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ABSTRACT

A microbial fuel cell was tested in marine sediment samples collected from
known methane hydrate sites to determine whether power levels of 0.1 — 1 W, typically
supplied by batteries in seafloor instrumentation, can be achieved. This fuel cell oxidizes
biologically produced sulfide in the sediment and reduces dissolved oxygen in the water
column to produce electricity.

The specific objectives of this study were to demonstrate feasibility of concept;
identify the most probable oxidation reactions that will occur on an anode exposed to the
microbial metabolites and identify the bacteria that produce these reactants; quantify
important system parameters including exchange current density and charge transfer
coefficient; and establish baseline fuel cell power output, potential, and current density.

Sediment samples used in this study were taken from sites on Blake Ridge,
Cascadia Margin, and the Gulf of Mexico. DNA extracted from Gulf of Mexico
sediments closely matched the sulfate-reducing bacteria Desulfotomaculum. Cyclic
voltammetry and sampled-current voltammetry techniques were applied to sulfide
solutions produced by this bacterium in Bactosulfate API enrichment media. The most
probable anode reaction was determined to be the oxidation of hydrogen sulfide to
elemental sulfur. At higher potentials, iron sulfide may also be oxidized. Linear
potential scans of a graphite electrode immersed in oxygenated synthetic seawater
suggest that oxygen reduction to water dominates the cathode reactions.

2

Fuel cells operated in sediment samples were able to generate up to 0.010 W/m

of power during short discharges. This power density is similar to data reported for
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microbial fuel cells tested in situ in estuarine environments (Reimers et al., 2001).
Higher currents were observed in a laboratory setup where fuel cell electrodes were
immersed in separate compartments, filled with a liquid culture of sulfate-reducing
bacteria and with synthetic seawater, that were separated by a tube of sediment. Power
generated by this cell was 0.018 W/m®. The mass transfer of sulfide to the sediment
electrode was found to be the current limiting process.

Tafel plots of the fuel cell current-voltage data were employed to estimate the
values of the exchange current density and charge transfer coefficient. The charge
transfer coefficient was 0.98 and the average value of the exchange current density was

5.75 mA/m’.
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CHAPTER 1: INTRODUCTION

Concern over the possibility of diminishing supplies of conventional fossil fuels
has led to growing interest in the possibility of utilizing methane, CH,, trapped in marine
hydrates as an energy resource. Marine hydrates are ice-like solids comprising a crystal
lattice of water molecules surrounding molecules of CH, and other gases including CO,
and low molecular weight paraffin hydrocarbons. Hydrates are found offshore on the
continental margins throughout the world. The methane contained in hydrates originates
from both seeps in the ocean floor (known as thermogenic methane) and anaerobic
bacteria in the sediment (biogenic methane).

Methane hydrates can form in marine sediments under conditions of low
temperature, high pressure, and methane saturated water (Kvenvolden, 1993). It has been
estimated that approximately 10" g of carbon in the form of methane is trapped in gas
hydrates around the world. Molecules of CH, are packed tightly together in the hydrate
crystal, making hydrates a concentrated energy carrier. A cubic meter of solid hydrate
can yield up to 164 m’ of methane gas at standard conditions (Kvenvolden, 1993).

Commercial recovery of methane from seafloor hydrates poses significant
technical challenges and its economic viability is unclear (Bil, 2000). A first step in the
exploitation of methane hydrates for energy may be niche applications for military
operations, such as subsea power generation. For example, solid oxide fuel cells have
been proposed to oxidize methane directly on the ocean floor. Many factors need to be
carefully considered to implement such a complicated system, including the high

temperatures (typically around 1100°C) needed for the conversion (Hirschenhofer ez al.,
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1998), long term sustainability of the methane flow, the availability of oxygen, and
impurities in the gas liberated from the hydrates that could poison catalysts.

As a precursor to high power generation systems utilizing the methane, small-
scale seafloor power applications should be considered. Currently, the Office of Naval
Research and the Defense Advanced Research Projects Agency are funding projects to
develop fuel cells to replace batteries used to power instrumentation on the ocean floor.
Batteries have a finite lifespan and replacement usually requires redeployment of the
instrument. A fuel cell system would not have the same limitation since, theoretically,
power generation is continuous as long as reactants are supplied to the fuel cell.

A number of microbial fuel cells have recently been tested in marine sediment.
Fuel cells with graphite electrodes were able to continuously generate electricity over a
period of several months. Power densities up to 0.01 W/m® were observed with 100 cm?
electrodes. Sediments studied included salt marshes and estuaries (Reimers ef al., 2001).
In these sediments, organic matter is consumed and sulfide or iron is oxidized at the fuel
cell anode.

In sediment containing methane hydrates, bacterial communities oxidize methane
under anaerobic conditions and generate sulfide as the waste product (Pancost ef al.,
2000). Fuel cells oxidizing sulfide generated by sulfate-reducing bacteria as the electron
donor have been investigated. Cooney e? al. (1996) estimate that Desulfovibrio
desulufricans, a species of sulfate-reducing bacteria, could produce fuel cell current
densities, based on electrode surface area, of up to 1.98 mA/cm®. Habberman & Pommer

(1991) devised a fuel cell with sulfide storage capacity and were able to generate 32

mA/cm?.



The mechanisms for microbial methane oxidation in anaerobic marine sediment
are not well understood. This complicates the development of biological fuel cells that
would utilize seafloor methane as the primary energy source. The present study seeks to
demonstrate operation of a low-power microbial fuel cell in methane hydrate marine
sediment and explore whether CH, can serve as the principal source of energy and carbon

for the consortium of bacteria that drive the fuel cell.

1.1 Objectives

The overall objective of this laboratory study was to investigate the ability of a
microbial fuel cell to generate electricity in marine sediment samples from methane
hydrate sites. Toward this end, the research described in this thesis responds to
technology development opportunities in the areas of microbial fuel cells and seafloor
power from methane hydrates and sediment methane seeps.

The specific objectives of this study were:

* to demonstrate feasibility of the microbial fuel cell concept applied to
methane hydrate sediment and the indigenous bacterial ensemble residing
in this sediment;

* identify the most probable oxidation reactions that will occur on an anode
exposed to the microbial metabolites and identify the bacteria that produce
these reactants;

¢ quantify important system parameters; and

* establish baseline fuel cell power output, potential, and current density.



CHAPTER 2: LITERATURE REVIEW

This chapter provides background information from the technical literature on
seafloor power generation by microbial fuel cells. The postulated basis of operation of
these fuel cells is introduced. Factors that affect their operation are identified and

methods to investigate their performance are discussed.

2.1 Seafloor Instrumentation Power Requirements

Examples of low power instrumentation used on the seafloor, which could be
candidates for application of microbial fuel cells, are listed in Table 2.1 along with their
duty cycle power requirements. Many oceanographic instruments perform measurements
or transmit data only periodically, which is reflected in the significantly lower values of

duty cycle power compared to total (peak) power requirements.

Table 2.1. Examples of power requirements of seafloor instrumentation taken from
documents provided by the Woods Hole Oceanographic Institution.

