reducing bacteria have been estimated to comprise
only 3 % of the total bacteria in activated sludge [20]. Thus, it is possible that nonelectrochemically active bacteria can occupy space on the electrode during the initial
inoculation step preventing efficient power generation in the MFC.
When anaerobic sludge is used as an inoculum for MFCs, enrichment strategies
can be devised to limit the growth of methanogens and to enhance the growth of the
electrochemically active bacteria on the anode. Several reports have described MFCs
inoculated with sludge, but they typically used passive techniques based on the addition
of an inoculum into the anode solution [5,6,21]. In one study, it was found that serial
enrichment of bacteria on the anode of a MFC resulted in increased power output and a
change in the bacterial community [22], but a comparison of different inoculation
procedures for MFCs has not been made. Of particular concern in different inoculation
procedures is the competition of bacteria for space on the electrode. The attachment of
non-growing bacteria to the electrode could occupy electrode space that could instead be
used by electrochemically active bacteria.
We hypothesized that there could be more effective inoculation techniques, based
on different methods of enriching the abundance of electrochemically active bacteria, that
could lead to more rapid power generation and higher power densities. We therefore
tested the effect of several operational and inoculation procedures, including using a
ferric oxide coated electrode to enrich iron reducing bacteria [23,24], and the use of 2bromoethanesulfonate (BES) (a structural analog of cofactor M which is involved in the
final enzyme reaction of methane formation) to inhibit methanogenic activity [20,25,26].
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We also examined enrichment of iron reducing bacteria using a soluble ferric iron
medium, applying a scraped biofilm obtained from an active MFC onto a new anode, and
the effect of placing a second electrode (on a separate circuit) into the MFC in order to
culture electrochemically active bacteria.

3.2 Materials and Methods
3.2.1 Medium and inoculum source
Domestic wastewater (primary clarifier effluent) and anaerobic digester sludge
samples were obtained from the Pennsylvania State University Wastewater Treatment
Plant. Anaerobic sludge (10 ml) was used as the inoculum unless stated otherwise.
Wastewater was filtered to remove bacteria (0.2 µm pore diameter) and amended with
acetate (20 mM), and then used as the medium in enrichment experiments. After
enrichment, the wastewater medium was replaced with a nutrient buffer solution
(pH=7.0) containing NH4Cl (0.31g/L), KCl (0.13 g/L), NaH2PO4.H2O (2.69 g/L),
Na2HPO4 (4.33 g/L); and metal (12.5mL) and vitamin (12.5mL) solutions [18]. When
electrodes were transferred into a fresh medium, they were first gently rinsed with
autoclaved phosphate buffer (pH=7.0, 50 mM). Sodium acetate (Sigma-Aldrich, USA)
was used as an energy source in all tests. In some experiments, 2-bromoethanesulfonate
(BES; Sigma-Aldrich, USA) was used to inhibit methanogenic activity. To apply a high
concentration of bacteria to an electrode, cells were scraped from the surface of the anode
in an active MFC and spread onto a new carbon electrode using a sterilized razor knife.
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All cell transfers and inoculation procedures were conducted in an anaerobic glove box
(Coy Scientific Products).

3.2.2 Batch tests using bacterial enrichments
In order to study the effect of pre-enrichment of iron-reducing bacteria on MFC
performance, iron reducing microorganisms were enriched in the previous described
nutrient buffer medium containing ferric citrate (13.7 g/L) and acetate (20 mM) by
successive transfer of samples (5 ml) into fresh medium (45 ml) every two weeks. The
initial inoculum consisted of 5 ml of anaerobic sludge in 45 ml of medium containing
ferric citrate and acetate. Cultures were incubated with shaking at 30 °C.

3.2.3 MFC construction and operation
MFCs were constructed from two media bottles (310 mL capacity, Corning Inc.
NY) joined with a glass tube containing a 2.1 cm diameter proton exchange membrane,
PEM (Nafion™ 117, Dupont Co., Delaware) as previously described [27]. All electrodes
were made of plain porous carbon paper (TGPH-120 Toray carbon paper, E-TEC, 2.5 cm
× 4.5 cm, projected area of 22.5 cm2). In some experiments, carbon electrodes coated
with ferric oxide by a chemical vapor deposition technique were used as the anode [28].
The cathode contained a Pt catalyst (0.5 mg/cm2; 10% Pt; E-TEC). Copper wire inserted
into fluorinated ethylene propylene tubing (Chemfluor® FEP Tubing; inner diameter: 0.8
mm) was used to connect the circuit, and all exposed metal surfaces were sealed with a
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nonconductive epoxy (Dexter Corp. NJ, USA). Electrodes were soaked in pre-filtered,
deionized water to wet the electrodes before placing them in the MFC. Phosphate buffer
(50 mM, pH 7.0) was used in the cathode compartment that was continuously sparged
with air [27]. The anode chamber was continuously mixed using a magnetic stirrer. All
experiments were conducted in a temperature controlled room at 30°C.

3.2.4 Analyses
The voltage across a 470 Ω resistor in the circuit in the MFC was monitored (30
min intervals) using a multimeter (Keithley Instruments, Cleveland, OH, USA) connected
to a personal computer. The current (C/s) was calculated according to I=V/R, where V is
the measured voltage and R (Ω) is resistance. The power density was obtained by
normalizing power (P=IV) by the electrode surface area (22.5cm2). The Coulombic
efficiency (CE, %) was calculated as:
CE =

C Ex
× 100
CTh

Where CEx is the total coulombs calculated by integrating the current measured at
T

each time interval (i) over time as C Ex = (∑ Vi t i ) / R . CTh , the theoretical amount of
i =1

coulombs that is available from acetate oxidation, was calculated as CTh = F b M V ,
where F is Faraday’s constant (96,485 C/mol-e-), b the number of moles of electrons
produced per mol of substrate (8 mol e-/mol acetate), M the acetate concentration
(mol/L), and V the liquid volume (L) [27]. Acetate concentrations were analyzed using a
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gas chromatograph (Agilent, 6890) equipped with a FID and a DB-FFAP fused-silica
capillary column [6]. Gas compositions in the head space were measured using a gas
chromatograph (GC; model 8610; SRI Instruments, CA, USA) equipped with a thermal
conductivity detector and a stainless steel column (1.8m×1/8˝) packed with Porapak Q
(Alltech, Deerfield, IL, USA). The concentration of ferrous ion was analyzed by the
ferrozine method [18,29].

3.3 Results

3.3.1 Enrichment with anaerobic sludge

When a MFC was inoculated with anaerobic sludge and wastewater using MFCs
with either a carbon electrode, or a ferric coated carbon electrode (Figure 3.1), there was
a 20 h lag phase followed by a rapid increase in cell voltage during the next 30 h. The cell
voltage reached a maximum of 70 mV (4 mW/m2) with the cell voltage gradually
decreasing as the organic matter in the wastewater was consumed. The MFC with the
ferric iron electrode produced a voltage similar to that obtained with the reactor
containing only a carbon electrode, but the voltage was maintained over a longer period
of time with the ferric electrode.
To further explore this result with the ferric coated carbon electrode, additional
experiments were conducted using reactors inoculated with sludge and then fed
wastewater amended with acetate. In order to determine the effect of methanogens on
power generation, BES was added to a third reactor containing a carbon electrode in
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order to inhibit methanogenesis. The maximum voltage obtained in the three different
reactors was similar, but the duration of electricity generation, and therefore the acetate
consumption rates, were different (Figure 3.2). The voltage with the carbon electrode was
slightly less (10-20 mV) than the voltages generated by the MFCs containing BES or a
ferric coated electrode (Figure 3.2a). In the absence of BES, methane accumulated to a
concentration of 40% in the head space. In the MFC with the ferric oxide coated
electrode, acetate consumption was linked with an increased concentration of ferrous ion
in solution (Figure 3.2b and 3.2c). In this case only a small amount of methane (3-4 %,
v/v in the headspace) was produced for 120 hrs. This result shows that ferric reducing
bacteria selectively attached to the ferric oxide coated electrode and that they
outcompeted methanogenic bacteria for acetate. This is consistent with previous reports
that iron reducing bacteria grown with ferric iron and acetate will outcompete
methanogens and limit methane production [18].
Methane production in the reactor containing BES and a carbon electrode was
negligible (<2% CH4 headspace concentration) in comparison to the control (40% CH4
headspace concentration). Because methanogenesis was inhibited, the rate of acetate
consumption was reduced, and ~10 mM of acetate was still present after 200 hr of
operation (Figure 3.2c and d). Overall, there was a sustained generation of voltage at
~100 mV for 250 hr in the presence of BES.
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3.3.2 Analysis of voltage output and coulombic efficiency

In order to investigate the effect of substrate concentration on coulombic
efficiency, the voltage generated in the MFC was monitored at acetate concentrations
ranging from 0.05 mM to 2 mM. An example of voltage generation using the carbon
electrode MFC at different dosed concentration of acetate is shown in Figure 3.3. The
ferric oxide coated electrode MFC consistently generated a higher voltage (~180 mV
with 0.2 mM of acetate) than the MFCs containing a carbon electrode (control) or a
carbon electrode and BES (Figure 3.4a). The maximum voltage decreased in proportion
to the acetate concentration. The coulombic efficiencies of the MFC containing the ferric
oxide anode or BES were substantially larger (70-80 %) than that obtained with the
control (40 %) (Figure 3.4b). It was confirmed that the voltage output resulted from the
attached bacteria on the electrode regardless of whether planktonic bacteria existed or
not. Whenever the media was replaced, the electrode was gently washed and introduced
in a new media to remove suspended bacteria. The voltage increase could be observed as
soon as acetate was injected right after media replacement. It seems that the voltage
output and coulombic efficiency obtained mainly came from attached bacteria on the
electrode rather than the possible planktonic bacteria in the anode bottle. This result is
consistent with the evidence of a cyclic voltamogram which shows that the main
mechanism of power production was by direct transfer of electrons to the electrode [30].

36
3.3.3 Effect of enrichment in ferric medium on initial power generation

In order to increase the concentration of iron reducing bacteria present in the
anaerobic sludge prior to the addition of the inoculum into the MFC reactor, a sample
was serially transferred (up to 25×) using a medium containing ferric citrate and acetate.
Serial transfer gradually produced a reduction in methane generation by the culture, with
methanogenesis eventually completely repressed (Figure 3.5a). The relative enrichment
of iron reducing bacteria is evidenced by the relative increase in the rate of iron reduction
by the different enrichments (Figure 3.5b). The acclimated culture yielded less power
generation (50 mV, ~2 mW/m2) than that of the control (unacclimated anaerobic sludge)
in MFC (Figure 3.6).

3.3.4 Direct application of bacteria onto the anode

When a scraped biofilm from the anode of an operating MFC was applied directly
to a new anode, the lag period was similar to that obtained with an unacclimated sludge.
However, the 205 mV (40 mW/m2, 470 Ω) of power generated (Figure 3.7) was much
larger than that obtained with an unacclimated sludge 90 mV (8 mW/m2, 470 Ω). The
same procedure of applying a concentrated biomass with the iron reducing enrichment
from the 25th serial transfer was also examined, but power output was not greater than
that observed with unacclimated sludge (Figure 3.7).
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3.3.5 Introduction of a second electrode into an operating MFC

In order to try to enrich an electrode with actively growing and electrochemically
active bacteria, a second set of electrodes, on a completely separate circuit, was
introduced into an operating MFC (Figure 3.8). The voltage of the new circuit gradually
increased, reaching 80 mV within 100 h. However, the voltage generated by the original
electrodes decreased, producing the same voltage as the new electrodes (Figure 2. 8a). As
a result of the drop in voltage of the first electrode, the combined power density of the
two electrode system essentially remained constant although the coulombic efficiency of
the two electrode systems was slightly increased (~10%; Figure 3.8b). The decrease in
the voltage by the original electrodes reflects a limitation of total power generation
produced by the size of the PEM and cathode. It has been shown that the size of the PEM
and the cathode can limit power generation in a two chamber MFC [27,31].
To determine if the power produced by the second electrode was equal to or larger
than that of the original electrode, the second electrode was removed and placed into a
separate MFC. The second electrode showed the approximately same voltage and power
output (140 mV, 18 mW/m2) as the original electrode (data not shown). This indicated
that the addition of a new set of electrodes was a viable means of enriching bacteria
growing in a MFC, but that overall power generation was not increased in this system
likely due to limitations of the cathode and PEM on power generation.
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3.4 Discussion

Some of the strategies investigated here were successfully used to increase the
performance of the MFC, although none of these procedures reduced the acclimation
time of the system to reach peak power levels. In most studies, 50 h or longer were
needed to increase voltage to the maximum achieved in the system under the specific
operating conditions. Using a ferric iron coated carbon electrode as the anode we were
able to increase power from 22 to 30 mW/m2. The most effective method for increasing
power generation in a MFC was to apply a scraped biofilm obtained from the anode
electrode in an operating MFC to a new electrode. This increased power up to ~40
mW/m2, compared to power levels of 8 mW/m2 for a MFC inoculated with anaerobic
sewage sludge.
Several methods were effective in increasing the coulombic efficiency. Adding
the inhibitor BES inhibited methanogenesis in the enrichment, increasing the coulombic
efficiency from 40 to 70 %. In the absence of the inhibitor, we observed methane
accumulation in the headspace of the reactors. Using a ferric iron electrode also increased
coulombic efficiency, although the reasons for this increase are not known. It may be that
the use of the ferric iron increased the efficiency of the initial contact of
electrochemically active bacteria with the surface resulting in less initial colonization by
methanogens. It was observed that methane accumulation was initially lower in the
system with the ferric iron electrode than that with carbon electrode, but methane was
eventually produced in the MFC with the ferric iron electrodes. Alternatively, the faster
growth of the iron reducing bacteria may have just resulted in more successful
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competition for substrate by the added substrate. This is a more likely explanation as the
coulombic efficiency remained high even though methane production was observed.
The application of the anode grown biofilm to a new electrode increased the
power levels (normalized to anode surface area), but the maximum possible power that
could be generated by this approach could not be fully explored with the two-chambered
system used here. Oh and Logan [31] have shown that the surface area of the cathode
and the proton exchange membrane can affect the maximum power generated. For the
surface areas of the electrodes and membranes used here the maximum power that can be
generated in this system is predicted by the model of Oh et al. [31] to be 44 mW/m2.
This is close to the maximum value obtained here of 40 mW/m2, indicating the power
generation was limited by the MFC construction. The effect of the MFC construction on
power generation is additionally shown by the fact that adding a second anode decreased
the power generated by each individual circuit, with the overall power remaining near the
maximum possible expected for the system. Although, the maximum possible power
generated by these different experimental techniques cannot be fully known, it is clear
that serial transfer to enrich iron reducing bacteria in a suspension prior the inoculation of
a MFC is not an effective method of producing rapid power generation or high power
generation levels compared to other techniques. It is clear that the application of a
scraped biofilm of bacteria to a new electrode is an effective method of enriching
electrochemically active bacteria.
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3.7 Figure captions