Instrument Total Power Required, W Duty Cycle Power
Budget, W

Air-Sea Flux 1-2

Gyroscope 10 0.06

Seismograph 1.5

Acoustic Doppler Current 0-100 0.07

Profiler




2.2 Methane Oxidation in Marine Sediment

Methane oxidation in anaerobic marine sediment has been attributed to a
consortium of bacteria. Archaea closely related to methanogenic bacteria are postulated
to oxidize methane under anaerobic conditions at depths in the sediment where methane
concentration is high. Sulfate-reducing bacteria consume the products of this methane
oxidation.

Methanogenic bacteria were first observed in laboratory cultures to oxidize a
small amount of the methane they produced under anaerobic conditions (Zehnder &
Brock 1979). Zehnder and Brock (1980) demonstrated the relationship between
microbial sulfate reduction and methane oxidation. Methane oxidation was observed in
reactors where sulfate reduction occurred, but was absent when reduction of sulfate was
inhibited. Net methane oxidation (i.e., more CH, oxidized than produced) was never
observed with the cultures of methanogenic bacteria tested.

Hoehler et al. (1994) hypothesized that methanogenic bacteria consume methane
and produce hydrogen gas by reversing the methanogenic pathway. Sulfate-reducing
bacteria then consume the hydrogen product while reducing sulfate to sulfide. It was
proposed that the accumulation of hydrogen as the end product of methane oxidation
inhibited further oxidation of methane by the methanogenic bacteria. Sulfate-reducing
bacteria served as a sink for the hydrogen and allowed the process to remain
thermodynamically feasible for the bacteria.

Equations 2.1 and 2.2 below describe the two postulated (global) microbial

reactions necessary to oxidize methane under anaerobic conditions.



CH, +2H,0 — CO, +4H, @2.1)

SO, +4H, — S* +4H,0 (2.2)

Indirect evidence of this behavior in marine sediment can found by examination
of typical distributions of sulfate and methane as depicted in Figure 2.1. Methane is
usually present in relatively high concentrations in zones that are depleted of sulfate, but
its concentration falls in sulfate reduction zones. Mathematical models utilizing
measured rates of methane oxidation and sulfate reduction suggest that both processes are
balanced in regions of methane oxidation, supporting the proposal that methane oxidation

is coupled with sulfate reduction (Fossing et al., 2000).



Concentration

Sulfate Reducing Zone

Sulfate-Methane
Transition Zone

Sulfate Depleted Zone

Figure 2.1. Sulfate and methane diffusion gradients in marine sediment.

At present, the mechanism of anaerobic methane consumption in sediments and
the organisms involved have not been definitively identified; however, recent studies
point to groups of archaea. “C tracer techniques have been used to track the fate of
methane in sediment. Methane in marine sediment is typically depleted in °C. Archaeal
lipids were found to be depleted in °C and bacterial lipids were found that were slightly
less °C depleted (Hinrichs et al., 2000; Orphan et al., 2001). This suggests that methane
was initially consumed by archaea and bacteria consumed some carbon compound
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derived from methane. Using stable isotope analysis, bacterial biomass assimilation of
carbon from methane was verified and found to be as high as 11 mg/m” per day. The
total amount of methane oxidized was 0.15 L/m? per day within the top 20 cm of
sediment (Lein et al., 2000).

Further evidence supporting the consortia theory was collected when microscopic
observations with specific 16S rRNA-targeted oligonucleotide probes found clusters of
archaea growing together surrounded by sulfate-reducing bacteria (Boetius, 2001). On
average, 100 archaeal cells were present along with 200 sulfate-reducing bacterial cells in
these aggregates. Additionally, the cells in the aggregates represented 94% of all
archaea and 96% of all sulfate-reducing bacteria (in the sediment) targeted by these
DNA specific probes. This would seem to confirm the close interaction between these

two types of microbes that is required to consume methane under anaerobic conditions.

2.3 Benthic Biological Fuel Cell
Methane is a superior energy carrier and can serve as a carbon source for
microbial growth. Microbial fuel cells utilizing methane have been proposed to provide

electrical power for seafloor instrumentation applications.

2.3.1 Benthic Fuel Cell Theory

A fuel cell bridging the sediment-water interface can be applied in the benthic
environment because there is an electrochemical potential difference between the
sediment and water column. Electron acceptors that are reduced in reactions at the

electrode in the water column (i.e., the cathode) are generally absent after a certain depth

8



in the sediment. Microbial activity in the sediment consumes oxygen and sulfate as they
diffuse from the seawater. The equilibrium potential of these compounds at the electrode
surface determines the potential of the cathode.

In the sediment, instead of electron acceptors, electron donors such as sulfide and
other end products of microbial metabolism (metabolites) may be present at the electrode.
While reduction of oxygen in the water column yields energy, oxidation reactions
occurring on the sediment electrode are endothermic and require energy in order to
proceed. The potential difference that arises when the two electrodes are connected
through an external load is sufficient to drive the oxidation reaction at the sediment
electrode and thus sustain a current through the circuit (i.e., net power).

Electrons in such a fuel cell enter the circuit at the sediment electrode via an
oxidation reaction. The sediment electrode is, therefore, the system anode. The
reduction of oxygen at the cathode in the water accepts the electrons traveling through the
external circuit.

Reactions (2.3) and (2.4) are believed to be the key steps for operation of a
biological fuel cell applied to methane rich marine sediments. Figure 2.2 presents a

schematic drawing of a possible benthic fuel cell configuration.

S* +4H,0—> SO, +8H* + 8¢~ (2.3)

20, +8H" +8¢” — 4H,0 2.4)



aj Cathodic (Reduction) Reaction

O, +4H" +de” —=2H,0 70 e G
I a +—— ¢
Sediment- Water Interface H* I
___________________________________________________________________ en-
by Anodic (Oxidation) Reaction

5" +4H,0—+50," +8H" + 8¢

7
c) Bulfate- Reducing Bacteria § R
SO} + 4H —» 5 +4H,O

\
) Methancgewic Bacteria o) 4//.

CH, +LH,0~» CQ, + 4H2 HO CH,

Figure 2.2. Electrochemical and biological reactions in the biological fuel cell.

2.3.2 Biological Fuel Cell Deployment in Estuarine Sediment

Microbial fuel cells following the concept described in the preceding section have
been tested in shallow sediments in a salt marsh and estuary on the coast of New Jersey
(Reimers et al., 2001). These fuel cells rely on oxygen reduction and either sulfide or
iron oxidation. Organic matter serves as the carbon source for the bacteria that
participate in the operation of the device. A fuel cell tested in situ generated 0.01 W/m®
for a 100 cm? graphite electrode inserted 10 cm (4 inches) into the sediment (Reimers et
al.,2001). Open circuit potentials as high as 0.7 V were observed. The potential
dropped to 0.3 V while generating current. Power-current data also suggest that this type
of fuel cell behaves similarly to conventional fuel cells (e.g., PEM; solid oxide) with

respect to factors limiting current flow.
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2.4 Fuel Cell Power Generation
The power generated by a fuel cell, P, is given by Equation (2.5) and is equal to
the product of the potential difference between the electrodes and the current flow, i,

through the external load

P=(E -E,)i (2.5)

where E_ and E, are, respectively, the potential of the cathode and the anode. Generated
power can also be interpreted as the difference between the rate of energy released by the
reduction reaction at the cathode and consumed by the oxidation reaction at the anode.
The current flow through any portion of the fuel cell circuit, including both
electrodes, is the same. The relationship between cathodic and anodic potentials and
current flow is determined by electrode material, temperature, concentration of reactants,
and the properties of the sediment-water system that influence mass transport. These

factors will be discussed in the following sections.