Figure 3.1 Enrichment with anaerobic sludge with carbon electrode (-●-), and with a
ferric-coated carbon electrode (-○-) as fed using domestic wastewater as
substrate. Anaerobic sludge (10 ml) were inoculated into MFCs with filtrated
domestic wastewater (240 ml) and incubated in temperature controlled room
(30 ºC). Anode chamber was mixed using a magnetic stirrer.
Figure 3.2 Enrichment with anaerobic sludge with the carbon electrode (-●-), ferric
electrode (-○-) and carbon electrode with BES (-∆-) in MFCs. (a) voltage
output at enrichment, (b) ferrous concentration in solution, (c) acetate
consumption and (d) methane production in head space of MFC (Error bars ±
standard deviation based on duplicate measurements of the samples).
Figure 3.3 Effect of acetate concentration on voltage generation using a carbon electrode
MFC. The enriched anode solution was replaced twice to remove planktonic
cells prior to conducting the experiment. The anode chamber was mixed using
a magnetic stirrer and incubated in a temperature controlled room (30 ºC).
Arrows indicate acetate injections, 0.5, 0.4, 0.3, 0.2 and 0.5 mM respectively.
Figure 3.4 Effect of initial acetate concentration on maximum voltage and coulombic
efficiency that was initially enriched with carbon electrode (-●-), ferric
electrode (-○-) and carbon electrode with BES (-∆-) in MFCs. (a) maximum
voltage output and (b) coulombic efficiency.
Figure 3.5 Batch acclimation of anaerobic sludge in ferric citrate media. (a) Methane
production and (b) ferric reduction to ferrous in serum bottle prior to the
inoculation into MFC (Error bars ± standard deviation based on duplicate
measurements of the samples). The enrichment culture (5 ml) was transferred
into fresh medium (45 ml) containing ferric citrate (16.7 g/L) and acetate (20
mM) every two weeks. Cultures were incubated with shaking at 30 °C.
Symbols: Anaerobic sludge (-●-), 1st transferred enrichment culture in ferric
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citrate media (-○-), 8th transferred culture (-■-) and 20th transferred culture (□-).
Figure 3.6 Effect of enrichment in ferric media on voltage output in MFC using
unacclimated anaerobic sludge as inoculum (-●-), 25th transferred culture in
ferric media (-○-). The acclimated culture and anaerobic sludge were
inoculated into MFC (10 ml/250 ml media) and incubated in temperature
controlled room (30 ºC). Anode chamber was mixed using a magnetic stirrer.
Figure 3.7 Voltage generation of applied bacteria on an electrode, forming an immediate
biofilm on the electrode surface. Arrows indicate acetate injections, 10, 0.4
and 0.3 mM respectively.
Figure 3.8 Introducing second electrode to enrich the electrochemically active bacteria
on a new electrode. (a) voltage output of two electrodes. Symbols: original
electrode (-●-) and second electrode (-○-) and (b) combined power density
output. Arrows indicate acetate injections, 0.4, 0.5 and 1.0 mM respectively.
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Figure 3.1: Enrichment with anaerobic sludge with carbon electrode (-●-), and with a
ferric-coated carbon electrode (-○-) as fed using domestic wastewater as substrate.
Anaerobic sludge (10 ml) were inoculated into MFCs with filtrated domestic wastewater
(240 ml) and incubated in temperature controlled room (30 ºC). Anode chamber was
mixed using a magnetic stirrer.
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Figure 3.2: Enrichment with anaerobic sludge with the carbon electrode (-●-), ferric
electrode (-○-) and carbon electrode with BES (-∆-) in MFCs. (a) voltage output at
enrichment, (b) ferrous concentration in solution, (c) acetate consumption and (d)
methane production in head space of MFC (Error bars ± standard deviation based on
duplicate measurements of the samples).
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Figure 3.3: Effect of acetate concentration on voltage generation using a carbon
electrode MFC. The enriched anode solution was replaced twice to remove planktonic
cells prior to conducting the experiment. The anode chamber was mixed using a magnetic
stirrer and incubated in a temperature controlled room (30 ºC). Arrows indicate acetate
injections, 0.5, 0.4, 0.3, 0.2 and 0.5 mM respectively.
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and carbon electrode with BES (-∆-) in MFCs. (a) maximum voltage output and (b)
coulombic efficiency.
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Figure 3.5: Batch acclimation of anaerobic sludge in ferric citrate media. (a) Methane
production and (b) ferric reduction to ferrous in serum bottle prior to the inoculation into
MFC (Error bars ± standard deviation based on duplicate measurements of the samples).
The enrichment culture (5 ml) was transferred into fresh medium (45 ml) containing
ferric citrate (16.7 g/L) and acetate (20 mM) every two weeks. Cultures were incubated
with shaking at 30 °C. Symbols: Anaerobic sludge (-●-), 1st transferred enrichment
culture in ferric citrate media (-○-), 8th transferred culture (-■-) and 20th transferred
culture (-□-).
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Figure 3.6: Effect of enrichment in ferric media on voltage output in MFC using
unacclimated anaerobic sludge as inoculum (-●-), 25th transferred culture in ferric media
(-○-). The acclimated culture and anaerobic sludge were inoculated into MFC (10 ml/250
ml media) and incubated in temperature controlled room (30 ºC). Anode chamber was
mixed using a magnetic stirrer.

52

250
Application of bacteria
and acetate

Voltage (mV)

200

150

100

50

0
0

50

100

150

200

Time (hr)
Figure 3.7: Voltage generation of applied bacteria on an electrode, forming an immediate
biofilm on the electrode surface. Arrows indicate acetate injections, 10, 0.4 and 0.3 mM
respectively.
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Figure 3.8: Introducing second electrode to enrich the electrochemically active bacteria
on a new electrode. (a) voltage output of two electrodes. Symbols: original electrode (-●) and second electrode (-○-) and (b) combined power density output. Arrows indicate
acetate injections, 0.4, 0.5 and 1.0 mM respectively.

Chapter 4
Electricity Generation and Microbial Community Analysis of Alcohol Powered
Microbial Fuel Cells

Abstract

Two different MFC configurations were investigated for electricity production
from ethanol and methanol: a two-chambered, aqueous-cathode MFC; and a singlechamber direct-air cathode MFC. Electricity was generated in the two-chamber system at
a maximum power density typical of this system (40 ± 2 mW/m2) and a coulombic
efficiency (CE) ranging from 42% to 61% using ethanol. When bacteria were transferred
into a single-chamber MFC known to produce higher power densities with different
substrates, the maximum power density increased to 488 ± 12 mW/m2 (CE=10%) with
ethanol. The voltage generated exhibited saturation kinetics as a function of ethanol
concentration in the two-chambered MFC, with a half-saturation constant (Ks) of 4.86
mM. Methanol was also examined as a possible substrate, but it did not result in
appreciable electricity generation. Analysis of the anode biofilm and suspension from a
two-chamber MFC with ethanol using 16S rDNA-based techniques indicated that
bacteria with sequences similar to Proteobacterium Core-1 (33.3% of clone library
sequences), Azoarcus sp. (17.4%), and Desulfuromonas sp. M76 (15.9%) were significant
members of the anode chamber community. These results indicate that ethanol can be
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used for sustained electricity generation at room temperature using bacteria on the anode
in a MFC. 1

1

Material in this chapter has been submitted for publication to Bioresource Technology, with the following
authors and title: Kim, J.R., Jung, S.H. Regan, J.M., Logan, B.E. Electricity generation and microbial
community analysis of alcohol powered microbial fuel cells.
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4.1 Introduction

The development of fuel cells operating with low molecular weight alcohols has
increased interest in their use in the field of alternative energy generation [1,2]. Ethanol
has been used in enzyme-catalzyed biofuel cells using alcohol dehydrogenase from yeast
at power densities of 1.5 to 14.9 W/m2 [3]. However, enzyme biofuel cells suffer from a
lack of long-term stability due to denaturation of the enzyme under in vitro conditions.
Moreover, ethanol is not completely oxidized resulting in the accumulation of end
products such as acetaldehyde and acetate.
An alternative to enzyme-based biofuel cells are microbial fuel cells (MFCs) that
use microorganisms as biocatalysts for reactions on the anode [4-6]. Certain bacteria can
oxidize organic matter and use an electrode as an electron acceptor. Electrons produced
by the bacteria flow to the counter electrode (cathode) via an external circuit where they
combine with protons and oxygen to form water. Two-chambered MFCs using aqueous
phase cathodes were initially used, but several new reactor configurations have been
examined based on air-cathodes that can produce higher power densities [6,7].
Power generation in two-chambered MFCs is limited by high internal resistance,
and thus the maximum power achieved with different substrates often does not vary in
this type of system. For example, in a series of studies using a two-chambered MFC, the
power output was essentially the same (~40 mW/m2) for acetate or cysteine [8,9].
Changing the relative sizes of the electrodes or the size of the PEM can substantially
affect power output [10]. Single-chamber MFCs have a much lower internal resistance
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than two-chambered system, and therefore in these systems power output can be shown
to be dependent on the substrate. Maximum power densities of 506 mW/m2 and 494
mW/m2 were achieved using acetate or glucose in a single-chamber system, but power
was reduced to 305 mW/m2 when butyrate was used, and it was only 146 mW/m2 with
domestic wastewater [11,12].
While alcohols have been examined as substrates in enzyme-based biofuel cells,
there have been no reports of electricity generation with alcohols in MFCs. Bacteria
known to produce electricity in a MFC in the absence of exogenous mediators are mostly
strains capable of iron reduction. Several Geobacter sp. have been reported to be capable
of alcohol oxidation coupled with iron reduction [13,14]. Ethanol is readily degraded
under aerobic conditions, and various genera have been identified that can use nitrate or
sulfate as the terminal electron acceptor for ethanol degradation [15-17]. Methanol is
degraded under iron-reducing conditions using sediment enrichments, though the
reduction activity is lower than that with ethanol [14]. Methylotrophic and
methanotrophic bacteria can also use methanol as a carbon and energy source under
aerobic conditions, but are not known to be capable of electricity generation [18,19]. In
this study, we examined whether electricity could be generated from two different
alcohols (ethanol and methanol) using two different microbial fuel cell configurations
(single and two-chamber), and we used 16S rDNA-based methods to study the biofilm
community.
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4.2 Materials and methods

4.2.1 Medium and inoculum source

Anaerobic sludge obtained from a secondary anaerobic digester of the Penn State
Wastewater Treatment Plant was used as the inoculum. An abiotic control was prepared
using twice-autoclaved sludge and tested in the same MFC. A nutrient medium
containing a mineral and vitamin solution in phosphate buffer (pH=7.0, 50mM), was
prepared as previously reported [6] and was used in all tests with alcohols as substrate.
When electrodes were transferred into fresh medium they were first gently rinsed with an
autoclaved phosphate buffer. Ethanol or methanol (Sigma-Aldrich, MO) was used as the
sole energy source for bacteria. All cell transfers and inoculation procedures were
conducted in an anaerobic glove box (Coy Scientific Products, MI).

4.2.2 MFC construction and operation

Two-chambered MFCs were constructed from two media bottles (320 mL
capacity, Corning Inc. NY) joined with a glass tube containing a 2.1 cm diameter proton
exchange membrane (Nafion™ 117, Dupont Co., DE) as previously described [6,20].
Anode and cathode electrodes were made of plain porous carbon paper (TGPH-120
Toray carbon paper, E-TEC, 2.5 cm × 4.5 cm, projected area of 22.5 cm2). The cathode
additionally contained a Pt catalyst (0.35 mg/cm2; 10% Pt; E-Tek, NJ).
Single chamber MFCs were constructed as previously described [11] with the
anode and cathode placed on opposite sides of a plastic (Plexiglas) cylindrical chamber 4
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cm long by 3 cm in diameter (empty bed volume of 28 ml). The anode electrode was
prepared with the same material used in two-chambered MFCs (7.0 cm2 projected area of
one side). For the cathode electrode, carbon paper incorporating 0.35 mg/cm2 Pt catalyst
(E-Tek, NJ) was used with the same size as the anode. Unless stated otherwise, no PEM
was used. However, in some experiments, a combined carbon cloth cathode and PEM
(PEM/cathode) was used that was made by bonding Nafion onto a flexible carbon-cloth
electrode (0.35 mg/cm2 Pt, E-Tek, NJ) as previously described [12]. Single and twochambered MFCs were operated in fed batch mode by conducting a batch mode test until
the voltage decreased to a low value (< 10 mV) and then replacing the feed solution in
the anode chamber. All MFC reactor chambers were mixed using a magnetic stirrer in a
temperature controlled room (30°C).

4.2.3 Analyses

The voltage (V) across an external resistor (470 Ω except as noted) in the MFC
circuit was continuously monitored (30 min intervals) using a multimeter (Keithley
Instruments, Cleveland, OH) connected to a personal computer. Current (I), power
(P=IV) and coulombic efficiency were calculated as previously described [6]. Ethanol,
methanol, acetaldehyde, and acetate concentrations were analyzed using a gas
chromatograph (Agilent, model 6890, CA) equipped with a FID and a DB-FFAP fusedsilica capillary column with helium as carrier gas (constant pressure of 103 kPa). The
oven temperature of the GC was started at 60 ºC and programmed at 20 ºC/min to 120 ºC,
and then 30 ºC /min to a final temperature of 240 ºC held constant for 3 min. The injector

60
and detector temperature were both 250 ºC [12]. Gas composition in the head space were
measure using a gas chromatograph equipped with TCD detector as previously described
[20].

4.2.4 Electrochemical measurements

Cyclic voltammetry (PC 4/750 potentiostat, Gamry) was carried out to
characterize the ethanol oxidation reaction of the anode biofilm. A conventional threeelectrode system was employed with the anode as the working electrode, the cathode
(22.5 cm2, 0.35 mg/cm2; 10% Pt; E-Tek, NJ) as the counter electrode, and an Ag/AgCl
reference electrode. The potentials were shifted from -800 to 200 mV at a scan rate of 20
mV/s while monitoring the current response. Peaks were obtained in the range of -600 to
0 mV [11].

4.2.5 Community analysis

Total chromosomal DNA was isolated from the anode biofilm and suspended
cells of a two-chambered MFC using the DNeasy® Tissue Kit (QIAGEN, CA). The
biofilm was detached from the anode surface by a sterilized razor knife. Polymerase
chain reaction (PCR) amplification of the 3’-end of the 16S rRNA gene and the 16S-23S
intergenic spacer region in the rRNA operon was performed with forward primer 926f
(5'-GGT TAA AAC TYA AAK GAA TTG ACG G-3’) and reverse primer 115r/23S (5'CCG GGT TBC CCC ATT CGG-3') [21]. PCR was performed in 50 µl reaction volumes
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containing 1 µM of each primer, 0.1 mg ml-1 bovine serum albumin, and 1X Taq PCR
Master Mix (QIAGEN, CA) containing 2.5 U of Taq polymerase, 0.2 mM of each
deoxynucleoside triphosphate, 1.5 mM of MgCl2, and KCl, Tris Cl, and (NH4)2SO4. The
amplification involved an initial denaturation at 94 oC for 3 min, followed by 40 cycles of
1 min of denaturation at 94 oC, 1 min of annealing at 56 oC, and 1.5 min of extension at
72 oC, with a final 5 min extension at 72 oC. PCR products were purified using the
QIAquick® PCR purification kit and cloned with a PCR 2.1® TA Cloning kit (Invitrogen
Co., CA). Plasmids were extracted from 69 colonies using the QIAprep Spin Miniprep
Kit (QIAGEN, 27104, CA) and screened using Restriction Fragment Length
Polymorphism (RFLP) with Rsa I (New England Biolabs, MA). Complete insert
sequences were obtained for 33 of the clones. The GenBank database of the National
Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST/) was
searched using the BLASTn algorithm to analyze the 16S rDNA portion of the
sequences. Mega 3 was used to align these sequences and generate a tree using the
neighbor-joining method, with Escherichia coli as the outgroup. Sequences derived from
the analysis were deposited in GenBank under accession numbers DQ104612 to
DQ104646.
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4.3 Results

4.3.1 Enrichment of two-chambered MFCs with ethanol and methanol

Electricity was generated within 70 h (110 mV or 12 mW/m2) in a two-chambered
MFC following inoculation with anaerobic sludge and ethanol (10 mM) (Figure 4.1). An
abiotic control (autoclaved sludge) produced no voltage (Figure 4.1). The maximum
power density obtained from a polarization curve, measured by varying the external
resistance (4 – 400 KΩ), was 40 ± 2 mW/m2 at 0.3 mA (Figure 4.2). The reactor
sustained power over 1.5 years without deterioration in performance.
The voltage followed saturation kinetics as a function of ethanol concentration,
with calculated constants of a maximum voltage Vm = 213 mV (43 mW/m2) and halfsaturation constant Ks = 0.0149 mM of ethanol (Figure 3.3; R=470 Ω). The CEs ranged
from 42 - 61% for ethanol concentrations from 0.03 mM to 0.7 mM. Note that we did not
examine power production at low concentrations of ethanol. It is possible that at for low
ethanol concentrations that different kinetics could be exhibited. In addition, at very high
ethanol concentrations there can be substrate inhibition and a decrease in power
production.
Enrichment of a two-chambered MFC with methanol (10 mM) did not result in
appreciable power generation. Even after 320 h, the voltage remained low (~10 mV)
with methanol as a substrate (Figure 4.1). It is known that Nafion is susceptible to
methanol cross over that can lead to deactivation of the cathode [22]. Therefore, the
cathode electrode and electrolyte were replaced, but the MFC did not show any increased
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voltage. Similar results were obtained at different methanol concentrations (2 – 40 mM)
in other MFC tests.

4.3.2 Cyclic voltammograms

Cyclic voltammetry (CV) tests were conducted to demonstrate that electricity
generation was coupled to ethanol oxidation, and to examine if mediators produced by
bacterial biofilms were important for power production [11,23]. In CV tests the potential
is gradually increased (forward scan), in this case from -600 mV to 0 mV, and the current
is monitored to see if there is peak in current due to oxidation or reduction of chemicals
in solution. The voltage is then reversed back to the original potential [24]. CV tests
using colonized anodes (i.e. anodes containing a biofilm) in medium containing ethanol
showed the presence of two oxidation peaks, indicating a current increase due to
oxidation of a chemical that transferred electrons to the electrode in the presence of a
biofilm. The first peak was observed in the forward scan at –313.6 mV (vs Ag/AgCl),
and is due to oxidation of the ethanol (Figure 4.4A). A second peak was observed in the
reverse scan at -329.1 mV (Fig 4.4A), and this peak was thought to arise from oxidation
of ethanol or a related breakdown product. When CV was conducted under the same
conditions, but at a higher starting concentration of ethanol, both peak heights increased,
indicating these peaks were due to ethanol (Figure 4.4B). A CV scan of the colonized
anode in the anode solution at the end of a fed-batch cycle of operation (i.e. in the
absence of ethanol) exhibited two redox couples (Figure 4.4C). The presence of these
redox couples suggests the presence of mediators that are reversibly oxidized and reduced

64
during the CV tests. However, the amplitude of each of these couples is small (46 µA to
80 µA), relative to results found by others [11]. Thus, it is also concluded here that selfproduced mediators (mediators produced by bacteria in the biofilm) did not play a role in
the degradation of ethanol in these MFC tests. CVs of a new (non-colonized) anode in
ethanol and medium are also shown to demonstrate that there was no ethanol oxidation in
the absence of a biofilm (Figure 4.4D).

4.3.3 Breakdown intermediates during ethanol oxidation

Breakdown products in the head space and solution were analyzed in two MFCs
operated in different modes. Initially, both MFCs were operated in a normal closed
circuit mode. Once there was sustained power generation, the external circuit for one of
these MFCs was opened (shown at 2 hr; open circuit mode; Figure 4.5) in order to
examine ethanol degradation in the absence of the circuit for transferring electrons. The
MFC operated with a closed circuit produced 200 mV (470 Ω; Figure 4.5A). Ethanol
degradation was more rapid in the MFC than in the reactor with the disconnected circuit,
although ethanol was eventually completely degraded in both systems (Figure 4.5C).
Ethanol degradation resulted in the accumulation of 8% CO2 in the reactor headspace (70
ml of head space) after 140 hours (Figure 4.5B) for the MFC. CO2 production also
occurred in the open circuit reactor, but not until after 34 hr and at a lower final
concentration in the headspace (~3%). Methane (1-2%) was found in the headspace of the
open circuit reactor after 20 hrs, and remained constant over the operation period of 140
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hrs. However, methane was not detected in the closed circuit MFC (i.e. under conditions
of electricity generation).
Acetate was produced in both reactors as a result of ethanol degradation (Figure
4.5D). Acetate was rapidly produced in the closed circuit reactor while no acetate was
observed in the open circuit reactor for the first 7 hrs of operation, even though ~20 mg/L
of ethanol was consumed (Figure 4.5C). The rapid appearance of acetate in the closed
circuit MFC indicated that electricity generation proceeded in a manner related to ethanol
degradation via acetate. However, the production of acetate in the open circuit MFC
suggests that acetate production was also possible without electron transfer to the anode,
perhaps as a result of bacterial metabolism sustained by oxygen that diffused into the
anode chamber through the membrane or using sulfate in the medium. Acetaldehyde,
which is produced by metal-catalyzed reactions in ethanol fuel cells, was not detected.
When the circuit in the open circuit reactor was reconnected after 28 days, the voltage
again increased indicating the bacteria in the biofilm were still present and viable after
this long inactive period.
The high concentrations of acetate produced in the MFC led us to wonder if
electricity production occurred only from acetate, and not from ethanol. However, CV
tests described above clearly demonstrated that ethanol was oxidized only in the presence
of the biofilm. The observation that acetate was produced from ethanol, and the lack of
acetate accumulation in the medium at the end of a batch test also indicates that
electricity is produced from acetate. We further examined whether acclimation of a MFC
to only acetate would create conditions that would readily allow ethanol degradation. We
therefore added ethanol into an acetate-acclimated MFC. Power generation was slow to
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develop, requiring over 40 hrs to reach a maximum voltage as compared to only 30
minutes with an ethanol-enriched MFC (Figure 4.6). The delay for a voltage increase
indicated that the biofilm needed to acclimate to ethanol likely due to the growth of
different bacteria, based on relatively long times relative to that needed for new enzyme
expression. It also showed that an acetate-acclimated biofilm had the capacity to
acclimate to ethanol.

4.3.4 Single-chamber MFC using ethanol

In order to see if greater power densities could be produced in a MFC using
ethanol, two different approaches were examined for inoculating a single-chamber MFC:
start up with a fresh inoculum (sludge); and inoculation using bacteria from the twochambered MFC. There was no appreciable voltage generation (V<5 mV) in a single
chamber MFC with ethanol using the sludge inoculum when the system was tested using
a plain cathode (no PEM). However, when the PEM/cathode was used, voltage was
generated within 150 h with an open circuit potential of 750 mV. It has been found that
the enrichment time for a MFC can be reduced by applying a paste of biofilm from an
existing MFC to the anode of a new MFC [20]. When bacteria from the two-chambered
system were applied to the anode of the single-chamber MFC, power generation was
rapid (< 15 hr) even in the absence of a PEM (data not shown).
The maximum power density, measured using a series of resistors (4 – 400 KΩ),
was 488 ± 12 mW/m2 at 1.07 mA (Figure 4.7). The maximum voltage at a fixed
resistance (R= 470 Ω) exhibited saturation kinetics with Vm = 476 mV (1.01 mA, C/s) and
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Ks = 4.86 mM of ethanol. Overall, the coulombic efficiency was low, ranging from 5 to
11% (Figure 4.8).

4.3.5 Community analysis

Bacterial samples were collected from the anode surface and the suspension in the
anode chamber (at the completion of a batch cycle) of a two-chambered MFC after 18
months of operation. Based on a comparative analysis of the 16S rRNA gene sequences
and the RFLP patterns, 11 groups were identified in the MFC microbial community
(Table 1). The most abundant sequence type represented in the clone library showed 99%
identity to Proteobacterium Core-1, a partial sequence in GenBank with the unpublished
reference entitled “Electrochemically assisted iron respiration to grow previously
uncultured environmental bacteria.” One third of the clones matched this GenBank
submission. The next most abundant sequence type (12 of 69 clones) was 98% similar to
an uncultured Azoarcus sp., followed by a group of 11 clones showing 99% identity to
the uncultured Desulfuromonas sp. M76. The remaining clones were detected at low
frequency. As shown in Figure 4.9, all of the analyzed clones belonged to either βProteobacteria (57 clones) or δ- Proteobacteria (12 clones).

4.4 Discussion

Electricity production was possible from ethanol in a MFC, but the amount of
power that was generated was dependent on the type of MFC. The maximum power
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density obtained using a two-chambered aqueous-cathode system was 40 ±2 mW/m2,
while a single-chamber air-cathode MFC lacking a PEM produced 488 ±12 mW/m2. This
order-of-magnitude increase in power density using the same substrate is similar to that
found in previous experiments using these two different MFC systems [9-11]. These
MFC power densities are lower than those achieved with enzyme biofuel cells, but MFC
technologies are constantly improving and additional power density gains achieved with
other substrates likely can be used for ethanol-based MFCs. Recent tests (with acetate)
have shown that decreasing the electrode spacing and using a solution with higher
conductivity will increase the maximum power density from ca. 0.5 to 1.3 W/m2 [25].
Other systems using bacteria that produce high concentrations of mediators have shown
maximum power densities of up to 4.3 W/m2 [23]. The sustainability of power generation
must also be considered when comparing MFCs and enzyme-based fuel cells. Power
generation in the two-chambered MFC was unchanged even after 1.5 years, but the
lifetime of enzyme-based biofuel cells has been reported to be 8 to 45 days [3,26]

4.4.1 Effect of enrichment procedures on power

Enrichment of the MFC to ethanol was possible using a two-chambered MFC or a
single-chambered MFC containing a PEM, but not with a single-chambered MFC lacking
a PEM. Several factors suggest that oxygen transfer was the main factor in the failure to
acclimate a mixed culture to ethanol for system without a PEM. While removing the
PEM in a single-chamber system increases power, it also increases oxygen flux into the
anode chamber and decreases the CE [9]. Thus, oxygen flux into the chamber may have
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contributed to the failure of electricity generation with an unacclimated inoculum in onechambered systems lacking a PEM. The CEs ranged from 42 - 61% in the twochambered system with a PEM, but were 5 to 11% in the single-chambered MFC in the
absence of the PEM, likely due to aerobic microbial oxidation of acetate. Enrichment
times were longer using a single chamber MFC (~150 h) than with a two-chambered
system (~60 h) even when a PEM was present in both systems. The PEM size in the
single-chamber system (7 cm2) was also twice that of the two-chambered MFC (3.5 cm2),
allowing for a greater oxygen flux into the anode chamber. The flux of oxygen into the
system may have affected the overall kinetic rates as well, as the half saturation constant
(Ks=0.0149 mM) obtained for the two-chambered MFC with (ethanol) was significantly
lower than that for the single-chambered MFC (Ks=4.86mM). Thus, these results suggest
that oxygen was an important factor in the enrichment process, and that successful
enrichment required minimizing oxygen transfer into the system.

4.4.2 Methanol as a MFC substrate

While ethanol was found to be a suitable substrate for electricity generation in a
MFC, we were unable to generate power using methanol as a substrate. The enrichment
procedure of the MFC or the initial inoculum could both be factors that resulted in a lack
of significant power generation with methanol. Methanol biodegradation rates are known
to be slower than those with ethanol in subsurface environments. Under iron-reducing
conditions, the reduction rate of Fe(III) with ethanol is several times higher than that with
methanol [27,28]. Alcohol dehydrogenase, a key enzyme in alcohol oxidation, has higher
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turnover rates with ethanol than methanol [27-29]. Therefore, even if the oxygen flux
into the reactor could be greatly reduced, the slow growth rates of bacteria using
methanol may ultimately limit the use of methanol in MFCs.

4.4.3 The anode microbial community

Based on the 16S rDNA clone library results, the microbial community in the
anode chamber of the ethanol-enriched two-chambered MFC was dominated by βProteobacteria (83% of clones), with the remainder of the clones showing similarity to
members of the δ-Proteobacteria.

Kim et al. [30] also observed a majority of β-

Proteobacteria clones in the phylogenetically diverse anode community of a twochamber MFC inoculated with anaerobic sludge and fed wastewater from a starch
processing plant, and Phung et al. [31] reported a β-Proteobacteria-dominated MFC
community with a river sediment inoculum enriched with river water. Other MFC studies
have shown different primary community members, with a cysteine-fed system
inoculated with sediments showing a dramatic predominance of γ-Proteobacteria-derived
clones [8], five MFCs inoculated with aquatic sediments showing an enrichment of δProteobacteria [32], a river sediment inoculum enriched with a low concentration of
glucose and glutamate having an α-Proteobacteria-dominated community [31], and an
acetate-fed system inoculated with activated sludge showing a nearly even distribution
among the α, γ, and δ subclasses of Proteobacteria [33].
The BLAST analysis of clone sequences in this study showed the highest
representation of clones with 99% identity to Proteobacterium Core-1. While the title of
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this partial sequence submission suggests a functionally relevant bacterium, it is an
unpublished result and unconventional taxonomic description, precluding any further
discussion of its physiological significance. The next closest match to this set of clone
sequences was Dechloromonas sp. LT-1, which only possessed 97% identity.

The

second most prevalent group of the clone library showed sequence similarity to Azoarcus
sp., some of which can degrade various organic compounds using nitrate as an electron
acceptor [34]. There are no reports about electrochemical activity of nitrate-reducing
bacteria in MFCs. However, Kim et al. [30] have demonstrated the ability of the bacterial
community obtained from the anode of a MFC to reduce nitrate and nitrite instead of
transferring electrons to the electrode. Desulfuromonas sp., which constituted 15.9% of
the clones, has sulfate-reducing capability and can oxidize ethanol, propanol, and butanol
with Fe(III) as an electron acceptor [35]. Bond et al. reported that Desulfuromonas
acetoxidans, which was isolated from marine sediments, can conserve energy to support
their growth by oxidizing organic compounds such as acetate and benzoate with an
electrode as an electron acceptor [36]. The three most dominant bacterial groups
represented in this clone library have the capability of dissimilatory anaerobic respiration
of inorganic compounds coupled with mineralization of various types of organic matter.
The functional contribution of each community member, and whether ethanol oxidation
with anode reduction is conducted by a single member or by syntrophic cooperation
among multiple community members, is not clear from this phylogenetic analysis.
Although Geobacter sp. and Shewanella spp. have been widely observed in various types
of microbial fuel cells using various aquatic sediment [8,32], only one cloned sequence
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resembling Geobacter and no Shewanella-like sequences were retrieved from this
ethanol-fed MFC.