2.5 Current-Voltage Relationship for Fuel Cell Electrodes
At open circuit, i.e., when the current flow is zero, the potential of each electrode

in the fuel cell, E, is governed by the Nernst equation (2.6).

E=E° +—In=£& (2.6)
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In this relationship, E’ is the reduction potential of the reaction at standard conditions. R
is the universal gas constant, F is Faraday’s constant, and n is the number of moles of
electrons transferred to the electrode for each mole of reactant. Other variables that
influence the potential of the electrode are temperature, T, and the concentrations of the
reduced and oxidized chemical species, C and C,, respectively.

The potential difference between the electrodes is given by equation (2.7) and is
the difference between the Nernst potentials of each electrode.

E, =E -E, 2.7)

cell
Standard electrode potential reactions at 25°C have been studied extensively and
information is available in the technical literature. For the benthic fuel cell, there are
three possible exothermic oxygen reduction (cathodic) reactions. These reactions are
listed in Table 2.2. The oxidation potentials of sulfide reactions are also available and

known possible reactions are listed in Table 2.3.

Table 2.2. Oxygen reduction half-cell reaction adapted from Bard and Faulkner (1980).

Half Cell Reaction Standard Reduction Potential E°, mV
O0,+2H" +2e=H,0, 0.682
O0,+4H" + 4e=2H,0 1.229
0,+2H,0+4e=40H 0.401
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Table 2.3. Reduction half-cell reactions involving sulfide adapted from Milazzo et al.
(1978) and Bratsch (1989).

Half Cell Reaction Standard Reduction Potential E°, mV
S+2e=S8* -0.47627
S+2H" +2e=H,S(aq) 0.142
S+H,0+2e=SH +0H" -0.478

These values can be compared with experimental results to identify reactions
occurring at the benthic fuel cell electrodes.

In addition to the variables in the Nernst Equation, it is possible that other
reactants present in the benthic environment can affect equilibrium potential.
Experimental determination of the actual electrode potentials would therefore represent a
valuable contribution to understanding the chemical mechanisms that constitute the basis
of operation for this type of fuel cell.

When current is allowed to flow through the electrodes, compounds that have
accumulated at the electrode surfaces are consumed as part of electron transferring
reactions. The open circuit voltage is no longer maintained and there are three sources
for losses in potential. These are: activation polarization, ohmic loss, and concentration
polarization. The difference between the potential of the electrode when current flows
and the equilibrium potential is referred to as the overpotential, . The expression for 1
is given by equation (2.8) where E is potential of the electrode during operation and E, is

the equilibrium (zero current) potential of the electrode. Note that ) <O0.

N=E-E @8)

€q
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Activation polarization results from the need to overcome the activation energy
barriers of the electrode reactions. The voltage loss depends on electrode kinetics. Slow
electrode kinetics increase the potential drop required for current to flow. At low levels
of current, the overpotential is dominated by activation polarization.

When voltage loss due to activation polarization is greater than 0.118/n [V],
where n again is the number of moles of electrons transferred to the electrode for each

mole of reactant, it falls in the Tafel region and can be determined using equation (2.9).

In-- 2.9)

Here, a is the charge transfer coefficient and i is the observed current. The exchange
current, iy, is equal to either the cathodic or anodic current at equilibrium. The total
current at equilibrium is zero because both component currents are equal in magnitude
and opposite in direction. The exchange current can be estimated from a graph plotting
log (i) vs. . The y-intercept of the extrapolated Tafel regime curve is log (i;). Observe
that Equation (2.9) does not apply at small values of 1), where log (i) typically decays
rapidly; hence, the need to extrapolate. The charge transfer coefficient can be calculated

from the slope of log (i) vs. n in the Tafel region. From Equation (2.9), this is

_(-apF (2.10)
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The value of i, is an indicator of the ability of the fuel cell to produce current
without significant activation polarization effects. Increasing exchange currents and
charge transfer coefficients correspond to lower activation polarization losses.

The second source of potential loss in a fuel cell is resistance of current flow
through the electrolyte and electrode interface and connections. Electrolyte is the
medium connecting the two electrodes. In the benthic fuel cell, the electrolyte consists of
the pore water in the sediment and the water above the sediment. The loss in voltage is

proportional to current and can be calculated directly from Ohm’s law, equation (2.11):

n=-iR, 2.11)

where R, is the electrical resistance of the electrolyte.

The final source of potential loss arises from mass transport limitations. This
effect is called the concentration polarization and it occurs at the end of the Tafel regime
when current in the fuel cell reaches a level where it becomes dependent on the rate that
reactants are supplied to the electrode. In this scenario, reactants around the electrode are
consumed to the extent that their concentrations at the electrode surface fall to zero. The
current and voltage of the fuel cell may be limited by mass transport of the reactants to
the electrode if concentration gradients are low, or if transport is inhibited by obstacles
such as biofilms. Biofilms are inert and can provide a passive layer that limits the
transfer of S* to the electrode surface. Equation (2.11) is the expression for concentration

polarization.
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The limiting current i, occurs when the rate of reaction at the electrode is
completely determined by the mass transfer of reactants to the electrode surface. At this
condition, increases in the overpotential will not produce an increase in the current.

2.6 Determination of Electrochemical Properties

Fuel cell development requires an understanding of its current-voltage
relationship and its electrode reactions. The current-voltage relationship for a fuel cell
reflects the characteristics of its constituent electrodes. For the device as a whole, voltage
and current data are obtained by connecting the electrodes to a known load, e.g., a series
of fixed resistances. At each resistance, voltage can be measured and current calculated
by Ohm’s law.

Voltammetric techniques are employed to determine the current-voltage
characteristics of individual electrodes. Voltammetry entails controlling the potential of
the electrode of interest, the working electrode, and observing the amount of current flow
through this electrode. Linear sweeps and steps in potential can be applied to the
electrode to explore a wide range of current-voltage behavior. A potentiostat circuit is
used to control the potential of the working electrode. The potentiostat monitors the
potential of the working electrode using a reference electrode positioned next to it in an
electrolyte. The system is configured so that the working electrode and reference
electrode are at essentially the same potential. The potential of the working electrode

cannot be monitored directly during operation; the reference electrode serves as its proxy.
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Current is supplied by the potentiostat to a third counter electrode that is also immersed
in the electrolyte. The current flows through the electrolyte to the working electrode.
The amount of current is determined by a feedback loop which adjusts this current until
the potential of the reference electrode (and, therefore, the potential of the working
electrode) attains the desired value. The potentistat therefore serves as a substitute
(electron source or sink) for the half cell not being tested.