4.4.4 Implications

It is clear that power can be generated in a MFC using ethanol as substrate, but
power densities are low relative to those needed for powering electronic devices. A low
power density also means that it is unlikely that a process for generating renewable
electricity from ethanol derived from biomass would be economically viable in the near
future. Thus, the most likely near term applications will probably be related to power
generation during wastewater treatment. Wastewaters produced from ethanol
fermentation processes contain high concentrations of organic matter and residual ethanol
[37,38] Wastewaters from wineries, for example, can contain high concentrations of
ethanol (75-99% of COD) [39]. Ethanol production in the U.S. from the fermentation of
agriculture-produced products was 3,410 million gallons in 2004 [40], with up to 20
times this volume produced as waste materials. MFCs may therefore be useful for the
treatment of these ethanol-containing wastewaters, although further advances are needed
in MFC design and configuration to achieve a technology for practical applications in
wastewater treatment.
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4.7 Figure captions

Figure 4.1 Voltage generation in two-chamber MFCs using 10 mM of ethanol or
methanol during start up. The inoculum was anaerobic sewage sludge, with
autoclaved sludge used as an abiotic control.
Figure 4.2 Voltage and power density curves for a two-chambered MFC using ethanol
Figure 4.3 Maximum voltage and coulombic efficiency versus initial ethanol
concentration in two-chamber MFC (R= 470 Ω).
Figure 4.4 Cyclic voltammograms for: (A) anode with biofilm and 1.7 mM of ethanol;
(B) anode with biofilm and 3.4 mM of ethanol; (C) anode with biofilm at the
end of batch cycle; and (D) new anode electrode (no biofilm) with 1.7 mM of
ethanol. Arrows indicate the scan direction; Forward scan (→), and reverse
scan (←).
Figure 4.5 Characteristics of two-chamber MFCs operated in closed and open circuit
mode during degradation of ethanol: (A) voltage; (B) CO2 concentration in
the headspace; (C) ethanol; and (D) acetate concentration in the liquid.
Figure 4.6 Effect of ethanol injection (0.5 mM at final) to an acetate-acclimated MFC
versus that obtained with an ethanol-acclimated MFC. An arrow indicates the
time of ethanol injection.
Figure 4.7 Voltage and power density curves for a single-chambered MFC using ethanol.
Figure 4.8 Voltage and coulombic efficiency versus ethanol concentration in a singlechambered MFC (R= 470 Ω).
Figure 4.9 Phylogenetic distance tree based on the comparative analysis of partial 16S
rDNA sequences (approximately 640 bp) recovered from the MFC.

Table 4.1: Characterization of cloned 16S rRNA gene fragments derived from an ethanolenriched MFC
Clone group
representatives

BLAST Search Results

(Number of clones

Identity
(%)

Anode
(%)

a

Suspension
(%)

a

Total
(%) a

sequenced)
AB111104 Proteobacterium Core-1

EtOH MFC 3,5,6,7,9 (10)

99

13 (30.2)

10 (38.5)

23 (33.3)

AY098637 Uncultured Azoarcus sp.

EtOH MFC 17,19 (4)

98

10 (23.3)

2 (7.7)

12 (17.4)

EtOH MFC 13,15,16 (6)

99

11 (25.6)

0 (0.0)

11 (15.9)

EtOH MFC 22 (2)

96-98

1 (2.3)

1 (3.8)

2 (2.9)

EtOH MFC 23 (1)

97

0 (0.0)

1 (3.8)

1 (1.4)

EtOH MFC 24 (1)

97

2 (4.7)

2 (7.7)

4 (5.8)

EtOH MFC 25,26 (2)

95-98

1 (2.3)

5 (19.2)

6 (8.7)

EtOH MFC 27 (2)

97-99

1 (2.3)

1 (3.8)

2 (2.9)

EtOH MFC 30 (2)

99

2 (4.7)

2 (7.7)

4 (5.8)

EtOH MFC 32 (1)

95

1 (2.3)

2 (7.7)

3 (4.3)

EtOH MFC 33 (1)

99

1 (2.3)

0 (0.0)

1 (1.4)

43 (100.0)

26 (100.0)

AY692042 Uncultured Desulfuromonas
sp. M76
AY124797 Dechloromonas sp. LT-1
AY515723 Uncultured Dechloromonas
sp. M1-6
AY515712 Uncultured Dechloromonas
sp. T2-4
AF170348 Azospira suillum
X74913 Zoogloea ramigera
AY438665 Thiomonas sp. SS

j

AJ009484 uncultured bacterium SJA109
AE017180 Geobacter sulfurreducens
PCA

a. Based on both sequenced clones and clones of same RFLP patterns.
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Figure 4.1: Voltage generation in two-chamber MFCs using 10 mM of ethanol or
methanol during start up. The inoculum was anaerobic sewage sludge, with autoclaved
sludge used as an abiotic control.
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Figure 4.2: Voltage and power density curves for a two-chambered MFC using ethanol.
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Chapter 5
Comparison of Power Generation and Physical Properties of Cation, Anion and
Ultrafiltration Membranes used in Microbial Fuel Cells

Abstract

Polymer electrolyte membranes (PEMs) for microbial fuel cells (MFCs) have not been
extensively compared although their properties are important for increasing fuel cell
efficiency and power density. Oxygen and substrate crossover through membranes
decrease the fuel efficiency and reduce MFC performance by loss of fuel and catalyst
deactivation. The physical properties (oxygen and acetate diffusion coefficients) of a
commonly used fuel cell membranes, Nafion® 117 and CM2, were examined along with
cation (CMI-7000) and anion (AMI-7001) membranes and three UF membranes. Internal
resistances of the membranes, measured with impedence spectroscopy, ranged from 1239
to 6009 Ω in two-chamber bottle-type MFCs with a large spacing (B-MFC) and from 84
to 1814 Ω when used in a smaller cube-shaped MFC with reduced electrode spacing (CMFC). The coulombic efficiencies (CEs) with the different membranes were measured in
MFC tests, and a mass balance was performed to estimate losses to different mechanisms.
The coulombic loss due to diffusion through the membrane and the biomass production
in the MFC were estimated using measured mass transfer coefficients. The power density
and CE of the anion exchange membrane were significantly higher (610 mW/m2 and
72%, respectively) than values obtained for the cation exchange membranes due to ability
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of the phosphate buffer to prevent pH change in the anode chamber. These results show
that anion exchange membranes can be used as a PEM in two-chambered MFCs.1

1

Material in this chapter has been submitted in a manuscript to Environmental Science & Technology, with
the following authors and title: Kim, J.R., Cheng, S., Oh, S., Logan, B.E. Power generation using different
cation, anion and ultrafiltration membranes in microbial fuel cells.
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5.1 Introduction

Microbial fuel cells (MFCs) have been studied as bioreactors for power
generation by converting various pure substrates and wastewater into electricity for
sustainable waste reuse [1-3]. Two-chamber MFCs consist of an anode and a cathode
chamber with a proton exchange membrane (PEM) located between them [4]. In the
anode chamber, bacteria attached to the electrode, oxidize the substrate and transfer
electrons to the external circuit through the anode. Protons are transferred to the cathode
through water and a PEM and combine with oxygen and electrons to form water.
Although potassium ferricyanide has been used for cathode electrolyte in some reports
[5,6], air-oxidant cathodes are believed to be more sustainable in practice for large scale
MFC reactors [6-8].
Nafion 117 (DuPont Co., Perfulorinated vinyl ether comonomer with
tetrafluoroethylene) has been widely used as a PEM in MFCs as it is used commonly in
chemical fuel cells [9,10]. In some MFC studies, a cation exchange membrane, CMI7000 [5,11] has been used as it is a less expensive membrane. Although MFCs that
employed various cation exchange membranes [5,12,13] have been studied, those are not
understood well in terms of MFC performance such as coulombic efficiency and power
density. Liu et al [7] reported that membrane-less single chamber MFCs could generate
more power than an MFC containing a membrane. However, the coulombic efficiency
without a membrane was significantly lower (5-15%) than that obtained with a membrane
MFCs (40-70%) due to direct fuel substrate oxidation on the cathode sustained by oxygen

93
diffusion into the reactor [7,14,15]. Cathode electrodes without membranes are easily
contaminated by bacteria and substrate, an inherent characteristic of MFCs, which
eventually results in a thick biofilm on the cathode surface that is likely to deteriorate the
performance [16].
The function of a membrane in a MFC is therefore mainly to increase CE and to
reduce cathode fouling. A membrane for MFCs has optimum characteristics such as low
substrate and oxygen permeability (from the anode to the cathode and vice versa) [7],
good mechanical strength, low internal resistance, and high proton conductance.
However, there have been no reports that examined the characteristics and physical
properties of the membranes for conditions typical of MFCs. Transport properties are
especially expected to significantly affect the membrane’s performance on MFCs. In
addition, CE loss in MFCs was not explained and was not studied extensively.
We studied the performance and sustainability of various commercialized
available proton exchange membranes in MFCs. Nafion was compared to two other
commercially available cation exchange membranes (CMI-7000 and CM2). In addition,
an anion exchange membrane was also tested base on the assumption that negatively
charged phosphate groups could carry protons through this membrane. The potential of
UF membranes to be used as the PEM were also examined in MFC studies. The power
densities and CEs were examined in terms of cation and anion species transport through
membrane.
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5.2 Materials and Methods

5.2.1 MFC construction and operation

Two types of two-chambered MFCs were operated to compare the performance of
the membranes: a two bottle MFC (B-MFC) and a two-chamber cube MFC (C-MFC)
(Figure 5.1). B-MFCs were constructed using two media bottles (320 mL capacity,
Corning Inc. NY) joined with a glass tube containing a 2.1 cm diameter membrane as
previously described [14,17]. Anode and cathode electrodes (total electrode spacing
between electrodes of 12 cm) were made of plain porous carbon paper (TGPH-120 Toray
carbon paper, E-Tek, 2.5 cm × 4.5 cm, projected area of 22.5 cm2). The cathode
additionally contained a Pt catalyst (0.35 mg/cm2; 10% Pt; E-Tek, NJ). B-MFC are
known to have relatively high internal resistance (>1286±1 Ω) using a Nafion membrane
in this type of reactor [18].
C-MFCs were constructed from two plastic (Plexiglas) cylindrical chambers 2 cm
long by 3 cm in diameter (liquid volume of both anode and cathode chamber, 13 ml)
separated by the membrane. The anode was carbon cloth (non-wet proofed, type A, ETek) with a projected area of 7.0 cm2 of one side). The cathode electrode (30 wt% wetproofed carbon cloth, type B, with 0.5 mg/cm2 Pt) was exposed to air [19,20]. The
membrane located in the center of the two chambers was held with a rubber ring on each
side to prevent leaking. The anode and cathode electrode were placed on opposite sides at
the end of two chambers (total electrode spacing of 4 cm). The lesser spacing of the
electrode was used to reduce internal resistance and increase power [15,21]. Anaerobic
sludge was used as the inoculum for the enrichment. The medium was prepared as
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previously reported [17]. All MFC reactor chambers were incubated in a temperature
controlled room (30°C).

5.2.2 Membranes

NafionTM 117 (Dupont Co., Delaware) was pretreated by boiling in H2O2 (30%
v/v) and deionized water, followed by soaking in 0.5 M H2SO4 and then in deionized
water, each for 1 hr. In order to prevent membrane swelling by water when it was placed
in the MFC compartment, causing leaking, the prepared membranes were stored in
deionized water prior to being used [17]. Ultra filtration (UF) membranes (DIVFLO
ultrafiltration, Amicon, Inc., MA) with three different molecular cut-off weight of 0.5K,
1K, and 3K were tested. Each membrane was preserved in deionized water and rinsed
gently prior to use. CMI-7000 cation exchange membranes and the AMI-7001 anion
exchange membrane (both from Membrane International Inc., NJ) were preconditioned
by emersion in a salt solution (NaCl) to allow for membrane expansion. Another type of
cationic membrane (an organic/inorganic ionomeric membrane) used in hydrogen fuel
cells, identified here as membrane CM2, was preserved in deionized water without any
pretreatment prior to use in tests.
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5.2.3 Analyses

5.2.3.1 Monitoring voltage and power

The voltage (V) across an external resistor (1000 Ω except as noted) in the MFC
circuit was continuously monitored (30 min intervals) using a multimeter (Keithley
Instruments, OH) connected to a personal computer. Current (I), power (P=IV) and
coulombic efficiency (CE) were calculated as previously described [14]. The power
density of MFC was calculated by normalizing power divided by anode surface area.

5.2.3.2 Test method and determination of oxygen and acetate diffusion coefficient of
membranes

The oxygen diffusion coefficient for each membrane was determined using BMFC fixed with each membrane. A dissolved oxygen (DO) probe (Foxy-21G, Ocean
Optics Inc., Fl) [17] was placed in the chamber contained water degassed and remove
dissolved oxygen (DO). The oxygen diffusion coefficient across the membrane was
determined using increase of DO from concentration in the anode chamber over time.
The oxygen diffusion coefficients through membranes were calculated using a mass
balances equation of oxygen [22] (Appendix A):
Dcm = −

VLt ⎡ c1, 0 − c 2 ⎤
ln ⎢
⎥
At ⎢⎣ c1,0 ⎦⎥

(Eq. 5.1)
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where V is the liquid volume, Lt is the membrane thickness, A is the membrane crosssectional area, t time, c1,0 is the saturated oxygen concentration in the chamber which is
determined by DO probe, and c2 is the DO in the other chamber after time t.
The diffusion coefficient for acetate was measured with the same equipment. The
increase of acetate concentration in the cathode chamber due to diffusion through the
membrane was determined by measuring acetate concentration over time using a gas
chromatograpy equipped with a FID and a DB-FFAP fused-silica capillary column with
helium as a carrier gas [7]. The acetate diffusion coefficient was calculated using the
mass balance equation (Appendix B):
DCm = −

VLt ⎡ (c1,0 − 2c 2 ) ⎤
ln ⎢
⎥
2 At ⎣⎢
c1, 0
⎦⎥

(Eq. 5.2)

where c1,0 is the acetate concentration initially present in the chamber, and c2 is the
acetate in the other chamber after time t. The mass transfer coefficient (k, cm/s) for each
chemical was calculated by k=Dcm/Lt.

5.2.3.3 Determination of internal resistance using impedence spectroscopy

The internal resistance, Rint, was measured by electrochemical impedence
spectroscopy using a potentiostat (PC 4/750 potentiostat, Gamry Instrument Inc., PA)
with the anode as the working electrode. The cathode was used as counter and reference
electrode. Impedance measurements were conducted at for the open circuit voltage
(OCV) over a frequency range of 105 down to 0.1 Hz with sinusoidal perturbation of 10
mV amplitude [23]. Measurements were made with the membrane in both types of MFCs
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were used. To obtain measurements, the two chambers were filled with a nutrient buffer
media containing 50mM phosphate (pH 7.0) and the electrodes were prepared as
described above.

5.2.3.4 Chemical analysis

Phosphate was analyzed based on Standard Methods (American Public Health
Association, American Water Works Association, Water Pollution Control Federation,
1995) using the Total Phosphate Method (HACH). Sodium was measured by Atomic
Absorption Spectrophotometer (Shimadzu, AA-6601F) equipped with a sodium lamp
(VWR, Hollow Cathode Lamp, 58137-634).

5.2.4 Calculations

A total coulombic balance was made by the following:
CT = CE + CB + CO + CD

(Eq. 5.3)

where CT is total coulomb from added substrate, CE is the coulomb which was harvested
in the circuit as electricity, CB is the anaerobic biomass estimated from CE, CO is the
coulomb loss by aerobic respiration estimated using the measured mass transport
coefficient for oxygen diffusion through the membrane, and CD is the loss of coulombs
estimated using the mass transfer coefficienty for acetate diffusion through the membrane
into the cathode chamber. CE was calculated from the voltage and resistance of MFC as
described in the Analyses section. The loss of acetate to biomass formation as a result of
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anaerobic respiration (CB) was calculated from the cellular yield of Geobacter
sulfurreducens as previously reported [24]. The average value was taken from two
different types of coculture (Appendix B). The coulombs lost by oxygen (CO) diffusion
through the membrane was calculated by the stoichiometric reaction that one mole of
acetate is required to consume 1.184 (0.148/ 0.125) mole of oxygen per mole of acetate to
produce biomass aerobically, or
0.125CH3COO- + 0.148O2 + 0.02NH4+
→ 0.02C5H7O2N + 0.104H2O + 0.105HCO3-+ 0.043CO2 (Eq. 5.4)
The loss of coulombs by acetate diffusion (CD) was derived from the mass balance
equation for the anode chamber. The concentration gradient between the anode and
cathode was a time-dependent variable. Therefore, an ordinary differential equation was
solved to calculate the total loss of acetate over time (Appendix C). The calculation of
coulomb loss by acetate flux and anaerobic biomass was based on Faraday’s constant
(96485 C/mol of electron) and eight electrons produced per mole of acetate oxidized.

5.3 Results

5.3.1 Comparison of oxygen and acetate mass transfer coefficients on each
membrane

The oxygen mass transfer coefficient for Nafion 117 was 1.3 × 10-4 cm/s (DO =
2.4 × 10-6 cm2/s) (Table 1). The cation exchange (CMI-7000) and anion exchange (AMI7001) membranes both had lower mass transfer coefficients but higher diffusivities than
Nafion due to their smaller thicknesses. While the CM2 membrane had a lower
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diffusivity value its oxygen flux in MFCs was similar to Nafion due to its smaller
membrane thickness (0.017 cm to 0.003 cm). The three UF membranes have relatively
lower oxygen mass transfer coefficients than the other four membranes.
The cation exchange membranes (Nafion 117, CMI-7000 and CM2 had relatively
low acetate mass transfer coefficients compared with the anion exchange membrane. This
characteristic for Nafion probably results from the negatively charged sulfonate group on
the side chain as it was originally designed for proton conductivity. The acetate diffusion
coefficient of AMI-7001, designed to separate anions, was 5 times higher than that of
CMI-7000 as expected. The three UF membranes showed relatively high acetate
diffusion characteristics which increased in the order of molecular weight cut-off. Acetate
crossover through membranes in MFCs is expected to reduce the available catalytic site
for oxygen reduction on the cathode and cause a mixed potential, eventually, lowering
the MFC performance in terms of power density due to reducing available active catalytic
site as well as fuel loss. It can be also expected that the PEM thickness and acetate feed
concentration affects the acetate crossover. These results indicated the substrate added in
MFCs could be consumed at different rates in MFCs using these membranes due to their
different oxygen and acetate diffusion properties.

5.3.2 Internal resistance of membranes

The internal resistances of MFCs were affected by electrode spacing as well as
membrane size. In the B-MFCs, the internal resistances were in the range of 1239 – 1344
Ω except for the 0.5K UF membrane had an internal resistance of 6009 ± 53 Ω (Table 2).
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When used in the C-MFCs, the internal resistance of UF (molecular cut off, 0.5K) and
CM2 membrane were 1814 Ω and 243 Ω, respectively, which were much higher than
values obtained for the other membranes (84 – 98 Ω). It seems that Nafion and CMI-7000
membranes did not significantly alter internal resistance relative to the control (no
membrane). However, the internal resistance was substantially larger for the UF 0.5K and
CM2 membranes. These results indicated that membrane material and physical
properties, as well as MFC configuration, affected the internal resistance and therefore
would affect MFC performance [23].

5.3.3 Electron balances of acetate in two-chambered MFCs with each membrane

Examples of voltage-time curves for the B-MFCs using each membrane are
shown in Figure 5.2. The voltages increased when the reactors were fed with acetate, and
then power decreased rapidly when the substrate was consumed oer time. The electron
(coulomb) balances based on these fed batch cycles were estimated by the oxygen and
acetate diffusion coefficients and the measured coulombic efficiencies (Table 3). The BMFC using Nafion 117 (CE = 68%) shows 10 % of electrons were estimated to be lost to
aerobic oxidation based on the predicted maximum oxygen flux. The electrons estimated
from acetate losses due to its transport through the membrane to the cathode, and loss to
biomass production, were estimated to be 2% and 12%, respectively. The unidentified
value of coulomb loss (8%) is assumed to be due to substrate loss to methane formation
and other possible electron acceptors in the media, and to summed errors in other values.
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The CEs from the MFC with AMI-7001 and CMI-7000 membranes were 73%
and 77%, respectively, which are both higher than that found for Nafion. The estimated
losses due to aerobic growth by oxygen flux into the chamber were 7% and 8% of the
total coulombs. The loss due to acetate diffusion was similar since the initial acetate
concentration was not much higher, and therefore the acetate flux was similar. The CM2
membrane had a relatively high acetate loss (6% of coloumbs) due to high flux as
compared with other membranes. Overall unidentified coulomb losses were 2-8% of total
coulomb from substrate.
The three UF membranes were also tested in MFCs for CE (Figure 5.2B). The
power output and CE of 0.5K membranes were substantially lower (7% from theoretical
coulomb) than those of other membranes. This low performance is a direct result of high
internal resistance as discussed in Section 3.2. The CEs of UF 1K and 3K membranes
were much lower than found for the other membranes (44% and 45%). The acetate
diffusion losses of these membranes were also relatively higher than other membranes
because the diffusion coefficients of acetate were almost 10 times higher in the UF
membranes than all other membranes except the CM2 membrane. However, the loss did
not substantially affect the CE due to low acetate flux at low acetate concentrations. The
loss by oxygen diffusion was estimated to be relatively low (~1.8%). The relatively high
unidentified values for these UF membranes (40 and 41%) is surprising, but it was likely
due to substrate loss by methanogenesis as found in previous MFC reports [14,25].
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5.3.4 Power generation and CE from the cubic MFCs (C-MFCs)

Small membrane size relative to electrode size has been known to limit the power
in MFCs due to the increase of the internal resistance and probably due to limited proton
conductivity [6]. The power densities obtained from B-MFCs therefore did not
sufficiently demonstrate differences in MFC performance due to the different membranes
because of the high internal resistance (due to the large electrode spacing) and a small
membrane size. Therefore, each membrane was tested in C-MFCs that have a larger
membrane size (7 cm2) and a smaller spacing (4 cm) between the anode and the cathodes
(Figure 5.3). When used in the C-MFCs, the maximum power densities for the different
membranes were; Nafion 117, 514 mW/m2; CMI-7000, 480 mW/m2; AMI-7001, 610
mW/m2 and UF-1K, 462 mW/m2 (all at the same current density of ~0.13 mA/cm2).
CEs were also investigated at different current densities (Figure 5.3B). In the
range between 0.075 mA/cm2 and 0.196 mA/cm2, the MFC employing CMI-7000 had the
highest CEs (41% to 54%). However, the CE with AMI-7000 membrane had much
higher CEs above 0.19 mA/cm2 (54% at 0.193 mA/cm2 to 72% at 0.274 mA/cm2). Nafion
117 and the UF 1K membranes showed CEs of 41% - 46% and 38% - 49%, respectively.
It is observed that the CEs obtained from the MFCs tended to increase as the current
density increased from higher resistance (1000 Ω) to lower resistance (50 Ω), indicating
the current flow also affects the CEs.

104
5.3.5 Effect of voltage generation and substrate feeding on dissolved oxygen

When power output is reduced due to low substrate concentrations at the end of a
batch cycle, oxygen that diffuses through the membrane has the potential to increase the
DO concentration in the anode chamber. In order to study the effect of oxygen on MFC
operation more extensively, the DO was monitored during the starvation period after the
voltage dropped due to acetate consumption (Figure 5.4). The oxygen flux into the anode
chamber did not increase the DO when substrate was present in the anode chamber.
However, oxygen concentration increased when the voltage dropped below 16.5 mV at
19.5 hr after substrate consumption. The DO increased to 0.31 ppm after 5 hrs of
starvation, but it quickly decreased when acetate (1 mM) was added at 25.5 hr indicating
DO might affect the electrode performance and bacterial community when MFCs
operated without substrate.

5.3.6 Comparison of anion and cation performance in MFC

Based on power density and CE in the C-MFC, the MFC with an AMI-7001
membrane showed much higher performance (Figure 5.3). It is assumed that this
difference comes from the material characteristics (e.g. functional group attached on the
backbone of the membrane) between the anion exchange membrane (AMI-7001, which
contains -NH4- groups) and the cation exchange membrane (i.e. Nafion 117, which
contains -SO3- groups) since they are not so different in terms of oxygen and acetate
diffusivity and internal resistance. In order to investigate this more extensively, the pH
and sodium and phosphate (major cation and anion species in the nutrient medium)
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concentrations were monitored in the anode and cathode chamber over time (Fig 5.5).
The reactions occurring at the anode and cathode are:
Anode
CH3COO- +

2H2O → 2CO2 + 7H+ + 8e-

(Eq. 5.5)

Cathode
4H+ + 4e- + O2

→

2H2O

(Eq. 5.6)

During MFC operation, the pH was found to decrease in the anode chamber and it
increased in the cathode chamber due to acetate oxidation and proton reduction (equation
1 and 2), consistent with previous reports [26,27]. The pH drop in the anode with Nafion
was observed to be more severe than that with AMI-7001 (4.9 to 6.3); however, the
increase of pH in the cathode was higher in the MFC with AMI-7001 (8.1 to 9.8) (Fig
5.5A and D). It can be expected that anaerobic bacterial respiration of acetate (equation
1) will be inhibited by low pH [28]. The pH increase was also expected since protons in
the cathode chamber are lost due to reaction with oxygen and electrons transferred
through the circuit. Based on the pH results, the proton that is produced from acetate
oxidation did not seem to be transported to the cathode efficiently and accumulated in the
anode chamber in the Nafion MFC. It has been reported that proton translocation could
be decreased if the other cation species (e.g. sodium and potassium) occupied the
sulfonate functional group of Nafion [26]. Thus the performance of cation exchange
membrane is likely to be limited by the various cation species in the growth media as
compared with anion exchange membrane.
Sodium ions were gradually transported from the anode into the cathode chamber
in the Nafion 117 MFC (Fig 5.5B). However, the AMI membrane showed significantly
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lower sodium diffusion due to its anion exchange characteristics (Fig 5.5E). In contrast,
the phosphate concentrations in both chambers with Nafion did not change as compared
with AMI in which phosphate transported from cathode to anode according to time (Fig
5.5C and F). As reaction 1 and 2 proceed during voltage generation, a charge
disproportion would be developed, resulting in excessive cation and depleted anion
concentrations in the anode chamber, and depleted cation and excessive anion
concentrations in the cathode chamber. This disproportion seems to be resolved by the
translocation of the ionic species across the ion exchange membrane: sodium transport
from the anode to the cathode with Nafion, and phosphate transport from the cathode to
the anode with the AMI membrane. In the case of the AMI membrane, the
orthophosphate anion species (HPO42- and H2PO4-) prevent a pH drop in the anode as
well as compensate the charge balance in both chambers. It is hypothesized that these
species facilitate the proton translocation through the membrane differently from Nafion,
consequently showing higher MFC performance.

5.4 Discussion

The maximum power density and CE obtained using C-MFCs in this study were
610 mW/m2 and 72 % with an anion exchange membrane (AMI-7001). These MFC
performances were much higher than those of any other cation exchange membranes.
This increase can be explained by the role of phosphate buffer in the preventing pH
decrease in anode chamber or ability to conduct proton with orthophosphate anion
species. The pH increase in the cathode chamber with AMI was the result of proton
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reduction rather than cation transport from the anode which is different from the finding
with Nafion [26]. Specifically, at a high current density range (over 0.17 mA/cm2), the
pH decrease in the anode chamber may be more significant because the transfer of
electron should be compensated by ionic species transport.
It is important to know which ionic species migrate through the membrane to
maintain charge balance, and it was found that sodium migrates through Nafion and
phosphate moves through the AMI membrane. In the case of AMI, it is hypothesizes that
phosphate ions reduce pH changes in the anode chamber, and that transport of protons to
the cathode occurs by orthophosphate anion species. As a result, higher power and CEs
were obtained in MFCs using an anion exchange membrane than with other membranes.
The voltage generation (with the electrode reactions 1 and 2) was the driving force for
ionic species transport while the anode and cathode reaction generated the ionic
disproportion. However, this disproportion was resolved by the back diffusion of
chemical species after voltage drop and after the substrate was consumed (Fig 5.5B and
F).
Substrate losses due to oxygen and acetate diffusion from the anode chamber can
be accounted for by measuring their mass transfer coefficients through the membranes.
Biomass production was estimated based on requirements for anaerobic respiration and
maintenance energy, but direct measurements are needed in future studies to improve
substrate mass balances. Some coulombic loss was also possible due to methane
production or alternative and electron accepters such as nitrate and sulfate [5,14]. The
highest unidentified substrate losses were observed in MFCs employing UF membranes
with low oxygen diffusion coefficients. It is likely that that methanogenesis under low
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DO conditions was made possible by lower oxygen fluxes through the UF membranes
than for the other membranes that had relatively higher oxygen diffusion coefficients. In
the small electrode space C-MFC (4 cm), the CE increased with current density due to the
shorter operation time; consequently, the amount of oxygen transferred into the anode
chamber was lower than that of the B-MFCs that had lower current densities and longer
operation time (high internal resistance). It was also reported that higher CEs are obtained
at lower resistance by decreasing potential losses [5]. It can be expected that MFCs that
result in higher acetate and oxygen fluxes will result in lower CEs. Thus, the transport
and physical properties of the membrane are critical to MFC performance.
The required characteristics for the proton exchange membrane of MFCs include:
high proton conductivity, low reactant permeability (oxygen and substrate for MFCs),
low electrical conductivity and internal resistance, and low cost. In addition, the
mechanical strength of the membrane should be an important factor because it makes
MFC reactors easy to modify and scale up. The CMI-7000 and AMI-7001 membranes
have a relatively better mechanical strength than the Nafion 117 membrane. In MFCs,
biologically stable structures that reduce or prevent biofilm formation should also be
emphasized as compared with chemical fuel cells. It was found that the CMI-7000
membrane was vulnerable to biofilm formation and permeable to ferricynide (cathode
electrolyte used in some other studies; data not shown) even though it has a relatively
good performance and is relatively inexpensive.
Nafion 117 has been used for MFCs but its high cost makes it difficult to use in
large scale MFC reactors for wastewater treatment. In this study, it has been shown that
CMI-7000 and AMI-7001 membranes produced equivalent or better performance for
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MFC operation. The power outputs from MFCs have been reported to be at around 1000
mW/m2, which is relatively lower than chemical fuel cells even though it is being
improved by the modification of the system configuration [1]. Therefore, the required
characteristics of membranes for MFCs should be different from the counterpart for
chemical fuel cells. Ionic transport, internal resistance, biological stability and
mechanical strength are more important factors, rather than high proton conductivity and
humidification, which are generally emphasized for chemical fuel cells [9].