The current-voltage data can be analyzed using the relationships provided in
Sections 2.4 and 2.5 to determine important system parameters including i,, o, i, R, and
fuel cell power output, and to identify electrode reactions by comparison to the standard
electrode potentials for half cell reactions.

The study reported in this thesis focused on investigating the detailed
electrochemistry, described above, of a benthic microbial fuel cell. The results
complement and extend previous investigations by other researchers, which generally

have focused on overall system performance.
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CHAPTER 3: MATERIALS AND METHODS

This chapter describes the facilities and procedures that were employed to
conduct the experimental investigation of the detailed electrochemistry of benthic

microbial fuel cells and associated microbiological characterizations.

3.1 Sediment Samples and Growth Media

To reproduce conditions in regions where benthic biological fuel cells may
eventually be deployed, natural sediment, including the indigenous microbial assemblage,
was used in the laboratory experiments. Sediment samples were collected from known
methane hydrate sites in the Blake Ridge, Cascadia Margin, and the Gulf of Mexico
during research cruises sponsored by the U.S. Naval Research Laboratory (NRL). A
gravity core was used to collect samples ranging from four to six meters in depth. Once
recovered, the cores were sectioned by depth and examined for signs of sulfate, sulfide,
and methane gas. The sediment sections with evidence of sulfide production were
collected and combined to form a single sample. The sample was then shipped by air to
the University of Hawai‘i and stored at 4°C in closed containers.

During the research cruises, sediment samples from various sections of the cores
were used to inoculate airtight vials containing Bactosulfate API broth, a liquid
enrichment media. A modified form of the media with the ammonium sulfate substituted
for the ferrous component was also used. The composition of the Bactosulfate API broth
is given in Table 3.1. Media components were filter sterilized. Inoculated media cultures

were allowed to grow for the duration of the research cruise. All cultures showed visual
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signs of sulfide production in the form of iron sulfide, a black precipitate. After transfer
to the University of Hawai‘i, the cultures were used to inoculate fresh media, which was
incubated at 37°C. After three generations these samples were genetically sequenced to

identify the microbial species.

Table 3.1. Composition of the enrichment media Bactosulfate API Broth and the
substitute media.

Component Formula Concentration, mg/L

Yeast Extract 1000

Ascorbic Acid C:HgO4 100

Sodium Lactate C,H;NaO, 5200
‘| Magnesium sulfate

heptahydrate MgSO,7H,0 410

Potassium Phosphate,

dibasic K,HPO, 100

Ferrous Ammonium Sulfate | Fe(NH,),(SO,),6H,0 140

hexahydrate

*Ammonium Sulfate NH4 SO4 200

Sodium Chlorate NaClO, 5000

*ammonium sulfate component used to make the modified media

3.2 DNA Analysis of Sediment Bacteria

Polymerase Chain Reaction (PCR) techniques were used to verify sulfide
producing bacteria had been inoculated with the methane hydrate sediment samples. The
bacterial cultures were concentrated and their DNA extracted for analysis. 10 mL of one
culture was centrifuged at 6,000 RPM to collect a solid cell pellet from which DNA was
extracted with a soil extraction kit (MoBio™). The DNA was serially diluted in ultrapure
distilled, deionized and sterilized water and then amplified by PCR reaction. The

ribosomal DNA was amplified for 30 cycles (95° C for 1 min. denaturation, 55° C for 30
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seconds annealing, 72° C for 1 min. extension) using the universal primers 27F
(5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-
TACGGYTACCTTGTTACGACTT-3") (Weisburg et al,. 1991) and Invitrogen dNTPs
and Tag polymerase. An approximately 1460 bp segment of the 16S rRNA gene was
amplified. The PCR products were separated by electrophoresis on a 1.0% agarose gel
and stained with ethidium bromide to confirm that the target gene was indeed amplified.
Optimized conditions for the PCR cycle were utilized; however, nonspecific
amplification could not be prevented. The target PCR product was purified by gel
excision from a 1.0% agarose gel and extracted using a MoBio™ gel purification kit.
Fresh PCR product was used for cloning with an Invitrogen™ TOPO TA cloning
kit and TOP10 cells. The transformation procedure was performed using the
manufacturer’s rapid protocol. Selective blue and white colony screening was performed
on Luria Broth (10 g Bacto-Tryptone, 10 g Bacto-Yeast, 10 g NaCl, 15 g agar pH 7.0 per
liter) plates containing 50 ug ml” ampicillin and 40 mg ml" X-gal (40 wl spread on 37° C
pre-warmed plates before inoculation), after incubation overnight at 37° C. Twenty of
the picked colonies were incubated with a controlled temperature shaker overnight in 1.0
ml liquid LB media containing 50 ug ml” amplicillin at 37° C. Escherichia coli cells
were collected by centrifugation. Plasmid DNA was extracted using a Quaigen™
Qiaprep spin mini prep kit. Plasmid DNA was serially diluted then amplified using the
16S primers and procedure previously described. Sequencing was performed on the gel
purified product using an automated sequencer and primer 27F. Sequencing resulted in
data for approximately 500 bps. The obtained sequences were aligned with those in the

Ribosome Database Project by using BLAST (Altschul ez al., 1990).
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3.3 Bioreactor Design

Atmospheric pressure bioreactors fabricated for the microbial fuel cell
experiments were made of plastic, either PVC pipe or acrylic sheet, to avoid conducting
current into or out of the system under examination. All bioreactor surfaces were
sterilized with a 70% ethyl alcohol solution, which was allowed to evaporate completely
before the reactors were placed in service. High pressure bioreactors were also available,
but were not used in this study. It was assumed that the key microbes in deep ocean
sediment samples that participate in the fuel cell operation were not obligate barophiles.

This hypothesis will be tested in a future investigation.

3.3.1 Fuel Cell Reactors

Fuel cell reactors were used to test the entire fuel cell circuit (i.e., not just
individual electrodes) and were designed to simulate the sediment-water interface in the
benthic environment. The lower portion of the reactor was filled with sediment, which
was then covered with seawater. Injection ports were positioned at or near the bottom of
the reactor to deliver methane into the system. The top of the reactor was left open to
atmosphere to allow oxygen to diffuse into the seawater. Ports were also machined into
the sides of the reactor to inject oxygen directly into the water. Ports running down the
height of the reactor were available to insert electrodes into the sediment or water at
different distances from the sediment-water interface.

One type of reactor was constructed from nominal 2.5 inch diameter PVC pipe
and fittings. A sketch of this reactor is provided in Figure 3.1. It was filled with

approximately 20 cm (8 in.) of sediment and 20 cm of seawater. The sediment in the
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reactor was loaded onto a porous polypropylene sheet. Methane gas was added to the
reactor below the sheet and allowed to diffuse upward into the sediment. A gas inlet was
positioned in the reactor wall above the sediment to oxygenate the seawater. The entire
reactor was placed in a refrigerated room at 4°C.