5.5 Implications

Costly polymer exchange membranes (e.g. Nafion 117) are one of the main
obstacles for applying MFCs in practice. It was found that the AMI-7001 could be a good
alternative ionic exchange membrane for MFCs. In MFCs, the anolyte and catholyte
usually contain high anion and cation concentrations including various organic and
inorganic compounds because the electrolyte was designed for bacterial growth on the
electrode differently from the chemical fuel cell. If the MFC process is applied for
wastewater treatment [1,3], the transport of various ionic species should be considered
further. Therefore, the selection and modification of membranes considering these effects
will be important for increasing MFC performance and stability. The analysis of
coulombic loss based on diffusion coefficients could also be a model case for the scale up
of MFCs. The power density and maximum coulombic efficiency might be limited by
operating parameters such as membrane size, biomass production and pH change.
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5.6 Conclusions

AMI-7001 membrane showed the highest power density (610 mW/m2) and CE
(72 %) at a high current density (over 0.17 mA/cm2) indicating anion transport through
membrane is a factor in MFC performance in reactors having a small electrode space (4
cm; C-MFC). Oxygen and acetate diffusion coefficients of each membrane were
determined using a two-chamber MFC. Based on this result, the coulombic loss by
aerobic oxidation and substrate crossover and biomass production were estimated. CMI7000 and AMI-7001 membranes result in 77% and 73% of CE, respectively, which is
comparable to that found for the Nafion 117 membrane (68%).
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5.9 Figure Captions

Figure 5.1 Two bottle MFC (B-MFC) (A) and two-cubic MFC (C-MFC) (B) used for the
experiment.
Figure 5.2 Time-voltage curve of B-MFC using cation and anion exchange membrane
(A) and UF membrane (B). Arrow indicates acetate injection (1 mM at final).
Figure 5.3 Power density and cell potential (A) and coulombic efficiency (B) according
to current density in C-MFC employing each membrane.
Figure 5.4 Effect of voltage drop in B-MFC (with Nafion 117) on DO change. Arrow
indicates acetate (0.5mM) injection.
Figure 5.5 pH, sodium, and phosphate change in both anode and cathode chamber of
MFC employing Nafion 117 and AMI-7001 membrane: (A) pH change with
Nafion 117; (B) sodium concentration with Nafion 117; (C) Phosphate
concentration with Nafion 117; (D) pH change with AMI-7001; (E) sodium
concentration with AMI-7001; (F) Phosphate concentration with AMI-7001.

Table 5.1: Diffusivities and mass transfer coefficients of oxygen and acetate on each membrane.
Anion exchange

Cation exchange membrane

UF membrane

membrane

Membrane
UF YC05

UF YM1

UF YM3

(0.5K)

(1K)

(3K)

0.0265

0.0265

0.0265

(0.018-0.035)

(0.018-0.035)

(0.018-0.035)

0.94

0.19

0.41

0.42

0.52

4.3

0.51

1.1

1.1

1.4

20

5.5

0.89

16

27

0.66

0.61

2.6

0.24

4.2

7.2

Nafion 117

CMI-7000

CM2

AMI-7001

Thickness*
(cm)

0.019

0.046

0.003

0.046

Oxygen Mass transfer
coefficient,
kO × 10-4 (cm/s)

1.3

0.94

1.7

Oxygen Diffusivity, DO
×10-6 (cm2/s)

2.4

4.3

Acetate Mass transfer
coefficient,
kA × 10-6 (cm/s)

4.3

Acetate diffusivity,
DA × 10-9
(cm2/s)

0.82

* Membrane thicknesses that was provided from the manufacture

Table 5.2: Internal resistances of each different membrane.

*

Membrane

Internal Resistance (Ω)*

Internal Resistance (Ω)**

No membrane

1230±44

84±3

Nafion 117

1272±24

84±4

CMI-7000

1308±18

84±2

CM2

1344±34

243±6

AMI-7001

1239±27

88±4

UF YC05 (0.5K)

6009±58

1814±15

UF YM1 (1K)

1239±52

98±5

UF YM3 (3K)

1233±46

91±6

Two-chamber MFC (B-MFC) with 12 cm electrode space and 3.5 cm2 of membrane area
Two-chamber MFC (C-MFC) with 4cm electrode space and 7 cm2 of membrane area

**

Table 5.3: Electron balance from acetate in B-MFCs using different membranes.
Nafion 117
Coulomb

CMI-7000
Coulomb

CM2

AMI-7001

Coulomb

Coulomb

UF-0.5K
Coulomb

UF-3K

UF-1K
Coulomb

Coulomb

(C)

(%)

(C)

(%)

(C)

(%)

(C)

(%)

(C)

(%)

(C)

(%)

(C)

193.0

100.0

193.0

100.0

193.0

100.0

193.0

100.0

193.0

100.0

193.0

100.0

193.0

(%)

Theoretical coulomb
from 0.25 mmol

100.0

acetate
Measured power

38± 1

density (mW/m2)**

33± 2

33±3

35± 3

5± 1

Measured current

130.8 ±

67.8 ±

148.4±

76.9 ±

120.1 ±

62.2 ±

140.2 ±

72.7 ±

13.4 ±

6.9 ±

86.2 ±

44.7 ±

84.2 ±

43.6 ±

generation (CE)

7.4

3.9

1.8

0.9

3.5

1.8

2.6

1.3

1.8

0.9

27.9

14.4

27.9

14.4

2.9 ±

1.5 ±

1.1 ±

0.6 ±

11.6 ±

6.0 ±

4.1 ±

13.6 ±

7.0 ±

0.0

0.0

0.0

0.0

0.3

0.2

1.2

3.7

1.9

23.8 ±

12.3 ±

24.9 ±

12.9 ±

21.9 ±

11.3 ±

25.6 ±

9.5 ±

1.4

0.7

2.4

1.2

0.6

0.3

0.5

0.2

19.2 ±

9.9 ±

15.7 ±

8.1 ±

28.5 ±

14.7 ±

14.0 ±

7.2 ±

0.9

0.5

0.7

0.3

2.1

1.1

0.7

0.4

16.3 ±

8.4 ±

2.9 ±

1.5 ±

10.9 ±

5.7 ±

9.7

5.0

2.5

5.8

3.0

Diffusion lossa
Biomass-anaerobicb
Biomass-aerobicc

Unidentified value

4.8

3.8 ± 0.0

9.4 ± 3.8

2.2 ±
0.0

3.5 ± 3.3

2.4 ± 0.3

1.5 ± 0.8

1.8 ±
1.7

7.9 ± 2.2

1.3 ±

15.7 ±

8.1 ±

15.3 ±

8.0 ±

0.2

5.1

2.6

5.1

2.6

1.8 ±

3.6 ±

1.9 ±

0.7

1.4

0.7

0.8 ±
0.4

3.4 ± 1.3

4.9 ±

172.1 ±

89.2 ±

79.8 ±

41.3 ±

76.3 ±

39.5 ±

2.0

1.9

1.0

36.5

18.9

38.1

19.7

*The average deviation based on the coulomb in experiments run in duplicate.
** The power density was measured in B-MFC using 1mM acetate.
a
based on acetate flux from anode to cathode chamber using k value from table 1.
b
based on current generation (CE) as described in Materials and Methods.
c

36±0

36±0

based on aerobic respiration estimated by diffused oxygen using k value from table 1 and Eq 4.

(A)

(B)

Figure 5.1: Two bottle MFC (B-MFC) (A) and two-cubic MFC (C-MFC) (B) used for
the experiment.

119

400
A

Voltage (mV)

300

200

Nafion 117
CMI-7000
CM2
AMI-7001

100

0
400
B

Voltage (mV)

300

200
UF-0.5K
UF-1K
UF-3K

100

0
0

50

100

150

200

Time (hr)
Figure 5.2: Time-voltage curve of B-MFC using cation and anion exchange membrane
(A) and UF membrane (B). Arrow indicates acetate injection (1 mM at final).
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Figure 5.3: Power density and cell potential (A) and coulombic efficiency (B) according
to current density in C-MFC employing each membrane.
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Figure 5.4: Effect of voltage drop in B-MFC (with Nafion 117) on DO change. Arrow
indicates acetate (0.5mM) injection.
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Figure 5.5: pH, sodium, and phosphate change in both anode and cathode chamber of
MFC employing Nafion 117 and AMI-7001 membrane: (A) pH change with Nafion 117;
(B) sodium concentration with Nafion 117; (C) Phosphate concentration with Nafion
117; (D) pH change with AMI-7001; (E) sodium concentration with AMI-7001; (F)
Phosphate concentration with AMI-7001.
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Appendix 1
Calculation of diffusion coefficients of oxygen and acetate on the membrane

From the mass balance of oxygen of two completely mixed chambers (each
volume, V), which are separated from each other by a membrane [22], we can derive the
following equation.
V

DCm A
dc 2
= Jc A =
(c1 − c 2 )
dt
Lt

(Eq. A. 1)

where V is the volume of each chamber (cm3); Jc is the flux of oxygen (mg/cm2ּs); A is
the membrane area (cm2); Dcm is diffusion coefficient (cm2/s); Lt is the membrane
thickness (cm).
We assume that there is no chemical reaction which consumes or produces
chemicals. In the case of oxygen diffusion coefficient measurement, c1,0 is constant
during the experiment since the water is aerated to maintain saturated DO conditions
(c1=c1,0) and there is no oxygen initially present in reactor 2 (c2,0 = 0). If we solve this
equation using the separation of variables, we obtain the following diffusion coefficient
of oxygen:
DCm = −

VLt ⎡ (c1,0 − c 2 ) ⎤
ln ⎢
⎥
At ⎢⎣ c1,0
⎥⎦

(Eq. A. 2)

In the case of acetate diffusion coefficient measurement, c1 is a function of time
because its concentration decreases by diffusion. To solve this, we must remove c1 from
the equation. From the mass balance from two chambers,
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m1,0 + m2, 0 = m1 + m2

(Eq. A. 3)

c1,0V + 0 = c1V + c 2V or c1 = c1,0 − c 2

(Eq. A. 4)

V

dc 2 DCm A
=
(c1, 0 − 2c 2 )
dt
Lt

(Eq. A. 5)

If we solve this equation using the separation of variables as discussed above, we
obtain the following diffusion coefficient of acetate:
DCm = −

VLt ⎡ (c1,0 − 2c 2 ) ⎤
ln ⎢
⎥
2 At ⎣⎢
c1, 0
⎦⎥

(Eq. A. 6)
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Appendix 2
Calculation of cell yield from coulombic efficiency

When microorganisms in MFCs use acetate as electron donor, a portion of
electrons from acetate is used to provide energy for maintenance and cell synthesis,
resulting in current generation. The other portion of electrons is used to make cell mass
[29]. The partitioning of the energy can be expressed as fs : the portion converted into
cells, and fe: energy generation recovered by coulombic efficiency (CE) ( fs + fe =1).
The cellular yield of Geobacter sulfurreducens with acetate in syntrophic
cooperation with Hydrogen-oxidizing Anaerobic Partners was reported to be 14 g
biomass/mol acetate (Geobacter and Wolinella) and 2.3 g biomass/mol acetate
(Geobacter and Desulfovibrio) [24]. We use the cellular yield (g cell mass/mol acetate)
taking an average of these two values, Y= 8.15 g cell mass/mol acetate. If we consider
the anaerobic biomass from acetate as C4.9H9.4O2.9N (Fw 129) [29], the following
empirical equation was determined for cell synthesis:
CH3COO- + 0.41NH3 + H+ Æ 0.41C4.9H9.4O2.9N + 0.8H2O
Y = 8.15

(g biomass)
1 (mol acetate)
1 (mol biomass)
×
×
(mol acetate) 0.41 (mol biomass) 129 (g biomass)

Y = 0.1541

C
mol − acetate
= 0.1541
C
mol − acetate

(Eq. B. 1)

If α (C) was harvested into electricity as CE, the portion which goes to the
biomass would be x (C).
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Y=

x=

x
= 0.1541 (C/C or mole acetate/mole acetate)
x +α

(Eq. B. 2)

Yα
(C)
(1 − Y )

(Eq. B. 3)
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Appendix 3
Calculation of acetate flux from the anode chamber to the cathode

The mass balance equations for acetate at the anode compartment are described as:
Change of acetate = Aerobic oxidation + Current generation
+ Biomass (anaerobic) + Acetate flux
−V

(Eq. C. 1)

M
M
dC A
Y MA
= k O2 ⋅ DOcathode ⋅ γ ⋅ A A + i ⋅ A + i ⋅
+ kA ⋅ A ⋅ CA
F ⋅e
M O2
dt
1−Y F ⋅ e
(Eq. C. 2)

−V

M
dC A
1 MA
= k O2 ⋅ DOcathode ⋅ γ ⋅ A A + i ⋅
+ kA ⋅ A ⋅ CA
M O2
dt
1−Y F ⋅e
(Eq. C. 3)

where, CA: the concentration of acetate in the anode chamber (mg/cm3), function of time;
kO2 : the mass transfer coefficient of oxygen (cm/s); DOcathode: the dissolved oxygen
concentration in cathode compartment (mg/cm3); A: the membrane area (cm2) V: anode
volume, 250 cm3; γ: the molar ratio of acetate to oxygen, 0.125/0.148; MA: the molecular
weight of acetate, 59g/mol; MO2 : the molecular weight of oxygen, 32g/mol; Y: cellular
yield (g cell mass/mol acetate); F: Faraday constant (96485 C/mol of electron); i: the
current generated (C/s); e: the mole of electrons produced from 1 mole of acetate (8 mole
e-/mol acetate); kA : the mass transfer coefficient of acetate (cm/s).
Since CA is a function of time, we solve this first order ordinary differential
equation:
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A⋅ M A
1 MA ⎞
⎛
k O2 ⋅ DOcathode ⋅ γ ⋅
+i⋅
⎜
⎟
M O2
1−Y F ⋅e ⎟
A
⎜
C A (t ) = exp(− k A ⋅ ⋅ t ) × ⎜ C A,i +
⎟
V
kA ⋅ A
⎜
⎟
⎜
⎟
⎝
⎠

A⋅ M A
1 MA ⎞
⎛
+i⋅
⎜ k O2 ⋅ DOcathode ⋅ γ ⋅
⎟
M O2
1−Y F ⋅ e ⎟
⎜
−⎜
⎟
kA ⋅ A
⎜
⎟
⎜
⎟
⎝
⎠

(Eq. C. 4)

where the CA,i: initial acetate concentration in anode chamber (mg/cm3). If we integrate
the equation by the time to obtain the total acetate mass that diffused to the cathode
chamber, we could obtain the total mass flux of acetate, W (mg):

W =

t

∫k
0

A

⋅ A ⋅ C A ( t ) dt

(Eq. C. 5)

Chapter 6
Ammonium and Odor Removal in Swine Wastewater using Microbial Fuel Cells

Abstract

Swine wastewater treatment was investigated in two different types of microbial fuel
cells (MFCs) producing electricity. A two-chambered MFC with an aqueous cathode and
a single-chamber MFC with air cathode produced maximum power densities of 45
mW/m2 and 261 mW/m2 (200 Ω resistor), respectively. The pretreatment of wastewater
by sonication increased power by 16% due to an increase in the readily degradable SCOD.
Stirring the wastewater in the MFC decreased the CE while increasing total SCOD
removal from 88% to 92%. Ammonia was transported from the anode to cathode
chambers by charge imbalance rather than being consumed as a substrate for electricity
generation or removed by anaerobic ammonia oxidizers. The redox reaction at the anode
and cathode were a major driving force in inducing ammonia transfer into the cathode
chamber in two-chamber MFCs. In a single-chamber MFC, the biofilm on the cathode
was believed to be the main reason for ammonia loss from the system due to vaporization
and the presence of ammonia oxidizing bacteria sustained by oxygen flow into the reactor
through the cathode. It was found that the removal of odorous chemicals from swine
wastewater was enhanced by electricity production (closed circuit MFC). Long chain
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fatty acid biodegradation was accelerated when bacteria could transfer electrons to the
anode, and therefore acetate accumulation decreased in the MFC.1

1

Part of this material has been published in: Min, B., Kim, J.R. Oh, S.E., Regan, J.M., Logan, B.E., and is
titled “Electricity generation from swine wastewater using microbial fuel cells Water Research 39(20)
4961-4968.