Another set of fuel cell reactors were constructed from 5.6 mm (0.22 in.) thick
acrylic sheet. The reactors held 15 cm (6 in.) of sediment and 8 to 15 cm (3 to 6 in.) of
seawater. A septum was positioned at the bottom of each reactor for injection of methane
and a lactate solution with a syringe. The top of the reactor was left open to the

atmosphere. The reactors were operated at room temperature, approximately 23°C.
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Figure 3.1. Reactor for testing 2-electrode fuel cell in marine sediment and seawater.

A unique fuel cell reactor that consisted of two liquid containing cells separated
by a tube of sediment was constructed to investigate current-voltage relationships at the
sediment electrode and transport through the sediment. Sulfate-reducing bacteria cultures
were placed in one of the cells. The cell was purged of oxygen with argon gas. The

other cell was filled BioSea Marine Mix synthetic seawater. This cell was left open to
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atmosphere. The tube of sediment connecting the cells was 4 cm (1.590 in.) in diameter
and filled with about 7 cm (2.75 in.) of sediment. A sketch of this reactor is given in

Figure 3.2.

Reference Electrods

Counter Flectrods

Working Electrode

Sediment

Figure 3.2. Two-compartment reactor joined by a 4 cm tube of sediment that was used in
fuel cell and voltammetry experiments.
3.3.2 Voltammetry Reactors
Reactors to perform voltammetry experiments were fabricated from 5.6 mm thick
acrylic sheet. Reactors were designed to position the tip of the reference electrode near
the working electrode to minimize the difference between the working electrode potential

and the potential reported by the reference electrode. Single cell reactors were designed
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to accommodate between 250 mL and 2 L of solution. An argon gas purge was

employed to create anaerobic conditions in these reactors.

3.4 Electrodes

Grade 10 graphite rods and sheet electrodes (Graphite Engineering and Sales
Company) were tested in this study. Electrical connections were made to the graphite
electrodes by tapping a 10-32 thread into one end of the rod. Stainless steel machine
screws were tightened into the electrodes. Copper wire was attached to the machine
screw with alligator clips. The portion of the exposed surface of the graphite electrodes
which was not intended for electrochemical reaction was covered with epoxy.

The electrical resistance of the graphite electrodes was low. The material
specification provided by the manufacturer indicated a resistance of 30 x 10° Q/inch. A
typical 2.54 ¢cm o.d. rod electrode with a length of about 6.99 cm had a measured base to
tip resistance of < 0.5 Q.

The surface area of the electrodes exposed to reactants is used in calculations of
current and power densities. Since the graphite is porous, the true surface area includes
the areas of the pores. During this study, however, we did not quantify pore area by gas
adsorption or other techniques. Values of current and power density are simply

expressed in terms of the external surface area of the electrode.
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3.5 Voltammetric Experiments on Fuel Cell Electrodes
3.5.1 Potentiostat

A potentiostat circuit used with a Campbell 21X Datalogger was applied to
perform electrical measurements of fuel cell and electrode behavior. The input resistance
of the datalogger was 300 M. Besides its primary sampling function, it also was used
to transmit the potential signal to the potentiostat.

The potentiostat circuit, shown in Figure 3.3, was assembled to perform
voltammetry experiments described in Section 2.6. The potentiostat circuit could provide
up to 20 mA and 5000 mV. A Weiss Research WE5001 double junction Ag/AgCl
reference electrode filled with 4 M KCl solution was used with the potentiostat and
graphite electrodes were employed as the counter and working electrodes in a classic 3-
electrode configuration. 0.205 V were added to the recorded values to convert to a
potential vs. the Normal Hydrogen Electrode (NHE). Resistance of the electrochemical

cell was measured with a digital multimeter.
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Figure 3.3. Simple potentiostat circuit for performing voltammetry experiments on fuel
cell electrode reactions.

3.5.2 Potential Sweep Methods

Linear potential scan experiments were performed on growing cultures of sulfate-
reducing bacteria over a range of -1000 to 1000 mV (based on the Ag/AgCl reference
electrode) at a rate of 5 mV/s. These experiments provide information about the
reactions occurring at the electrodes. Multiple cultures of both the Bactosulfate API
media and the modified media in which ammonium sulfate was substituted for ferrous
ammonium sulfate (to reduce iron precipitates) were tested. The solutions were mixed

before each test. The potentiostat circuit and datalogger system was used to cycle the
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potential of the working electrode over the above range five times. In these tests, the
counter and working electrodes were 2 ¢m o.d. graphite rods with 6.8 cm?* of external
surface area.

Linear scan methods were also applied to investigate reactions at the cathode in
synthetic seawater. Working electrode potential was scanned over a range of -800 to
1600 mV at a rate of 5 mV/s. The potential of the working electrode was cycled five

times over this range.

3.5.3 Potential Step Methods

Cultures of sulfate-reducing bacteria were also studied by Sampled-Current
Voltammetry (SCV) to estimate the values of parameters such as iy, o, and i;. The same
reactors and setup that were used for the linear sweep tests were employed. In these tests,
the potential of the working electrode was held at the equilibrium potential for the
solution before application of a potential step that was maintained for 30 seconds.
Current was recorded each second. The potential was then returned to equilibrium and
held until current decayed to zero. The solution was then mixed. This procedure was
repeated using multiples of the initial potential step. Table 3.2 contains the initial step

potentials and ranges examined.

Table 3.2. Potential steps and ranges used in sampled-current voltammetry experiments
on bacterial cultures.

Potential Step, mV Overpotential Range, mV
10 0-700
15 0-150
50 0-700
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The observed current contained a contribution that arose from charging the
capacitance of the solution at each potential step. The current decayed over time and, as
seen in Figure 3.1, it reaches an asymptotic value by the end of the 30 second potential
step. Near the end of the potential step, however, the signal would sometimes oscillate.
On the other hand, the signal at 10 seconds was observed to be steady in every
experiment. The measured current at 10 seconds was used in most analyses in this study

since it was within 10% of the final value.
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Figure 3.4. Current decay after potential step in sampled-current voltammetry
experiment.
3.6 Fuel Cell Implementation
Exploratory experiments to investigate the performance of two-electrode
microbial fuel cells were conducted in PVC laboratory reactors containing synthetic
seawater and marine sediment from the Cascadia Margin or the Gulf of Mexico. Four

reactors were used for each type of sediment type. Two of the reactors were used as
29



controls and were loaded with sediment sterilized with an autoclave. Methane was fed
into one control reactor and one loaded with untreated sediment containing viable
microbes. 2.54 cm o.d. graphite rods with 60 cm?® of surface area were used as the
cathodes and anodes. The anode was inserted into the sediment at a depth of 10 cm (4
in.) and the cathode was located 10 cm (4 in.) above the sediment-water interface. The
open circuit potential was monitored and allowed to reach equilibrium.