131

6.1 Introduction

Pollution from swine waste is a major concern in the world due to large volumes
of high strength waste released in confined areas and high ammonia and odor content. It
is estimated that 5.8×107 tons of animal manures are generated each year in the US alone,
representing a potential energy source of 7.5×1010 kWh/yr [1]. Swine waste production
is rapidly increasing due to population growth and improved living standards which lead
to an increase in the consumption of meat in a developing country. Swine wastewater
must be treated to meet discharge regulations prior to being released into the environment
to avoid water contamination [2,3]. High ammonia and malodor content have been main
contributions to surface water pollution.
Anaerobic digestion using sequencing batch reactors have been proposed for
swine wastewater treatment [4,5]. However, this process has high operational costs and
does not address ammonia and odor problems for swine wastewater. Recently, the
recovery of bioenergy from wastewater using microbial fuel cells (MFCs) was suggested
with simultaneous organic contaminant removal [6,7]. MFCs employ bacterial biofilms
on the anode electrode to harvest electricity from respiratory enzymes. Various bacterial
species have been found on the anode of MFCs using wastewater in lab studies, and
several pure cultures have been found to be electrochemically active as well [8-10].
MFCs have been used to treat various wastewaters such as domestic, food processing and
protein wastewaters [6,11,12].
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In laboratory tests using domestic and industrial wastewater, power densities of
26 to 371±10 mW/m2 were produced in an MFC while removing up to 80% of the COD.
The power and efficiency depend on the reactor configuration and wastewater source
[6,13-15]. Swine wastewater can be a good source of organic matter and inoculum.
Nevertheless it had not been previously examined in an MFC process for energy recovery
prior to studies conducted here in collaboration with Min [16]. Potential problems that
could interfere with electricity generation in MFC include methane production, toxicity
due to the high concentrations of ammonia in the wastewater, or to volatile acids
produced during hydrolysis and fermentation of the substrates [17].
In this study, it is shown that it is possible to produce electricity directly from
swine wastewater using a MFC, while at the same time accomplishing wastewater
treatment. Preliminary tests were conducted using an aqueous cathode, two-chambered
MFC to demonstrate the feasibility of treatment and for comparison of power densities
achieved using other substrates. More extensive tests were then conducted using an aircathode, single-chambered MFC that is known to produce more power than the twochambered system [6,18]. Power output was examined using pretreatment by sonication
of the wastewater. Ammonia and odor removal were extensively examined in MFC using
swine wastewater.
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6.2 Materials and Methods

6.2.1 Swine Wastewater

Swine manure wastewater was obtained from the Swine Research Facility at Penn
State University (University Park, PA). For sampling, the raw manure was collected from
a underground concrete swine slurry pit while being agitated. The collected sample was
stored in a refrigerator at 4ºC prior to use. To remove the large particles, the raw
wastewater was screened by a sieve (0.25mm mesh) before use. The wastewater was used
as the inoculum for all MFC tests without any modifications such as pH adjustment or
addition of nutrients or trace metals. Tests were conducted using full-strength
wastewater, except as indicated, when the wastewater was diluted using ultrapure water
(Milli-Q system; Millipore Corp., New Bedford, MA), autoclaved, or sonicated (Sonifier
450; Branson Ultrasonic Co., CT; output control=7, duty cycle = 40%). Enrichment in the
MFC was conducted for 10 days, then replaced to diluted wastewater for experiments.
The animal wastewater replacement time (cycle) depended on the organic strength
(determined by dilution ratio with water).

6.2.2 MFC configuration and operation

single-chamber MFC containing an air cathode, with liquid contained inside a 4
cm long and 3 cm diameter cylindrical chamber (28 mL empty volume) were used as
previously described [14]. The anode and cathode electrodes were located on the opposite
sides of the chamber. The anode electrodes (3 cm diameter) were made of a carbon paper
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(E-Teck Inc. NJ) and connected with the cathode via an external circuit containing a
single resistor (R=1000 Ω, closed circuit operation). In some experiments, the MFCs
were operated in open circuit mode without an external circuit to investigate the effect of
current flow to the change of chemical components. The cathode electrodes were made of
the same material as the anode. One side of the cathode was coated with a catalyst (0.35
mg-Pt/cm2) and faced the solution. The other side of the cathode was coated with
polytetrafluoroethylene (designated as a PTFE cathode, Aldrich, MO) prepared by
applying a PTFE solution (50% by weight percent dispersion in water), drying at room
temperature for 10 min, and then heating for 10 min at 380 ºC in a muffle furnace [19]. In
some experiments, two bottle-type MFC were used using the same anode and cathode
electrode as previously described [20]. The control animal wastewater sample was
incubated in a serum bottle (165 ml, no head space). The assembled MFCs and the
control were operated in batch mode and continuously mixed with a magnetic stirrer. All
experiments were conducted in a temperature-controlled room at 30ºC.

6.2.3 Analyses

The voltage across a resistor in the circuit in the MFC was monitored (30-min
intervals) using a multimeter (Keithley Instruments, Cleveland, OH) connected to a
personal computer. Power density, P (W/m2), was obtained according to P = IV/A, where
I (A) is the current, V (V) is the voltage, and A (m2) is the projected surface area of the
anode. The coulombic efficiency (CE) was calculated based on current generation and the
amount of substrate removal during a MFC operation [14,15,18].
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All samples for chemical analysis were filtered through a 0.45 µm pore diameter
syringe filter. COD was measured in duplicate (except as noted) using Standard Methods
(method 5220; HACH COD system, HACH Company, Loveland, CO). Ammonia was
also measured by Standard Methods (Salicylate method, HACH) [21]. Nitrite, nitrate,
sulfate and phosphate concentrations were quantified via Ion Chromatography (Dionex
DX-100, Dionex Co. CA) using AS4 column with a 1.8 mM Na2CO3/1.7 mM NaHCO3
eluent. CO2 and methane were quantified by gas chromatograph, with a TCD and 1.8 m
stainless steel column packed with Porapak Q and Molecular Sieve 5A. VFAs and
alcohols were analyzed using a gas chromatograph (Agilent, 6890) equipped with a FID
and a DB-FFAP fused-silica capillary column [20].
Seven VFAs (propionic, butyric, isobutyric, valeric, isovaleric, caproic, and
isocaproic acids), three phenolic compounds (p-cresol, p-ethylphenol, and phenol), and
two indoles (skatole and indole) were analyzed as a malodor indicator [22,23]. The initial
and the end of batch samples (10ml) were taken from MFCs after 100 hrs (10 times
diluted wastewater) and 260 hrs (2 times diluted wastewater) of operations and analyzed
for odor components. The sampling times were determined when the voltage of the
closed circuit MFC dropped (below 10 mV) due to organic consumption. These samples
were acidified with 2.0 ml of 1.0 M HCl. Diethyl ether (2.5ml, Sigma-Aldrich, Saint
Louis, MO) was gently placed on the surface of samples and incubated at 4ºC for 4 hrs
for liquid-liquid extraction. The aliquots of ether extracts were analyzed by gas
chromatography (Hewlett-Packard 5890 Series II with HP G1030A ChemStation
Controller) equipped with FID.
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6.3 Results and Discussion

6.3.1 Power generation from swine wastewater using different MFCs

Preliminary experiments conducted using a two-chambered MFC demonstrated
that electricity could be generated using swine wastewater, and that the bacteria needed
were already present in the wastewater. When non-diluted swine wastewater was added
into the two-chambered MFC, a circuit voltage of 20±2mV (±S.D., n=90; 8 to 53 hr) was
immediately generated within only a few hours (Figure 6.1). This initial voltage might
have been due to both chemical and biological factors based on the difference of the
potential between the two chambers. After replacing the anode chamber solution four
times, a consistent and repeatable cycle of power generation was obtained with nondiluted swine wastewater. By varying the circuit resistance, it was determined from a
polarization curve that the maximum power that this system could produce was 45
mW/m2 (141 mA/m2) at 1000 Ω (Figure 6.1B).
To demonstrate the potential for greater power densities using animal wastewater,
all further tests were conducted with a single-chamber MFC. Acclimation required more
time with the single-chamber MFC (145 hr) than the two-chambered MFC (Figure 6.2A).
The coulombic efficiency for this measured COD removal was 8%. This CE is low, even
compared to a value of CE=20% obtained in tests with domestic wastewater for this MFC
[14]. The maximum power density for the single-chamber MFC was 261 mW/m2 (200 Ω,
1.4 A/m2; Figure 6.2B). This maximum power density is nearly 6 times that obtained
using the two-chambered system. The observation that power density is much larger
using the single-chamber than a two-chamber MFC is consistent with previous studies.
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This difference in the maximum power density for these two MFC systems when the
same substrate is used is a result of the different internal resistances of the systems [24].

6.3.2 Effect of sonication and stirring on power generation

Several factors were examined with respect to power output, including
wastewater pretreatment by sonication or autoclaving, and stirring the wastewater in the
anode chamber. It was hypothesized that there would be relatively less electricity
generation from the particulate organic matter than from the soluble organic matter due to
slower degradation kinetics for particulate material [25] and the limited diffusion of the
particulate material into the biofilm to the electrode surface, where the electrochemically
active bacteria are located. For example, sonication has been shown to increase biogas
production in anaerobic digestors [25,26]. To decrease the time needed to fully degrade
the biodegradable material in the sample during an experiment, the wastewater was
diluted (1:10).
Sonication (20 min) increased the SCOD of diluted wastewater by 19%, or from
1300 ±40 mg/L to 1550 ±80 mg/L, but did not change the total COD (1940± 80 mg/L).
The increase in the SCOD came from the solids, as indicated by a decrease in TSS from
250±50 mg/L to 74±25 mg/L. When the sonicated and original diluted wastewaters were
used in MFC tests, there was essentially no change in the maximum power density. The
sonicated wastewater produced a maximum power density of 105±5 mW/m2 (8 to 29 hr),
while the untreated wastewater produced 101±4 mW/m2 (5 to 32 hr) (Figure 6.3). COD
removals using the sonicated animal wastewater were 85% for the TCOD and 91% for
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SCOD (after 72 hr operation; final TCOD= 290±20 mg/L and SCOD= 140±20 mg/L),
while those for the untreated wastewater were 89 and 90% (final TCOD= 220±40 mg/L;
SCOD= 130±10 mg/L), respectively. The CE for the sonicated wastewater was 6.8 %,
while that for the untreated wastewater was 7.2 %. Given that these differences are in
general quite small, wastewater sonication alone does not appear at this time to be a
useful way to increase power densities or COD removals in MFCs.
Autoclaving the wastewater was also examined as a method of treatment to
increase power generation in the MFC. Autoclaving the wastewater can kill anaerobic
bacteria, such as methanogens, that can result in a loss of organic matter in a manner that
does not generate electricity. The average power density of 110±4 mW/m2 (3 to 30 hr) for
the sonicated and autoclaved diluted wastewater was significantly higher (p value<0.001,
t-test) than that of raw wastewater (96±4 mW/m2; 5 to 26 hr) (Figure 6.4). Thus, the
combined pre-treatment of autoclaving and sonicating the wastewater increased power
generation by 16%. The reasons for this increase could include changes in
biodegradability of the organic matter, and changes in the molecular weight or particle
size spectra of the organic matter. While power densities can be increased by these two
processes, however, it is not likely that such pretreatment could be economical due to the
high energy input needed for both processes.
Another factor that was investigated to improve reactor performance was stirring
the wastewater. It was speculated that stirring the water might increase power density
due to enhancing proton transport to the cathode, and substrate transport to the anode. It
was found, however, that power generation decreased as a result of stirring. The
maximum power density was significantly (p<0.001, t-test) larger in the system without
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stirring (128±3 mW/m2; 8 to 27 hours) than in the system with stirring (118±2 mW/m2; 8
to 26 hours) (Figure 6.5). While the reason for this change is not known, stirring may
have decreased the concentration gradient of volatile acids in the biofilm produced from
hydrolysis and fermentation of the organic matter. Alternatively, stirring might also have
increased the oxygen flux into the reactor from through the cathode, resulting in an
increase in the redox potential of the anode chamber, but this situation was not further
examined. COD removal was increased when the solution was stirred (90% TCOD and
92% SCOD removal with stirring; 89% TCOD and 88% SCOD removals without
stirring; Figure 6.5). The CE with stirring (5%) was also less than that (8%) without
stirring, suggesting that stirring may have affected oxygen transfer into the anode
chamber through the cathode by affecting the resistance to oxygen mass transfer at the
cathode.

6.3.3 Nitrogen and phosphate concentrations during MFC treatment

Ammonia, nitrite, nitrate, and phosphate concentrations were examined to
determine the effect of MFC treatment on these parameters (Table 6.1). After 100 hr
operation using diluted (1:10) wastewater, ammonia removal was 83±4% (from 198±1 to
34±0 mg NH4-N/L) when the SCOD was reduced from 1240±20 mg/L to 120±30 mg/L
(86±6% removal). The high removals observed here for a reactor operating under
anaerobic conditions was surprising. Nitrite and nitrate concentrations increased from
0.4±0.1 to 2.9±0.1 mg NO2-N/L and 3.8±1.2 to 7.5±0.1 mg NO3-N/L. This increase in
oxidized nitrogen suggests that nitrification was occurring, likely as a result of oxygen
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diffusion through the cathode. Oxygen diffusion through the cathode is known to result
in a loss of carbonaceous substrates to aerobic degradation, as evidenced by low CE in
MFCs (Liu and Logan, 2004). The total amount of ammonia removal (164 mg NH4-N/L)
was much larger than the corresponding increases in nitrite (2.5 mg NO2-N/L) and nitrate
(3.7 mg NO2-N/L) suggesting the possibility of denitrification or other ammonia removal
process during MFC operation. Orthophosphate concentrations (PO4-P mg/L) did not
decrease, and may have slightly increased (41±1 mg/L to 48±1 mg/L) during the reactor
test cycle. The increase in orthophosphate concentration could have been a result of the
low redox potential in the MFC which would stimulate the release of stored phosphates in
the bacteria [27], or the conversion of organic phosphorus in the wastewater to
orthophosphate.