Based on the results of these exploratory tests, sediment collected during a second
Gulf of Mexico cruise was tested using the acrylic fuel cell bioreactors. The clear acrylic
allowed for visual examination of the sediment to make certain that air pockets did not
exist and that the sediment settled uniformly after loading. Visual analysis also allowed
for observation of iron sulfide formation. Graphite electrodes were again used and
inserted in the sediment and overlying synthetic seawater.

The open circuit potentials stabilized after 10 days. After stabilization, a series of
fixed resistors were connected across the terminals of the datalogger where each pair of
fuel cell electrodes was connected. Power was discharged from the fuel cells for
approximately 5 minutes at each resistance value. Voltage measurements were made
every second with the datalogger. Resistors were sequenced in decreasing order.
Resistor values of 2 x 107, 1 x 107, 1 x 10, 7x 10°, 5 x 10°, 2x 10°, 1 x 10°, 5 x 10%, 3 x
10%, 1 x 10*, 5000, 100, 500, 300, and 100 Q were used.

Additional fuel cell performance tests were conducted with the bioreactor shown
in Figure 3.2. The procedures were the same as in the tests performed with the acrylic

fuel cell bioreactors described above.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 Bacterial Analysis

Sediment samples collected during the Blake Ridge, Cascadia Margin, and the
first of two Gulf of Mexico cruises showed little evidence of anaerobic bacterial activity
and DNA could not be extracted from the sediment. Fuel cells tested in these sediments
were not able to generate significant levels of power, which also suggests that the
microbial vitality was compromised.

Sequenced 16S rDNA extracted from sediment collected during a second Gulf of
Mexico research cruise closely matched sulfate-reducing bacteria of the genus
Desulfotomaculum. Four sequences of sixteen that were analyzed matched the species
Desulfotomaculum ruminis and Desulfotomaculum putei. Ruminis was a 93% match with
397 out of 407 similar base pairs while putei was a 91% match with 366 of 401 similar
base pairs.

Desulfotomaculum have been found in freshwater and marine sediment, rice
paddies, and intestines of animals. Like other sulfate-reducing bacteria, they are strictly
anaerobic. Desulfotomaculum putei and have been found at a hydrothermal vent site,
Guayamas Basin (Dhillon et al., 2003) and along the Pacific continental margin (Liu ez
al., 2003). Desulfotomaculum have also been detected growing in carbon stressed

sediment (Liu ez al, 2003).
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4.2 Potential Scan of Sulfate Reducing Bacteria Metabolites

Representative results of cyclic voltammetry tests performed with graphite
electrodes immersed in cultures of sulfate-reducing bacteria from the second Gulf of
Mexico cruise growing on Bactosulfate API media and the modified version of this
media are shown in Figure 4.1. These experiments were performed to investigate the
reactions that constitute the basis of operation of a microbial fuel cell deployed in marine
sediment. Test procedures for these linear scans have been described in Section 3.5.2.
Oxidation reactions correspond to positive values of current and reduction reactions to
negative current. The curves for the two types of media display similar peaks, which
indicate that the same reactive compounds, i.e., the metabolites of the sulfate-reducing

bacteria, may be present in both solutions.

:

Current, mA

N

Potential, mV

|— Original — Modified

Figure 4.1 Linear potential scan of a culture of sulfate-reducing bacteria from the Gulf of
Mexico growing in the original Bactosulfate API media a modified
Bactosulfate API media.

32



Anodic current peaks occurred at around 50 and -50 mV vs. Ag/AgCl electrode
(255 and 155 mV vs. NHE) in the original and modified media, respectively. Comparing
these values with the standard reduction potentials listed in Table 2.3, and taking into
consideration the breadths of the peaks, the most probable reaction appears to be the
oxidation of hydrogen sulfide to elemental sulfur with two electrons donated to the
electrode. This reaction has a standard potential of 142 mV vs. NHE.

Higher current response to electrode potential is an indication of elevated sulfide
concentration. Since the original media contained iron ions that served to precipitate
sulfide out of solution, the higher current peak observed in the modified media was
expected.

The offset of the current peaks from each other and from the standard potential for
the probable anode reaction can also be attributed to differences in sulfide concentration.
The equilibrium potential depends on the standard electrode potential, the temperature,
and the concentration of sulfide (cf., Equation 2.6). The standard electrode potential and
temperature were the same for both solutions; only the concentration of sulfide may have
been different. Referring to Equation (2.6), increasing levels of sulfide, the oxidized
species, reduces the electrode potential. This could account for the current peak in the
modified media occurring at a lower potential than in the original media.

A second set of peaks occur around 590 mV and 650 mV vs. Ag/AgCl electrode
(795 and 855 mV vs. NHE) in the original and modified media. These peaks may

represent iron sulfide oxidation. By the reasoning used to explain the offset in the sulfide
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peaks, a higher concentration of iron sulfide in the original media may account for the

lower potential at which the peak occurs.

4.3 Potential Scan of Oxygenated Seawater

Figure 4.3 presents the results of a linear potential scan of a graphite electrode
immersed in oxygenated synthetic seawater. Reduction reactions occur at around 950
mV vs. Ag/AgCl electrode (1155 mV vs. NHE). Comparison with Table 2.2 suggests
that oxygen is being reduced to water on the electrode. The standard potential for this
reaction is 1229 mV vs. NHE. The peak current for oxygen reduction is about 10 times
the peak current observed for sulfide oxidation (20 mA versus less than 2 mA), indicating
that sulfide oxidation at the anode will be the current limiting electrode reaction in the

microbial fuel cell.
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Figure 4.2. Linear potential scan of oxygenated BioSea Marine Mix synthetic seawater.
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4.4 Current-Voltage Relationship of Sulfide Oxidation

Cyclic voltammetry of a graphite electrode exposed to the metabolites of sulfate-
reducing bacteria identified the probable sulfide oxidation reaction. The value of n for
sulfide oxidation is 2 moles of electrons for each mole of sulfide that is oxidized. As
noted in Section 2.4.2, Tafel behavior should be observed when overpotential exceeds
118 mV/n or 59 mV when n = 2. This was observed when the results of sampled-current
voltammetry performed in cultures of sulfate reducing bacteria from the Gulf of Mexico
were presented in Tafel plots of log (i) vs. . Figure 4.3 corresponds to tests in the

original growth media and Figure 4.4 to tests in the modified media.
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Figure 4.3. Tafel plot of sampled current voltammetry data from Gulf of Mexico SRB
cultures growing in original Bactosulfate API media.
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Figure 4.4. Tafel plot of sampled current voltammetry data from Gulf of Mexico SRB
cultures growing in modified Bactosulfate API media.

The slope and y-intercept of the Tafel plots were also used to calculate the

exchange current density and the charge transfer coefficient. Values of these parameters

are listed in Table 4.1.

Table 4.1. Exchange current density and charge transfer coefficient for sulfide oxidation
on graphite electrodes immersed in SRB metabolites.

Media i,, mA/m’ a
Original 42 .44 0.91
Modified 96.86 0.93

Tafel behavior occurs in Figures 4.3 and 4.4 over a range of overpotentials
extending from approximately 60 mV to 300 mV. Above 300 mV, mass transfer effects

become significant and current no longer increases linearly with overpotential. The
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contribution of iron sulfide oxidation to the observed current can also be detected (as an
increase in current as this reaction is activated) at overpotentials of about 500 to 600 mV.
Current densities in the sampled-current voltammetry experiments ranged from a
value of the exchange current, iy, of 42 mA/m?’ to approximately 498 mA/m? at high
overpotentials. At the upper limit of Tafel behavior, current densities were 192 and 324
mA/m? in the original and modified media, respectively. In a study employing Geobacter
sulfurreducens growing on the working electrode, voltammetry experiments at constant
potential produced current densities of 163 to 1,143 mA/m”* depending on the amount of

acetate fed to bacteria (Bond & Lovley 2003).

4.5. Sediment Fuel Cell

During exploratory experiments of fuel cell performance conducted in the PVC
bioreactors using synthetic seawater and sediment from the Cascadia Margin and the first
Gulf of Mexico cruises, initial equilibrium potentials were 172 mV (Cascadia) and 285
mV (Gulf of Mexico). This was much smaller than the 700 mV open circuit potentials
observed for marine sediment fuel cells tested by Reimers et al. (2001). Resistances of
500 Q were applied across the electrodes of the fuel cell using the Cascadia sediment.
Voltage could not be maintained at this resistance. The voltage drop over a 50 k€2 load
connected across the electrodes of the reactor containing the Gulf of Mexico sediment
was 26 mV. This voltage was maintained for a month during which time methane was
added periodically.

As described in Section 3.6, a second set of fuel cell tests were performed in the

clear acrylic reactors using sediment collected during the second Gulf of Mexico cruise.

37



In contrast to the initial exploratory experiments, after 7 days the open circuit potential
was measured to be 488 mV for the control (no lactate or methane addition to the
sediment), 91 mV for the methane-fed reactor, and 526 mV for the lactate-fed reactor.
The low potential in the methane-fed fuel cell may have been the result of vigorous
bubbling of methane gas into the reactor at startup which opened pathways in the
sediment that enhanced vertical diffusion. This would reduce the potential difference
between the electrodes by decreasing concentration gradients within the sediment.

A fourth fuel cell utilizing the two-compartment bioreactor shown in Figure 3.2
was also tested. Gulf of Mexico sediment was used to fill the tube connecting the two
compartments, but the anode was immersed in liquid media cultures of the Gulf of
Mexico sulfate reducing bacteria. The initial open circuit potential of this fuel cell was
490 mV.

The fuel cells were discharged through the sequence of fixed resistors described
in Section 3.6. Results for the control and lactate-fed sediment fuel cells and the two-

compartment liquid media fuel cell are shown in Figure 4.5.
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Figure 4.5. Power density vs. current density for the microbial fuel cells.

Maximum power density for the sediment fuel cells occurred at a resistance of 1

k€ while the liquid media fuel cell peaked at 500 €. Maximum power densities
observed were 10.29, 9.14, and 17.49 mW/m?’ for the control, lactate-fed, and liquid
media reactors, respectively. The liquid media fuel cell produced approximately 70%

more power than the sediment fuel cells.

Power density and potential for the same three fuel cells are plotted against

current density in Figures 4.6 — 4.8. The external surface areas of the graphite electrodes
were used to calculate power and current densities. A review of these results indicates
that the liquid media fuel cell was able to generate more power not because of higher

potentials but rather its ability to produce more current.
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Assuming that the fuel cell reactants (i.e., the sulfate reducing bacteria
metabolites) were similar in the sediment and liquid media reactors, the large difference
in current produced méy be due to the mass transfer of sulfide to the anode surface. In
the liquid media (which was unstirred), sulfide generated by the bacteria would diffuse
faster to the electrode, where it could be oxidized and release electrons, than in the

sediment system where it would have to be transported through the pore water pathways.

700 12

600

500

400

300

Potential, mV

200

Power Density, mW/nf

100

0 T T
0.0 0.1 1.0 9.1 45.8

Current Density, mA/nf

—e— Potential —e— Power Density |

Figure 4.6. Potential and power density of the control fuel cell operating in Gulf of
Mexico sediment without additional nutrients or carbon.
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Potential and power density of a fuel cell operating in Gulf of Mexico
sediment enriched with Bactosulfate API media with lactate as the main
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Potential and power density of a fuel cell operating in a liquid culture of
sulfate-reducing bacteria separated from seawater by a tube of sediment.
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Properties of the three fuel cells at the condition of maximum power generation
(i.e., maximum power density) are provided in Table 4.2. Maximum power densities are
comparable to the 10 mW/m” reported previously for fuel cells deployed in shallow
sediments (Reimers ef al., 2001). At maximum power generation, current densities of 41,
39, and 100 mA/m” were produced by the control, lactate-fed, and liquid media fuel cells,
respectively. These current densities are also comparable to results reported in other
biological fuel cell studies. At the high end, current densities of up to 19,800 mA/m?
(1.98 mA/cm?) may be possible, based on the kinetics of sulfide production by
Desulfovibrio desulufricans (Cooney et al., 1996). Current densities of 600 mA/m* were
observed with Enterobacter aerogenes cultures producing H, gas (Tanisho et al., 1989).
More recently, fuel cells postulated to be utilizing Geobacter sulfurreducens to donate

electrons directly to the electrode produced 65 mA/m* (Bond & Lovley, 2003).

Table 4.2. Fuel cell properties at maximum power generation.

Experiment Potential Current Density Power Density
mV mA/m? mW/m?
Control 250 41.1 10.3
Lactate-fed 236 38.8 9.1
Liquid media 175 99.7 17.5

The data for the discharge of the control, lactate-fed, and liquid media fuel cells
through various load resistances were graphed on Tafel plots of log i vs. ) and are shown
in Figures 4.9 — 4.11. Table 4.3 summarizes the values of exchange current density and
charge transfer coefficient calculated from these data. As expected, the exchange current

densities of these fuel cells were similar, with an average value of 5.75 mA/m” indicating
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that the electrode kinetics were not affected by the immersion of the anode in sediment or
liquid. Only changes in the electrode material or reactant species would have an effect on
exchange current density. In comparison, the exchange current density observed in the
anode voltammetry experiments performed in the Bactosulfate API media inoculated
with the Gulf of Mexico sulfate-reducing bacteria was 42.44 mA/m’. The exchange
current for the fuel cell is lower because it includes the activation overpotential of the

oxygen reduction reaction at the cathode.

Table 4.3 Exchange current density and charge transfer coefficient for fuel cells.