6.3.4 Ammonia removal in MFCs

It was found that more ammonia could be removed in closed circuit single
chamber MFC while producing electricity as compared with that achieved in an open
circuit MFC (without external circuit) or in a sealed bottle (Figure 6.6). After 120 hr
MFC operation, ammonia was reduced from 188±6 to 76±8 mg NH4-N/L (148±1 to 53±1
mg Total nitrogen/L) (Figure 6.6A and B) when the SCOD was reduced from 1820±83
mg/L to 250±29 mg/L (528 ±6 to 113 ±2 mg TOC mg/L) (Figure 6.6C and D). However,
the ammonia removal efficiencies in the batch and the open circuit MFCs were
significantly lower than that of electricity-producing (closed circuit) MFC. It has been
reported that the ammonia consumption in swine wastewater has several routes including
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conventional

nitrification/denitrification

and

anaerobic

ammonia

oxidation

(ANAMMOX) [17].
To test the hypothesis that ammonia could be a substrate for electricity generation,
voltage was monitored over time with intermittent ammonia injections (Figure 6.7).
However, no noticeable voltage increase was observed with ammonia while the MFC
showed voltage increases to the acetate spikes. Similar results were obtained with twochamber MFC using ferricyanide as cathode in the anaerobic glove box to exclude
oxygen effect with maintaining low redox potential (data not shown). In order to study
the system more extensively, cyclic voltametry tests were conducted with a fully enriched
anode electrode to investigate whether the oxidation peak from ammonia exists (Figure
6.8). Two oxidation peaks (-315 mV and -379 mV) were observed with acetate, however,
there was no additional oxidation peaks when ammonia was added compared to the
control (no ammonia). These results indicate either that ammonia may not be a source for
MFC for electricity generation, or that ammonia oxidation is occurring but that it cannot
be detected due to the reduction potential (+0.420 V) and the low energy recovery from
NH3/NO2- couple as compared with organic compounds [28].
In order to investigate which bacteria in the biofilm on the electrodes (anode and
cathode) could be producing the ammonia loss, the biofilm sample was hybridized with
specially designed molecular probes (Tabel 6.2) targeting ammonia oxidizing bacteria
(AOB) and the ANAMMOX (Anaerobic ammonia oxidizer) group. Only the
Nitrosomonas europaea group of the three AOBs was detected on the cathode, but none
were found on the anode. The ANAMMOX group was not detected on either electrode or
in solution. These results suggest that the cathode electrode is possibly the main ammonia
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sink by AOB. The cathode electrode in single chamber MFC is exposed to air.
Consequently, a biofilm can easily be formed on the electrode surface. This biofilm on
the aerobic/anaerobic interface could be a sink of ammonia in single chamber MFCs.
However, the extent of nitrification in an MFC can not fully explain the difference in
ammonia removals between the closed and open circuit MFCs since the open circuit
MFC has the same oxygen diffusion as the closed circuit MFC.
It is hypothesized that ammonia can be mainly removed by an electrochemical
oxidation or charge transfer under specific MFC conditions (oxidation and reduction)
rather than by the conventional bacterial ammonia removal processes. Ammonia has been
known to be transported to the cathode chamber through Nafion 117 in a two-chamber
MFC to compensate for charge balances between the anode and cathode chambers [29].
Nafion which has a negatively charged sulfonate group on the side chain can be also a
mediator for the transport of cationic species such as ammonium [29]. In order to monitor
diffusion losses, ammonia was monitored in the two-chambered MFC employing Nafion
with dissolved oxygen (DO) or ferricyanide (FCN) as the catholyte (Figure 6.9).
Ammonia (219±2 mg NH4-N/L initial) was significantly removed in the anode of both
MFCs for 6 days (69±10 mg NH4-N/L with the aerated cathode, and 87±4 mg NH4-N/L
with FCN cathode. MFC with the FCN cathode did not decrease below 70 ppm of
ammonia. The ammonia in the anode chamber increased after 13 days indicating that
back diffusion occurred from cathode to the anode induced by a concentration gradient
after the voltage dropped due to substrate depletion. Further ammonia decreases were
observed in the DO cathode reactor due to ammonia transport by a voltage generation.
The abiotic control (without bacteria and electrode reaction) showed losses due to
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ammonia diffusion driven by the concentration difference between the two chambers.
The difference of ammonia diffusion between abiotic control and MFC indicates the
effect of electricity generation by anode and cathode reaction, consequently with
compensating charge balance.
To summarize, the ammonia removal in the anode chamber resulted in ammonia
increases in the cathode chamber in a two-chambered MFC. The ammonia transport was
caused by the electricity generation and redox reaction of the anode and cathode in the
MFC, indicating charge imbalance was probably the main driving force. In a single
chamber lacking a membrane, the charge imbalance created by electricity generation
enhances ammonia transport in the electrolyte to the biofilm on the cathode. This
ammonia increase on the cathode electrode might increase the vaporization of ammonia
as well as microbial ammonia oxidation.

6.3.5 Removal of odor indicators in swine wastewater using MFCs

Anaerobic bacterial Fe(III) reduction is closely related to electrochemically active
microorganisms on the anode in an MFC since in both processes, electrons are
transported to a solid surface. The dominant species from the enriched culture with swine
wastewater using Fe(III) as electron acceptor was identified a Geobacter sp. which is also
found in MFCs [30]. It has been reported that Fe(III) could be an electron acceptor for
odor removal of swine wastewater showing significant VFA reduction [23,30].
Bioaugmentation using Fe(III) reduction was suggested to be a cost-effective approach
for odor removal without aeration. However, the use of an electron acceptor other than
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oxygen is affected by bio-availabilities such as accessibility of bacteria to the surface and
the amount of electron acceptor [30,31]. The availability of electron acceptor is believed
to be a limiting step for bioremediation and the organic waste removal process in anoxic
condition as the oxygen concentration controls the organic biodegradation in oxic
conditions. The poor bioremediation of hydrocarbons (e.g. odor in swine wastewater) by
the insufficient electron acceptors is widely known in subsurface environments [30].
Thus, it was hypothesized that an anode electrode could be a sustainable electron
acceptor for anaerobic respiration of odorous compounds such as volatile fatty acides
(VFAs) which are known to be electron donors for ferric reduction [23].
The major odor producing compounds initially present in swine wastewater were
propionic acid (176±8 mg/L), Isobutyric acid (25±8 mg/L), n-butyric acid (171±10 mg/L),
and n-valeric acid (14±1 mg/L), with a total odorant concentration of 422±23 mg/L.
Other long chain fatty acids and phenolic compounds were relatively low in
concentration (below 2 mg/L) (Figure 6.10A). After 260 hrs treatment, the closed circuit
MFC treated wastewater showed significant odor indicator removal (total remaining
odorant concentration of 1±0 mg/L) while the batch treated wastewater operated under
anaerobic conditions showed a slight increase in the concentration of odor producing
compounds (total odorant, 539±13 mg/L). Odor compound removal was also observed in
an open circuit MFC, with the total remaining odorant concentration of 141±12 mg/L.
This decrease is likely due to oxygen that diffused through cathode and served as an
electron acceptor. Similar results were obtained in two-chamber MFCs, when odorous
chemicals were removed in the closed circuit MFC and also in the open circuit MFC
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(Figure 6.10B). However the odor indicator removal efficiency decreased as compared
with single chamber MFC.
Acetate consumption was investigated in the MFCs (Figure 6.11). Acetate in the
closed circuit MFC was much faster than that of the open circuit indicating acetate was a
readily degradable substrate in the MFC tests. However, it seems that the acetate was not
consumed in the initial stage of power generation, and its degradation rate was slower in
an open circuit MFC as compared with the closed circuit MFC. Acetate accumulation
from hydrocarbon degradation was observed in the high organic content wastes (e.g.
swine wastewater). Acetate accumulation has been known to inhibit long chain
hydrocarbon degradation when its consumption is not reduced by acetate consuming
bacteria [32]. Under anaerobic conditions, acetate consumption is thermodynamically
unfavorable when hydrogen accumulation occurs (∆Gº’ = +55 kJ). However, in the closed
circuit MFC, this reaction occurs due to reduction at the anode reaction followed by the
proton transport through the PEM and its accumulation in anode is reduced by the
following reaction.

At the anode
CH3COO- +

2H2O → 2CO2 + 7H+ + 8e-

∆Gº’ = -224 kJ

At the cathode
8H+ +8e- + 2O2

→

4H2O

∆Gº’ = -630 kJ

The biodegradation of odor components in swine wastewater can result in
generation of methane and CO2. (Figure 6.12). The high CO2 concentration in the head
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space of a closed circuit MFC-treated wastewater suggests that anaerobic respiration
using anode could be accelerated in an MFC. Consequently, the relatively lower methane
production indicates that fermentation was less active in the working MFC than in the
open circuit MFC. The anaerobic biodegradation rate of odorous compounds was
increased in the closed circuit MFC, generating a current flow of 0.15 mA using the
anode electrode as electron acceptor.
Presently, most of swine waste treatment requires aerobic systems (e.g.
aerobic/anaerobic sequencing batch treatment) which consume energy while releasing a
large amount of odorous compounds [5,33,34]. It has been shown that electron acceptors
other than oxygen, such as ferric ion, can help to abate odor generation by bacterial
anaerobic respiration of odorous compounds. However, iron dissolution and the
requirement of regeneration of ferric to ferrous ion and poor bioavailability, are
drawbacks for field scale applications. The swine waste odor removal process using a
fixed biofilm on the anode in an MFC could be an alternative process in terms of
providing a sustainable electron acceptor as well as providing energy generation from
waste. It was shown that it was possible to accomplish odor removal using MFCs.
However, it was necessary to dilute swine wastewater in order to adjust organic carbon
loading and operation time since these MFC configurations (two-chambered and singlechambered MFC) are not completely optimized for this treatment. Further engineering
developments are required to increase the odor removal efficiency and electron acceptor
performance of the MFC for swine wastewater treatment process.
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6.6 Figure Captions

Figure 6.1

Voltage generation (A) with full-strength animal wastewater in a twochambered MFC (1000Ω). Voltage and maximum power generation (B) as a
function of current density obtained by varying the external circuit resistance
from 4 Ω to 400 KΩ.

Figure 6.2 (A) Power and voltage generation using full-strength wastewater in a singlechambered MFC (1000 Ω) following a 200-h acclimation period. (B) Power
density and voltage as a function of current density obtained using external
resistors of 2 Ω to 200 KΩ which is taken from reference [16].
Figure 6.3

Power generation from sonicated animal wastewater (AW; diluted by 1/10)
in a single-chambered MFC (PTFE cathode; 1000 Ω).

Figure 6.4

Power generation from sonicated and autoclaved animal wastewater (AW;
diluted by 1/10) in a single-chambered MFC (PTFE cathode; 1000 Ω).

Figure 6.5

Power generation using animal wastewater (diluted by 1/10) in a singlechambered MFC with and without stirring (PTFE cathode; 1000 Ω).

Figure 6.6

Nitrogen and carbon removal in single chamber MFC. (A) NH4+, (B) Total
nitrogen, (C) soluble COD, (D) Total organic carbon.

Figure 6.7

Voltage generation of fully enriched single chamber MFC to acetate and
ammonia injection. 1: electrolyte replaced to nutrient media without substrate
and ammonia, 2: Ammonia injection (3 mM), 3a: Acetate injection (5 mM)
and 3b: Acetate injection (10 mM).

Figure 6.8 Cyclic voltametry with fully enriched anode electrode according to ammonia
and acetate injection. Arrows indicate the oxidation peaks, 1: no ammonia
(control), 2: 50 ppm ammonia, 3: 100 ppm ammonia, 4: 100 ppm ammonia
and 82 ppm acetate.
Figure 6.9

Voltage generation and ammonia removal in two-chamber MFC with air
sparging and ferricyanide (FCN) cathode. (A) Voltage generation, (B)
Ammonia removal in anode and cathode chamber.
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Figure 6.10 Odor component removal in MFC. (A) single chamber with ½ diluted swine
wastewater after 260 hrs, and (B) two chamber MFC w/ 1/10 diluted swine
wastewater after 360 hrs.
Figure 6.11

Acetate consumption in single chamber MFC with ½ diluted swine
wastewater.

Figure 6.12 Gas composition change during MFC operation with swine wastewater.
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Table 6.1: Removal of chemical species during MFC treatment for 100hrs.
pH
tCOD
sCOD
Ammonia (NH3-N)a
Nitrite (NO2- - N)b
Nitrate (NO3- - N)c
Phosphate (PO42- - P)d
a
: Salicylate method
b
: Diazotization chromotropic acid method
c
: Cadmium reduction method
d
: PhosVer 3 method

Influent
7.4
1875 ± 25
1240 ± 20
198 ± 1
0.4 ± 0
3.8 ± 1.2
40.5 ± 0.5

Effluent
8.2
435 ± 5
120 ± 30
34 ± 0
2.9 ± 0
7.5 ± 0
47.5 ± 0.5

Table 6.2: Oligonucleotide probes and primers used, their target groups, relevant characteristics, and
detected site in single chamber MFC
Probe

Target group (Specificity)

Sequence 5’-3’

Reference

amoA-Nm3

Nitrosomonas europaea group

TGTCGATGGCTGAYTACATGGG

[35]

amoA-Nm4

Nitrosomonas oligotropha

ATCATGTTGCTGACCGGTAACTGGC

[35]

amoA-Ns

Nitrosopira group

CCGACSCACCTGCCGCTGG

[35]

Planc-0046

Planctomycetales

GACTTGCATGCCTAATCC

[36]

Amx-0368

All anammox organisms

CCTTTCGGGCATTGCGAA

[36]

Amx-0820

Genera Candidatus “Brocadia” and
Candidatus “Kuenenia”

AAAACCCCTCTACTTAGCGCCC

[36]

Scabr-1114

Candidatus “Scalindua brodae”

CCCGCTGGTAACTAAAAACAAG

[36]
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Figure 6.8: Cyclic voltametry with fully enriched anode electrode according to ammonia
and acetate injection. Arrows indicate the oxidation peaks, 1: no ammonia (control), 2: 50
ppm ammonia, 3: 100 ppm ammonia, 4: 100 ppm ammonia and 82 ppm acetate.
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Figure 6.9: Voltage generation and ammonia removal in two-chamber MFC with air
sparging providing dissolved oxygen (DO) orferricyanide (FCN) cathode. (A) Voltage
generation, (B) Ammonia concentrationanode and cathode chamber.
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Figure 6.10: Odor component removal in MFC. (A) single chamber with ½ diluted swine
wastewater after 260 hrs, and (B) two chamber MFC w/ 1/10 diluted swine wastewater
after 360 hrs.
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Figure 6.11: Acetate consumption in single chamber MFC with ½ diluted swine
wastewater.
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Figure 6.12: Gas composition change during MFC operation with swine wastewater.

Curriculum Vita
Jung Rae Kim
Education
2006
Ph.D. in Civil and Environmental Engineering, The Pennsylvania State
University, University Park, USA
2000
M.S. in Chemical Engineering, Pusan National University, Pusan, Korea
1998
B.S. in Chemical Engineering, Pusan National University, Pusan, Korea
Experience
8/2002- Present Graduate Student Research Assistant, The Pennsylvania State
University, University Park, USA
8/2001- 7/2002 Researcher, Institute of Environmental Technology & Industry (IETI),
Pusan, Korea
3/2000- 8/2001 Researcher, Sponsored by The Internship Program of The Korea
Science and Engineering Foundation (KOSEF)
Academic Honors and Awards
Student Research Award from Pennsylvania Water Environment Association (PWEA) (2
005)
2nd Place, Poster presentation, 8th Environ. Chem. Student Symposium, PSU (2005)
Fellowship in College of Engineering at Penn State University (2002-2003)
Graduate Scholarship from Pusan National University (1998)
Teaching Assistantship (1998, 1999)
Undergraduate Scholarship from Pusan National University (Mar. 1991 – Feb. 1998)
Selected Publications
Kim, J.R., S. Cheng, S.-E. Oh, B.E. Logan, Comparison of Physical Properties and Power
Generation Performances of Various Membranes for Microbial Fuel Cell. Submitted to
Environmental Science and Technology.

Kim, J.R., S.H. Jung, J.M. Regan, B.E. Logan, 2005. Electricity generation and microbial
community analysis of ethanol powered Microbial Fuel Cells. Bioresource Tech.
Accepted.
Min, B., J.R. Kim, S.E. Oh, J.M. Regan, B.E. Logan, 2005. Electricity generation from
swine wastewater using microbial fuel cells, Wat. Res. 39(20): 4961-4968.
Kim, J.R., B. Min, B.E. Logan, 2005. Evaluation of procedures to acclimate a microbial
fuel cell for electricity production. Appl. Microbiol. Biotechnol. 68(1):23-30.
Kim, J.R., Y.K. Oh, Y.J. Yoon, E.Y. Lee, S. Park, 2003. Oxygen sensitivity of carbon mo
noxide-dependent hydrogen production activity in Citrobacter sp. J Microbiol Biotechnol
13(5): 717-724.