Experiment ip, mA/m’ o
Control 5.53 0.98
Lactate 5.95 0.98
Liquid 5.77 0.97
2
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| ]
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Figure 4.9 Tafel plot of current discharge from a laboratory fuel cell operating in Gulf
of Mexico marine sediment.
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Figure 4.10. Tafel plot of current discharge from a laboratory fuel cell operating in Gulf
of Mexico marine sediment enriched with lactate in Bactosulfate API broth.
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Figure 4.11. Tafel plot of current discharge from a laboratory fuel cell operating in liquid
media sulfate-reducing bacteria cultures separated from seawater by a tube

of sediment. :
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Ohmic losses in the fuel cells can be estimated from the Tafel plots. The linear
portion of the curve was taken to represent the range of current densities where the
resistance of the electrolyte was the major contributing factor to voltage loss. Averages
of the resistances calculated by dividing the overpotential by the current in the linear
region for each fuel cell yielded values of 1429, 1320, and 600 £ for the control, lactate-
fed, and liquid media fuel cells, respectively. The significantly smaller resistance of the
liquid media fuel cell can be attributed to the smaller length of the sediment leg that lies
between the two electrodes. The ohmic resistances of the two sediment fuel cells are
similar with the resistance of the control fuel cell being slightly larger. This difference is
probably due to the fact that the anode of the control fuel cell was positioned

approximately 1 cm deeper into the sediment than the anode of the lactate-fed fuel cell.
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CHAPTER 5: SUMMARY AND CONCLUSIONS

A laboratory investigation was conducted to explore the feasibility of operating a
microbial fuel cell in methane hydrate sediment and to identify the basis of operation and
operating characteristics of such a fuel cell. In areas of the deep ocean where hydrates
are found, there is an abundance of methane which can serve as a source of carbon and
energy to a microbial assemblage. In conventional fuel cells, methane is not used directly
but needs to be converted to hydrogen via a high temperature catalytic reforming process.
In microbial fuel cells, this reforming would be performed by a consortium of anaerobic
bacteria which would metabolize the methane and other components of the sediment to
produce chemical species that could be oxidized at low temperature on the fuel cell
electrode. Such a microbial fuel cell could supply long term power that may be used to
replace batteries for seafloor instrumentation.

The specific objectives of this study were to demonstrate feasibility of the
microbial fuel cell concept applied to representative methane hydrate sediment and the
indigenous bacterial ensemble residing in this sediment; identify the most probable
oxidation reactions that will occur on an anode exposed to the microbial metabolites and
identify the bacteria that produce these reactants; quantify important system parameters
including exchange current density and charge transfer coefficient; and establish baseline
fuel cell power output, potential, and current density.

A host of bioreactors were designed and fabricated for this study that were loaded
with autoclaved synthetic seawater and sediment collected from methane hydrate zones

on the Cascadia Margin. Blake Ridge, and the Gulf of Mexico to simulate the sediment-
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water interface on the ocean floor. Other bioreactors substituted liquid growth media
inoculated with bacteria from the sediment samples for the sediment. During the tests,
methane and other carbon sources and nutrients could be added to the bacterial cultures in
the sediment and liquid media as a supplement and oxygen or air could be bubbled into
the seawater.

Cyclic voltammetry tests performed with graphite electrodes immersed in cultures
of sediment bacteria from the Gulf of Mexico growing on Bactosulfate API media and a
modified version of this media identified several oxidation peaks in curves of current vs.
potential. The most probable reaction appears to be the oxidation of hydrogen sulfide to
elemental sulfur with two electrons donated to electrode. At higher potentials, iron
sulfide may also be oxidized. Linear potential scans of a graphite electrode immersed in
oxygenated synthetic seawater suggest that oxygen reduction to water dominates the
cathode reactions. The peak current observed for oxygen reduction was about 10 times
the peak current observed for sulfide oxidation (20 mA versus less than 2 mA),
suggesting that sulfide oxidation at the anode will be the current limiting electrode
reaction in the microbial fuel cell.

PCR amplified DNA sequences of sulfate-reducing bacteria from the genus
Desulfotomaculum were found in anaerobic cultures inoculated with fresh sediment
samples from the Gulf of Mexico. These microbes are the likely source of the sulfide
metabolites that were oxidized on the fuel cell anode in the present study and are
potentially one of the bacteria participating in the postulated anaerobic methane oxidation

process.
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Graphite fuel cells operated in synthetic seawater and sediment samples taken
from the Gulf of Mexico confirmed the ability to exploit the indigenous microbial
ensemble to generate electricity. In short term fuel cell discharge experiments, sulfide
generated from nutrients contained in the sediment reacted on the sediment electrode to
produce a maximum power density of 10.3 mW/m*. Addition of Bactosulfate API
enrichment media containing lactate as the primary carbon source did not increase the
power generated by the fuel cell, yielding 9.1 mW/m?®. These values of power density are
comparable to the 10 mW/m? recorded for fuel cells deployed in estuarine sediment
(Reimers et al., 2001).

A graphite electrode fuel cell was also implemented using a liquid culture of
sulfate-reducing bacteria in place of sediment and synthetic seawater separated from the
liquid culture by a 4 cm diameter by 7 cm length tube filled with Gulf of Mexico
sediment. The maximum power density of this fuel cell was 17.5 mW/m?, which was
70% greater than in fuel cells where the anode was inserted directly into the sediment.
The difference in power was due to increased current densities that can be supported by
this system. Sulfide diffusion to the anode, where it is oxidized and donates two
electrons to the fuel cell circuit, was enhanced by the significantly larger flux area of the
liquid compared to the sediment porewater. These results demonstrate the importance of
mass transport on the performance of seafloor sediment fuel cells.

Tafel plots of the fuel cell current-voltage data were employed to estimate the
values of the exchange current density and charge transfer coefficient. The charge
transfer coefficient was 0.98. The average value of the exchange current density was

5.75 mA/m> This is much smaller than the exchange current density of 42.4 mA/m®
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observed in the anode voltammetry experiments performed in Bactosulfate API media
inoculated with the Gulf of Mexico sulfate-reducing bacteria. The exchange current for
the fuel cell is lower because it includes the activation overpotential of the oxygen
reduction reaction at the cathode.

The maximum power generation of about 0.01 W/m? observed in these tests imply
that graphite electrodes with 100 m” of external surface area would be needed to produce
1 W of power, assuming that scaling effects are linear. A fuel cell with electrodes of this
size is probably not feasible due to difficulties in deployment and the costs of the
materials per unit of power generated. Significant technical breakthroughs are needed to
increase current to a level required to realistically attain the target power.

While the open circuit potential of the fuel cell is fixed by the available reactants,
potential drop during current flow can be decreased through improvements in sulfide
transfer to the anode and proton transfer from the anode to the cathode. Introduction of
artificial components such as immobilized biofilms on the anode and isolated electrolyte
connecting the electrodes has the potential substantially to decrease voltage losses.

In conclusion, this investigation demonstrates the high probability that a
sulfide/oxygen microbial fuel cell that previously has been successfully tested in
estuarine sediment can generate electricity in deep ocean sediments identified as methane
hydrate sites. For short term operation, the availability of methane is not required for
power production. Prolonged power generation may, however, be limited by methane
availability since there is evidence in the literature that a symbiotic oxidation of methane
by archea or other species affects the vitality of the sulfate reducing bacteria, which

produce the sulfide metabolites that are key to fuel cell operation. Further research is
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necessary to determine the role that methane plays in the performance of the microbial

fuel cell.
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